Wilfried Rahse

Industrial Product

Design of Solids
and Liquids

A Practical Guide







Wilfried Rahse

Industrial Product Design
of Solids and Liquids



Related Titles

Brockel, U., Meier, W., Wagner, G. (eds.)

Product Design and
Engineering

Formulation of Gels and Pastes
2013

Print ISBN: 978-3-527-33220-5
Norton, I. (ed.)

Practical Food Rheology - An
Interpretive Approach

2011
Print ISBN: 978-1-405-19978-0

Tadros, T.F.

Rheology of Dispersions
Principles and Applications

2010
Print ISBN: 978-3-527-32003-5

Jameel, F., Hershenson, S. (eds.)

Formulation and Process
Development Strategies for
Manufacturing
Biopharmaceuticals

2010
Print ISBN: 978-1-118-12473-4

Seider, W.D., Seader, ).D., Lewin, D.R.,
Widagdo, S.

Product and Process Design
Principles

Synthesis, Analysis and Design

Third Edition

2009
Print ISBN: 978-0-470-04895-5

Tadros, T.F. (ed.)

Emulsion Science and
Technology

2009
Print ISBN: 978-3-527-32525-2



Wilfried Rahse

Industrial Product Design
of Solids and Liquids

A Practical Guide

WILEY-VCH

Verlag GmbH & Co. KGaA



The Author

Dr. Wilfried Rihse
Bahlenstr. 168
40589 Diisseldorf
Germany

Raehsel @t-online.de

All books published by Wiley-VCH are
carefully produced. Nevertheless, authors,
editors, and publisher do not warrant the
information contained in these books,
including this book, to be free of errors.
Readers are advised to keep in mind that
statements, data, illustrations, procedural
details or other items may inadvertently be
inaccurate.

Library of Congress Card No.: applied for

British Library Cataloguing-in-Publication
Data

A catalogue record for this book is available
from the British Library.

Bibliographic information published by the
Deutsche Nationalbibliothek

The Deutsche Nationalbibliothek

lists this publication in the Deutsche
Nationalbibliografie; detailed bibliographic
data are available on the Internet at
<http://dnb.d-nb.de>.

(© 2014 Wiley-VCH Verlag GmbH & Co.
KGaA, Boschstr. 12, 69469 Weinheim,
Germany

All rights reserved (including those of
translation into other languages). No part
of this book may be reproduced in any
form — by photoprinting, microfilm, or any
other means — nor transmitted or translated
into a machine language without written
permission from the publishers. Registered
names, trademarks, etc. used in this book,
even when not specifically marked as such,
are not to be considered unprotected by law.

Print ISBN: 978-3-527-33335-6
ePDF ISBN: 978-3-527-66762-8
ePub ISBN: 978-3-527-66761-1
Mobi ISBN: 978-3-527-66760-4
oBook ISBN: 978-3-527-66759-8

Cover Design Formgeber, Mannheim,
Germany

Typesetting Laserwords Private Limited,
Chennai, India

Printing and Binding Markono Print Media
Pte Ltd., Singapore

Printed on acid-free paper


mailto:Raehsel@t-online.de
http://dnb.d-nb.de

1.1
1.2
1.3
1.4
1.5
1.6

2.1
2.2
2.3
2.4
2.5
2.6
2.7
2.8
2.9
2.10

31
3.2
33

3.4

Contents

Preface XIII

Chemical Product Design — a New Approach in Product and Process
Development 1

Summary 1

Definitions 1

Customer Involvement 3

Specifications 8

Tasks of Development Team 8

Steering of Projects 11

Learnings 13

References 13

Diversity of Product Design 15
Summary 15

General Remarks 15
Customizable Developments 16
Foodstuffs 18

Chemicals 20

Cosmetics and Pharmaceuticals 22
Polymers and Plastics 24
Ceramic Industry 27

Packaging 27

Brand 28

Learnings 30

Generation and Assessment of Ideas for Novel Products 31
Summary 31

Innovation 31

Implementation of a Product Idea 32

Project Success (Some Personal Reflections on the People
Involved) 32

Generation of Innovations 34



Vi

Contents

3.5
3.6

4.1
4.2
4.3
4.4
4.5
4.6
4.7
4.8
4.9
4.10
4.11
4.12
4.13

4.14
4.15

5.1

5.2

5.2.1
5.2.2
5.2.3
5.2.4
5.2.5
5.2.6
5.2.7
5.2.8
5.3

6.1
6.2
6.3
6.4

Evaluation of Product Ideas 37
Learnings 38
References 38

Compressed Development and Implementation of Innovations
Summary 39

Preliminary Remarks 39

Reasons for an Accelerated Product Development 40

Risks 41

Barriers in Development Projects 42

History 43

Compressed Project Processing 43

Project Leadership 45

Teamwork in Projects 47

Conditions for Success of Compressed Project Work 48
Design of Production Plant 49

Biotechnology 51

Maximum Speed-to-Market (Examples) 52

Relationship between Compressed Development and Product
Design 54

Outlook 54

Learnings 55

References 55

Product Design of Particles 57

Summary 57

Dry Agglomeration Processes: Pelleting and Tableting 57
Wet Agglomeration Process: Granulation 64
Definition of Granulation 64

Tasks of Granulation 65

Theoretical Basics 67

Mechanisms of Granulation 69

Industrial Granulation 73

Scale-Up 77

Applications 79

Design of Particles by Granulation 81
Learnings 86

References 87

Product Design of Particles by Coatings 91

Summary 91

Processes for Setting the Product Design of Particles 91
Opportunities for Influencing Particle Design 92

Tasks of Coatings 95

Basic Variants of Coating 99

39



6.5
6.6

7.1
7.2
7.3
7.4
7.4.1
7.4.2
7.4.3
7.4.4
7.4.5

7.4.6
7.5

7.5.1
7.5.2

7.53
7.6
7.7
7.8
7.8.1
7.8.2
7.9
7.9.1
7.9.2
7.9.3
7.10
7.11

8.1
8.2
8.2.1
8.2.2
8.2.3
83

Contents

Coating Technologies 107
Learnings 117
References 118

Product Design Out of Disperse and Continuous Phases by
Crushing 119

Summary 119

Breaking Up of Materials 119

Importance of Crushing Processes 121

Particle Properties by Breaking Up 122

Variants of Crushing 126

Grinding of Solids 128

Deagglomeration 131

Split Up Sensitive Materials in a Cold Milling Process 132
Milling of Suspended Solids 132

Breaking Down and Transforming of Liquids into Dispersed
Solids 133

Splitting with Simultaneous Absorbing/Reaction 133
Processes for Crushing of Materials 133

Equipment for Grinding of Disperse Dry Raw Materials 134
Equipment for Grinding of Disperse Raw Materials in Liquid
Phases 137

Breaking Up of Materials in Combination with Drying Methods 142
Energy Requirements 144

Determination of Product Design via Specifications 147
Design of Products by Breaking-Up Processes 148
Determination of Particle Properties for Solids 149

Solids from Melting 150

Product Design Out of Multistep Processes (Examples) 151
Powders from Molten Metals 151

Powdered Metals for Metallic Paints 153

Reinforcing Materials and Fillers for Polymers 154
Consequences 155

Learnings 156

References 156

Product Design Out of Continuous Phases by Spray Drying and
Crystallization 159

Summary 159

Importance of Spray Drying 159

Basics of Atomization and Drying 161

Atomizing with Nozzles 161

Description of Drying and Structure Formation 161
Industrial Spray Drying 163

Spray Drying Plants and Plant Safety 164

vil



Vil

Contents

8.4
8.5
8.5.1
8.5.2
8.5.3
8.5.4
8.6
8.7
8.8
8.9
8.10

9.1
9.2
9.3
9.4
9.4.1
9.4.2
9.4.3
9.5
9.5.1
9.5.2
9.5.3
9.6
9.6.1
9.6.2
9.7
9.8

10

10.1
10.2
10.3
10.3.1
10.3.2
10.3.3
10.4
10.4.1
10.4.2
10.5

Improved Capacity and Energy Consumption 169
Influencing the Product Design 176

Choice of Atomizer and of Operating Mode 179
Material Dependence of Particle Design 180
Agglomeration of Droplets and Particles 184
Recirculation of Coarse Particles and Dust 184
Scale-Up of Spray Dryers 187

Exhausted Air and Waste Water 189

Spray Agglomeration 190
Crystallization/Precipitation 192

Learnings 194

References 195

Manufacturing of Application-Related Designed Plastic Products
Summary 197

Polymers 197

Importance of Plastics 199

Task 201

Product Design for Plastics 202

Polymer Engineering 202

Polymer Design 205

Polymer Shaping 208

Polymers in Detergent Formulations 211

Cobuilder 211

Inhibitors (Graying, Color Transfer, Foam, and Dirt) 212
Excipients and Starches 213

Plastics in Detergent Industry 213

Packaging 213

Polyvinyl Alcohol as Packaging Material 218

Shape and Function 222

Learnings 223

References 224

Production of Tailor-Made Enzymes for Detergents 225
Summary 225

Product Design in Biotechnology 225

History 226

Enzymes 228

Enzymes as Part of White Biotechnology 228
Enzymes as Catalysts of Metabolism in Living Cells 230
Structure of Enzymes 231

Enzymes in Detergents 232

Significance 232

Optimizations of Production Strain 233

Industrial Manufacture of Proteases 235

197



10.5.1
10.5.2
10.5.3
10.5.4
10.5.5
10.6
10.7
10.8

11

11.1
11.2
11.3
11.4
11.5
11.6
11.7
11.7.1
11.7.2

11.7.3
11.8
11.9
11.10
11.11

12

12.1
12.2
12.3
12.3.1
12.3.2
12.3.3
12.3.4
12.3.5
12.3.6
12.3.7
12.3.8
12.3.9
12.3.10

Materials for the Plant 236

Three-Step Process 236

Fermentation 238

Downstream Processing of Fermentation Broths 239
Manufacturing of Enzyme Granules 242

Workplace Safety 248

Product Design of Enzymes 249

Learnings 250

References 251

Design of Solid Laundry Detergents According to Consumer
Requirements 253

Summary 253

Market Products in Germany 253

Identification and Consideration of Customer Needs 255
History of Laundry Washing 258

Washing Process 259

Recipe 265

Design of Finished Products 267

Manufacturing Processes 270

Drying in Spray Towers for Customary Powders 271
Combined Spraying with Compacting Processes for
Concentrates 273

Non-Tower Method 274

Novel Manufacturing Method for Granules 277
Economic Considerations 280

Outlook 281

Learnings 283

References 283

Product Design of Liquids 285

Summary 285

Introduction 285

Water-Based Liquids 286

Water-Insoluble Liquids (Example: Perfume Oils) 290
History of Perfume Oils 290

Perfumes 291

Extraction of Fragrances 294

Chemical Composition of Natural Fragrances 298
Possibilities in Product Design of Perfume Oils 299
Emulsions 302

Scented Solids 303

Neuromarketing 306

Perfume Oil for Space Fragrancing 306

Perfume Oils for Detergents 307

Contents

IX



X | Contents

12.3.11 Manufacture of Fragrance Beads 311
12.3.12 Personal Care and Other Products 313
12.3.13 Safety 314
12.4 Learnings 316

References 316

13 Design of Skin Care Products 319
Summary 319
13.1 History of Cosmetics 319
13.2 Regulations of Cosmetic Products 320
13.3 Product Design 322
13.4 Skin Care 324
13.4.1 Cosmetic Products for Beautification 325
13.4.2 Active Cosmetics for Healthy Skin = 326
13.4.3 Differences between Cosmeceuticals and Drugs 327
13.4.4 Natural Cosmetics Label 329
13.5 Emulsions 330
13.5.1 Basics (Definition, Structure, and Classification) 330
13.5.2 Stability of Emulsions 333
13.5.3 Preparation of Emulsions in the Laboratory 335
13.6 Structure of Skin Care Creams 336
13.6.1 Excipients 336
13.6.2 Preservations 338

13.6.3 Additives 340

13.6.4 Cosmetic Active Ingredients 341

13.6.5 Typical Effects of Cosmetics 341

13.7 Essential Active Substances from a Medical Point of View 341
13.7.1 Linoleic and Linolenic 344

13.7.2 Urea 344

13.7.3 Panthenol 344

13.8 Penetration into the Skin 345

13.8.1 Skin Structure 345

13.8.2 Applying the Emulsion 346

13.8.3 Proof of Performance 346

13.8.4 Penetration of Lipophilic Substances 348

13.9 Targeted Product Design in the Course of Development 351
13.10 Production of Skin Care Products 353

13.11 Bottles and Prices of Cosmetic Creams 362

13.12 Design of all Elements 365

13.13 Learnings 366

References 367

14 Influencing the Product Design by Chemical Reactions and the
Manufacturing Process 371
Summary 371



14.1
14.2
14.3
14.4
14.5
14.6
14.7
14.8
14.9

15

15.1
15.2
15.3
15.4
15.5
15.5.1
15.5.2
15.5.3
15.5.4
15.6
15.6.1
15.6.2
15.6.3
15.7
15.8
15.8.1
15.8.2
15.8.3
15.8.4
15.9
15.10
15.11

16

16.1
16.2
16.3
16.4
16.4.1
16.4.2

General Remarks 371

Elements of the Manufacturing Process 372
Raw Materials and Synthesis Routes 373
Chemical Reactor and Reaction Sequence 375
Entire Procedure 380

Choice of Machines and Apparatuses 383
Operating Conditions 386

Drying Gas 387

Learnings 389

References 390

Design of Disperse Solids by Chemical Reactions 391
Summary 391

Importance of Solid-State Reactions 391
Theoretical Bases 392

Modeling of Isothermal Solid-State Reactions 393
Modeling of ““Adiabatic”” Solid Reactions 395
Reactions of Disperse Particles in the Industry 395
Conversions with Gases 395

Reactions of Particles with Liquids 399
Conversions in Liquids 402

Reactive Suspension Precipitations 403

Formation of Products 404

Product Formation in Fluid/Solid Reactions 404
Product Formation through Reactions in Suspension 406
Influencing the Product Design 407

Etherification of Cellulose 409

Dry Neutralization 414

Raw Materials 414

Chemical Formulas 414

Modeling of the Reaction Processes 415

Reaction Sequence 415

Building Materials 418

Hints for Practice 419

Learnings 420

References 420

Materials for the Machinery 423

Summary 423

Motivation 423

Relationship between Material and Product Design 424
Choice of Material 425

Stainless Steel 426

Standard Grade 427

Corrosion 428

Contents

Xl



Xl

Contents

16.4.3
16.4.3.1
16.4.3.2
16.4.3.3
16.4.3.4
16.4.3.5
16.5
16.6
16.6.1
16.6.2
16.6.3
16.7
16.8

17

171
17.2

17.3

Smoothing the Metal Surfaces 430
Preparations 430

Mechanical Procedures 431

Pickling 432

Electropolishing 433

Plasma Polishing 436

Nonferrous (NF) Metals and Alloys 437
Inorganic Nonmetallic Materials 440
Borosilicate Glass 440

Vitreous Enamel 441

Graphite 442

Plastics 443

Learnings 447

References 448

Principles of Product Design 449

Summary 449

Characteristic Features 449

Targeted Production of Particles and Fluids from Different Raw
Materials 450

Learnings 453

List of Companies 455

Index 461



Preface

Explanation of the Product Design

Chemical product design is a novel and comprehensive approach in product
development, bringing close together the product and process developer with the
marketing people. This new field deals with the interdisciplinary development
of innovative nature- and chemistry-based products in the industry. Through
involvement of the customer, there is a high probability that the developed products
shall fulfill their needs. Target is both an accelerated development and an improvement
of the sales.

On the application of the customer, tailored products pay off for both sides and
represent an interesting “win—win” situation. A notable product idea that can solve
a customer’s problem shall be assessed after a score system to estimate roughly
the market potential. In case of a positive outcome, a normal or, preferably, a
compressed product development can start. The compressed development lasts
from the idea up to production in the half time.

Implementation of Developments

The development of an innovative or improved product requires a highly motivated
team and engaged team leaders. In large-scale projects, the core team should
consist of a chemist, a chemical engineer, and a member of the marketing team.
The successful realization demands close cooperation internally and with the
customer. In case of major innovations, the measures of product design lead to a
significantly faster market entry and an increase in the market success. This can
be shown by the gain of market shares and higher profits.

In many small and large companies, the developers cannot or only partially
work according to the rules of product design. At first, product design necessitates
a change of the management culture. At the beginning, it seems strange and
difficult that marketing people, chemists, and engineers should work closely
together because there are many prejudices and ignorances on all sides. But many
employees are interested in the other field and ready to learn from each other.
That helps accelerate the project and increase the chances of success. Second, the
developers need an idea about the market opportunities now and in the future.

X
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Preface

Therefore, marketing must be involved from the beginning. The marketing people
are in contact with the customer to find out their needs, for example, through direct
surveys, questionnaires, and discussions in focus groups. They try to identify the
market sizes in different regions and the local market opportunities. The sooner
there is clarity, the more secure the sales. Another important point is the value for
money of a new product, wherein the customer specifies the value. If the product
allows advantages in the application compared to products of the competition, then
the value rises.

Procedures of the Product Design

Product design describes in detail the methods to adjust the specified properties in
the final product, elaborated on by the responsible employee of the application lab-
oratories in cooperation with a customer. The parameters include the performance,
handling, and esthetics, apart from, sometimes, the durability. The procedure starts
from raw materials that are solids (mostly particulate) or liquids (in continuous
phase). Typical processes for solids are the agglomeration, mixing, and coating, and
crushing as well as chemical reaction. For liquids, there exist primarily the spray
drying and spray agglomeration or prilling and pastillation, besides dropletization
and crystallization. The ways to create final products from particles differ according
to the resulting sizes, which can be increased and decreased or remain constant.
Out of a continuum (solution, suspension, and melt) arises, usually, the particles.
The surface of the particles can be modified in various ways by different coating
methods. Some possibilities are coloring, scenting, setting the rate of dissolution,
increasing the stability and abrasion, and so on.

As starting material, the methods of product design use not only particles but
also liquids, solutions, suspensions, pastes, masses, melts, and emulsions. In many
cases, the complex final product is a particulate. The relevant operations as well
as the diversity of processes are shown in detail for detergents, enzymes, plastics,
perfume oils, cosmetics, cellulose ethers, and surfactants. In addition, there are
many practical examples from the chemistry, consumer goods, food, pharma, and
biotech industries, and many others. Some further examples demonstrate that
raw materials and their chemical conversion, including the downstream processes,
affect the design, but are partially controllable.

This book tries to depict the field of product design clearly and understandably,
but especially to be usable in practice. In many parts, it waives textbook knowledge
and formulas. The described experiences as well as the discussed unit operations
and products come from the own industrial practice, which limits the selection of
the detailed examples.
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1
Chemical Product Design — a New Approach in Product
and Process Development

Summary

Chemical product design is a novel and comprehensive approach in product
development. Chemical-based products are tailored to the application requirements
by involving the customers via marketing. The development process is managed by
a core team (product, process development and marketing), controlled by a steering
committee. This interdisciplinary development represents a win-win situation. In
case of major innovations, the principles of product design lead to a significantly
faster market entry and an increase in market success.

1.1
Definitions

This elaboration about product design relates to raw materials, chemicals, chemical-
based or chemically treated products, preparations, and their processing technolo-
gies. People of the following industries are mainly affected: chemistry and consumer
goods, pharmaceutical, biotech, cosmetic, food and plastics, agriculture, textiles,
and ceramics. Because the fundamentals of product design are similar in all areas,
a transfer of many principles is possible, or even innovations arising from diverse
viewpoints. Learning from neighboring areas (how others handle product design)
requires a correspondingly broader teaching range for students to get a wider view
of topics based on similar theoretical foundations.

Product design includes learning from adjacent areas, where already a
chemical or technological problem solution exists.

The core issue in “product design” is the development, in an optimal way, of the
product desired by the customer. The clear definition of Cussler and Moggridge [1]
is:

Product design is the procedure by which customer needs are translated
into commercial products.

Another definition includes the elements of product design: “Product design
describes the development of customized products, which satisfy all requirements

Industrial Product Design of Solids and Liquids: A Practical Guide, First Edition. Wilfried Rahse.
(© 2014 Wiley-VCH Verlag GmbH & Co. KGaA. Published 2014 by Wiley-VCH Verlag GmbH & Co. KGaA.
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of customer regarding to performance, handling, and design” [2]. Solid and
multiphase products are predominantly of interest in product design, as also
liquid mixtures and emulsions. The focus of all activities is the new or improved
product and the further utilization or processing by the customers. The question for
development of the product is this, “What do the customers do with the product?”

On the one hand, there are industrial customers. Employees of companies in the
supply chain department buy raw materials or other substances and formulations
for further processing in the production or in pilot processes. These and the people
from the application laboratories are referred to as industrial customers in this
chapter. On the other hand, every individual is also involved in buying something
or other, and is therefore also a customer. Consumers are people who buy such daily
necessities for themselves and their families.

A design of molecules (molecular modeling) toward a particular substance [3, 4]
is not what is meant here and is not covered by the term product design, also because
computer-aided molecular designs are quite removed from the usual customer
products.

New products generally require new or changed processes. This needs a close
cooperation between product and process development. Some people, mostly
chemists with postgraduate degrees in chemical engineering, are involved both
functions.

Product design brings together product and process development, because
they belong together.

In the development of chemical-based products, the customer’s needs are in the
main focus [5]. These include the critical product performance such as the decision
to buy, as well as handling and appearance of the product (Figure 1.1). Customers
decide not only on these bases but they are also interested in value for money.
Therefore, customers are willing to pay more if their (special) requirements are met.

Brand belongs

: to product
Product
design
Process Process o
technology Chemistry technology POSS|b|I|_t|es
formulation/additivies of setting
: . Elements of the
Handling Performance Aesthetics Product design
Application
Dggage Chemistry
Removal molecule changes Examples
Storage
Transport
Packaging Product
engineering

Figure 1.1 General structure of product design.



1.2 Customer Involvement

Chemistry realizes product performance either through changes in the molecule,
commonly referred as product engineering, or by formulation of various substances.
Appropriate technologies (especially design technologies) enable the adjustment
of handling and aesthetics. Accordingly, the success of product development is
ensured by the chemistry and chemical engineering. However, marketing should be
involved from the start, because the responsible person in this area knows the mar-
ket and is linked with the customers. Marketing must answer the question whether
the new product makes sense economically. A strong product or manufacturer
brand allows for successful marketing. A part of the brand and product design is
in the packaging and packaging design.

+ In large-scale development projects, product design requires the cooperation
of product and process developers with the marketing people, including the
customer.

« The members of the core team should gather the knowledge required for the
development and for launch of the product in question, in order to be able
to discuss properly any possible problems that may arise (this can be done by
learning from others and from literature).

In case of major innovations, the principles of product design lead to a significantly
faster market entry and an increase in market success. Chemical-based products are
tailored to the application requirements of customers.

The elements of product design, namely, “performance, convenience (of hand-
ling), and aesthetics,” and for water-containing products, the additional require-
ment of microbial stability, refer primarily to parameters that the customers
perceives. They buy products, when good product performances are guaranteed for
long periods. Customers experience the product performance in terms of quality.
There are two other elements that contribute to quality. Performance is controlled
by chemicals, either directly, by chemical reactions, or by varying the formulation
of some of the chemicals. The handling and aesthetics aspects are influenced by the
technologies in the preparation processes. In disperse products (particles, suspen-
sions, and emulsions), chemical and dispersion properties (Figure 1.2) determine
product design. Concrete possibilities for setting quality depend on product type,
hence this is discussed in the appropriate place.

A few successful companies work with the principles of product design for some
time when they take on major projects. Although many managers are aware of
the elements of advantageous product design, they do not follow them. Switching
to consistent product development strategies requires a series of far-reaching
measures in business organization, in thinking, and in the organization of work.

1.2
Customer Involvement

In the development of new or modified products, whether the product is based on
the developer’s ideas or on those initiated by customers, the needs of customers

3
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Figure 1.2 Adjustment of product design for disperse products.

are in of utmost importance. Before starting work in the laboratory, the following
questions should be answered through a discussion with the customers:

* Do the customers really need this product?

+ In what shape do they want the product?

+ Do the customers gain their objective in the form of (additional) benefits?

+ Do the customers like the product?

« Will the customers accept the value for money?

+ How have the customers’ experiences been with manufacturers and brands?
 Will customers buy the product?

Success in market presupposes positive response to these questions. Customers
will buy a product in order to realize an important improvement for themselves or
for their own product. The more accurately that a customers’ needs are met, and
at acceptable price levels, the better the products sell. For customers, production
processes are normally of no interest.

Cooperation with industrial customers in the development stages, usually with
the involvement of one to four employees from the applications technology, and
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Figure 1.3 Product development in-house or in cooperation with a manufacturer of raw
materials, based on the needs of customers.

with several consumers, is important for the success of a novel product. This
includes product testing by customers. Formerly, selected industrial customers
checked out the new products developed by the raw material suppliers for usability,
often without a concrete testing proposal. Today, the trend is just the opposite.
In fact — as in biotechnology — developments start from the applications point
of view (see Figure 1.3). Industrial customers, mostly product developers, discuss
their problems in application with different raw material suppliers, in order
to obtain information or solutions. These in turn generate attention to new
products at fairs, at trade shows in the customer’s company, and in conferences.
Furthermore, substances are presented in publications and brochures or to business
contacts, more frequently delivered to customers as product samples for targeted
experiments. In addition to product samples, the customers receive a technical
description, a certificate of analysis, and safety data sheets.

Industrial customers want a comprehensive solution to problems, also known
as a system solution. Therefore, modern developments deal with the applications of
customers. If no suitable solution is available that meets completely the demands
of the users, then development department starts on a new project. This project
is either internal or in cooperation with a raw material supplier. Project partners
will be chosen on the basis of the range of their existing products and on their
expertise. With the inclusion of raw material manufacturers, executed development
projects bring profit to both parties (a win-win-situation). Application chemists of
the raw material supplier, design qualified alternatives in consultation with their
customers. Industrial customers check the developed products in relation to their
needs and then optimize formulations with the new substances.

Because industrial customers order large volumes of products for a considerable
sums of money, they examine new product samples intensively. Tests are performed
in several applications in comparison to competition and to previously used
products. In case of a positive evaluation of the product, they complete longer
term contracts with fixed prices for minimum purchase quantities or with a
price scale for the expected quantities. In large companies, especially well-trained
buyers negotiate purchase agreements for new products. Products are extensively
investigated in advance. For understanding of the extent, we consider an example
from the detergent industry. The raw material “sodium percarbonate,” a hydrogen
peroxide-containing bleaching agent in detergents, must pass many tests (see
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Figure 1.4 Testing of raw materials through industrial customers using the example
of sodium percarbonate: (a) crystallization — small crystals and (b) spray agglomeriza-
tion — spherical granules of any size.

Figure 1.4). Extensive testing in various departments indicate the magnitude of the
time needed and costs involved. Investigations include a safety assessment of the
production facilities.

As team members, industrial customers bring in their product requirements
and, if necessary, they demand modifications in each stage of development. In
joint developments of a solution, both sides take responsibility for the outcome.
Both parties may use the solution. How and when marketing starts is regulated
by previously signed agreements. In this context, industrial customers differ
significantly from consumers, who have only a very limited impact on product
development (see Figure 1.5).

Because consumers do not transmit their thoughts, ideas, and desires directly to
the company, brand manufacturers consult selected people. This allows to tune
products better on the tastes of consumers and reduces risks of a flop. Under
instruction from the manufacturing company, agencies invite 12-15 clients to
discuss new or modified products. This panel is called the focus group. In the group,
customers express their wishes and suggestions to improve product and packaging,
as also brand name and color design of the logo and lettering. The final questions
are, “Would you buy the product?”’; “Would you buy at the price XY?” If less than
7 of 12 agree, this product idea is not accepted. Under certain circumstances, the
developer adapts the product according to the results of a discussion, and places it
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Figure 1.5 Path of a new product from the idea into market.
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again in another group discussion. When there are eight or more positive votes,
the next step follows.

The next step is to review the product in a concept test (CT). This test runs
monadic, that means without reference product, with 100-250 customers (m/f)
on the basis of a written and oral product description. The product is only viewed,
but not tried. Participants evaluate the featured product ideas on the basis of the
following criteria: buying intention, uniqueness, personal relevance, and credibility
in school grades 1-5. Customers can be divided into groups, for example, identified
as users of a predecessor or competing product, and classified into different age
and income groups. A separate evaluation of the different groups is possible.
Customers specify, up to what price the offer is interesting to them (“price meter”).

In some cases, it is important to clarify haptic feeling in a “sensory assessment”
and/or the product odor (smell or perfume) in an “odor evaluation board” (OEB).
Twenty to thirty participants in a discussion board judge the products, often in the
presence of other products or fragrances as benchmark. In the case of worldwide
sales, these tests should be repeated in some distant regions of the world.

With positive evaluation of concept, odor, and haptic test, an extended CT, called
the concept-to-use test (CTU), starts. This test includes product applications by
the consumers, usually taking place at the customer’s home without reference
products, as single tests. After product usage, participants fill out a questionnaire
and report their experiences and impressions. If use of the product convinces
skeptical consumers of its benefits, the CTU is successful. The results bring more
clarity regarding market acceptance.

Another consumer test involving about 200 customers (m/f) represents the
home-use test (HUT). Participants receive two products for testing, sequentially or
simultaneously (successive or simultaneous pair comparison). The first product is
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the new development; the second may be a competitor’s product or predecessor.
After application, the participants fill out questionnaires. On the basis of these
results, it is possible to determine and quantify the strengths and weaknesses of
the test product.

For a full test, on the one hand, customers evaluate product quality, packaging,
and design, and on the other hand, there are the advertising claims of the brand
and company. Filled up in a white packaging without any information, the product
runs through a blind test. The term partial test covers the review and evaluation of
specific aspects, for example, the need to characterize products with true, credible,
and convincing advertising claims (selling proposition). Unfortunately, test results
often depend on local customs, so that a test market is only of limited value.
Therefore, performance of HUT’s in different regions would be more promising.
Ultimately, it is the customers who decide whether they will buy the product.

Customers for consumer goods are much less involved in development, com-
pared to customers for industrial goods. Only a very small fraction of the clientele
is questioned regarding the product. Furthermore, surveys are usually unknot
representative of the population. However, everyone who participates contributes
to design. The developers take all opinions seriously and consider all ideas sug-
gested. Accordingly, they modify the product, packaging, or advertising claims.
An assessment of market success results from the inclusion of essential customer
information after a HUT or CTU. Hence, these methods will apply despite the
substantially high costs.

1.3
Specifications

The developer translates all identified customer’ needs into the language of
science and elaborates a specific product list (Table 1.1). Required chemistry and
adjusted measurements, derived from former application testing, form the basis
of development work. After extensive laboratory tests, an appraisal takes place with
individual product characteristics in order of their importance and volatility. The
description of the product with fixing of measured values including their allowable
fluctuation are the features of a specification. Using the specification, an identical
product is producible anywhere in the world.

1.4
Tasks of Development Team

For steering and supervision of significantly large development projects, two or
three employees form a core team. The team leader is usually a chemist, who
controls the product development. In addition, a chemical engineer for process
development as well as a staff from marketing must be integrated into project
management, to cover all areas. This core team appoints suitable employees to
participate in the group or to collaborate in subprojects.
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Table 1.1 General framework for specification lists of disperse products.

Particle characterization Aesthetics Physicochemical
(disperse parameter) characteristics
Particle size and distribution Size/form Water content
Flowability and silo storability Color Dissolution rate
Pneumatic conveying Whiteness Porosity
Abrasion resistance Odor Specific surface
Explosive dust Taste Melting point/glass temperature
Strength, hardness, and elasticity Haptic Flocculation point
Crystallinity Freshness Density
Analytical parameters Application technology
Composition/purity Bulk density
Grade of polymerization or Dosability
substitution Dust content
Active matter Sterility
Toxicity Composition/concentration
Insoluble residue
Incorporability
Storage stability
Wettability

Employees of marketing are mainly economists, but businessmen or chemists
are also included. The focus of their duties differs depending on the product type
and customer. These are either industrial partners or consumers. For consumer
goods, there are four main tasks of marketing , which are partially distributed
among several people:

« Management of brand (brand core, design, advertising claims, target groups,
extensions, and internationalization).

Sales control, especially at events and product launches.

Hiring of agencies, which execute customer surveys, market analysis, mar-
ket research, and HUTs and, furthermore design the advertising appearance.
The marketing manager evaluates the results and implements the marketing
strategies.

Participation in major development projects.

The key components to success of a project are the contacts with customers
and consideration of their desires and experiences. Marketing initiates product
tests, weights results, and market analysis. Knowledge of the market with own
products, as also from activities of competition, enables to determine the direction
of development work.

Furthermore, marketing people bring in market and brand-specific elements
from the beginning. Examples include elaboration of key statements, determination
of target groups, price—cost relation, design of the packaging, and product shape or
color (see Figure 1.6). In the advanced project stage, marketing plans and manages
the market entry.

9
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Figure 1.7 Contributions of the product development.

The responsibility for product development is in the hands of experienced chemists,
pharmacists, or chemical engineers. In the time period from laboratory to pilot
plant, several laboratory assistants and technicians are involved, directed by one
or two chemists. According to information provided by the project management,
they work out formulations, preparation methods for the laboratory, and specifica-
tions (including allowable fluctuation of individual components). The responsible
chemist takes care of ecology and toxicology, passes formulations to the patent
department, and arranges performance tests, in particular, storage tests (Figure 1.7).
He reports results weekly to the project core team.

A technical chemist or a chemical engineer with his team (several technicians)
executes the development of process. The focus is the development of a procedure
that allows production of specified products in the most effective way. The so-called
design technologies that combine basic operations with shapings are preferred.
Following this, a coating procedure is possible for controlling some application
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Figure 1.8 Elements of basic design.

parameters. The product design is limited not only to solid, mostly dispersed
products, but operates also to pastes, suspensions, emulsions, and liquid mixtures
(see Chapter 5).

The work of the process developer focuses on basic design (Figure 1.8). This
includes discussions of the chemistry with toxicology and ecology, especially
descriptions of procedures with balance sheets. The central part represents the pro-
cess flow diagram, design of individual stages, and proposals for the arrangement
of machinery. For batch processes, it is important to coordinate the time required
for product and cleaning in each stage.

After determination of all process stages, production of samples (total of about
20-200kg) starts in a pilot plant for testing by customers. Thereafter the scale-up
from pilot plant to production scale follows (Figure 1.9). Production facilities, if not
available, will be designed in detail and built. All phases of design and construction
are coordinated by the process developer as a responsible member of the core
team, monitored by a steering committee. Further, the process developer controls
common subprojects with the packaging department, and with plant construction
and production. If the process is new and interesting for the company, itis advisable
to apply for a patent. After completion of the production plant, the process developer
directs startup. Once the projected capacity is reached, the production people take
over the management of the plant.

1.5
Steering of Projects

Depending on the size and importance of project, different levels of management
and control ensue. Figure 1.10 shows the steering of two alternative project

1
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Figure 1.10 Steering of projects.

situations. Small projects are controlled from time to time by several superiors
in meetings that take place routinely. For large projects, a high-level steering
committee will convene two to four times in a year. The project manager presents
the results as well as particulars of expenditure incurred.

Toward the end of a project, a presentation takes place in a large circle. The
management board of big companies shows great interest in new, improved, and
innovative products, furthermore for brands, markets and competitors, product
benefits, as well as for required investment and production costs. Usually at the
presentation of a new product, the production process is not discussed with the
management board (also not with customers). This does not include very new
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technologies or processes that allow significant cost advantages. Therefore, the
development process focuses on aesthetic, easy-to-handle products, meeting the
requirements of customers. Only professionals demonstrate interest in process
alternatives or novel solutions. All processes that lead directly to the shaped final
product, are preferred. Intermediate steps should work fine, but find no attention.

For the implementation of product design, there are a number of alternative
variants described in the literature [1, 5-7]. The theoretical background with several
examples for the product design of solids and liquids are shown in three volumes [8].
Besides chemical-based products, there are many other applications for “product
development according to consumer needs” and the theoretical background [9, 10].

1.6
Learnings

y/ Product design stands for development of new products, including marketing
and customers.

Predominantly solid and multiphase products are of interest for product
design.

Product design covers the product performance, handling, and aesthetics.
Product design realizes comprehensive solutions for the customer’s problems.
The development process is managed by a team (product, process development,
and marketing), controlled by a steering committee.

For industrial products, customers are members of the development team; for

< = <

consumer products, an indirect participation of few selected customers takes
place.

In all cases, customers test the new products and verify the progress in
comparison to former solutions.

The HUT is the best known test panel involving 200—250 households.
Product design shortens the time to market and reduces the risk of flops.

<

<=
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2
Diversity of Product Design

Summary

The design of products, based on natural or chemical substances, covers almost
all areas of life. In many fields, the product design is already diverse, but it
does not always meet the customer needs. Owing to increasing specialization,
the need to improve quality, and for offering simplified forms of supply, the
number of products is increasing. Examples are the various forms of supply for
food and plastics materials as well as for consumer goods. For consumer goods,
packaging and labeling represent an integral part of product design. Increasingly,
the chemical industry uses the findings of product design and develops new
products in consultation with customers. Now, chemicals are provided with brand
names, and bags and containers are marked with large labels for publicity.

2.1
General Remarks

Product design depends not only on the requirements but also on the preferences of
customers. Product design is already a diverse field, but specialization therein will
continue to grow. In the field of drugs (Table 2.1), established forms of supply are
comprehensible. These forms have to deliver the drug at the right place, in the right
amount during a fixed period. Product design allows this control to be effected.
However, in chemistry, innumerable designs are possible. Some of these products,
namely, disperse substances and liquids, are listed in Table 2.2. Additionally, many
plastics can be made in any shape into a product or part of a product, manufactured
with adjustable properties. This is so in the food industry as well. For almost every
product, different, interesting types of design exist, quite often more than a 100
varieties. For example, for sugar, there are more than 40 application shapes. For
butter, probably considerably more, depending on the taste of the consumer and
quantity being packed — from a few grams to several kilograms, in various forms
and packagings.

Example: Butter with emulsified water (max. 16%) has the following forms:
without or with addition of canola or sunflower oil; without salt or with sea or rock

Industrial Product Design of Solids and Liquids: A Practical Guide, First Edition. Wilfried Rahse.
(© 2014 Wiley-VCH Verlag GmbH & Co. KGaA. Published 2014 by Wiley-VCH Verlag GmbH & Co. KGaA.
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Table 2.1 Product shapes for drugs.

Solid shapes Solid/liquid Thickened liquids Liquids
Tablets (in various Shaking mixtures Ointments Injection solution
shapes and sizes) (such as talc in
aqueous glycerol)
Granules and powder  Active substance Lotions Infusion solution
plasters
Dragees Capsules Gels Drops (eye)
Capsules Pastes Creams MDIs* (liquid
propellant)
Suppositories — Juices —

Powder inhalers — _ _
(promotion on air)
Chewable tablet — — _

“Metered-dose inhaler (aerosolized medicine)

salt. As sour cream, sweet cream butter, or mildly soured cream, it is available in
full, three-quarter, or half-fat. Of course, butter may be made from cow, sheep, or
goat milk, and the more exotic buffalo or yak milk. The following substances may
be used depending on the flavor: lactose, minerals, proteins, fat-soluble vitamins,
lactic acid, and flavorings. For most foods, there are enough designs to bring out a
special book on them.

Before discussing product development based on innovation in Chapter 3, indi-
vidual examples demonstrate how diverse the demands on product design can be.

2.2
Customizable Developments

There are many positive examples in the field of “product design” of customer-
desired products, especially for foodstuffs and plastics. Selected products are briefly
addressed here. For the food industry, product design has a long tradition and is
of high priority in the expansion of the product range and for differentiation from
competing products. In this industry especially, the customer’s wishes and the
ideas of many employees influence product design. The diversity of pasta, pizza,
chocolate, and mustard demonstrate what is meant by product design — customers
can choose the shapes and flavors agreeable to them. This multiplicity in product
design is possible, because the variants usually can be easily produced and
marketed. Even more possibilities for tailoring and extending offers exist in
plastics, where material properties, shape, and color are adjustable. For many
other products, this state has not yet been reached, or is difficult to realize. The
following chapters in this book describe, for example, how such product and
process innovations or improvements are implemented.
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23
Foodstuffs

Noodles (see Figure 2.1) consist of (hard) wheat flour, eggs, oil, and salt. Industrial
manufacturing takes place with the addition of water in temperature-controlled
extruders using the tools for kneading, shearing, and homogenizing. Coloring
takes place with the addition of red pepper or spinach powder. Besides, noodles are
also handmade, quite often (bio pasta). In most cases, various forms of the pasta are
formed through the extruder by a means of a headplate with drilled holes. Different
shapes are obtained by changing the headplate. In the production of spaghetti,
an extruder with 90° deflection is used, so that strands exit downward. A coupled
blade, which runs on the headplate, cuts the noodles into the correct lengths. This
is followed by drying takes to a level of below 13%. Owing to the diversity in
manufacture with the use of integrated shaping, which is implemented in other
processes as well (e.g., in the plastics and detergent industries), the extrusion used
is known as design technology.

The headplate of the extruder has multiple functions. It is not only the shape that
is generated, but the material of the plate affects the surface structure and thus the
smoothness of the pasta, as also the taste. Manufactured in teflon-coated nozzles,
the resulting noodles are so smooth that they cannot stay on the fork and they do
not mix with sauce. The opposite effect arises with the use of nonferrous metal
nozzles, for which the word “bronze” on the pasta packaging represents a quality
feature. This provides an example of how material (Chapter 16) and technology
influence the quality (product performance).

Chocolate is available in more than 20 flavors; in addition, bio and diet versions
as well as “summer” chocolate are also on offer. Separately packaged dices and
minis serve for a one time consumption, whereas the other 100 and 250 g bars are
for storage and later consumption (see Figure 2.2).

Figure 2.1 Shaped pasta (macaroni, gnocchi, green tagliatelle, wide noodles, trulli, penne,
farfalle, spiral pasta, vermicelli, fork spaghetti, elbow macaroni, funnel, and spaghetti — from top
left to bottom right).
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Figure 2.2 Chocolate in different sizes and flavors (Courtesy of Ritter Sport).

Other foods need to be cut or ground before they are eaten (see Figure 2.3).
Powdered mustard is obtained by dry milling the white, brown, and black seeds
or by coarse grinding. The origin and ratio of white to brown or black mustard
seeds, the freeness of flow, and the cider or vinegar that is used determine the
different flavors and textures of the pasty mustard. Other flavors and typical colors
are realizable via addition of sugar, caramel or honey, horseradish and cayenne
pepper, herbs and spices, cinnamon, lemon juice or wine, garlic, tomatoes, or

- o

Figure 2.3 Dry grinding to lumpy products and wet grinding or pulverizing to pastes in
the food industry (Courtesy of FrymaKoruma).
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Butter Condensed milk

Malt extract Tomato soup powder

Meat extract Orange powder

Figure 2.4 Dried and powdered products in food industry (Courtesy of GEA/Niro).

peppers, and the tastes range from sweetly mild to spicy and very spicy. Mustard is
normally offered in tubes and jars of different sizes.

In other cases, difficulties arise because of some special features of product do
not allow the implementation of customer requests. Global food manufacturers
(milk, spices, meat extracts, and soups) concentrate their production to a few
locations, so they are at a relatively long distances from the consumers. For
water-containing products the risk of contamination arises during transport over
long distances. Therefore, many products are dried, so that become free-flowing
powders or granules, which then retain their quality when they reach the consumer.
Sometimes, usual drying in spray towers is not possible. Some solutions and
suspensions cannot tolerate high temperatures, show hygroscopic behavior, go
through highly viscous phases, or agglomerate and form large lumps. With a
new process development, these liquids can be transformed into dry powders (see
Figure 2.4) with properly adjusted operational conditions. The method consists of
a combination of a co-current spray dryer with a belt dryer, the so-called hybrid
dryer (Filtermat®).

24
Chemicals

In the basic chemicals industry, several alternative forms of supply usually exist for
each product. The customer might want to use certain solid forms or solutions at
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Figure 2.5 Typical forms of supply of sulfur, powder — flakes — pastilles (Courtesy of
Sandvik).

different concentrations. For example, caustic soda (NaOH) with a technical purity
up to > 99% is available as prills, microprills, flakes, pearls, and as mini or regular
pastilles; furthermore, it is also available as standard solutions in concentrations
of 50%, 32%, (8%), and 4%. Formerly, in addition to pastilles, powdered variants
were also customarily available. As customers did not value these often clumped
products, they disappeared from the market. Overall, today the customer has a
much wider range to select from.

Another basic chemical, sulfur, is mainly offered in the form of ground or prilled
powder, spheres, flakes, pellets, and pastilles (see Figure 2.5).

Fine chemicals, which are meltable without decomposition, were formerly prilled
by atomizing of melt in a tower. Alternatively, they were processed on a flaker,
which is a cooled drum on which the melt solidifies in flakes that are scraped
off. Customers have not been accepting these qualities since the 1990s, because
of the poor dosing properties of the flakes and also because they produce large
amounts of dust, resulting in the hazard of dust explosion. As a result, new
solidification processes were devised. Three methods have established themselves:
micropastillation, production of melt drops via spraying and solidifying in a the
cooling channel, and targeted crystallization (see Figure 2.6).
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Figure 2.6 Nondusting fine chemicals (a) micro pastilles (lauric), (b) crystalline product
(polyvinyl alcohol), and (c,d) solidified melt drops (hydrogenated castor oil with resin and
wax) (Courtesy of COGNIS).

2.5
Cosmetics and Pharmaceuticals

A toothpaste is characterized by the brand name and packaging. The ingredients,
formulated in different ways, determine the performance. Overwhelming impor-
tance of product design is demonstrated by the variety of toothpastes available in
the market. One part of toothpaste is in the form of a relatively thin, transparent,
liquid gel (the solids remain invisible owing to the refractive index). Another part
represents a thick, opaque, colored gel with and without stripes or beads. The
third part is a foam-forming powder. Consumers can choose the toothpaste variant
that they prefer and fulfill their requirements (this is part of product design; see
Figure 2.7).

The pharmacists increasingly combine a therapeutic substance with other useful
active ingredients. A successful example of diversification is the case of “Aspirin,”
with acetylsalicylic acid as the active ingredient. Normal tablets as well as coated
pills with and without additives are offered; further, effervescent tablets that may
also contain vitamin C and chewable tablets are also available. In addition, there are
various types of granules that dissolve directly in the mouth or are first dissolved
in a glass of water(see Figure 2.8).
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Figure 2.7 Dentifrices as gel, thin, or thick, and in powdered form; far right: toothpaste in
an airless dispensers with an additive for quitting smoking.

o e OASPIRIN pLus ¢ PLUSC

Figure 2.8 Eight forms of supply for the active ingredient acetylsalicylic acid (Courtesy of
Bayer AG).

The tablets exist in different shapes and sizes with or without coating, depending
on the drug delivery technology. Further diversity is related to the amount of active
ingredient, pharmaceutical formulation, and rate of intake. Effervescent tablets are
large and flat. Enteric-coated pills dissolve in the intestine and are characterized by
a thick and glossy coating (see Figure 2.9). Some tablets must be large, because of
their high drug content.
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Figure 2.9 Various shapes and sizes of tablets and capsules.

2.6
Polymers and Plastics

Latex paints (wall paints) consist of solvents and binders, as well as fillers, additives,
and pigments. The solvent is water, while acrylic resins (for latex paints: also
polyvinyl acetate) mainly serve as binder. White color is generated by finely ground
titanium dioxide. Possible fillers may be calcium carbonate, quartz powder, and
fine silicates. Further additives are present for adjusting the viscosity, stabilizing,
preserving, and foam suppression. The amount and quality of the resin controls
the water resistance. Titania effects the opacity depending on amount and particle
size distribution. Besides the usual, low-drip dispersions, there are the so-called
solid colors. Set thixotropic, they liquefy under pressure when painting, but these
could not prevail in market. The application of normal dispersions is easy (in terms
of handling) and provide better optical results (product performance).

Ironing is an unpopular activity in households. In particular, the smoothing of
shirts requires time and great skill. Therefore, cotton fibers are highly refined with
chemical agents after dyeing, to achieve the easy-care properties. In cotton fibers,
crystalline with amorphous regions alternate. They shift against each other, causing
wrinkling. By cross-linking reactions, the fibers in cotton are stiffened (durable
press/permanent press). For this purpose, a reaction with oligomers (UF (urea-
formaldehyde) resins, formaldehyde-urea condensates) is of help. The substances
penetrate the fiber and react by polycondensation. Although the methods are
known, only a few manufacturers manage a convincing result for the non-iron
form of cotton.

Surface structures of textile fibers change with a permanent finish. The haptic
(handle) alters, as also physical properties. Haptic includes stiffness or softness,
luster, density, smoothness, and flexibility of fibers. In addition, water-resistant,
antistatic and flame retardant, as well as antimicrobial finishes (silver thread) are
common. Textile fibers provide a good example for product design. The customer
wants special properties that are realizable by a corresponding chemistry.
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Formulated adhesives are used not only by individuals in household and for
home improvement (DIY = do-it-yourself). During the last 20 years, in industry,
tailor-made adhesives have conquered many markets. Examples of these can be
found in the metal, automotive, and electronics industries, as well as in aerospace
and transportation. In this context, it is exciting to see, for example, how bonding
of the wing on an aircraft with optimized adhesives achieves very high mechanical
stability in the temperature range from +50 to —80°C. Apart from construction
materials, all adhesives have one factor in common: adjusted polymers that provide
for the two-dimensional connection.

Chemically modified renewable resources form the basis for wallpaper adhesives
that find household use. These are dissolved cellulose ethers in water, optionally
mixed with polyvinyl acetate for heavy wallpaper. Other physically setting adhesives
are hot melts and contact adhesives. Super glue (cyanoacrylate) and two-component
epoxy glue belong to the category of chemically curing adhesives. Figure 2.10 shows
a small selection of 50 variations encountered in household adhesives.

In recent years, there has been much progress in the development of car tires with
regard to reliability on the road, aquaplaning resistance, durability, tire noise, high-
speed suitability, handling, comfort, and rolling resistance. Chemicals guarantee a
high degree of cross-linking of rubber during vulcanization, a protection against
aging and gas diffusion. Improved wet skid resistance as also reduced rolling

g

LOCTITE
SUPERKLEBER

Figure 2.10 Adhesives in household use: Pritt: paper glue; Loctite: instant adhesives; Mety-
lan: wallpaper adhesive; Sista: jointing compound; and Pattex: two-component glue, hot
glue, and power tape (Courtesy of Henkel).

Figure 211 Design of tire profiles by G. Giugiaro (Courtesy of Vredestein).
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resistance and abrasion can be achieved by addition of nanoparticles of carbon and
silica in combination with organosilanes. The desired combination of function and
aesthetics satisfies the customer (Figure 2.11).

Such results are possible because the desired quality is adjustable, not only
by polymerization (using copolymers and molecular weight distributions) but on
numerous additives and polymer mixtures (known as blends). In adddition, the
molding process allows adjustment of all parameters for product design and can
be tailored to the required application (see Figure 2.12). In later chapters, especially
in Chapter 9, the settings of product design are described in greater detail.

More and more polymers possessing a variety of colors, shapes, and qualities are
used in cars, depending on the manufacturers. The following are some examples
of the use of a variety of polymers:

« Polyurethane foam: instrument panel, seats, and coverings.

« Thermoplastics: levers, buttons, engine cover, air and oil filters, and shock
absorbers.

* Duroplastics: hood, boot lid, cable trays, covers for lamps and turn signals,
reflectors, windows, mudguards, and pump housing.

« Elastomers: cable sheathing, components, gaskets, and tires.

Figure 2.12 Application-optimized products in polyurethane or with a polyurethane coating:
designer chair by Gaetano Pesce, Alcantara microfiber based on polyester and polyurethane
(Courtesy of Bayer AG).
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Figure 2.13 Tiles, steps, socket and corners, and decorative elements (Courtesy of Korzil-
ius).

2.7
Ceramic Industry

Kitchens, bathrooms, and terraces are areas that have to look perfect. Therefore,
the ceramic industry has come up with not only simple tiles of high quality and in
numerous colors and patterns for for indoor and outdoor use but has also profiled
plates for levels as straight elements or as a corner pieces, stair tiles, base parts,
and decorative elements (see Figure 2.13). Furthermore, the tiles exist in different
stress groups (attrition) and slip strength (R9-11), so that customers can find the
right products to suit their needs.

2.8
Packaging

Packaging is also a part of product design of consumer goods. It is often made
of glass or plastics (bottles, foils, and blister), paper, cardboard, laminates, or
aluminum and is decorated with overprints or labels. Packaging fulfills many
tasks. First, packaging represents the brand in shape, size, colors, and labels (see
Figure 2.14). Second, packaging enables protected transport as well as storage,
and allows simple, metered removal. For example, adapted containers or bottles
with holes, nozzles, pumps and sprayers, sponges, brushes, needles, measuring

Figure 2.14 Typical packaging for consumer goods representing a brand.
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Figure 2.15 Transport containers for industrial products. (a) Solids in big bags (Courtesy
of Flexxolutions). (b) Liquid container.(c) Drums for solids and liquids (Courtesy of Menke).

cups, or other removal systems are in use. For some products such as cosmetics,
wrapping protects the content from UV radiation, which causes chemical reactions.
Furthermore, it reduces or prevents the penetration (diffusion through the wall) of
oxygen and water vapor. The entire packaging should match the appearance of the
brand and product type, be unique, and generate attention. In addition, there are
packages only for transport, such as cardboard packaging for the six-pack of beer
or six-in-foil welded polyethylene terephthalate (PET) mineral water bottles.

Figure 2.15 shows examples of how industrial products, solids and liquids, reach
the industrial customer. Large quantities (>20t) are transported in tank and silo
vehicles, whereas big bags, containers, or drums are used for smaller quantities.

29
Brand

The brand is another element of product design. This distinguishes goods and
services from different companies (original function) by a word/character/symbol.
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Officially registered trademarks (registration mark, Section 4 No. 1 trademark act)
are marked with an ®, while unregistered trademarks frequently in business carry
the ™ sign. In the United States the additional designation ™ for service mark is
also used. Each brand manufacturer tries to design the products through an external
appearance that is unique and easily identifiable. Brand name, graphic design, and
typical colors characterize the brand appearance. An unusual but attractive design
promotes awareness of the brand. For wrapped products, packaging design plays a
significant role including the shutter opening. In a brand family, the products are
similar to each other, typified by the same lettering, colors, and packaging.

Brands are widespread especially in consumer goods as manufacturer and/or
product brands, supported by a trademark symbol (logo). In advertising, brand-
typical sayings are often heard. The following discussion of a well-known example
from the automotive industry explains the various types of brands. The company
Toyota (manufacturer brand) assigns a name to all models, such as Yaris, Prius, and
Verso (product brands). The logo consists of three linked ellipses; in the middle, a
T is visible. It symbolizes the company’s philosophy: customer satisfaction, inno-
vation, and quality. The brand saying goes as follows: “nothing is impossible ...”

Large companies for consumer products use either an umbrella brand strategy
with a corporate name (Hewlett Packard, BMW, McDonald’s, and Intel), or with
both company and product name (Toyota Corolla and VW Golf), or only with a
product name (Coca Cola, Cartier, Nivea, and Whiskas). Individual brands are

Double
international brand
(product/manufacturer)

International brand

Continental brand

National brand

Regional brand

Trade mark

without mark
designation to the chemistry

Figure 2.16 Importance of product and manufacturer brands, depending on regional distri-
bution.
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available, particularly in pharmaceutical companies (Novartis: Lamisil, Otrivin, and
Voltaren) but also in the chemical industry (Styropor, Nylon, and Persil). The value
of a brand depends on its commonness (see Figure 2.16) and recognition (Apple,
Google, and Microsoft). All mentioned product and company names are registered
trademarks.

2.10

Learnings

\/
\/

Product design, based on natural or chemical substances, covers almost all
areas of life.

Brand and brand design are essential elements of the product design for
consumer products, more and more also for industrial products, especially in
case of worldwide marketing.

The principles of product design can be used anywhere. Previously applied
in the food, consumer, and plastics industry, the method extends now to all
areas.

Product design leads to a broadening of product offer, but also to higher
revenues.

For consumer goods, packaging and labeling represent a part of product
design.



3
Generation and Assessment of Ideas for Novel Products

Summary

An innovation represents the response to a market problem. The company analyzes
the situation correctly and starts the search for a suitable product. A novel product
with high customer benefit helps the company to improve its market share. In
most cases, a creative chemist/chemical engineer or another qualified employee
suggests a corresponding product that may meet the customer’s needs. This is
followed up with an assessment of the market opportunities for this product idea,
taking 15 valuation points into consideration. If the idea obtains a positive score, its
development is taken up by a highly motivated project team. Some considerations
for ensuring the project success are discussed in this chapter.

3.1
Innovation

The term innovation is from the Latin verb “innovare,” which means “to renew”
or “to innovate.” The chemical industry understands the term “innovation” to
mean a new product that has market relevance but differs from its predecessor in
some essential feature. This difference may refer to performance or to handling
properties, or affect the aesthetics. Upgraded or new products enable the company
to grow further and to generate additional revenue [1, 2]. Therefore, each company
endeavors to launch a certain number of innovations into the market every year. An
innovative product should provide price and/or performance advantages, simplify
the application, and improve the appeal through aesthetics.

In addition to the product innovations discussed here, some process innovations
play an important role, if they spell out economic and ecological benefits. It is
only when the innovative process provides a visibly different product that cus-
tomers possibly take into account the production procedure. Innovative, ecological
processes are thus very important for the company’s image.

This chapter describes how a modern company manages innovative ideas; how new
products arise; and how they are marketed. Practical action is in the foreground, and not
how it could be theoretically improved upon.

Industrial Product Design of Solids and Liquids: A Practical Guide, First Edition. Wilfried Rahse.
(© 2014 Wiley-VCH Verlag GmbH & Co. KGaA. Published 2014 by Wiley-VCH Verlag GmbH & Co. KGaA.
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Figure 3.1 General description of the development of an innovative product with the par-
ticipation of the customer.

3.2
Implementation of a Product Idea

The path from idea to launch in the market is shown in Figure 3.1. First, a
responsible person analyzes the proposal, produces samples, and calculates the
production and investment costs. Possibly, it may be necessary to conduct a
feasibility study and risk analysis, as also an assessment of market potential.
A suitable method to assess an idea is presented in Section 3.5. Following a positive
evaluation, the installation of project team with core team is taken up. The core
team, with a project leader, takes over project coordination and a plant engineer,
the management of the construction of the new facility. In large projects, the work
of the team and the progress of the project are monitored by a steering committee,
consisting of high level managers. The team leaders take charge of development,
as described in Chapter 4, until the prototype is tested and high-quality products
become available.

33
Project Success (Some Personal Reflections on the People Involved)

Employees, who want to be successful in product and process development, should
follow and adopt the suggestions and guidelines given in Table 3.1. The table illus-
trates the social skills, thinking, working, and implementation processes that are
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Table 3.1  Requirements and guidelines for employees in innovation processes.
Will, drive, and Thinking Working Implementation
social behavior
Professional and Multidimensional and Only activity and Open
positive attitude analytical thinking endurance communication
based on knowledge (persistence) both internally
lead to complex and externally
targets
Motivation Consideration of own Plan and Inclusion of others
and others implement in the success
experiences carefully (team spirit)
Activity Various aspects Self-criticism Use of all
considered (physics, connections

chemistry, and
engineering)
Courage, happiness,  Implement conclusions

and fun

Learning from each
other

Danger: success
creates envy

Communication and  Creativity and Avoid arrogance
team spirit determination
Contacts Basically think in
alternatives

Acceptance of others  Simple solutions are
often the best for clear
and feasible objective
analysis of possible
ways to choose the
right path

Conflict resolution
skills

Self-confidence

required for an employee with the desire to succeed. The last step, the implemen-
tation of a new product or process into practice, requires tact because innovation
affects some people directly or indirectly, and they fear impact of these changes. The
table was created after 20 years of practice in the process and product development
of a large company, representing their experiences. The suggestions that have
been mentioned increase the likelihood of a successful outcome and enhance the
self-motivation (with the knowledge of ways to achieve success) of the employee.
A simplified stage model (Figure 3.2) displays the project work of team members,
specially controlled by a motivated leader. In a larger team, the steps can be executed
one ata time or in parallel. Each step should be followed as it represents a substantial
aspect of project success. [Multidimensional thinking is encouraged, namely, the
search for a solution is not confined to a particular field but should also look
into neighboring areas. A simple example of this is the use of disintegrants or



34| 3 Generation and Assessment of Ideas for Novel Products

Implement
cooperative

Multidimensional

thinking
Project
Develop S
processing alternatives U
Use ©
experiences c
Precise E
targeting S
Activity and S
endurance
Systematic
teamwork
Motivated
employees

Figure 3.2 A simplified stage model of the way to success of a development team.

effervescent chemicals (chemistry) greatly accelerates the dissolution large tablets
(physics), which is otherwise a very slow process.]

3.4
Generation of Innovations

The first step in an innovation process is to suggest an interesting product idea.
The idea must also include information about how product design is realizable.
In addition, the estimated market potential for the product idea should be pre-
sented. The generation of an idea for a new product or process is a creative
one. In the chemical/technical field, only few people are capable of generating
novel solutions. Suggestions come from among the three “C’s,” namely, cus-
tomers, company employees, and competitors. Good product ideas originate often
from development departments of the company. There are numerous systematic
approaches for finding innovations [3, 4], which will not be discussed here, because
they are too theoretical (otherwise, the innovation manager would have to be the
best innovator).

The following describes some systematic approaches of top management. The
exemption of young, just hired employees from work for six months or a year in
order to generate new product ideas, often meets with very little success. These
employees overlook neither the business nor do they have the necessary product
knowledge. Brainstorming, a systematic approach for new ideas, usually brings an
interesting overview, but no breakthrough. The ideas that are thrown up are useless
in the absence of concrete proposals for their implementation. Brainstorming is
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always an effective tool when it comes to simple problems. With difficult tasks,
knowledge and expertise are needed, which only a few scientists have. The collection
of proposals from the entire staff usually brings about only minor improvements;
real innovations very rarely take place. Systematic training of academic staff in
innovation management also does not result in any great success.

Every big company identifies its innovators. Furthermore, the identification
of potential innovators succeeds with the use of relevant psychological tests,
which are executed in several companies. Innovators are people that always stand
out with good ideas. Their creative proposals come from chemistry, chemical
engineering, or from neighboring areas. These creative persons have profound
technical knowledge, usually in several fields. They do not give up during the
solving of problems, but seek alternatives. Thinking up a solution affects the entire
life of innovators, their work and leisure, travel, and even their sleep. Good ideas
often provide answers to market or technical problems. Innovative employees need
free spaces to create new things, to check their usefulness, and to first manufacture
laboratory samples. In addition, a great number of people express an interesting
idea at least once in their lifetime.

As examples, some personal experiences in the development activity at Henkel
are explained in the following. These involve several innovations that have been
implemented both for processes and products. Most of the examples are described
greater detail elsewhere in the book. The innovations were developed mainly in
response to major problems and market pressure.

+ 1. Cellulose ethers ( circa 1984)
Problem: During the methylation of cellulose fibers, two by-products that were
formed were methanol and dimethyl ether, which escaped via exhaust air and
wastewater.
Solution: Separation of these substances by distillation processes (internally
implemented).
Innovation: Reaction of the by-products with gaseous hydrogen chloride to
produce methyl chloride, using a novel highly active catalyst. This realization
enables a complete recycling of the by-products (externally implemented).

+ 2a. Enzymes (circa 1989)
Problem: Using genetically modified microorganism, it must be guaranteed that
the production strain cannot enter the drains. A modified strain should be ready
within one year.
Solution: Sterile filtration of very dilute fermentation broths.
Innovation: Cross-flow microfiltration with inorganic membranes in combination
with sterile filtration for simultaneous separation of the production strain.

« 2b. Enzymes (circa 1993)
Problem: The enzyme pellets smell unpleasant.
Solution: Removal of odors from the fermentation broth.
Innovation: Development of a novel deodorizing process (with CFD), to remove
the odors with superheated steam in vacuum under minimization of entrain-
ment.
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3. Powdered detergents (1994)

Problem: The residential area in Vienna moved closer and closer to the factory.
Location of the spray drying tower was problematic and a ban threatened.
Solution: Removal of exhaust gas plume.

Innovation: Use of superheated steam instead of hot air in the exhaust-free spray
tower, with energy recovery by condensing the excess steam.

4a. Detergent concentrates (Megaperls®, 1992)

Problem: Detergent powder with higher bulk densities were introduced in Europe.
Solution: Development of a new generation of detergents: rounded pellets instead
of powder.

Innovation: A new extrusion process, using an aqueous ingredient of the formu-
lation as lubricant, and the extruder headplate with a subsequent spheronizer for
shaping.

4b. Detergent concentrates (Megaperls, 1996)

Problem: Owing to the average sphere size of 1.4—1.6 mm compared to 0.4 mm of
the powder, the solubility was significantly lower; in addition, residues remained
in some cases.

Solution: Improving the solubility of the spheres.

Innovation: The extruder compacted largely water-free powders at elevated tem-
peratures with the help of a polymer melt. After shaping and cooling down, the
spheres harden. During the dissolving process, these spheres disintegrate into
the initial powder.

5. Detergents (2003)

Problem: For normal powders from the spray tower and the concentrates from
extruder, there are different production plants with varying full utilization.
Solution: Production of all types of detergents in a large-scale plant.

Innovation: Development of novel granulation (core and shell), which can cover
relevant areas of size and bulk density for detergents (not yet implemented).

6. Medical detergents and softeners (2004)

Problem: Chafing and skin irritation on laundering.

Solution: Skin care via washed laundry.

Innovation: Add nanoparticulate skin care oils to liquid detergents, and transfer
them from the laundry to skin. The very small, transferred amounts were proved
analytically (not implemented).

7. Skin care products (2003)

Problem: Novel creams containing nanodroplets are not accepted in the company
(““does not work, because the emulsions disintegrate directly on the skin”).
Solution: Comparative measurements of the penetration of mini and macro oil
droplets into the skin.

Innovation: Worldwide novel NMR method, developed by an employee in cooper-
ation with university, measures the penetration depending on skin depth (every
15 pm). There are significant differences between macro and mini emulsions.

8. Toothpaste (2012; ATS License GmbH)

Problem: Free spaces for smokers are increasingly restricted. Many want to quit
smoking, but they need support.
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Solution: Toothpaste with a special ingredient and the desire for cigarettes is
reduced.

Innovation: Toothpaste with a natural substance (essential root oil) that reduces
the desire to smoke.

3.5
Evaluation of Product Ideas

Before a development project is commenced, some employees evaluate the product
idea. Exceptions are variants of already manufactured products. They can be
produced simply, and inexpensively introduced into the current product range. In
case of a flop, a removal is possible without big money losses. An assessment of all

Table 3.2 Assessment of market opportunities for innovative products by estimations
(market standard =0; negative ratings lead to point reductions, positive ones to an increase
of score).

Negative feature Score Positive feature
Product variant 0...410 Completely new product (market
innovation)

Product design below market -10...0...+10 Attractive product design
standard

Handling below market standard ~ —10...0... +10 Consumer-friendly and easy to

use

Product performance below —10...0...+10 Clearly superior product
standard performance

High development costs 0...+10 Low development costs

No spec. know-how in the 0...+10 High product know-how in the
company company

Cost uninteresting (too high) —10...0...+10 Cost of interest (low)

Several strong competitors 0...+10 No competitor against the new
against the new product product

No patent barriers against 0...+10 High patent barriers against
competitors competitors

Tight regional market 0...410 Wider global market

Expectation of low demand -10...0...+10 Expectation of high demand

Distribution channels not -10...0...+10 Global distribution channels
available available

No brand available 0...+10 Strong brand or umbrella brand

Customer benefits below -10...0...4+10 High customer benefits
competition

Value for money below —10...0...+10 Attractive price/performance
competition ratio

Total points P (sum)
Score S< 0; high risk and Total score S: Score S>5; low risk and high

uninteresting S=(P/15)xf potential
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other product ideas are provided in the specified schema in Table 3.2, designed for
large organizations. An additional factor (f) serves for consideration of the level of
innovation. At the top of the table are ideas that represent a world first (f = 2). Then
come proposals that are new in regions where the company operates, and have
not yet been introduced (f =1.3). All other products get a factor of 1, especially if
comparable products exist in-house already.

Approximately 6—10 competent employees from different departments, who are
familiar with the product idea, should give their assessment according to Table 3.2
and then discuss the results with each other and other participants (team members).
An average value of a total score greater than 5 indicates a large market opportunity
that should be exercised. Values less than zero lead to termination of the activities,
unless a positive decision is important for strategic reasons. If values of total score
between 0 and 5 arise, the discussion needs to be deepened, because business risk
increases with decreasing score. Decision makers should take this relationship into
consideration. However, the incorporation of a new product in the existing product
range makes sense in some cases.

3.6
Learnings

An innovation represents the response on an urgent market problem, devised
by a creative chemist/chemical engineer.

Innovations with high customer benefit help the company to gain market
shares.

Project success requires highly motivated team members.

Before starting development, team members assess the product idea.

The score helps to estimate the value of idea, and to decide whether to start
development.

High value for money improves the chances of market success.

< = <
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4
Compressed Development and Implementation
of Innovations

Summary

To improve competitiveness in the global market, innovative product ideas must
rapidly be placed in the market. The innovator gets higher prices, gains market
shares, and benefits from a positive image. Developing in half the time requires not
only support of top management but also the immediate involvement of customers.
A core team, consisting of a product and process developer, as also a staff member
from marketing, should lead the project. Time can be gained by competent, parallel
processing of subprojects and by reducing the number of attempts for designing
the machines and equipment. Communication within the team and with the
leadership and the absolute determination to bring a new product in market are
crucial to the success of the product.

4.1
Preliminary Remarks

The author’s first chief at Henkel” initiated the idea of compressed process
development in the 1980s, which resulted in short development times. This
method, has been supported by the author, taken over, and later also transferred
in some cases to product development. In accelerated development, experimental
work in the pilot plant and planning of a process plant including the orders
overlap. Therefore, the project starts immediately after acceptance of an innovative
product proposal. The goal of compression is to halve the time from idea to
market.

If a good idea is present, the promotion and steering of innovations represents
a task for the top management. The work of an independent department that
understands innovation management as systematic planning, management, and
control is ineffective in many cases because they are far away from market problems.
Normally, this central department is not involved in the company’s product

1) Henkel AG & Co KGaA, Diisseldorf, Germany.

Industrial Product Design of Solids and Liquids: A Practical Guide, First Edition. Wilfried Rahse.
(© 2014 Wiley-VCH Verlag GmbH & Co. KGaA. Published 2014 by Wiley-VCH Verlag GmbH & Co. KGaA.
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development, which is performed in operational units. Therefore, innovation
management [1, 2] is not discussed at this point.

However, in practice, the development presupposes an existing and feasible prod-
uct or process idea at the start. The compilation of the author’s own observations
and practical experience as a member and team leader of projects contributes to this
discussion. This is a personal view and not a scientific approach to problem solving
with statistical relevance. In the following sections, the reasons and opportunities
for, as also the risks and barriers to accelerated implementation are explained. This
is followed by description of formerly common “central projects” at Henkel,! after
which compressed development is explained in general, with examples, outlining
the targets.

4.2
Reasons for an Accelerated Product Development

In order to succeed and survive in the chemical industry, owing to global competi-
tion, an increasingly rapid deployment of innovative products is required. Concrete
ideas and implementable suggestions for novel products with significant market
potential are rare even in big companies. Therefore, rapid implementation of such
innovations is of particular importance. An established matrix (see Table 3.2 and
[3]) allows estimation of market opportunities and risks before a company starts on
a development project.

Following acceptance of the idea by responsible managers, compressed develop-
ment must be initiated without any delay. It is then that there is a big chance to be
first in the market. In the case of a consumer product, many tests should support
the assessment results. Market analysis [4, 5], customer surveys, and product tests
at households of customers accompany large development projects. Marketing
hires some agencies to execute the tests in different countries. The whole process
involves not only rapid implementation in production but also preparation for
early market entry. This preparation begins with information and training of sales
staff, placement in different outlets (markets) in addition to press releases and
advertising.

The time from product concept to implementation in production is particularly
important for financial reasons. The accumulated development costs rise with
increase in the duration. Nevertheless, it is crucial that early market entry brings
in money by way of product sales, at additionally higher prices. Furthermore, the
innovator gains market shares, significantly more than imitators do. Ultimately,
the market determines the success of the development. Innovative products should
be patented. This can enable a privileged position in the market or even a long-term
monopoly. A second important reason for a rapid launch is that based on good
communication, it brings an improved image for the company, resulting in a
positive attitude to the whole product range.
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4.3
Risks

Generally, the financial risks of process development and of implementation
depend on the company’s know-how and on diversification. Several important
factors are illustrated in Figure 4.1. If the innovative product is a possible part of
the core business, then chances of success considerably outweigh those of failure.
In cases of backward integration or buildup of a new business, the risks increase.
If a project is stopped in the development phase, the company makes losses [6].
These are the cost of market research, further cost for laboratory and pilot tests,
and for the fees paid to consultants. Investment in special equipment in laboratory
and pilot plant could possibly add to the losses incurred. Stopping development at
a later phase would involve, in addition, the cancellation charges for buildings as
well as for machinery and equipment.

Henkel successfully carried out all types of diversification (product examples:
enzymes and tetraacetyl ethylendiamine (TAED); detergents: spheres, granules,
tabs, and water-free liquid detergents). In the early 1980s, enzyme development
and manufacturing was new for Henkel and, therefore, associated with very
high risks. This diversification is called lateral diversification. Another high risk
case demonstrated is that of TAED, which was also new but was offered as
raw material. Other supply forms of laundry detergents (pearls and tabs) are
higher value products of the core business and depict low to medium risks as
horizontal to vertical diversification. Whether executed in normal or compressed
development, the risks were always financial. In some projects, small problems

/ Finishing \
T risk

. Medium
Higher value Combinations
Vertical

Low risk High risk
c ol Core N
omparable ) ; ew
product ~«Horizontal business Lateral—> BEfees
(products)
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materials

Figure 41 Risks associated with implementation of innovations, depending on the type of
diversification.
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arose that resulted in higher costs than had been planned during the development
or investment stages. There were also some significant problems with the actual
sales falling short of projected sales.

This raises the question regarding the need for compressed development. There
are higher risks, when possibly the quality of the product is not as originally
intended or when manufacturing is not optimally tuned in all basic operations.
These arguments do not really speak against rapid development. Customers see
the product in the developed form, without perceiving process deficiencies or
improvements. Costs for improvements are covered by the ongoing product sales.
Using compressed implementation, it is acceptable to have a few minor changes
in line with the expectations. Moreover, early market entry results in a faster route
to lower production costs over the learning curve.

4.4
Barriers in Development Projects

In innovation projects, it should be accepted that new and unknown situations
triggers uncertainty in the implementation phase for most employees. In the
course of development, the manager must explain the impacts of the new product
to the affected employees. Such projects require strong commitment on the part of
all parties involved as the execution process creates stress that can sometimes be
extreme. For example, employees who already headed the start-up of new facilities
or were involved in developing the know-how would already be faced with time
demands of 14-16 h a day, including weekends. Additionally, the home office can
ask from time to time, why implementation has not speeded up. This background
makes it clear that even influential people in leadership positions argue against a
project or project extension, for example, as follows:

1) This product will not meet the demands (i.e., specifications).

2) There is not enough time available for the necessary time-consuming tests,
inspections, and storage arrangements.

3) Scale-up and implementation in production do not happen overnight. Delivery
times for individual machines/devices alone take a year or more.

4) Change in production processes cannot be establish in such a short time.

5) Hasty introduction involves high risks in the market.

There are always people who oppose any innovation, either openly or covertly,
because they fear and hate changes. Therefore, at all levels, the persons concerned
discuss the uncertainties in combination with the high costs. Such discussions lead
to nothing, except when they deal with suggestions for improvement. The constant
nagging brings uncertainty among the project participants and decision makers
and also delays the project. Rapid development presents many advantages, but in
prudent manner, it is better to schedule an extended period for the start-up plant
to reach the designed capacity.
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Basic principles of product development that have been published [7, 8] are in
most cases not tailored to chemistry and do not treat the compressed working. The
following description shows the author’s personal experiences with accelerated
developments and introduction of innovative products (detergents, biotechnology,
adhesives, cosmetics, and chemicals).

4.5
History

Until about the mid-1980s, the development of new products used to be executed in
separate phases. First, ideas were collected. Sifting and evaluation yielded favored
ideas, which were released for working in the research department. After some
time (about 2—3 years), the researcher, together with process developer, discussed
the progress. They determined a pioneering product for the future. For such
an innovation, the process department examined implementation already present
in existing productions or started a new process development. Thereafter, the
production people, product and process developer, researcher and plant engineers
went deeper into the details for implementation. These discussions took place at
the level of the head of department (+1). Here, they decided on possible locations,
capacities, and raw materials; furthermore they also calculated required energies,
materials, wastes, and emissions, as well as product costs. Plant engineering took
over the construction of the production facility or the specific changes that were
needed in the existing factory. After clarification of open issues, the project team
informed the marketing staff, which then started surveys and household tests. This
approach led to project times of ~ 6 years and more.

For major innovations, the company (Henkel) constituted the so-called central
projects with accelerated completion. Editing was done with support and supervi-
sion of the corporate management. Once a year, the project leader reported and
defended the development work/costs to the entire board, including the chair.
In these projects, there was a close link between R&D, process technology, and
production, besides partly involving the marketing staff. In the hot project phases
(construction and start-up), rapid processing was ensured by convening monthly
meetings with participants from all levels.

4.6
Compressed Project Processing

While previously the plant engineering held a strong position and influenced the
development, it is now simply a service provider who is not involved in development
and decision making. The crucial position of production people in former times
no longer exists. In the final phase, some employees of the selected production
site work with the development team in order to incorporate their experience
and to take into account regional specificities. The influence of central research
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department on decisions is unlikely, as most researchers now work in operational

units.

The integrated way of working, which was introduced for larger innovation
projects, has evolved with changing conditions over the years. Today, product and
process developers work together with marketing in a core team and arrive at
the decisions on product launches. Reactions are faster and easier because crucial
activities are within one operational unit. Problems at interfaces to other areas have
been eliminated. The main changes compared to the past are as follows:

1) Major projects, supported by top management, take place with the participation
of marketing from the beginning.
2) Acoreteam, consisting of product and process developer, further of a marketing
employee, controls all processes and mandated internal and external work. This

team prepares all facts for decision.
3) Customers are involved through interviews.
4)  All operations run parallel.
5) A short, flexible project plan is recommended.

The possible timing illustrated in Figure 4.2 shows that project launch to market
can be achieved in less than half the time in a compressed project.
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Figure 4.2 Collaboration of marketing with product and process people in compressed
innovation projects reduces the development time.
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4.7
Project Leadership

In compressed projects, the project manager (usually the idea finder with leadership
skills) designs a useful, clear project plan with milestones. The plan contains all
essential activities, but without going into finer details. Work takes place after
progress as reported and not after plan execution. In this learning development,
planned research activities shall not be continued, if after few trials the wrong
direction is evident. A strong commitment to achieve success motivates all team
members.

In parallel processing, no employee awaits results from another, before starting.
Laboratory experiments start and go on, assuming that at least one alternative for-
mulation meets the requirements of the three-month storage test. Thus, the process
engineer can order elements of the pilot plant using a flow sheet diagram, with-
out knowing the exact composition of the product. Marketing examines possible
distributions and markets. Customers are able to express their ideas immediately.
Packaging department designs possible packaging. A suitable production site is
available after some discussions. Figure 4.3 illustrates a schematic project flow,
controlled by the core team.

Figure 4.4 displays the main tasks of members in the core team. The core team
is responsible for project success and, therefore, meets every week. It invites those
scientists who are working on project parts. A member of the core team should
be self-confident and well networked within the company, and should be able
to increase and accelerate cooperation in the development of the new product.
Technical and interpersonal skills of members enable rapid progress. In meetings,
the core team confirms or changes the development directions, and also assigns
new tasks or has discussions with external consultants. The successful acceleration
of a project requires high decisiveness of the core team in the cancellation or
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est way from product development (start) via an existing plant to the customer is indicated
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assignment of additional development work. The core team, in particular, the
project leader, must inform top management regularly and candidly about the
status and costs.

Product developers have to create the new product. They are responsible for for-
mulations and specification, the optimization as well as for ecology and toxicology.
Their task is to check the products in application, immediately after preparation
and after storage (3 months, 30 °C, and 80% RH). The process developers establish
an economical method for production. They take into account existing production
plants and try to integrate the new product. In some cases, the developer, in
cooperation with the plant engineering, must plan a new production plant on a
greenfield site. In addition, the developer calculates the production costs of the
adopted procedure and of alternatives. Scale-up and production of samples in
association with the packaging department are also among the tasks of process
developers. Marketing is especially active in product and packaging aesthetics; it
leads the brand, speaks with customers [9], and arranges household tests [10—14].
It also coordinates the launch (purchase, production, and sales), in some aspects
in cooperation with agencies (advertisement).
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4.8
Teamwork in Projects

In almost all cases, the innovative idea comes from an individual, often also the
basic analysis, even if ideas originated in a group discussion. However, in big
companies, many employees participate in the implementation of the idea into a
valuable market product. The transfer of the idea into a product is the object of a
great team. The members come from various departments and work together in
the project team for a limited time (see Figure 4.5). These employees in the project
team must be exempt from other work wholly or partly. For rapid development,
technical and social skills are crucial, especially of the core team and of the project
managet, but also of technical staff. Stress between individual academic staff arises
when tasks are not clearly defined and delimited. It is not always possible to ensure
that the selection of team members should not lead to widely overlapping skills of
two scientists at the same level. In cooperation, the least problems arise with people
of different, specific training. For example, when chemists work together with
physicians, economists, engineers, or microbiologists, then fruitful collaboration
is the rule.
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Members of the core team operate with the full support of their coworkers
in subprojects. Information management may be prescribed or carried out as
required. Intervals between meetings should not be too long as this would increase
pressure.

4.9
Conditions for Success of Compressed Project Work

In large companies, success depends on the support of leadership and key employ-
ees at all levels. Right at the start of the project, responsible managers provide the
necessary funds and appoint the project leader and other members of the core
team. A dedicated supporter of the top management helps in particular in the
initial phase with organizational problems (personnel, facilities, and priorities).
Speed requires immediate and targeted work in all affected units, which means
parallel work of all involved departments.

Commitment and ideas to solve problems, which always occur, are usually
available from project participants. Bureaucracy should not restrict the development
work, such as raising money for staff/equipment/facilities/premises, or extensive
reports. Chemists and chemical engineers who are involved in experimental work
must be able to access their employees directly. It is only then possible to discuss
the test results on a daily basis. This includes taking into account new insights in
order to adapt and correct the test program directly for the next day. For motivation,
it makes sense to entrust the (academic) staff with sole responsibility for a project
or task.

Project success needs precisely specified, clear, and consistent product specifica-
tions. Critical values for the product performance, handling, and aesthetics must
be set at the beginning of development work. Subsequent requests/demands lead
to extension of the project period up to termination. This error represents the most
common cause for the failure of a project. Successful implementation also requires
constant communication with parties involved, especially within the project team.
As additional motivation, top management should communicate that fast market
entry affects the total costs positively. This is valid even when improvements in
the manufacturing plant reduce the profit from premature sale of products. This
aspect is often not seen or ignored. (The ghost of failure lurks in the background.)
Usually, the flop of a product does not depend on early market entry, but on its
acceptance by the customer in regional markets.

From the very beginning of the development, marketing deals with issues of
product positioning in the market. How does the product differ from other market
products? What advantages or features can be turned out and how can they be
described? Which brand should be assigned? What is the design of product and of
packaging? At the request of marketing, a responsible agency invites some typical
consumers. Results of discussions in consumer groups (focus groups [10—14])
provide answers to questions of product and packaging design. It is only after this
that the finished product is presented and tests in the private households follow
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[3, 15]. Marketing coordinates all activities related to the launch of the product. In
the case of industrial customers, products originate in cooperation with selected
customers already involved in the development phase. Their experiences and
desires are considered. Industrial customers, on the other hand, test the samples
repeatedly and intensively.

4.10
Design of Production Plant

After the start of the project, the responsible process developer works out a feasible
flow sheet diagram [16] for the complete plant, possibly with an alternative, in total
or in parts. In most cases, this work is performed by one of company’s experts
efficiently and without problems, using special software tools. For processing of
solids, “SolidSim” is a suitable tool that also delivers mass and energy balances.

First, the expert knows the technologies needed for core business. Eventually,
the company utilizes unit operations in a similar manner or has used them some-
where already. Secondly, in targeted experiments, the design of not yet proven
operations is set. The company’s engineers prepare the necessary documentation
for technical implementation. The planning staff recognizes critical steps and
unit operations of the whole process. Steps that can lead to problems (circula-
tions, sewage, exhaust gas, by-products, wastes, and residues) need to be tested.
Experiments take place in the company’s own pilot plants or are conducted by
manufacturers of machines and apparatuses (M&A). For manufacturing the prod-
uct, a competent engineer designs the complete process flow diagram according
to EN ISO 10628 (European Standard, released by CEN, European Committee for
Standardization, 2000). In the case of production expansion, only a possible new
part is detected. For very new plants, the engineer considers all elements from
raw material to finished product delivery in the flow sheet. On this basis, taking
the capacity into account, he calculates mass and heat balances as well as individ-
ual dimensions of the machinery, similar to the procedure for preliminary cost
calculations.

For reasonable assessment of equipment sizes and energy demands, the engineer
must know sizing and scale-up rules as well as the procedures characterizing
dimensionless groups. Equally important is the specification of used materials.
Chemical plants consist predominantly of the well-known CrNi-stainless steel
qualities (Mat. 1.4301 (V2A) AISI 304 and 1.4571 (V4A) AISI 316Ti); other grades
are also processed (Mat. 1.4435-316L, 1.4404-316L, and 1.4539 AISI 904L) or plastics
that are resistant to aggressive liquids (see Chapter 16). The M&A manufacturers
who are approached disclose the prices of machinery on the basis of design and
required material. Responses to price inquiries allow a rough estimation of expected
production costs and of possible alternatives, regardless of location.

In all cases, the process phases (solid, liquid, and gas) play an important
role for design. First, the process takes place in homogeneous phases (gas or
liquid). Here, the chemical engineers calculate the exact design of the machines
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and other equipment required. Examples are pumps, fans, containers, tanks,
agitators, distillation plants, and mixing equipment. Second, unit operations with
heterogeneous phases usually require experimentation in the pilot scale. The design
of a chemical or biotechnological reactor necessitates experimental determination
of basic parameters. The same applies to targeted separation and concentration of
a dissolved substance (protein) from fermentation broth or for creating a stable
emulsion in cosmetics.

Furthermore, difficulties in sizing increase in the presence of solids (suspensions
and dispersed substances), particularly due to the recycling of off-spec materials.
Design of grinding/sieving, coatings, precipitation for producing nanoparticles,
extruders with a headplates for shaping and agglomeration processes requires
many years of experience and meaningful experiments. These tests may be run in
pilot plants, which reflect the conditions of the planned production facility in part
or entirely. The inclusion of recycled materials is vital because it negatively affects
product quality. However, large recycle streams increase the size of several steps
within the plant.

In contrast to fluids, the behavior of solids and multiphase systems cannot
be characterized by material properties. Owing to deviating product properties
of solids, pastes, or suspensions, there is more frequently no exact calculation
possible (granulation, coating, grinding, and sieving). Therefore, these operations
always require tests to clarify the design. Then, an experienced developer estimates
the sizing on the basis of some pilot tests, scale-up rules, and application of
dimensionless groups with 20% surcharge on the estimated capacity. Most of this
surcharge is needed after a short period, mostly for reasons of capacity, product
modifications, or because another product is added to the process plant. Otherwise,
it helps to prove the required capacity during start-up. Easy-to-clean equipment is
made of stainless steel and characterized by smooth, polished surfaces (Chapter 16),
without any dead space in the piping and machinery. There should be preferably
automatic activation of cleaning cycles.

Right from the early stages, the process developer works together with a plant
manufacturer, who heads the project to “build up a new process plant.” He
designs the detailed process flow diagram with measuring and control equipment
as well as with an installation plan in existing or new buildings, called the piping
and instrument diagram (P&ID) [16, 17]. All experimental results are directly
incorporated into planning. The plant engineers contact suppliers for selected
machinery, taking into account the infrastructure of the proposed production
site. He estimates the capital costs more closely and creates concrete installation
plans. On this basis, production and product costs are estimated more precisely.
Management decision has to be obtained for two factors, namely, investment and
product costs (see Figure 4.6).

Consistent reduction of the development phase from time to time requires
ordering of machinery based on some orientating experiments in the pilot scale.
For adaptation and optimization to be planned in a large plant, there is enough
time available up to the delivery of M&A. In extreme cases, very long delivery times
imply the compressed development of a purchase order before deciding to enter
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the market. All this should be doable but one of the risks is loss incurred in case of
cancellation.

4.11
Biotechnology

Rules for the fastest possible implementation in practice can be learned from
biotechnology: if an interesting product is fermented in the laboratory, management
decides to transfer it to production. All decision-makers know that the fermentation
broth from the laboratory does not correspond to quality out of production. The
suspension of the optimized production fermenter will have higher concentration
of the product and there will also be a change in its composition and viscosity. Top
management has obviously a strong confidence in the abilities of their employees.
They let build a building and order the crucial machinery. In most cases, the basis
is only the first pilot test and experience from similar projects.

On the question to biotechnology developers, whether this procedure does not
bear high risks, the answer was, “It always succeeds to realize an optimal process.”
The high value of the product allows/demands unusual decisions. For a quick start,
possible and costly rework is accepted. This is not really a problem because all
people involved assume process improvements. In addition, the product is already
making money. Order changes have been frowned upon so far in chemistry.

In addition, the chemistry should consider some business aspects: early sales
of the product bring in money much sooner. This rationalizes the achievement of
precise but lengthy, hence expensive process design. All should also be aware that
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over time the demands on the production line may alter for many reasons. Expe-
rience shows that compressed development does not require extensive reworks.
Nevertheless, the benefits of quick market entry can often be realized.

4.12
Maximum Speed-to-Market (Examples)

One positive example for a faster implementation up to market are the Megaperls
® [18], a novel detergent generation of Henkel introduced in the early 1990s. For
Megaperls, the product developers formulated new concentrated recipes, which
together with increased bulk density of about 680 g1~ allowed visible reduction of
volumetric amount of detergent per wash load. The innovative idea was the spherical
shape of the particles, small beads for concentrated washing power. The process
developers designed a completely new technology for this purpose. A mass of raw
material was mixed, extruded, and thereafter shaped to beads using a spheronizer
and then finally cured. The goal was to get consumers to immediately recognize the
product and positively evaluate it with respect to product performance, handling,
and aesthetics (see Chapter 11).

Initially, a technical chemist and a marketing colleague (core team) directed the
project. Both presented the project results to the board of the company including
the chair. Shortly thereafter, the shareholders’ committee and the supervisory
board agreed on the project. A strong commitment of all project participants and
support of top management ensured very fast processing, although there were
many critics and opponents at all levels. The process was new and unknown in the
detergent sector. Extrusion of detergent spaghetti with diameters of 1.2 and 1.4 mm
and with the target of cutting into small cylinders demanded modifications in the
existing extruders. Especially with a planned capacity of 5th™! per extruder (later
the extruder output was significantly increased), there was no technical solution
available. The new technology in combination with concentrated formulations led
to a series of challenges. These were enormous tasks for a small team, which had
to solve all problems in a short time. The total investment amounted to about 100
million € (excluding the investment in filling lines) with a scheduled total capacity
0f 160.000 t/a, spread over three locations.

The timing can be summarized briefly. The idea of the innovation with a practical
solution originated 1989. As test market, Switzerland was supplied (1991) with the
products from a small process plant identified for further scale-up. In 1992, the
first large-scale plant with four extruders in Belgium was ready and was housed
in an existing building. A new facility in Italy started in 1993, and one year later,
the second major plant in a new building in Diisseldorf. According to schedule,
the plants in Belgium and Germany were to go into operation in the same year.
However, the German authorities demanded many additional documents for an
approval of the building and production plant. This preparation took some time.
The completed documents were transported in a rented VW van to the authority



4.12 Maximum Speed-to-Market (Examples) |53

(in Belgium the authority was with one person). The time required was 3 years,
from the idea to the new production plants in Belgium. (In Germany, it took 5
years, thus there were two additional years without revenue). The test market had
already taken place within just 2 years. In retrospect, besides the company being
successful in the market with this innovation, the positive image of entire business
was also boosted.

The second example is the implementation of a new spray-drying technology.
The idea was to dry detergent slurries with superheated steam instead of hot
air. This innovative process offers a number of advantages. After installation,
there exists no exhaust plume, because steam is recirculated and excess steam is
condensed. Plant safety and energy recovery are the other features that represent
the innovation. After a decision to convert a production spray tower in Vienna,
the pilot plant was designed and ordered. The pilot plant corresponded totally to a
production plant. The following questions had to be clarified, mainly in pilot scale.
How is the temperature set in the circulation loop and how is the excess steam
removed? How does the recovery of heat energy work? The planning of a large
steam-drying tower started long before first pilot trials ran. After some very positive
pilot trials, the plant engineer ordered all the machinery for the production plant.
The period from the decision to implement the idea up to the start of production was
two years.

Start-ups are much faster than large companies are, as could be demonstrated
by a small enterprise for development and marketing of cosmeceuticals (ATS).
In February 2011, a published reference [19] described the antifungal effect of
lavender oil. The elaboration led to the idea to develop skin cream for care for
the feet, which at the same time could fight against athlete’s foot. On the same
day, a discussion of the idea took place with the partners in ATS [20]. The next
day, the needed, additional ingredients were purchased. Ten days later, the first
laboratory approach run took place in accordance with the formulation that had
been developed in the meanwhile. At the same time the wording for the label and a
compilation of the INCI (International Nomenclature of Cosmetic Ingredients) list
were taken up. Further, a qualified security assessment was also commenced. The
assessment took into account the toxicological profile of the individual ingredients,
the chemical composition, as well as possible interactions and exposure by its
intended use.

For risk assessment and determination of effectiveness, 12 probands were found,
4 with athlete’s foot, the others, without the problem. The athlete’s foot disappeared
completely after 3-5 days due to the prolonged exposure to the active ingredient
in the formulation. The probands used the cream for another 5 days to get totally
smooth feet. A few days later, labels were printed and the performance results
were published on the Internet. The product allocation number was applied for
sale in pharmacies. The local authorities received the composition for registration.
Following the successful small-scale production, regular sales commenced. The
duration — from idea to market (investment in equipment was not necessary) — was
6 weeks. Large corporations need an estimated 18—24 months.
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4.13
Relationship between Compressed Development and Product Design

The doctrines of product design [21], such as design of chemical products according
to the wishes of clients, cause not only progress in generation of new product
ideas (not discussed here in detail) but also provide accelerated development of
innovations:

1) The productidea offers the realization of customer needs or even the solution of
an important customer problem. Development concentrates on the correlation
between performance, function, and form.

2) Marketing must contribute from the start in order to have the idea verified by
customers, to explore the buying interest, and to consider the suggestions of
customers from beginning. This accelerates the development and reduces the
risk of a flop.

3) Product design utilizes all opportunities to improve the performance of the
product (such as optimal recipe, coating, dust removal, set of particle sizes,
and bioavailability) and, if desired, to transfer it into another “physical state”
(solidification of liquids, emulsions, gels, and pastes).

4) Processes, which include a shaping step, are preferably used (“design tech-
nologies”) because they are easier and less expensive in general (such as
drying in a mill, spray-drying, fluidized bed spray agglomeration, pelletizing,
and extrusion).

5) In addition, handling and aesthetics contribute to product performance. In
particular, product aesthetics allows a differentiation from the competitor and
thus supports market success.

6) Packaging is part of the product for transporting, protecting, storing, and for
easy application.

A study of the product design helps in developing optimal products and processes.
But market success brings to fruit the unconditional shared desire to create
something new.

4.14
Outlook

For increased competitiveness, compressed developments are gaining more and
more in importance. Development and implementation as a team is the future,
and not the months of thinking by one employee, who alone solves parts of the
entire plant. Constant discussions of experimental results among team members
generate new suggestions and accelerate the momentum of work. Development is
not only faster but overall also less expensive. Involvement of the customer reduces
the risks of a flop. The advantages of this approach are so convincing that they
should affect a rethink by employees and top management.
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4.15
Learnings

\/ Global competition enforces a rapid launch of innovations. For being first
on the market, an accelerated implementation is particularly economical and
image promoting.

\/ Additional risks due to the acceleration are manageable and rework is possible.
The benefits outweigh the costs.

\/ Positive and negative impacts of innovation (market opportunities, work
processes, and jobs) must be discussed openly at the start, in order to reduce
uncertainty.

\/ Major keys to a successful, rapid product launch lie in the organization of the
operational unit and support of the top management, project organization,
and parallel processing, in addition to involvement of customers from the
beginning.

/A core team (product and/or process development, marketing staff) leads with
expertise and communicates the project status honestly.

\/ Professional and socially competent employees with responsibilities for sub-
projects receive clear lines and enough time for work, including the required
funds and resources.

\/ Future changes in the specifications must be avoided, because they represent
the most important causes for failure of a project.

\/ Compressed development restricts design experiments/simulations for lack of
time. Often, exploratory experiments suffice; in heterogeneous phases, further
pilot testing becomes necessary. Scheduling a surcharge of 20% on the design
value minimizes the risk of a too scarce design.

\/ Fast projects require more courage and commitment of the leadership and
confidence in staff. Rapid implementation brings faster market success and

revenues.
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5
Product Design of Particles

Summary

The production of granules from powdered solids takes place in dry conditions
under pressure or with the addition of liquids with subsequent drying/cooling.
These processes are well established in industry worldwide. Fertilizers, detergents
and cleaning agents, iron ore pellets, and expanded clay (building auxiliaries),
as well as granules for tableting of therapeutics are examples of typical products
that are available as granules. Wet granulation offers several possibilities for
improving powders in product design. In comparison to primary particles, the
granules produced show increased size and improved shape (round), stability, and
flowability. From differences in particle size distributions of starting particles (very
wide/mono- and bimodal or very close) result in three types of granulation, which
differ significantly in regard to the duration of the process. Differences in particle
diameters determine the agglomeration. In contrast to large particles, fine particles
adhere immediately to the coarse core material (CM). In agglomerates of equal-
sized particles, liquid bridges are repeatedly dissolved to form new ones, until stable
agglomerates are formed. Scaling up of the granulation process in horizontal mixers
is based on similarity of type, geometry, and identical Froude numbers. All operating
conditions set are comparable. The representative product samples require three
successive granulations. The second and third batches need the addition of over-
and undersize particles from the milling/sieving step and filter dust. The targeted
product design influences the process management in the desired manner.

5.1
Dry Agglomeration Processes: Pelleting and Tableting

Production of particles from solids takes place in three ways (Figure 5.1). Fine
powders as starting material agglomerate in mechanical processes, without (Section
5.1) or with the addition of liquids/auxiliaries (Section 5.2). Coarse solids must first
be crushed for further processing (Sections 7.4 and 7.5), mostly in a cutting mill
or in single or in multistage grinding/sieving processes. Coating helps to set the
properties of the solid particles, such as powders, granules, or tablets (Chapter 6).
Coatings also allow the adjustment of dissolution times.

Industrial Product Design of Solids and Liquids: A Practical Guide, First Edition. Wilfried Rahse.
(© 2014 Wiley-VCH Verlag GmbH & Co. KGaA. Published 2014 by Wiley-VCH Verlag GmbH & Co. KGaA.
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Size of the
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(solids) rounding suspensions or melts
! grinding cutting

Figure 5.1 Procedures for product design of solid particles from solids.

The agglomeration of dry powders is known as compaction, dry granulation,
agglomeration, press agglomeration, press granulation, or pelletization. For the com-
paction of dry powder, a little water is often used. Water is added by spraying or as
steam. Sometimes, a supplement of special substances is also necessary to ensure
that the particles adhere together and form flakes or pellets. These substances
may be various binders and lubricants as well as fillers and auxiliaries (Table 5.1).
Pellets, which are used as starting material for tablets, also require these additives.

Table 5.1  Auxiliary substances for dry granulation and tableting.

Binders Lubricants Fillers Excipients
Starch Magnesium Starch Starch
stearate
Cellulose ethers Calcium — Mannite
(hydroxypropyl stearate
methylcellulose,

hydroxypropyl-, methyl-,
and ethyl-cellulose)

Microcrystalline cellulose Stearic Microcrystalline Lactoses
cellulose
Powdered cellulose Talc Powdered cellulose Powdered
cellulose

Sugar alcohols (mannitol — Monosaccharides Disaccharides
and sorbitol) and disaccharides

Lactoses — — —

Polyvinylpyrrolidone — — —

Vinylpyrrolidone — — —
vinylacetate copolymer

Polyethylene glycols — — —

Magnesium carbonate — — —
Calcium carbonate — — —
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Figure 5.2 (A) Principles for compaction (B) Principles for compaction and pellet-
and pelleting of powders: (a) double roll ing of powders: Left side: in a compaction
press; (b) double roller press, pelleting between smooth or fluted rolls, large flakes
on one or two perforated rolls; (c) annu- arise and granules with increased density
lar die press with one, two, or three rollers  after flake crushing, and right side: briquet-
inside; (d) annular flat die press; (e) ting between two rolls with the appropriate
extruder with a die plate at the head, a shapes on their surfaces and a briquetting
basket or a ring die; and (f) tablet press. machine (Courtesy of Hosokawa Alpine).

Starting from powders, dry agglomeration represents a method for shaping and
increasing the bulk density and for dedusting. To increase the bulk density, a com-
pression between two smooth rollers is necessary with subsequent grinding. Two
different methods exist for the pelletization of conditioned powders (Figure 5.2A).
Under the first, compression takes place between two rollers. The rollers can have
a smooth surface, or one or both can be perforated. Alternatively, the compaction
takes place between rollers and a ring die or an annular flat die. In the second
method, the conditioned powder is compacted with screws and pelletized on the
headplate with cutting blades in a high pressure process. In the low pressure
extrusion, the dry powders are granulated inside out through a perforated ring die
(not shown here).

Organic powders obtained from spray drying often have sticky surfaces, low bulk
densities, and poor flow properties. Existing dust levels complicate the handling,
increase the risk of a dust explosion, and require precautions for occupational
safety. For the production of coarse, heavy powder from fine powders, the material
is compacted and then again carefully ground (Figure 5.2B). Another method is
the formation of pellets in briquetting machines or between rollers with perforated
dies in the boreholes (Figure 5.3).

For compaction and grinding of organic compounds, particularly, encapsulated
systems are suitable (Figure 5.4). The encapsulation enables an inerting with
nitrogen and the operation in combination with an inertized co-current spray
tower, which can be directly coupled. Other supply forms (strands, cushions, and
cylinders, see Figure 5.5) originate directly in fluted or perforated dies. For pellets,
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Figure 5.3 Machinery for the formation of  through the interior of the rollers. (b) Dry
pellets: (a) Pellets are obtained from the granules are obtained by gentle grinding with
powder by pressing the material through an internal sieving; right: view from above of
boreholes in two opposing rollers. The prod- the grinding tools and the sieve (Courtesy of
uct leaves the machine as cylindrical pellets  Hosokawa Alpine).

cylinders, and heavy powder, an annular flat die is also used for pelleting, as shown
in Figure 5.6.

Furthermore, in extruder processes, the addition of powdery substances takes
place with packing screws. Some products show lubricating properties (paraffin,
soaps, and surfactants) alone or in mixtures and can be easily extruded. Otherwise,
for compaction of hard powders, added lubricants help in the extrusion process
(see Table 5.1). Many powders, containing large amounts of inorganic materials,
require high pressures, depending on the type and amount of lubricants. Owing to
the high energy input, the temperature rises despite cooling of the walls. Therefore,
some extruders have an additional cooling by holly screws.

For solids, twin-screw extruders (see Figure 5.7) with special headplates generate
the best results. The headplate contains many small plates with borings for
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Figure 5.4 Increasing the bulk density of dosing of recycled powders; and (h) prod-
powders, obtained by roller compaction and uct outlet (similar to Fitzpatrick). On the

grinding in air or in an inert atmosphere left is the implementation of the principle
(encapsulated system): On the left side is into practice: roller compaction with two

an illustration of the principle (a) addition of downstream screen mills in an encapsu-
powders and excipients; (b) packing screw;  lated system for the pharmaceutical industry
(c) mill; (d) sieves; (e, f) mechanical recy- (made of polished stainless steel) (Courtesy
cling of over- and undersize particles; (g) of Hosokawa Alpine).

Figure 5.5 Some product shapes from process plants for dry compaction (Courtesy of
Hosokawa Alpine).

the spaghetti extrusion. These small plates are easily exchangeable in case of
blockages. A special feature of extrusion is the flexibility of the extrusion screw.
Single-screw elements can be put together according to the task in hand. As a
result, many basic operations are possible in one operation: mixing, crushing,
dyeing, filling with a liquid, compression, removal of air, and shaping. The design
of nozzles in the small plates determines the shape of product, whether it yields
spaghetti, macaroni, or stars.
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Fluted
rolls

Perforated
die (stator)

Pellets

Figure 5.6 Pelleting machine with moving rollers on an annular flat die (Courtesy of
Amandus Kahl).

Figure 5.7 Twin-screw extruder with head-  headplate with cutter; and 7: product outlet,

plate and cutter: (a) 1: motor for the pellets. (b) 1: eight-bladed knife, 2: drive-
extruder; 2: gears; 3: product feed, usu- shaft; 3: headplate for receiving the small
ally by packing screw; 4: heated or cooled plates; and 4: small plate with 96 boreholes

segments; 5: motor for cutting blade; 6: (Courtesy of Lihotzky and Henkel).
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Granulation Tableting

+ Liquids

Powder Granules Tablet
(dyed)

Figure 5.8 Tableting of agglomerated powders.

A process for producing the shaped bodies from dry particles represents
tableting. Some tablets should be dissolved in water within a relatively short
time. Extremely fine powders as starting material compress significantly during
pressing. This results in hard, water-insoluble tablets. Therefore, powders are first
transformed into granules (wet granulation, extrusion, and pelletization), with the
fine (<0.2mm) and coarse fractions (> 2 mm) being sieved out. To optimize the
tablet, a much narrower particle size distribution can be taken (0.4—1.2 mm), before
the compression takes place in the tablet press (Figure 5.8).

In addition to particle size, many other particle properties affect the resulting
tablet. Operating conditions and machinery designs represent additional parame-
ters for optimization (see Figure 5.9). Disintegrants are added in some cases, to
ensure immediate disintegration of the tablet on contact with water. Starches and
celluloses, and polyvinylpyrrolidone (PVP) in pure form or chemically modified (as
Kollidone-types from BASF) are in use as disintegrants. Another common agent is
microcrystalline cellulose.

Predominantly, in production, tablet rotary presses are operated; and in some
cases, eccentric presses are also used for a large molded body. Rotary presses
allow the manufacture of two-phase tablets by separately operating the upper and
lower punches. Figure 5.10 shows a separately pressed tablet, which is inserted
into the upper phase of a two-phase tablet. This type of tablets cleans dishes in
machines.

Particle size Speed of

Formula of ~ distribution  p5moqenity Dosing  tableting  Pressure/ abrasion/
the phases of mixtures system tablet hardness

Compressive,
breakage
strength

Particle Surface of the
shape punches

Content of
liquids

) Prop;rnes Bulk Tablet shape, Process and Tempe-
Coating particles/ density type machine rature
conditions
Particle products Moisture Tablet Climate
hardness content height, weight conditions

Disintegration/ Stickiness Control Type of tablet
solubility  Tableting system  Number of machine
(a) aids (b) phases

Figure 5.9 (a,b) Influencing the results of a tableting through particle, product, process,
and machine parameters.
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Figure 5.10 Two-phase tablet, suitable bleach-containing phase, (e) finished two-
for dishwashers, manufactured in a rotary phase tablet, (f) rotary press (closed), and
press, with an inlaid small tablet. (a) White  (g) pressing process for two phases with
granules for the inlaid tablet (b), (c) red, the upper and lower punches (Courtesy of
enzyme-containing phase, (d) blue, Henkel).

5.2

Wet Agglomeration Process: Granulation

Wet granulation is a very common process worldwide. The industries discussed
here use this type of granulation for product improvement.

5.2.1
Definition of Granulation

In the strict sense, granulation is an agglomeration with addition of liquid.
The adhesive forces of the liquid, make the powder particles (primary particles)
stick together. They form coarser agglomerates (granules), which show improved
characteristic product properties after drying. This process is called granulation, or



5.2 Wet Agglomeration Process: Granulation

growth /buildup agglomeration, or wet granulation. It features solids that are valuable
substances in the form of particles, and a limited amount of granulation liquid
(usually < 15%). Material bridges that are formed between particles characterize
the granules. These bridges arise during drying/cooling from the liquid droplets
in combination with solid particles. Owing to the formation of granules during
the process, the mean diameter grows, compared to that of the primary particles.
This particle growth and drying/cooling takes place in separate equipment, such
as in the combination of a mixer and a fluidized bed [1]. The growth (buildup)
agglomeration method used worldwide for a variety of product designs is discussed
here.

Rumpf [2] understood by the term granules a grainy material, whereby the
granules (“pellets, granules, and granulates”) show relatively uniform particle
size distribution. Therefore, in the broader sense, the term granulation means
all procedures leading to granular materials. These are agglomeration processes,
such as fluidized-bed spray granulation [3, 4] and press agglomeration [5, 6],
or a reduction process such as the underwater granulation of extruded plastic
strands. The definitions and principles of granulation come mainly by Rumpf [2,
7, 8].

In this chapter, the term granulation means the adhesion of small particles by
liquid additives [4—6, 9]. This type of wet granulation is used in many industries,
for example, in chemical (basic chemicals, fertilizers) and food industries (instant
coffee), for pharmaceuticals (drugs), in biotechnology (enzymes, animal feed),
for washing and cleaning agents, for minerals (iron ore) and building materials
(concrete and mortar additives), and for pigments and recycling of blast furnace
dusts. Further, there are a large number of other, interesting applications.

5.2.2
Tasks of Granulation

The main task of granulation is an optimization of product design [1, 10], consisting
of product performance, handling, and aesthetics. Product design here refers to
design of individual particles and of larger particle quantities. In comparison to the
starting material, the granules show better qualities at least in one dimension. The
modifiable properties, listed in Table 5.2, relate primarily to particle size, particle
shape, and their densities.

Growth granulation causes a shift of particle size distribution [11, 12] in the
direction of larger diameters, wherein through this process the fines partially
disappear. Well-executed granulation improves the roundness of particles, and
flow behavior and stability of granules. Sticky products need an additional step of
powdering of granules into very fine material. Sieving adjusts the mean diameter
and width of particle size distribution. A very narrow distribution requires large
amounts of coarse and fine particles to be recycled, which leads to significant larger
equipment.

As an essential task, granulation reduces or prevents segregation effects of the
starting material. To circumvent segregation in the powder, admixed powders must
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Table 5.2 Objectives of a (wet) granulation process.

Product design by granulation for improving the quality

1) Enlarge the particle size

2) Increase the shape factor

3) Reduce the segregation
* Adaptation of particle distributions (size and width)
» Combining of different powders in one granule
* Adjusting of bulk densities in case of mixtures

4) Dedusting
5) Modification of bulk density
6) Loading with liquids
7) Changing the aesthetics (color and smell)
8) Influence of dissolution (instant and retard release)
9) Improving the flow and storage properties
10) Improving the particle stability

fit not only in particle size distribution and in form of particles to each other, but
must also have similar density and corresponding bulk density. Granulation of
powder represents a simple method to solve the problem, if each granule contains
all or nearly all the components of the mixture. Very finely powdered particles
satisfy this precondition better, because then the granule contains considerably
more primary particles.

Despite the large surface, the fine particles are not allowed to react with each other.
A reactive powder, or a chemically incompatible ingredient, may be formulated
in a separate granulate. The formed pellets can additionally carry an inert layer,
if necessary. The coating [13] prevents the absorption of moisture and the direct
contact of the agglomerates among themselves. The remaining powder mixture
granulates in such a way, that the mixture of the two granulates do not segregate.

Compared to starting powders, the bulk density of resulting granules can be
adjusted to be higher or lower, depending on the process parameters and liquid
properties. To obtain low bulk densities, agglomeration preferably takes place
in fluidized beds. The progress of granulation is measurable by particle size
distributions over time, on the amounts of over- and undersize particles after
sieving. With relatively small amounts of liquid, there remains a part that is
ungranulated, with the ratio of over- to undersize particles staying below 1. This
setting allows the production of low density products with high solubility (instant
character).

High bulk densities require greater amounts of granulation liquid and another
type of granulator. At the start, the powders are moistened under high mechanical
stress in a mixer (crushing conditions). Subsequently, granulation follows without
the use of choppers. The ratio of over- to undersize particles then significantly
exceeds 1. The granules obtained are larger and denser than the starting materials.
Therefore, they show comparable or lower solubility. For the optimal bulk density



5.2 Wet Agglomeration Process: Granulation

setting, a variation in concentration, type, and quantity of the granulation liquids
helps. A surfactant may improve the wetting, accelerate the granulation, and in
some cases further increase the bulk density.

For influencing the solubility, for increasing the bulk density or for improving
the aesthetics, the resulting granules receive a liquid load at the end of granulation
and before drying or while passing the fluidized bed. This may be small amounts
of nonionic surfactants to accelerate the solubility, of silicone oil for retarding the
dissolution, or of a dye solution for surface coloring. Further modifications take
place by a subsequent coating process.

5.2.3
Theoretical Basics

In the agglomeration by particle buildup, depending on particle size distributions
of starting materials, three different types (Figure 5.11) exist. Type 1 starts with
the normal powder or mixture of various powders or sometimes powders with
granules. This type of granulation occurs very frequently, and is characterized by
a broad, monomodal size distribution of the starting material. In the course of
granulation, larger particles grow at the cost of small particles. First, the finest
fractions [14] disappears, then the slightly larger, until finally the larger particles
also agglomerate. The granules produced consist of two to eight starting particles
(without consideration of dust). Average diameter ds, increases characteristically
for type 1 by a factor of about 1.3-2.

The characteristic of type 2 is a very broad, bimodal distribution. The powdery
mixture consists of coarse CM and of fine particles for growth-oriented agglomer-
ation, wherein the fine particles stick in large amounts on the core particles. This
situation allows the designing of the size and shape of the particles [15-18]. For
type 2a, the CM (~ 5-30 wt%) arises from sieving of the starting material or from a
component. The sieve covering determines the mean particle size of the granules.
All other components of the formulation and the remaining residual of the starting
material (overall 70-95%) undergo fine grinding before granulation. They leave
the milling in a size range of ds, <20 pm. Finely ground powder adheres to the
CM in layers at a high speed. Agglomeration of 10-pm particles is 10-fold faster
than with 100-pm particles [19].

Owing to the large mass of ground material and the rolling motion of particles
in granulation, there occurs an additional rounding of the agglomerates. The
shape factor improves considerably in the direction of a spherical shape. The
mean diameter increases in comparison to dg, of the CM. Depending on the
mass of material that is sieved, the growth of the diameter amounts to 20-50%,
with the shape factor in the range 10-25%. Each individual granule of type 2
granulation consists of over 100, mostly more than 10000 primary particles. This
means each granule represents the complete recipe. Segregation is no longer
possible.

In contrast to type 2a, the process for 2b often takes place continuously. As
an essential characteristic, the CM is identical in chemical composition to fine
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Figure 5.11 Mechanisms of different gran-  finely ground particles; type 2b: granular core
ulation processes: Starting materials for type material from previous batch or undersized
1: powder with monomodal particle size dis- sieved granules and finely ground particles;
tribution; type 2a: coarse core material and  and type 3: similarly sized particles.

particles. It originates from undersized granules out of the process or consists
of smaller agglomerates from the previous batch. Anyway, the mean diameter
increases to the desired sizes and much more, because fine particles are avail-
able in unlimited quantities. The granules are mostly elliptical or spherical in
shape.

Type 3 particles display a narrow particle size distribution. The granulation
occurs between approximately equal-sized particles and leads to the well-known
“blackberry structure.” Granules increase significantly, that is, around a factor of 2
or more in diameter.
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Figure 512 Mechanism of granulation type 1 with formation of fragments and abrasions,
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5.2.4
Mechanisms of Granulation

From a sprayed granulation liquid, bridges between arbitrarily shaped particles
of a monomodal size distribution originate (type 1). Firstly, they form two cores
(nucleation), consisting of a small particle that adheres on a larger one. The twin
cores start the subsequent growth phase [20] and form unstable arrangements with
other particles. Influenced by particle movements in the mixer, rearrangements
take place, that is, on one hand liquid bridges solve, and on the other, they form
new, stable agglomerates (Figure 5.12). In parallel, unwanted processes expire.
Primary particles and agglomerates constitute abrasion and break [21], particularly
with the high energy demand of the mixer.

Abrasions as well as large and small fragments predominantly participate in
the granulation process, depending on the quantity and quality of the granulation
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liquid. In case of low liquid amounts, some particles cannot agglomerate. Using too
much liquid, big granules are formed. The “right” quantity of granulation liquid
depends on sieves for adjusting the distribution and on the desired mean diameter.
As a guideline, the ratio of the weights between under- and oversize particles is at
the most 1, usually slightly lower.

Particles that are not granulated flow downstream via a sieve as undersize
particles into the mill. There grinding takes place together with the oversize
particles. The regrind is fed back to the starting material, as well as the filter dust
from the drying and milling.

For type 2, large quantities of very finely ground particles (GPs) agglomerate on
the CM. These fine particles immediately adhere firmly on the CM as a result of
high adhesive forces. For this reason, during granulation with very fine particles,
no rearrangements take place and process is very fast. Differences in chemical
composition between the CM and fine particles characterize type 2a, depicted in
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Figure 5.13 Mechanism of granulation of milled over- and undersize material;
according to type 2a; formation of prod- (liquid bridges in blue and material bridges
uct, including that of breakage (green) in violet).

and abrasion; recycling of filter dust and
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Figure 5.13. During this granulation, extensive adhesion of fine particles on the
CM and on some larger fragments occurs, predominantly in a plurality of shells
(layers). Abrasion arises from particle movements in the granulator and dryer
from particle-to-particle contactor as a result of the contact of particles with the
steel walls or mixer tools. The majority of the abrasion sticks immediately on the
granules with the help of the granulation liquid. A small part emerges in the dryer
and flows with drying air into the filter.

During the drying process, the water of granulation liquid evaporates. A sieve
separates the product from the over- and undersize particles. Oversized agglomer-
ates originate from some large particles of the CM, which further grow in size by
the granulation of the fine particles. Also, two or more granules may stick together,
leading to the formation of larger grains. Undersize particles arise from granulated
breakage. Fragments develop in the granulator because of the mixing tools and
shear forces.

The rolling movement of the granules and adhesion of the regrind from the
raw materials result in an improvement of the shape toward that of a sphere.
The reasons for this are that fine particles fill the caves and additionally unloaded
positions (“shadows”) behind hills.

Particle size distributions, displayed in Figure 5.14, explain a little better the
course of this granulation. The CM (15% =+ 10%) is screened from the source mate-
rial. Most of the starting material flows with the other formulation ingredients into a
mill for extensive grinding. Regrind with particle sizes between 1 and 50 pm agglom-
erates in several layers on the CM. The subsequent sieving allows the production
of dust-free products, which are desirable in many cases. Choice of mesh sizes on
the sieves enables a setting of any particle sizes, as also very narrow distributions.
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Figure 5.14 Particle size sum distributions by growth agglomerations with differentially
(cumulative frequency) of powdered start- screened core materials; shape factor of
ing material (in the middle), ground portions starting material about 0.7 and of the gran-
(left), and finished granules (right), formed  ules >0.85.
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Figure 5.15 Mechanism of granulation according to type 2b with slightly undersized
product as core material and milled particles from starting material and recycle as main
component.

CM of type 2b granulation consists of finished granules (see Figure 5.15), but
with slightly smaller sizes. This means all cores exhibit the same composition as
the product. Granulation runs fast and without rearrangement, forming spherical
pellets under rolling motion. In case of customary continuous operations, some
undried agglomerates always remain in the granulator as further CM. This gran-
ulation method is suitable to produce unusually large agglomerates (20 mm or
more), by controlling the residence time and the added amounts of fine particles.
In this way, new shells are continually applied on existing pellets. When using
plenty of granulation liquid, dense particles with high bulk densities arise in the
high shear mixers. However, granules with low bulk densities develop with the use
of small quantities of granulation liquid and utilizing a low shear granulator, such
as a fluidized bed.
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Drying of the granules is followed by sieving, preferably by separating the
coarse and fine fractions from the desired product, but also a middle fraction
for gaining cores. This middle fraction lies slightly below product sizes and is
fed back for further granulation. The over- and undersize particles as well as the
predominant part of the starting material are ground and recycled. Filter dusts
flow via recirculation lines metered directly into the granulator. The product yields
depend on the materials, liquid, and especially sieving limits (approximate value:
50-70%).

Connection of nearly equal size primary particles [22] according to type 3 is
difficult and slow, because liquid bridges constantly dissolve and form new ones,
until stable agglomerates arise. Rearrangements occur between starting materials,
recycled particles, and fragments; furthermore with abrasion of the starting material
and of granulates, rearrangements occur with fragments of agglomerates as well.
In the drying stage, they flow with warm air into the filter. Stable granules
may consist of several particles, forming a blackberry shape. The diameter ds,
increases in comparison to that of the starting material in many cases by a factor
of 1.5-2.5. When sieved particles are ground, the granulation is faster. Here, the
possible objective of producing uniform grains with “blackberry structure,” loses
its importance. The mechanism of this procedure is described in Figure 5.16.

5.2.5
Industrial Granulation

Granulation is preferably carried out at atmospheric pressure in the temperature
range 20-70°C in drums, mixers, or in fluidized beds. Horizontal granulation
mixers (high shear mixers) provide good results at Froude numbers from 1 to
6 (better than 1.5-3.5 according to past experience). These Froude numbers,
depending on mixer design, are needed for intensive mixing without destroying
the particles. The working temperature is decided primarily by the viscosity of the
granulation liquid. Highly viscose solutions, suspensions, or melts require elevated
temperatures in some cases. A granulation liquid should be as highly concentrated
as possible and should also exhibit adhesive properties for facilitating the drying.
Depending on the quantity to be produced, batch or continuous processes are
preferred.

For carrying out batchwise granulation, starting materials are presented and
mixed with the recirculated powder within 15-30s. Addition of granulation liquid
lasts for about 1 min. With large differences in sizes, the particles instantly form
liquid bridges during wetting with the granulation liquid. Granulation starts and
is not completed after addition of the liquid. In most cases, reorientations of the
particles follow, forming more stable granules (type 1). Nearly same size particles
(type 3) gradually establish agglomerates first. The granulation time depends
strongly on the ratio of the diameters of the particles involved, and is in the range of
1.5 to more than 10 min. Subsequently drying occurs, which usually takes place in
a downstream step. The desired particle size distribution is constituted by sieving
with the right mesh sizes.
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Figure 5.16 Mechanism of granulation according to type 3, forming a blackberry structure;
the illustration depicts the formation of fragments (green) and abrasion as well as recycling
of undersize (oversized material goes through a mill).

The diameter ratio between coarse and small particles determines the type
of granulation. In the conventional type 1, the entire material is derived from
one particle size distribution of starting material (example 1: d;, =200 pm and
dgy =600 pm). These values result in a diameter ratio § of (200/600) 0.33. In
accordance with the curve in Figure 5.17, based on experience in granulation of
detergent powders in 30—600-1 scale and with particle sizes of 5 pm < d < 1 mm, the
batch granulation lasts an average of 4 min. This value can be only conditionally
generalized depending on the material and size dependency. At significantly
shorter times, the granules present should be checked to confirm the effi-
ciency of granulation. It is possible that only dust sticks on larger particles,
because fine particles agglomerate appreciably faster (factor of 2). By con-
sidering the whole duration of granulation inclusive of the time for mixing
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Figure 5.17 Dependence of the granulation time from size ratio of the particles present in
a batch process (differences caused by the starting materials and the operating conditions;
p=d,y/dg, or for two distributions dyycp/dsgep)-

and liquid addition, a 60-pm dust with a g of 0.1 is bound within 2min on
the CM.

In granulations of the types 2a,b, GPs adhere on the CM (example 2:
dsogp =10 pm, dspoy =500 pm, and f =0.02). The actual granulation occurs within
a few seconds. However, in a batch process, it may be advisable to add both the
granulation liquid as well as the fine particles over a period between 30 and 90s.
The granulation liquid can be poured with a momentum onto the moving bed of
solids. A spraying is not required. Type 2 granulation usually results in a period of
about 2 min. From the filling till the discharging of the batch, the procedure lasts
at most 3 min for an automated production at room temperature; the total time
taken is about half the time compared to type 1 and one fourth the time compared
to type 3 granulation.

Probably owing to the insufficient stability of granules originating from particles
of similar size (type 3; f about 0.75-1), the equilibrium state arises with constant
changing between formation and disintegration of agglomerates. This type of
granulation works better, only if many small fragments emerge in the presence of
relatively large primary particles (~ 0.2—1 mm). In other cases, with extremely fine
powders as CM, the granulation starts after first forming large granules. In both
examples, f decreases, so granulation speed increases significantly.

Selecting the type of granulation liquid and its concentration, as also the deter-
mination of the optimum amount of liquid takes place in some pilot experiments.
The parameters depend on starting materials (powder mixture and liquid) and on
operating conditions. In many cases, the amount of liquid constitutes 5-15% of the
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Figure 5.18 Formation of stable granules in dependency of liquid (quantity and quality)
and time; 1: continuously dosing liquid and 2: complete liquid addition at the start.

solid mixture. With a too small an amount of liquid, no reasonable granulation is
possible. Only a few unstable granules arise, according to Figure 5.18. Excessive
amount of fluid leads to wet materials forming coarse agglomerates, lumps, and
big balls, significantly larger than the usual oversized granulates.

The granulation liquid is distributed evenly over a minute. In another method,
the entire amount of liquid is added initially and it directly enters the granulation
region. In this way, the fastest granulation is achieved. This may be an interesting
variant, especially for type 2. The amount of granulation liquid depends on particle
sizes [23]. Fine particles usually need more fluid, because of the higher specific
surface area and poorer wetting.

In production, particularly for type 2b, the continuous procedure is preferred.
This mode, without further consideration here, runs in large plants. Control
of the fluid ensures that the agglomerates in spaces behind the particle supply
always come into the granulation area (see Figure 5.18). The short duration of the
agglomeration allows high throughputs.

For addition of liquid, five possibilities exist. A method consists in spraying
via (single-fluid) nozzles, another in pumping with a free outlet, the third in the
pressing of granulation foam with gas, next in dosing of water vapor, and the last
in the addition of a meltable substance. The third method is little known. This
method allows a very effective distribution due to the large volume of foam. The
viscosity of the solution should be set high, so that the liquid does not penetrate
into particles. A sticky, dissolved substance remains almost completely on surface
for forming the liquid bridges. Very high viscosities (cream) arise especially when
foaming with gas (air), supported by a suitable surfactant. For this reason, it is also
very favorable to apply the granulation liquid in the form of foam [24].

Customary excipients for granulation are displayed in Table 5.3 [1, 25]. Popular
polymers represent the well-adhesive cellulose ethers. They cover all areas in
solubility and viscosity. A number of cellulose derivatives are in use, some preferred
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Table 5.3  Selection of granulation liquids.

Phases Excipients for the granulation

Single phase and aqueous Water glass
Surfactants (alkylpolyglucosides)
Carbohydrates (saccharides)
Natural polymers (cellulose ethers and starch)
Synthetic polymers (PEG, PVOH, and polyacryl acids)
Biopolymers (xanthan)

Salts
Single phase and low in water Water-containing organic solvent with swollen polymer
Single phase and water-free Melt (fatty alcohols and -acids)

Di- and trivalent alcohols
Two phases and aqueous Emulsions

Surfactant mixture /air
Suspensions (dissolved and suspended)
Two phases and water-free Solid-containing melt

PEG = polyethylene glycol and PVOH = polyvinyl alcohol.

ones being methyl cellulose, methyl hydroxyethyl cellulose, and hydroxypropyl
cellulose, as also hydroxyethyl cellulose and sodium carboxymethyl cellulose.
Polymers such as hydroxypropyl cellulose and polyvinyl pyrrolidone have proved
to be strong binders in the pharmaceutical industry [26]. With the exception of the
pharmaceutical industry, large-scale production is performed usually with aqueous
systems. The excipients are fully dissolved or dissolved and suspended, and then
emulsified or rarely melted.

5.2.6
Scale-Up

In the buildup agglomeration, performed in a discontinuous mixer (ploughshare
mixer), the experimental procedure in pilot scale is pilot scale is oriented to the
desired production mixer. Both mixers have to be of the same type and similar in
geometry (see Table 5.4). A suitable scale-up factor amounts to 10—30, so thata 6001
mixer in production requires a 301 mixer for experimentation. To choose an even
smaller pilot machine is not helpful and does not provide reasonable results. A possi-
bly existing cutter is turned off because the cutter effect is not replicable in scale-up.
However, it can be used in manufacturing during the addition of liquid for about
30 s to accelerate the granulation, for a short time and to protect the arising granules.

The intensity (speed and strength) of agglomeration must be determined through
experiments, owing to the properties of the solids (chemistry and dispersity) and
liquids (type, amount, and concentration) used. The calculated batch cycle time for
the production depends on the type of granulation. This value provides the basis for
initial pilot tests. A test program may start with a Froude number of 3 and duration of
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Table 5.4

tion (discontinuous mixer).

Implementation of scale-up experiments in pilot scale and implication for produc-

Parameters Comparison of mixers/granulators Actions
in pilot-/production plants
Starting materials Comparable amounts according to the Check
and recycled scale-up factor
powders
Same particle distributions of the Measure
product
Same moisture contents Measure
Granulation liquid Identical Check
(-foam)
Excipients
(stickiness)
Concentrations
Temperature
Viscosity
Similarities
Type of mixer The same Procure, if necessary
Geometry Comparable ratios of the dimensions Pay attention exactly
Energy input Comparable, based on the mass Measure and calculate
(driveshaft) (specific values)
Cutter Only for some seconds, when starting Granulation without

Operating conditions
at the mixer

Temperature

Mixing time

Inflow of the liquid
(time and strategy)

Granulation/batch
time

Rotational speed of
the mixer shaft

Filling degree

Process

Moisture before and
after drying

Dust

Over- and undersize

Mass balances

Quality of the onsize®

Mill

the production (see the text)

Identical
The same
Identical

Identical and coordinated with the
production
Same Froude number

Identical

Comparable

Comparable

Relative amounts comparable

Comparable

Comparable amounts, distributions
and shape factors

Moisture and particle size distributions

cutter

Scribe

Control
Accordingly dosing
Measure

Calculate and measure

Measure and determine
over weight

Control
Control
Measure
Calculate

Measure and control

Measure and control

“Without the application properties, such as solubility, bulk density, color, odor, storage stability,
flowability, stability, dosing, and product performance.



5.2 Wet Agglomeration Process: Granulation

1 min for the addition of liquids. The search for a suitable granulation liquid follows
next in the course of experimental work. The determination of the amount of liquid
takes into account the product moisture, which can play a major role. All relevant
times are the same in both the pilot and production scales. Optimization of amounts
and times are required for feasibility in production. The targets are represented in
terms of the yield of normal size granules as well as their quality and appearance.

In scale-up experiments, all relevant operating and process parameters (Table 5.4)
are taken into account and adapted to production conditions. For the experiments in
production, the ratios of solids (source and recycled material) and fluids should be
equal. The process requires constant monitoring of the key parameters. An identical
specific energy input (zero power subtracted), calculated from the measured values
results for mixers of the same type that are geometrically similar. This implies that
the degree of filling (about 65-70%) should be the same, with relatively the same
amounts of liquid.

The manufacture of a representative product sample in the pilot plant needs at
least three granulations. This depends on the selected procedure. The second and
third tests consider recirculated material, ground material, and filter dusts. Particle
size distributions and moisture contents of starting and recirculated material
should be measured to compensate for deviations. The first granulation without
recycled material leads to granules that perform better in the application tests (e.g.,
in terms of color and dissolution rate) but represent the later process inadequately.
Granules from the third trial may characterize the achievable product quality.

Intensive research has led to advances in the simulation of processes for
solids, especially for spray agglomeration in fluidized beds. Despite population
balances [27-30] and computer simulations [31], the industry has developed largely
empirically, because theoretical approaches have not yet considered the material
properties. Only trials allow statements about nature, amount, and concentration of
the granulation liquid. Further the quality, depending on the agglomeration of dust
and recycled material (particle size distribution after grinding), can be determined
only in targeted experiments. Population balances may be helpful for optimization
of quasi-continuous and fully continuous processes.

5.2.7
Applications

Three main technical methodologies exist for the process of wet granulation,
namely, the buildup agglomeration in balling discs or drums, in mixers, and
in fluidized beds. In the chemical industry, the choice of procedure depends
on the granulation behavior, capacity, and throughput, required bulk density of
the product, and the need for drying. The machines and equipment used by the
industry for discontinuous or continuous granulation are shown in Figure 5.19. For
products with high bulk densities, there are several vertical (Eirich) and horizontal
high shear mixers (Loedige) in use, preferably plowshare mixers, in continuous
operations often combined with a ring-layer (CM) or Schugi mixer. The production
of low bulk densities necessitates fluidized beds, if the particles are not too fine.
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Figure 5.19 Machinery for the wet granulation.

Inclined balling discs or cones and rotary drums operate for mass products. The
drying/cooling takes place under strong product movements. In batch processes the
treatment takes place partially in the same machinery, but preferably downstream
in separate fluidized beds or rotary dryers, especially in continuous processes.
Sintering/cooling may be followed in the minerals industry.

Construction materials, fertilizers, and feed usually agglomerate on inclined
balling discs or cones and in rotating drums, because these materials often stick
together during the rolling movement. So ground clay with low calcium is mixed
with organic components, granulated under addition of water on balling discs,
selectable in the size range of 4-40 mm. Ball-agglomeration follows the type 2b-
mechanism. Finished granules are formed on decomposition of organic matter,
in which gases puff up the clay in a rotary kiln at 1200°C. In the furnace, the
granules sinter only at the surface. The internal structure of the granules displays
closed pores. The construction industry uses this expanded clay for mortar and
concrete (lightweight concrete). Because of its open structure, expanded clay is
lightweight (floats on water) and shows good heat insulation. The gardener needs
these granules for hydroponics for water storage.

For preparation of calcium ammonium nitrate — a fertilizer, ground dolomite (cal-
cium/magnesium carbonate) is agglomerated after addition of ammonium nitrate
melt [32] in a rotating drum. After drying, the sieving and cooling of the balls fol-
low. In this case, one molten component of the product represents the granulation
liquid. In other cases, the buildup agglomeration of powdery fertilizer mixtures
ensues after addition of water or fertilizer-water mixture in a rotary drum or on a
balling disc with subsequent drying in the rotary kiln [9]. In addition, fertilizers are
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also producible by pressure agglomerations in pellet presses or on rollers as well
as extruders. Therefore, in many cases, dry agglomeration needs no drying step.

One of the major applications of buildup agglomeration is granulation of iron
ore dust (< 50 um) for use in blast furnaces. In 2001, more than 200 million tons of
iron ore pellets were manufactured [9]. After addition of the binder (2% bentonite)
and flow agent to the water-containing ore, granulation is carried out either on
huge balling discs or in large rotating drums, optionally with the addition of water.
The green grain dries and then sinters at 1350 °C.

An economic granulation of washing powders is relatively difficult, because a
given bulk density must be achieved (see Chapter 11). The detergent industry
works in large continuous plants, in which granulation consists of a combination
of a fast and slow running mixer with a fluidized bed dryer downstream [33].
First, in the fast running ring-layer mixer, the supplied powder is homogenized,
milled a little, and sprayed with partial amounts of the granulation liquid. Actual
granulation occurs during addition of the remaining fluid in the second mixer,
which is operated at relatively low speeds [1]. Finally, air streams through the
bottom of a fluidized bed for drying and cooling the pellets. In some recipes, the
powder can be continuously granulated, dried, and cooled in a simple process, on
a long fluidized bed, with all the steps taking place in one apparatus.

In the manufacture of enzyme pellets, powdery mixtures of excipients are
agglomerated by the addition of an aqueous enzyme concentrate in a mixer or
extruder. Drying of the granules takes place in a fluidized bed. Subsequent coating
with a protective layer follows downstream discontinuously, preferably in a round
fluidized bed coater [13] (see Chapter 6).

The food industry uses the agglomeration processes for instantization of bever-
ages, particularly coffee, after the introduction of steam as a granulating aid. For
dragees, the pharmaceutical industry utilizes the rotating discs and the drum coater
for buildup agglomerations, in addition to mixers [27], extruders, and pellet presses.
In the batch fluidized bed with an integrated filter, coating, drying, and cooling
are also possible. The agglomeration and drying takes place preferably in drum
coaters or in fluidized beds (closed system and for organic liquids). Granulation
of homogenized active ingredients and excipients is necessary so that the pressed
tablets dissolve in water. For this reason, granulation occupies a significant role in
many pharmaceutical processes.

Some product examples for different granulating processes can be seen in
Figure 5.20A,B.

5.2.8
Design of Particles by Granulation

The choice of granulation type, quantities of recirculation as well as material
properties influence the product design. The more sophisticated the chosen particle
design is, the more complex is the process and the greater are the mass flows. A
rather simple process, with typical mass balance, followed in the detergent industry,
is represented by type 1 granulation (Figure 5.21). Two powders agglomerate by
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(B)

Figure 5.20 (A) Large, normal, and very
small granules, emerged from the wet gran-
ulations: (a) Building materials: expanded
clay as excipient (or for hydroponics

8-16 mm), (b) animal feed: pellets of bird
feed (about 8 mm), (c) fertilizers: NPK fertil-
izer (2-6 mm), (d) biotechnology: detergent

enzymes (about 0.4-0.6 mm), (e) food:
instant coffee, and (f) therapeutics: painkiller
in combination with a cold remedy in the
form of mini granules. (B) Several small
and large granules out of an intensive mixer
(Courtesy of Eirich).
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Figure 5.21 Simple granulation process (A) including the mass balance; dust recycling not
shown.

addition of the liquid in a mixer. Then water from the granulation liquid evaporates
in the fluidized bed dryer. After screening, the dried oversize flows into a mill.
There, the large particles are crushed gently, for instance, by two rollers. The
regrind and the filter dust recycle directly to the sieve. The product consists
not only of granules but also of nongranulated parts, as also of dust as well of
oversize GPs. Overall, a rather unsatisfactory particle design with poor aesthetics
results.

The process described in Figure 5.22 is very similar. In contrast, after drying,
a screening takes place on two coverings for separation of the coarse and fine
fractions from the onsize one. For reasons of product design, the outsize particles
should always be separated, sharply ground, and recycled into the granulation step.

Ground material agglomerates quickly and easily on cores in the granulation
mixer. This approach ensures that the product consists completely of granules
and provides a uniform appearance. Depending on the material, fine particles and
dust may be recirculated directly back into the mixer without sacrificing quality.
Nevertheless, in most cases, a grinding of undersize particles leads to better granule
quality. Between these two processes, the first one very easy and the other a little
complex, but the best for product design. There are a number of less advisable
variants, such as the addition of the dust into the product or direct recirculation of
undersize particles into the dryer.

Figure 5.23 shows a continuous granulation process, used in many cases
(minerals and fertilizer) for high production levels. Balling discs/cones or rotary
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Figure 5.22 Granulation process (B) with recirculation of dust from the filter and of over- and
undersize particles from the screen, as ground particles; typical values for the mass balance.
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Figure 5.23 Block flow diagram for large-scale continuous granulations (C).
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Figure 5.24 Optimized granulation (D) according to type 2a with several possibilities to
adapt the particle design.

drums are the usual granulators. Dehumidification takes place mainly in rotary
dryers. Some minerals agglomerate on turntables (rotating inclined discs) so well
that further optimization to improve the particle design is not necessary.

Depending on the granulator and operating conditions, the desired spherical
shape normally is not achievable in type 1 granulation. A successful approach
to optimum shape ensures the type 2. Here, not only are the oversize particles
ground but also the undersize particles and major part of the starting material.
In type 2a, the cores consist of sieved starting materials, as shown in Figure 5.24
(method D). Type 2b uses the slightly undersized material as cores. This process
E, displayed in Figure 5.25, needs two sieves or one sieve with three different
coverings.

The mass balances in the block flow diagrams demonstrate typical ratios based on
several detergent granulations. Extremely finely GPs agglomerate on rolling CM at
free sites. Therefore, a round shape is formed. Type 2 processes allow controlling of
particle size, the width of distribution and shape factors, and adjusting them within
wide ranges. The fixing of an average granule size ensues by proper sieving of the
CM. In several cases, the mean size of CM is set at ~ —20% of the desired granule
size, calculated from mass fractions. The calculated value is arrived at by choosing
the mesh sizes of the screen 1. Mesh sizes of the sieve 2 determine the distribution
width. Further, the shape factor is influenced by the milling and mixing processes.
Table 5.5 recommends process variants for each type of granulation.
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Figure 5.25 Optimized granulation (E) according to type 2b with several possibilities to
adjust the particle design.

5.3

Learnings

\/
\/
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The enlargement of particles sizes takes place by agglomerations. These
processes are used worldwide to a great extent.

Agglomerations improve the product design (size, shape, bulk density,
dissolution, flow properties, and less dust) and prevent particle segregations.
Dry agglomerations (roller, pellet, and tablet press) work almost liquid-free
under high pressure, while in the wet agglomerations (mixers, rotary drum,
and fluidized bed), a sticky liquid connects the particles to the granules.
Owing to the broad range of sticky liquids, wet granulation is universally
applicable.

The granulation liquid forms bridges between particles, which convert during
drying to material bridges.

The mechanisms are very complex, owing to abrasion and breakage as well as
changes in arrangements and rearrangements of the involved particles.

The time required depends on the particle size distributions. Very small
particles adhere fast and strong on coarse materials. Equal sized particle stick
together hardly.

A rolling motion of the particles supports the buildup granulation.



Table 5.5 Choice of suitable processes.

References

Type of Features Particle size distribution Process
granulation
1 Monomodal particle B, Block flow diagram,

size distribution

2a Bimodal particle size
distribution;
coarse cores from
the raw material /L
and finely ground
particles
2b As 2a; but the

composition of the
cores is identical to

that of the finely
ground particles /L

3 Narrow particle size
distribution (about
the same size)

Figure 5.22
mechanism, Figure
5.12

D, Bock flow diagram,

Figure 5.24; possibly
also an adapted
process C, Figure
5.23; mechanism,
Figure 5.13

E, Block flow diagram,

Figure 5.25; possibly
also an adapted
process B or C,
Figures 5.22 and 5.23;
mechanism, Figure
5.15

Adapted to process B,

Figure 5.22;
mechanism, Figure
5.16

\/ Small granules depict a diameter of 200 pm, the biggest ones about 2 cm.
\/ Aesthetic granules with good performance characteristics result from the
buildup granulation of finely ground powders on a coarse core material.
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6
Product Design of Particles by Coatings

Summary

Surface coating of particles with one or more water-soluble layers improves
the mechanical and aesthetic properties, storage stability as well as product
safety. Furthermore, the ability arises to influence the timing of dissolution and
the pH-controlled release kinetics by an appropriate coating (usually polymers).
Applying a coating takes place preferably by simultaneous spraying of the solu-
tions/suspensions on particles and drying in fluidized beds. The method works
optimally just between spray-drying and granulation, with accurate adjustment.
The industry uses the coating method not only for tablets in pharmaceuticals but
also in biotechnology for enzymes, and furthermore in farming as well for dressing
seeds, for slow-release fertilizers as well as various chemicals (sodium percarbonate
and citric acid). Particle coating provides many possibilities for optimizing product
design, which are increasingly utilized in chemistry.

6.1
Processes for Setting the Product Design of Particles

Through an applied superficial layer (particle coating), disperse solids change their
properties without any significant change in the particle size. Thus, application
tests show improved dissolution in water and mechanical stability. Shape factor,
color, smell, and texture (aesthetics) appear more attractive. The core material of a
coating process shows particle sizes of about 0.1-3.0 mm, for melt coating when
milled down to 5 pm, and for tablets up to 25 mm. Cores originate usually from
an agglomeration process. Coating is a downstream procedure, preferably carried
out after granulation, extrusion, tableting, pelletizing, fluidized bed granulation,
spray-drying, or crystallization. In addition, crushed solids and pieces can be coated
with solutions/suspensions or melts. Furthermore, natural particulate materials,
such as seeds, are also used as core materials.

Targeted coating of particle surfaces provides a desired modification of the
product, wherein the success of coating depends on the material and layer thickness
as well as on the uniformity of the film. Chemical technology describes a layer

Industrial Product Design of Solids and Liquids: A Practical Guide, First Edition. Wilfried Rahse.
(© 2014 Wiley-VCH Verlag GmbH & Co. KGaA. Published 2014 by Wiley-VCH Verlag GmbH & Co. KGaA.
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as a coat, coating, cover, or film, wherein these terms are not limited to particles
(tablets, tubes, plates, and stirrers). For applying a stable coating layer, findings
from chemistry for the core and coating material as well as knowledge of the
mechanical and thermal process engineering (mixing, swirling, spraying, and
drying) can help.

Particle coatings are clearly different from microencapsulation, particularly con-
cerning the core material. Particles are solids, such as powders, prills, grains,
agglomerates, granulates, pellets, pastilles, spheres, masses, and tablets. The size
of the coated particles is usually above 100 pm. In contrast, the cores of micro-
capsules predominantly contain liquids and/or powders with the flow behavior
of liquids. Such solids are micro- and nanopowders. The content and the layer
of a microcapsule may be water insoluble, but swellable or suspendable. Further-
more, microcapsules show a considerably smaller particle size (frequently with
d <50 pm). Another difference between coating and microencapsulation is in the
manufacturing process [1, 2].

Coated products are generally known in the food industry, especially in confec-
tionery (chocolate or sugar coating) and in the pharmaceutical industry (tablets).
The coating of enzymes used in detergents protective layers for product safety
has already been known for more than 30 years. A number of products (e.g.,
fertilizers, seeds, sodium percarbonate, citric acid, detergent base powders, and
cosmetic ingredients) receive special coatings for different reasons. The variety of
coating materials increases the applications and importance of coating processes
significantly. Examples are shown Table 6.1.

6.2
Opportunities for Influencing Particle Design

Superficial coating of particles with one or more layers influences positively some
elements of the product design, as shown in Figure 6.1. A number of parameters
can be assigned to the product performance, handling, and aesthetics. These also
include abrasion resistance, surface properties (roughness and haptic nature), and
flowability (stickiness).

In exceptional cases, it may be that the only reason for a coating is an improvement
of the aesthetics (coloring, scenting, and smoothing). Normally, the coating layer
improves several granule properties. Furthermore, layers provide the possibility to
integrate an additional chemical function. The coating must be inert and adhere
evenly and well. Its task is the visible improvement of at least one characteristic
property. The chemistry of the layer is differentiated from that of the core material.

Four well-established coating types (Figure 6.2) exist according to the material of
the layer. On the one hand, there is a powdering of granules with micropowders.
The powdering results mostly in reducing stickiness by addition of fine dry particles
in a mixer or dryer. A calculation provides the amount of powder adhering on the



6.2 Opportunities for Influencing Particle Design

Table 6.1  Examples for application of a coating layer.

Industry Product Coating by Coating layer Improvement of the
product design
Biotechnology Enzyme Powdering Salts, polymers,  Protection, stability
and and titania (storage, abrasion),
suspension and color
Pharmacy Tablets Solutions and Polymers and Solubility, controlled
suspensions sugar release, protection

against moisture,
stability, masking
of odor and taste,
and aesthetics

Agriculture Seed Suspensions Polymers, Protection against
surfactants, diseases, color,
pigments, and nutrients
insecticides,
and
fungicides

Agriculture Fertilizer Suspensions Insoluble Slow release,
polymer long-lasting effect
films (color)

Chemistry Sodium per-  Solution Salts Protection against

carbonate abrasion and
moisture; Storage
stability

Consumer Detergent Powdering Salts Flowability

goods base
powder
Food Sweets Melt Chocolate Taste and aesthetics

surface of slightly sticky granules. On the other hand, a great variety of spraying-
on methods are offered, using water-soluble or emulsified and suspendable or
swellable substances as well as meltable materials, in most cases, polymers. In the
chemistry, the spraying takes place in fluidized beds, operating discontinuously in
many cases.

Applying of coating takes place preferably in the form of small droplets with
diameters of <5 to a maximum of 30pum (twin-fluid nozzle, see Chapter 8).
The spraying ends when the desired layer thickness of ~10-50 pm is reached,
in exceptional cases, also higher or lower. The liquid in the layer must remain
flowable for short time and cover the surface completely and evenly before drying
takes effect. In some cases, a second coating follows, which is carried out with
different liquids or with solids. Core materials as well as layers 1 and 2 are different
in composition. Applying the coating as liquid, except as a melt, always requires
simultaneous drying with hot air; this is normally carried out during fluidization.
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Figure 6.1 Improvement of the particle design by a targeted coating.
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Figure 6.2 Coatings with solutions/suspensions as well as with melts or micropowders in
chemistry (excluding the special case of emulsions).
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6.3
Tasks of Coatings

The key task of coating is to significantly improve the storage stability for disperse
chemical products. The activity/effectiveness of many substances changes over
time (within few days, weeks, months, or years) as a result of chemical reactions.
These take place because of the contact of particles with each other as well as
the penetration of air and humidity, as also the ultraviolet radiation of sunlight.
Changes in temperature may also initiate the reactions. In addition, relatively high
temperatures accelerate the loss of activity.

Product safety is of high priority in the cases that enzymes (biocatalysts for
detergents, animal feed, and textiles) are used (see Chapter 10). The coating
layer has to be free of enzymes (proteins), completely enclose the particles, and
prevent direct contact with the skin (allergy hazard). Therefore, coated particles
may not generate respirable abrasion. Furthermore, the particles should be suf-
ficiently stable and not break up, so that the whole surface remains protected.
Ductile or elastic formulations thus have advantages over hard and brittle particles.
Worldwide, the manufacturers of enzymes measure the formation of abrasion and
breakage according to standardized methods in fluidized beds and in a “shoot-
ing apparatus.” Measured values must be below severe limits. Under measuring
conditions, particles are subject to forces (“worst case”) far beyond normal appli-
cations. The layer improves mechanical properties significantly, especially the
stability of particles. According to Table 6.2, protected particle surfaces increase
the storage particle stability as well as the safety of the products. In addition, the
layer allows a modification in solubility (hydrophilic/hydrophobic) and in rate of
dissolution.

Table 6.2  Tasks of particle coatings in chemistry and pharmacy.

1) Preventing chemical reactions with adjacent particles, with oxygen, water, or UV
radiation (storage stability)
2) Exclusion of possible skin contacts with hazard ingredients
3) Prevention/reduction of respirable abrasion
4) Increasing the mechanical stability, in particular of the surface
5) Improving the flow properties
6) Improving the aesthetic (surface) properties: color, gloss, smoothness, and sphericity
as well as haptic
7) Change in solubility (instantization, retardation, and hydrophobication) and bioavail-
ability
8) Realization of controlled release (start)
9) Timed release (period of minutes to several hours) via pH-dependent dissolution or
diffusion
10) Masking/improvement of smell and taste
11) Additional chemical or biological functions
12) Catalytically active layer on an inert carrier
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Tailor-made coating layers allow controlled drug release with a timed start and
predetermined duration of release (“controlled release”). For fixing the point of
dissolution, several switches are available. The possible switches are mechanical
in nature (pressure and friction) or adjusted by suitable chemistry (pH-change,
ionic strength, disintegrants, and solvents) as well as by operating conditions
(temperature and turbulence).

The pharmaceutical industry has developed numerous coatings and switches for
tablets and dragees [3, 4]. Initially some tablets may not dissolve in the mouth
(neutral pH), because of which they cause a bitter or unpleasant taste. A coating
with cationic copolymers (amino-alkyl methacrylate; >10 pm) prevents even partial
dissolution in the mouth and esophagus. The tablet tastes neutral, as it is taste
masked. Dissolution takes place only by salt formation in the acidic stomach
(pH <5). A significant delay in release does not occur.

The protection of active ingredients against humidity necessitates a minimal
layer thickness of 10 um, based on methacrylic acid copolymer. With this film
thickness, the tablet is not yet protected against stomach acid; therefore, it dissolves
in the stomach. This thin coating layer acts as good barrier to water vapor. Owing
to the coating, the tablet’s efficacy is guaranteed between it is first taken until the
expiry date of the medicines. The 10 pm film is also sufficient to color the tablet
uniformly. Dragees possess a thick sugar layer (up to a few millimeters), which
smoothes roughness and provides a pleasant aesthetics. This layer also represents
very good protection against water vapor.

In other cases, active ingredients are unstable in acids. Therefore, anionic
acrylic polymers (methacrylic acid) or certain cellulose derivatives (hydroxypropyl
methylcellulose phthalate) are used to form a layer that is enteric, that is, insoluble
in acidic medium. Such coatings with a thicknesses in the range of about 15-40 pm
avoid the incompatibilities of the stomach lining and protect the active agents in
the acidic range. The chemistry of a layer is adapted to a several hour passage
through the stomach at pH 1-4. In the process, only a slight swelling occurs and
the sheath remains substantially impermeable. According to US Pharmacopoeia,
not more than 10% of drug may release during this time (P. Kleinebudde,
private communication, Universitit Diisseldorf, June 2008). When methacrylic
acid copolymers are used, the dissolution of polymer film occurs either in the front
region of the small intestine (pH range >5.5) or only in the rear part. Adjusted
by reducing the number of methacrylic groups, the switch reacts in this case at
pH 7. This pH emerges there only briefly. A mixture of both copolymers causes
gradual dissolution along the small intestine of pH 5.5 (pH-controlled delay) to
7.0. With optimal settings of layers, uniform drug release with high bioavailability
takes place along the entire small intestine [4].

Thirdly, completely water-insoluble coatings are needed. For example, surface
films from ammonio methacrylate copolymer or ethyl cellulose become only
permeable after swelling in digestive juices. When water enters the capsule, active
ingredient slowly dissolves and diffuses through the intact layer. Owing to low
permeability, the researchers incorporate hydrophilic pore formers such as sugar,
sugar alcohols, or macrogols in the film (P. Kleinebudde, private communication,
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Table 6.3  Controlling the release by coating layers of medical tablets.

Tasks Substance Layer thickness  Switch
(m)
Dissolves only in Cationic copolymer >10 pH<S5
the stomach (aminoalkyl-methacrylate)
(not in mouth)
Enteric coating Anionic copolymer (methacrylic acid) 15-45 pH>5.5
Enteric coating Anionic copolymer (methacrylic acid 15-45 pH=7
with less acidic groups)
Retardation Ammonio-methacrylate copolymer 15-40 Diffusion
(insoluble)

Universitit Diisseldorf, June 2008), especially in ethyl cellulose. In this way,
continuous release is achievable for many hours. The time required also depends
on layer thickness. This type of coating is called retardation (extended release
tablets). Examples for controlling the release are depicted in Table 6.3.

Some polymers based on cellulose are suitable for coatings, such as methyl-,
ethyl-, and hydroxypropyl celluloses; acrylic copolymers and any mixtures thereof
are also used. Fourthly, the chemistry influences the rate of dissolution, in the case
of cellulose ethers by type and degree of substitutions. Processing of the coating
materials takes place as a function of its solubility in either aqueous or solvent-
containing solution (such as isopropyl alcohol/acetone) or an aqueous dispersion,
optionally with the addition of plasticizers. For example, in the case of pellets, the
extension of release is possible by applying a lacquer layer of ethyl cellulose and
polymethacrylate [5]. The active compound is located thereunder in a depot layer
on a sugar sphere (core).

Besides solubility, bioavailability particularly has gained in importance. The
therapeutically active agent must be available, absorbed at the site of action, and
not immediately excreted. Bioavailability refers to that active proportion in relation
to the total incorporated active ingredient and lies accordingly between 0 and
100%. Especially poorly soluble active ingredients may show very low levels of
bioavailability. To improve the solubility and bioavailability, a micronization of
valuable materials takes place, producing micro- or preferably nanoparticles. These
particles show very high surface areas. They are finely distributed in the tablet
matrix. A suitable coating ensures the continuous release over a prolonged period
to increase the bioavailability.

Medical tablets demand coatings for several applications to control the solubility.
However, there are also some examples from the field of chemical products. A
delay in solubility of citric acid ensures a coating with fatty acid (FA). Without the
film, citric acid dissolves instantly. By hydrophobicization of the surface, the start
of dissolution in water is delayed for few seconds. The time required for complete
dissolution shifts from instantly to several minutes. This effect ensures a neutral
or slightly alkaline pH value after flushing of detergents into the washing machine.
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Sodium percarbonate represents a chemical raw material produced from
heavy-metal-free soda and hydrogen peroxide. The material is neither transportable
in big bags nor storable in silos. In the presence of moisture, decomposition
occurs with high exothermicity and some clumping. A coating with pure sodium
carbonate or carbonate/sulfate mixtures solves the problem. The coated particles
are stable in storage and in abrasion. An advantage is that a possible abrasion
contains no decomposable or oxidizable compound. This allows safe handling
of the product. For controlling the rate of dissolution (release delay), an already
salt-coated pellet gets a second layer, for this specific case, a coating with sodium
silicate [6] is preferred.

Other applications in field of detergents are the base powders, besides the already
discussed enzymes. Owing to the addition of nonionics by spraying, the evolving
stickiness of product leads to handling and metering problems. Therefore, a
powdering with very fine materials ensues, which adhere on the surface and
eliminate the stickiness. Controlling the solubility of some other components is
possible [7], but it has not yet been carried out industrially.

Special coatings can realize a slow release with long-lasting effect, which is
needed for fertilizer. The cover consists of water-insoluble polymers. The release
takes place by a diffusion processes (osmosis) after the addition of water. Much
later, the empty shells are left behind on the field. Carboxyl-carrying ethylene
copolymer may represent a suitable coating for fertilizers [8].

In modern agriculture, a multifunctional layer ensures the protection of seeds
against pests. The air- and water-permeable layer contains surfactants, dyes (to
differentiate), and polymers in addition to the active ingredients. During growth
the intake of active substances takes place, in particular, that of insecticides and
fungicides. The substances enter via sap flow from the roots to leaves. Thus, the
germ is protected from all sides for long time against all diseases and insect
attacks. In comparison to spraying of aqueous solutions on plants in agricultural
areas, an application to seeds requires only 1% of active ingredient. Furthermore,
agricultural land is not additionally loaded by seed treatment. Modern methods
enclose the seeds with a drug-containing sheath (shell). Another procedure involves
the integration of the active substances in a matrix [9], that is coated subsequently.
The pelleting provides uniformly sized spherical particles with improved flowability.
Special applications require multiple coatings even for the seeds.

Statements and methods for coating in chemistry often refer to water-soluble,
and less often to water suspendable or swellable core materials. The coating layers
may be insoluble in water, sparingly soluble, or swellable as well as instantly
soluble. Powdering particles are often insoluble in water; they remain invisible
owing to small diameters in the micron range and small amounts in the solution.
Water-insoluble films swell. The dissolved actives penetrate through this layer. The
food industry needs these coatings not for an improvement of solubility, but for
melting behavior, taste, smell, and design.

In addition, the coating allows an improvement of aesthetics. The superficial
roughness disappears, sphericity increases, and color and gloss can be intensified.
Other suitable materials [10] bind odors in the layer. Alternatively, the layer contains
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fragrances. This method separates the perfume from substances in the core. In the
food industry, the layer masks bad tastes of the core or the layer adds pleasant taste
of a different material.

The decision to use an additional step to optimize the product depends not
only on production costs but also on formulation and expected market success by
quality improvement. The technical feasibility of treatment must be demonstrated
by some pilot tests. Therefore, representative core material with an optimized
coating solution must be used.

6.4
Basic Variants of Coating

The selected process of agglomeration influences the particle surfaces. There are
many ways exist for subsequent treatment [11] that are mainly based on coating
methods. The coating takes place as shown in Table 6.4 in six basic variants.

Powdering means a coating of granules with dry solids without addition of
liquids. The chemical industry uses finely ground powders with diameters of about
1-30pm as the average size of ds,. Fine particles adhere on the surface under
movement of the particles, as displayed in Figure 6.3. The powdered material, which
may not react with the core, is nonsticky, and shows no hygroscopic properties.

Detergent manufacturers often use salts, silicates, or sodium aluminum silicates
to improve the flow properties of surfactant-based formulations. Usually, the pow-
dering needs an addition of 0.5-3 wt%. Depending on the fineness of particles, the
amount ranges for an interrupted layer or for the microparticles in a “monolayer.”
The powdering works either due to high adhesive forces of the very fine powder,
and by adhesion, particularly on slightly sticky surfaces. Surface powder not only
reduces the stickiness but also improves the flowability and storage stability. It
protects against humidity. The superficially adhered particles prevent direct contact
between the particles and direct contact of the product with human skin.

Table 6.4 Processes for coating of particles.

Possibilities for applying of coating layers

Surface modifications with finely ground materials
by powdering in mixers or spheronizers
by incorporation into the surface (mechanofusion)
by surface granulation with a suitable liquid
Coating with a melt (film coatings) or with melt suspensions
Coating with inorganic and/or organic solutions and suspensions, which become solids on
drying
Coating with liquids, solutions, and/or emulsions, which remain adsorbed at the surface
Coating with solutions or melts with subsequent chemical reaction
Combination of two or more methods (double or triple coating layers)
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Core material Powdering
(granule) particles

Time
Figure 6.3 Mechanism of powdering.

As shown in Figure 6.4, powdering represents an equilibrium process. Depend-
ing on the material and its dispersity, the procedure comprises a constant adsorption
and abrasion of fine particles. This occurs as function of the mechanics and oper-
ating conditions of the mixer, as well as surface properties of the core material,
its specific surface area, and surface coverage. Increasing coverage increases the
detachment of powdering and decreases the adhesion until finally all sticky parts
are covered. Therefore, often a material input is reached, which only partially covers
the surface. Gentle movement of the core material achieves optimal results. The

Core material Powdering Abrasion
(granule) particles (cores)
\ooqao
Oe
O
00
+ 8P
0]
O
Abraded
Breakage powdering
(cores) particles

Figure 6.4 Balance between the core material and powdering particles; the breakage and
abrasion of cores (dry process) is also displayed.
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core material can break from time to time and generate abrasions by mechanics
and permanent contacts of particles. These undesirable actions depend on the
material properties, particle shape and size, and also the mechanical forces.

The second method, used for nontacky particles, is the sticking of fine powders
and core abrasion [12] on the surface with a fluid, which offers adhesive properties.
The droplets arise from a liquid by spraying via nozzles. This procedure may be
referred to as surface granulation. It usually works without drying the small amounts
of liquid that are present. Figure 6.5 shows a representation of the principle. Here
again equilibrium arises between the coated granules and powdering particles,
depending on the type and quantity of the fluid.

Apart from aforementioned methods for modifying the surface with fine particles,
there are many coating procedures that operate with sprayed liquids in larger
amounts. In a broader sense, all modifications of the particle surface, with or
without a liquid, are referred herein as coating processes. In the strict sense, the term
coating means an application of a solid protective film (shell, sheath, and layer) by
liquids, which stick firmly and enclose the entire pellet. The film results from the
spray and solidifies by drying of the solution/suspension or by cooling of a melt
on the surface. Figure 6.6 shows, how the sprayed liquid (twin-fluid nozzle) forms
closed layers on granules. A mixer generated mechanically and a fluidized bed
hydraulically the moving of all particles.

Sticking droplets, such as those used for surface granulation, may be of
hydrophilic as well as hydrophobic fluids. Solutions often include a polymer
that forms an adhesive film on the particles after removal of the solvent through
drying. With the correct amount, a continuous layer emerges, which compensates
some peaks and valleys on the particle surface. This leads not only to an improve-
ment in shape, but also in flowability. The use of suspensions as coating liquid is
preferred in many cases: First, due to higher concentration, less fluid needs to be
evaporated. Secondly, the addition of pigments enables a coloring or lightening of
the particles in the same process step.
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Figure 6.5 “Sticking” (surface granulation) of powdering particles with the aid of a liquid.
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Figure 6.6 Principle of a conventional coating by spraying on liquids (droplets impinge,
adhere, spread, run into each other, dry, and cool down).

When the liquid sprayed, drying occurs simultaneously. This results in a target
conflict: On the one hand, the hot air allows an immediately drying of the spray in a
fluidized bed coater. Then, the dust formed out of the droplets can be already so dry
that the fine particles no longer adhere to the core surfaces. The drying air conveys
this portion of the spray (“overspray”) into the filter, where the dust is separated.
On the other hand, in case of a very slow drying, the particle surfaces become
wet and dissolution starts. With the superficially dissolved cores, some particles
form liquid bridges, which cause particle size enlargements. This unavoidable
granulation leads to larger recycling streams and reduces the yield. This indicates
to us the following:

The coating process takes place in the narrow operating range between
spray drying and granulation.

Both principles (Table 6.5) are followed during each coating process. The coating
procedure is monitored and controlled by the ratio of oversize to undersize particles.
The oversize particles in the product consist of big granules, twins, and triplets;
the undersize particles are present as dust (size distribution and composition).
The optimization of some parameters provides a minimizing of these secondary
processes. This includes the choice of spray nozzles (type and number) and of
the operating conditions. It is advisable to make the spray as fine as possible.
Furthermore, the spray rate, optimum amount of liquid phase per nozzle and unit
time, as well as the number of nozzles per unit area, and thus the entire liquid
phase (aqueous) per unit area are significant parameters for an optimum coating.
At a given inlet air temperature and/or maximum product temperature, the flow
rate and desired thickness of the layer determine the spraying duration.



Table 6.5

6.4 Basic Variants of Coating

granulation is between coating and granulation).

Typical parameters of the three spray processes in the chemical industry (spray

Process

Parameter Spray-drying Coating Granulation

Product Powder Superficial layer on Granules and
powders, granules, granulates
extrudates, and (agglomerated
tablets powders)

Particle size 50—600 pm 0.2-10mm 0.25-5mm

Starting material Liquid (solution and Solid core material; Powder; forms with a

suspension) coating sprayed on sticking liquid and

as liquid

larger particles

Spray droplets Medium sized Small (5-30 pm) Large; alternative
(20-250 pm) pouring the liquid
or addition of foam
Nozzle Single- or twin-fluid Twin-fluid (or Single-fluid;
(alternative: triple-fluid with (alternative: feed
rotating disc) microclimate for pipe for liquids
melting) and foams)
Procedure High spray rate and Low spray rate and Addition of liquids
fast, simultaneous slow, and drying
drying at high simultaneous successively,
temperatures drying at low medium
temperatures temperature level
Layer thickness — 10-50 pm —

Figure 6.7 contains a summary of the subprocesses that occur during the coating

process. As discussed, these subprocesses are granulation and spray-drying, as well
as abrasions and breakages of particles. Abrasion takes place starting material is
fed and, to a lesser extent, when the finished batch is discharged from the coater.
Furthermore, uncoated and coated particles rub against each other during their
movement in the different phases (heating, spraying, drying, and cooling) of the
entire coating process. Together with the spray-dried droplets, the abraded dust
streams into the filter, pneumatically transported by the fluidizing air. Another pos-
sibility is partial absorption by the spray and the redeposition on particle surfaces.

In addition, superficial active material can also be abraded. In some cases, as
for enzymes, the abrasion of the core material should not reach the protective
layer. Fluidizing air transports the dust away out of the spray zone. In sensitive
individuals, the enzyme dust possibly causes sensibilization from exposure via the
lung or through direct contact. Sensibilization is a preliminary stage and triggers
allergy during a second contact. In a plant, the operator must avoid deposits of
enzyme dust (see Chapter 10). This can be achieved by modifying the construction
of the fluidized bed and operating conditions.
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Figure 6.7 Processes in large-scale coating plants.

Note, that some particles (uncoated, partially and fully coated) break or crumble
during the coating process as a result of pressure and impact. The tendency to
fracture should be minimized through the optimization of particle composition
and coating formulation. The proportion of fragments decreases significantly by
using coatings with elastic properties. Broken particles agglomerate with the core
material or other fragments and get a new coating. Some granules are then of the
right size, while others are too big, and a few are too small.

A downstream screening/sifting of product separates the oversize particles,
especially twins, triplets, and the undersize ones such as fragments from the
onsize particles. The usual way is to mill and recycle the sieved parts, whereby the
formulation of the product can change slightly. In pharmaceutics, such deviations
are unacceptable; over- and undersized particles are discarded as garbage.

Some yields from experiments for coatings of sieved particles that originated
from an extrusion process are as follows: dust 1-3% (attrition and spray-drying);
fines 3—6% (from particle production and breakage); coarse fraction 2—6% (pre-
dominantly granulation); this resulted in an onsize particle yield of 85-92%. The
percentages not only depend on the process but also on definition of the width for
the onsize range.
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Working with a melt [13] leads to considerable difficulties. A seamless trace
heating from the feed tank up to all nozzles is needed in order to ensure
temperatures that are well above the melting point in all the regions. The starting
material in the coater should be preheated to temperatures just below melting
temperature, so that molten droplets are not allowed to solidify on the way to
the particles, but rather impinge as liquid, spread out, and run into each other
before the melt freezes. An incorrect temperature profile impedes the droplets
from adhering on the particle surface. The use of a surfactant in small quantities
promotes an immediate spreading, even for a melt.

The spraying of oil/water-emulsions causes repulsion on hydrophilic surfaces.
After an impingement, the aqueous phase penetrates into the water-soluble par-
ticles, while (silicone) oil drops remain adsorbed on the surface. The principle is
simple and works well, especially when nanoemulsions are used. A nanoemulsion
includes two surfactants, so that impinging droplets adhere and spread out in order
to unite subsequently with neighboring droplets, forming a closed layer. Uniform
film thickness is achievable by spraying extremely small droplets, preferably using
twin-fluid nozzles.

The coating usually takes place in the presence of organic polymers. Of late,
some manufacturers of sophisticated or delicate products (e.g., enzymes and
sodium percarbonate) have shown a preference for inorganic materials (salts) for
safe wrapping of particles. In some cases, they use several differently composed
layers. Possible coating solutions for applying the layers are displayed in Table 6.6.

Table 6.6  Typical fluids for particle coatings in the chemistry.

Coating fluids (without and with suspended solids)

Use of (colored) coating liquids
Salts
Sugar
Polymers, natural, modified, or synthetic
Use of a solution with suspended particles
Pigments
Mica
Talc
Supersaturated solutions
Insoluble salts (calcium carbonate and fumed silica)

Utilization of an (nano-) emulsion
Oils, especially silicone oil, possibly mixed with polymers
Fatty compounds (alcohols, acids, etc.)
Use of pure organics, especially a melting
Monomers and polymers
Saccharides
Surfactants
Fatty compounds
Waxes and fats
Glycols
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Figure 6.8 Double coating (solution/powdering) of a core material with granulation, break-
age, and abrasion.

Figure 6.8 shows the principle of a double coating in chemistry. In this case,
particles are first coated with an aqueous solution and thereafter powdered with
fine particles. In a fluidized bed coater, powdering is not possible. Therefore, the
second coating requires an additional step in a mixer or spheronizer. In fluidized
beds, the air flow (fluidizing and drying air) transports the powder particles into
the filter. The separation into two steps is also necessary for the recirculation of
filter dusts. After the end of a complete coating, there always ensues a screening
of oversized particles, for a high quality product as also for the separation of the
undersize particles.

In chemistry, a common technique consists in powdering before applying the
film. Stickiness is removed by upstream powdering. This ensures free-flowing
and swirling particles in the coater. Powdering in pharmaceuticals (such as talc,
powdered sugar, calcium carbonate, calcium sulfate, starch, and fumed silica)
offers the possibility to form a separating layer between two coatings.

In the manufacture of tablets, the application of double or multiple layers is state
of the art [14]. A core tablet is often coated with active substances that are dissolved
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in organic solvents or in water. This coating represents the first layer. In a closed
coating system, two or more films are applied successively under drying conditions.
In tablets, the layer thicknesses are usually in the range 30—100 pm, and in special
cases up to several millimeters. These values are significantly higher than typical
layer thicknesses in chemistry. A multicoating on tablets is formed by the following
steps: step 1: a base film for protection against moisture by the addition of a
solution followed by drying; step 2: separation of the layer by powdering, possibly
with subsequent drying; step 3: stomach acid-resistant film by a solution or by
drying; step 4: a final layer for the aesthetics (color, gloss, and smooth surface) by
a solution with subsequent drying/cooling, possibly integrated in step 3.

Coating of particles with reactive substances, briefly mentioned here, leads to
mostly water-insoluble films that are more stable and dense. There are many
examples in the field of polymer chemistry. Suitable polymers, which are sprayed
as melt, react and cure by UV irradiation. Another possibility is to spray on
monomers, add a catalyst, and/or increase the temperature, which triggers the
polymerization or cross-linking reactions. A good, but extravagant and expensive
method for uniform coating of particles is represented by the evaporation process
(usually in vacuum), in which ultrathin (metal) layers are formed. Further processes
use hydrolyzable compounds (e.g., titanium tetrachloride). These substances are
applied as liquid on support material (alumina and silica) and then converted at
high temperatures to the oxide (titanium dioxide).

6.5
Coating Technologies

Typical coating processes are shown in Figure 6.9. In industry, the powdering takes
place predominantly in continuous mixers or spheronizers, while typical coatings
with solutions are batch processes in fluidized beds. In almost all procedures,
the atomization takes place with two-fluid nozzles in order to produce very fine

Coating technologies
(cores: micropowders, powders, prills, pellets, granules, pastilles, tablets)
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Figure 6.9 Overview of the standard coating technologies.
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droplets. Powder coatings can be carried out in mixers with horizontal and vertical
shaft or in mills preferably conveyed pneumatically. Mills have powders, which are
used as grinding aids, coatings with melt at moderate temperatures, and solutions
under conditions of grinding and drying.

The construction of fluidized beds differs in the supply of hot air, in the
arrangement of the nozzles (top, bottom, and tangentially), and in the execution of
the bottom plate and product discharge. The bottom plates of these fluidized beds
have holes of different sizes or slits. Furthermore, bottoms with movable slats or
fixed rings exist, wherein the rings are mounted one above the other in stages, with
annular air guiding slots (Innojet® /Hiittlin). In addition, in the pharmaceutical
industry, two coaters are often used, namely, pan and drum coaters.

An interesting method of powdering with hard materials uses mechanical
incorporation of fine dry solids on the surface of the core particles. A tackiness
of the particle surfaces is not required. By high mechanical energy input,
hammering (mechanofusion) of powdering particles into the surface is carried
out. The machine, called the hybridizer, acts like a mill with large tools. The
intensive particle “merger” on the surface, displayed in Figure 6.10, generates an
interesting morphology (surface design). The mechanical and chemical properties
change significantly with this process. The particles show improved application

Core materials Coating materials
Alumina and tungsten | Copper

carbide

Polyethylene Silver

Polyester Iron oxide (red)
Iron Glass powder

Figure 6.10 Hybridizer, dry-coated small particle with tiny powdering particles, and selected
examples (Courtesy of Nara Machinery, Europe).
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characteristics, or even give rise to new products such as catalysts. Owing to high
energy input, however, the hybridizer is not suitable for all particulate materials,
especially soft particles. The application examples depict the variety of product
design, such as coating of tungsten carbide with copper or polyethylene with silver.
This technology allows combinations, especially with metals or glass powders that
are not achievable in other ways. The process extends the possibilities of product
design for disperse products.

Usually, powdering takes place in less energy-intensive processes. The suitable
core particles should be slightly sticky. Small amounts of fine powder particles
adhere on surfaces, if the surface texture of the particles permits. Powdering
should not tend to stick and be hygroscopic. Applied mixers run with small Froude
numbers and simpler mechanics. In the mixer, the particles should execute a
rolling motion, as in a spheronizer at reduced rotational velocities. A powdering
is possible for certain materials in mills, where the powder immediately covers
new sticky surfaces. Here, the powdering supports the milling and the transport
through the machinery. In most cases, the target of a powdering is to improve
flowability by reducing adhesion.

Many coatings in the chemical industry are carried out in specially designed
fluidized beds or mixers, in exceptional cases, in mills. In the usual method,
the spraying of a solution takes place simultaneously with drying. The narrow
size distributions of the core particles promote the quality of coating, because
then the secondary process of “granulation” barely occurs. The pharmaceutical
industry utilizes drums, balling discs (pans), and fluidized beds, such as the
“Wurster” coater [15, 16]. Current coating technologies are depicted in Figure 6.11.

Impact mill Top sprayer

Bowl roller mill Bottom sprayer

Waurster principle

Sphero
-nizer

Single shaft l Cocurrent

Twin-shaft Countercurrent

Figure 6.11 Coating technologies.
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Nozzle
holder

Nozzles (6)

Figure 6.12 Nozzle holder with six twin-fluid nozzles (Courtesy of Glatt).

In addition to the preferred batch fluidized beds, some continuous variants for
coatings also exist [17]. Theoretical principles are described in the literature [17, 18].
Batch fluidized beds have proved to be the top sprayers in the field of biotechnology
for coating of enzymes.

In fluidized bed processes, the nozzles are arranged either directly in or above
the expanded fluidized bed (top sprayers), less frequently in the fluidized bottom
plate (bottom sprayer). Atomization of the liquid phase usually occurs in twin- fluid
nozzles, as shown in Figure 6.12. These nozzles produce very fine droplets up to the
micron range. Nozzle holders of this type are used in top, bottom, and tangential
spray systems. A uniform coating allows many nozzles, preferably arranged on
one or more nozzle holders. For symmetrically covering the entire spraying area,
several nozzle holders are necessary in large plants. The use of a few relatively large
nozzles, which additionally cover the spraying area asymmetrically with droplets,
leads to poor coatings.

Coating facilities are constructed mostly in cylindrical design (Figure 6.13), but
for continuous operations there is an oblong version (Figure 6.14). The hot air
flows through slots or holes in the bottom plate of the apparatus and fluidizes the
particles. The air is cooled down by water evaporation, and it exits the fluidized
bed via a filter. The airstream transports the dust from abrasion and dried spray
droplets to a filter fabric. Cleaning of exhaust air preferably takes place through an
integrated filter, arranged above the fluidized bed. When a top sprayer is used, the
jet cleaned air may carry fine particles back into the spray zone.

Depending on the preferred product discharge technique in the batch procedure
(Figure 6.15), the hot fluidizing air comes in from below or from above before
flowing through the bottom screen plate. The coated material exits the coater
through a lateral or central discharge tube. Another possibility is an opening by
rotary motion of bottom slats or the whole bottom plate. Fluidized beds, used for
coating, are also suitable for granulations or spray agglomerations. In continuous
operations, both the top and bottom sprayers (ProCell® technology) are run, either
as coater or granulator.

The coating, also referred as lacquer, is formed on small tablets at high throughput
preferably in a device with tubes inside, called the Wurster coater [20]. The two-fluid
nozzle is arranged centrally at the lower end of a tube. The particles are conveyed
through the tube inserts into the spray cone. Small coaters have one tube insert,
whereas large coaters have up to 100. The momentum of air spray accelerates
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Figure 6.13 Discontinuous coating processes in fluidized beds (a) top sprayer, cylindrical
apparatuses with integrated filters; (b) top sprayer with air supply from above; (c) bottom
sprayer with the Wurster tube; and (d) tangential sprayer.

the particles in the tube, so that they achieve high speeds during the spraying. If
particles leave the pipe, they fall back on the bottom plate and flow once more into
the tube, where further acceleration starts. The Wurster coater generates uniform
films. One of the reasons for high quality is the very short residence times in the
spray cone. However, the complete coating time remains the same in comparison
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Figure 6.14 Continuous coating processes in fluidized beds (a) stretched version, shown as top sprayer, with three temperature zones and

(b) bottom sprayer ProCell® for larger particles without the bottom plate [19]. (Courtesy of Glatt.)



6.5 Coating Technologies | 113
Setting Product
chamber inlet
Nozzle Air
holder outlet
Fluidization Product
chamber outlet
Bottom Drive
screen plate

(a) ' (b)

Figure 6.15 Industrial versions of coaters (a) cylindrical top sprayer, lower part with the
fluidization chamber and bottom outlet and (b) spheronizer with product outlet at the side
and with melt coating or powdering of particles.

to other batch processes. The particle sizes (tablets) are limited in contrast to the
drum coater. The Wurster coater is used mainly in the pharmaceutical industry for
large batches, in which the chemistry dominates the top sprayer.

Coating in a spheronizer represents a newer procedure, where the droplets
tangentially impinge on the torus of the circulating particle. With the use of a
rotating disc or pot with tip speeds of about 20 m/s, the particles move at high
speeds along the wall and around each other. The high speed ensures uniform
covering of the individual particles (short residence time). Warm air across the
gap assists in slow drying, in addition to slight fluidization of the particle torus.
Further, the air prevents individual particles from falling through the gap. The
amount of gap air is much smaller than for fluidization in a top sprayer. Therefore,
this process is particularly suitable for application of a melt coating. In a practical
comparison test with the top and Wurster coater, the spheronizer yielded the better
results, that is, the most uniform melt coating for enzymes.

The pharmaceutical industry preferably uses the typical pan and drum coaters
for the coating of tablets, as shown in Figures 6.16 and 6.17. A drum coater gently
moves the tablets, and so practically generates no breakage or abrasion. Because
of lower airflow, less liquid evaporates in drum coaters. Therefore, individual
batches take longer. The pharmaceutical industry prefers this coater because of the
uniformity of the layers and the possibility of applying multiple layers sequentially.
A major advantage is the processing of solvents as coating solutions/suspensions
with solvent recovery. Even small batches can be handled in the machine.

Judged by the weight, thick layers may represent the largest part of a tablet, and,
therefore, they can be the reason for significant raw material and manufacturing
costs. For a spherical particle of 500 pm diameter, it is estimated thata 25 pm coating
(= particle diameter + 10%) results in an additional weight of 16% compared to the
uncoated particle at comparable density. For a 50 pm layer (+20%), the weight of
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Figure 6.17 Drum coater in the pharmaceutical version for single or multiple coatings of
tablets, evaporation of water, or solvents (Courtesy of Glatt).

layer is already almost 50% higher, and 100 pm layer (+40%) results in more than
double the weight of the uncoated particle.

Powder coatings can be realized in suitable mixers, possibly in combination with
a fluid bed drying. One of the technical principles is explained in Figure 6.18. The
chopper is only needed when the powder forms lumps. The spraying takes place
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Figure 6.18 Coating process in a mechanically generated fluidized bed (Courtesy of
Lodige).

via twin- fluid nozzles. Stable particles are mechanically fluidized and sprayed
with the coating solution. If particles tolerate the moisture, then a drying step is
unnecessary. This version represents an economically interesting alternative. A
pharmaceutical mixer and some products from chemistry, coated in mixers, are
depicted in Figure 6.19. The chemical industry uses simpler mixer versions, where
the only wetted parts consist of polished stainless steel. Another principle is the
intensive mixing in a batch mixer with a vessel rotating in the opposite direction as
shown in Figure 6.20. There are also some product examples. The rotating vessel
promotes both the granulation as well the coating.

A mill drying plant, which transports the crushed product pneumatically, is also
useful for a coating operation. For this application, tangentially mounted nozzles
allow to spray a solution or suspension or melt in the direction of the airstream.
Secondly, it is possible to add substances that melt under milling conditions and
thus provide a coating.

The spray tower allows producing particles economically with a thin coating
layer. The components of a droplet can segregate in the drying process in a known
manner. When drying an aqueous droplet, the hydrophobic constituents prefer
places near and on the surface (low energy state). With this knowledge, it is possible
to build up a coating layer with spraying procedures. In the presence of surfactants,
emulsified oils as well as small amounts of organic substances (for example, fatty
alcohols or suitable polymers) congregate at the surface, and constitute parts of the
outer layer after drying. In the drop, the hydrophobic portion is located in the outer
edge, while the hydrophilic substances prefer the interior.

A high degree of layer uniformity characterizes a good coating. The film should
adhere firmly. Further, the outer shell should show certain elasticity to mechan-
ical stress and not chip off easily. Measurements using the scanning electron
microscope (SEM) demonstrate the quality of a coating. Figure 6.21 presents three
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Figure 6.20 (a,b) Intensive mixer for granulation and coating with examples for coatings of
products (Courtesy of Eirich).
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Figure 6.21 Examples for industrial with fatty acid (FA); (A) top row: images
coated particles: 1. percarbonate coated of product surfaces; (B) middle row: SEM
with sodium sulfate/sodium carbonate; 2. top view of Epon-embedded, cut particles in
enzymes (proteases) coated with polymer resin; and (C) bottom row: energy dispersive
and titanium dioxide; 3. citric acid coated X-ray microanalysis (EDX) images.

practical examples, namely, the view of the particles’ surface (A), intersected par-
ticles embedded in a resin (Epon™; B), which were examined with the energy
dispersive X-ray microanalysis (EDX, C). All coating layers are clearly visible at
the edges [1] of the particles. The sodium percarbonate spheres originated from
fluidized bed spray granulation, enzyme particles from granulation/extrusion, and
fine citric acid particles from crystallization. Thereafter a process of coating in a
fluidized bed took place.

6.6
Learnings

y/ Coating is an essential method to determine and optimize product design.
Layering is carried out preferably in fluidized beds, but also in mixers and
coating drums.

/  The solid protective layer originates from powdering or spraying of a solution,
suspension, or melt followed by drying/cooling. The operating conditions lie
between those for spray-drying and granulation.

\/ The coating process allows the adjustment of product properties, particularly
the prevention of contact, the stability, flowability, and aesthetics, as well as
control of dissolution.
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SR <

Medical tablets show time- and pH-controlled dissolution (controlled release)

by one or more coating layers.

The layer masks unpleasant tastes of tablets.

An insecticide and fungicide layer protects seeds and developing plants.
Sweets are coated for improving taste and aesthetics.

Enzymes need a protection layer to prevent contact and abrasion.

Suitable coatings of enzymes consist mostly of a salt mixture and/or polymers,

often in combination with pigments.
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7
Product Design Out of Disperse and Continuous Phases
by Crushing

Summary

Nearly all manufacturing processes in the chemical, food, and pharmaceutical
industries include steps for size reduction of substances. By crushing, atomization
or (under water) granulation, disperse materials (solids, suspensions, pastes, and
emulsions) and continua (liquids, melt, plasticized materials, and gases) are broken
up for setting the required particle size and size distribution, and also to improve
the particle form. For the products, a size range between about 500 nm and a
few millimeters may be desired. Performed in solid or liquid phase, these energy-
consuming actions form particles out of larger units, characterized by a significant
increase of the specific surface area. In practice, the application or acceleration
of subsequent chemical reactions, or the intensification of physical processes
requires finely divided material. Occasionally, other operations such as drying,
cooling, coating, or reacting can take place during crushing. The physicochemical
and application properties are adjusted in the laboratory and in pilot plants. The
resulting measurement ranges (specification list) constitute the basis for a global
reproduction of the products. Partially complex settings and coordinated steps
in production define the product design. A discussion with examples ensues,
explaining the procedures.

7.1
Breaking Up of Materials

Typical breaking-up processes are the crushing of disperse materials into fine
powders and of continuous phases (liquid) into droplets. Solid, liquid, and gaseous
phases disintegrate in appropriate devices (Figure 7.1). Large solid units (con-
tinuum) must first be pulverized. Disperse solids constitute the feedstock for
extremely fine grindings. Thus, while solids usually exist in disperse form as
starting material, liquids (pure substances, suspension, pastes, or emulsions) as
well as gases start as a continuum. Out of each breaking-up process, disperse solids
(Figure 7.2) result, namely, micropowders, suspended micropowders, powders,
or grains. An exception is emulsification, wherein a two-phase system originates

Industrial Product Design of Solids and Liquids: A Practical Guide, First Edition. Wilfried Rahse.
(© 2014 Wiley-VCH Verlag GmbH & Co. KGaA. Published 2014 by Wiley-VCH Verlag GmbH & Co. KGaA.
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Figure 7.1 Breaking-up (crushing) processes for different phases.
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from two liquids or a three-phase system, with additionally dispersed fine particles.
An emulsion is formed from two immiscible liquids with the aid of surfactants,
whereby small droplets are dispersed in the continuous phase.

7.2
Importance of Crushing Processes

According to Rumpf (M. Pahl, private communication, Universitit Paderborn,
2010), the breaking up of solids, liquids, and gases leads to “particles.” The breaking
down determines the average size and size distribution of the resulting particles,
and partly also their form and surface chemistry. First, the fineness of the particles is
necessary for their use in the application [1]. Second, chemical reactions or physical
processes require an enlarged surface area. In addition to usual sieving, further
operations take place during fragmentation. Simultaneous procedures may be
drying (drying and grinding), cooling, mixing, reacting, activating, mechanofusion
[2, 3], extracting and adsorption, or deodorizing as well as coating, including dyeing
and perfuming. The operations take place in one step or in several circle runs.
Processes with two or more operations at the same time can be described as hybrid
procedures and are economically highly interesting, especially when running in the
circulation mode. Complex processes today provide customized particles (product
design), in which the crushing process represents an essential part.

Crushing plays a dominant role in the extraction of raw materials such as
minerals [4, 5] and ores (Figure 7.3), coal, and renewable resources, as also in
their recovery from waste material. In addition, for building materials, food, and

| B I o W -
e .
RUT

Figure 7.3 Ore mining (Courtesy of Netzsch).
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in the chemical, pharmaceutical and plastics industries, grinding is an important
operation. The discussion here considers fine crushing into particle sizes in the
range from about 1 pm to a few millimeters.

Natural raw materials constitute the basis for production of solids. They are either
directly or indirectly extracted by chemical, biochemical, and physical processes.
The processing requires chemical treatment, isolation, and purification. Necessary
procedures may include stages in solid and liquid or gas phase.

Grinding, agglomerations drying, reaction, and extraction are carried out on
solids. Often, a path to the pure product leads through liquid phases by dissolving,
followed by evaporation, precipitation, and crystallization. Reactions in the gas
phase with subsequent sublimations also allow the manufacturing of pure solids.
Precipitations and crystallizations include additional purification steps, which
are desirable for the preparation of solid particles. Depending on the operating
conditions, crystallization and recrystallization adjust the particle sizes. Only very
fine particles require a further size reduction. Thus, crystallization represents an
important technology in product design.

In addition, homogeneously dissolved solids exist, which are in the form of
melts at elevated temperature [6] or are heterogeneously dispersed as suspension.
Further, the formulation of a solid mixture or a solid-containing emulsion is
possible. In all cases, the material properties and intended use determine the
product design. Extensive laboratory tests set possible ranges of main parameters
for the determination of a specification list and of application test methods.
The measured values of relevant physicochemical, technical, and application tests
describe the product and ensure a possible reproduction anywhere in the world.

Particle size enlargement [7] and reduction processes [8] are essential product
design technologies for solids and multiphase systems. The preceding chapters
treated the agglomeration of particles (granulation, Chapter 5) and their shaping
by coating the surface (coating, Chapter 6). In the following, the third important
procedure for adjusting the product design, namely, the targeted breaking up of
larger grains and continuous phases into small particles in millimeter, micron-, and
nanoscale sizes is discussed. Figure 7.4 displays several examples for the methods
applied. Division ensues under high-energy input, resulting in the formation of
dispersed materials from larger units with a significant increase in the specific
surface area.

7.3
Particle Properties by Breaking Up

In many cases, it is not sufficient to execute a simple crushing for the desired
product design. The application (toner, inkjet inks, metal powders, and pigments)
requires mostly minimum and maximum particle sizes as well as compliance with
other specified parameters. The targeted crushing includes the entire process, in
particular, the type of mill, the starting material, the degree of comminution, as
well as the operating conditions and the interior or exterior separation of outsize
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Figure 7.4 Industrial processes of crushing to form disperse materials.

particles. In some cases, several mill passages or a connection of two or more mills
is necessary. Table 7.1 gives an idea of the product designs realized by crushing
procedures.

The breaking up must be executed in a way that the particles meet all require-
ments in the value ranges of a specification list. Not only particle sizes and
distributions but also, in particular, the adjustment of essential performance
properties, such as moisture content, solubility, processing, flow properties, bulk
density, dust and heavy metal content, shape, and tableting behavior are specified.

Some examples should describe the product design through crushing processes
in more detail. For preparation of cellulose ethers, the chemical industry needs
pure cellulose, originated from wood or cotton. Chemical pulp, pressed into rolls
or plates, is cut to fiber length approximately in the range of (d,, dgo) 100-400 pm
in cutting mills with an inside sieve. During cutting, the operator pays attention
to temperature and, in particular, to lower particle sizes, in order to avoid polymer
degradation (reduced viscosity). Significantly, too long fibers however impede
the homogeneous alkalization and etherification, so product quality (solubility)
decreases [10].

In the food industry, a targeted size reduction of spices is reached to enhance the
digestibility, solubility, drug release, and extractability [11, 12]. Here, the required
fineness lies generally in the range of <150 to <600 pm (95%). Powdered sugar
(<100 pm, classification of the coarse fraction) is available for use in some desserts
and icings. For decorating a cake with icing sugar, an addition of rice starch to
sugar improves the flow properties (moisture control).

Titanium dioxide is recognized as the best white pigment. Whitening power
depends on the modification (rutile or anatase), particle sizes (10nm to about
10 pm), and their distributions. Up to an average particle size of 1 pm, dry grinding
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Table 7.1 Design of solid particles after a problem-tailored crushing process [9] (limits of
particle sizes min. d,,, max. dg).

Product Crushing process Application Particle size Special features
distribution
Chocolate and  Rolling or impact Food >5 pm and In mouth not
cocoa mills and <20 pm perceptible as
agitated ball particle
mill
Spinach Cutting mill Food 95% <4 mm Gentle milling
Toner Opposed jet mill Copier and printer >3 pm and Combined
with a double <15 pm, classification
sifting dsy =7 pm and
spheronization,

pressure-shock-
resistant design

(10 bar)
Emulsion- Spray-drying and Different products Quality 1: Soft substance
polyvinyl air classifier 99.9% <40 pm;
chloride mill Quality 2:
(E-PVC) 99.9% <20 pm
Polyethylene  Pin mill and sieve Powder from <150 pm Circulation and
granules cooling with
liquid nitrogen
Powder coating Opposed jet mill Automobile, Quality 1: Without oversize
and thin film  and cyclone Office furniture, <12 pm particles;
Shelves, Quality 2: pressure-shock-
Domestic 12-25pum resistant system
appliances Quality 3: (10 bar)
25-45 pm
Quality 4:
45-63 pm
Kaolin, gypsum Agitated ball mill Fillers and 80%, <2 pm With additives of
and sieve pigments for the up to 70% solids
paper industry content
Magnesium Jet mill and Chemical industry, >10pum and Circulation with
powder classifier pyrotechnics, <63 pm nitrogen and
and metallurgy oxygen
monitoring,
pressure-shock-
resistant

design
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in a jet mill suffices. Further crushing takes place preferably in an agitated bead
mill (nano mill) by wet grinding up to about 50 nm. According to application,
the particle sizes of white pigments can be adapted and additionally improved
with inorganic or organic coatings. With silica or alumina hydrate via precipitation
methods, coated pigments are used in emulsion paints. Deposition of organic
material [13] is carried out to improve the processing of plastics (with silicone oil)
and gloss of lacquers (polyalcohols and triethanolamine). The cosmetic industry
uses titania (0.2—0.4 pm) coated with alkylsilane for sunscreens.

In addition to solid grinding, spraying represents an important breaking-up
procedure for continuous phases. There are at least two unit operations combined
in the process: spraying (i.e., shaping) with drying and agglomeration or coating
and spraying with cooling. For the production of powders from solutions or
suspensions, several spray-drying methods (see Chapter 8) are used by the industry
worldwide. There, the choice of the type and size of the nozzle, and partly the
operating conditions, allow a rough adjustment of particle size distribution. The
fine-tuning ensues by milling/sieving to remove coarse fractions and to recycle
undersize particles.

“Crushing” of a melt represents a technically important molding process.
Examples are presented in Table 7.2. From the melt, it is possible to produce any
desired particles and moldings by shaping and cooling (solidifying). For particle
formation, four processes exist, namely, prilling (spray/cooling), dropletization in a
cooling channel, flaking, and several pastillation methods (Figure 7.5). An extruder
allows the production of needles, spaghetti, hollow bodies, granules, and any other

Table 7.2 Shaped products from melts in the chemical and food industries [14].

Substance Technology Product shape
Urea Prilling Powder
Pastillation Pastilles
Stearate Dropletization Spheres
Flaking (roller) Flakes
Pastillation Micropastilles
Water glass Pouring, break Piece glass
Paraffins Pressurizing Candles
Polyvinylalcohol Extrusion Granulates
Pouring or extruding Foil
Injection molding Shaped bodies
Blow molding Bottles
Polyester Extrusion Fibers, films, tapes, and
shaped bodies
Sulfur Pastillation Pastilles
Flakes
Goody Pouring Ellipsoid

Chocolate Pouring Chocolate tablet

125
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Figure 7.5 Breaking up of melts (a) choco- (e) polyethylene glycol, flakes from roller;

late, pastilles; (b) sulfur, flakes; (c) bitu- and (f) fatty alcohol, spheres from dropleti-
men, flakes; (d) lauric acid diethanolamide,  zation (Courtesy of Sandvik (a—c) and COG-
micropastilles; NIS (d-f)).

shaped bodies by forming a melt or by plastication of masses. The shaping takes
place simultaneously in the extrusion head. Recycling of faulty materials in the
melting tank is possible by remelting.

7.4
Variants of Crushing

The crushing of solid materials is achieved by several mechanisms of stress that are
partially coupled. Stress mechanisms such as collision, impact, beating, pressing,
shearing, cutting, and rubbing are implemented in various mills (Table 7.3), often
through rotor-stator machines constructed for the purpose.

The way in which grinding stress affects the particles depends on the construction
of the mill, tools, and operating conditions. In mills, multiple processes take place
simultaneously, whereby one of the processes is predominant. In impact mills,
particles are accelerated and thrown against solid walls, especially against the stator.
Collisions take place not only with the wall, but also with tools and preferably with
other particles. This principle is also used in the air turbulence mill, supported by
induced vortex and a specially constructed wall. These mills run with a tip speed
of more than 100ms™'. In an opposing jet mill, the particles are fired against
each other with such high speeds that they shatter on impact. The required energy
supplies compressed air at 6 or 10bar that is reduced to normal pressure with
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subsequent acceleration of the particles. Another very effective mill operates with
superheated steam.

Compared to impact mills, in a rolling ball mill, the particles move only with low
speed. Balls and particles run up the mill wall, then fall down together. Particles
crushed by shocks between the balls as well as between the ball and the wall. In
roller mills with adjustable gap and shear field, the movement of a particle is not
of importance. Here, the particles or agglomerates are squeezed and crushed. A
similar mechanism takes place in the table roller mill (also called the bowl roller).
The squeezing and crushing and further additional shearing off take place under
the influence of pressure forces between a moving ribbed roller and ripped bowl
with significantly longer residence times.

Granulators that are often fitted with an internal sieve shred fibrous materials
and films. The cutting process takes place between the rapidly rotating blade of the
rotor and just a few stator blades, wherein the gap width is only 0.3-0.6 mm. Up
to an installed electric power of 500 kW, this machine is used widely for recycling
of waste, such as plastics (films, profile scraps, and residues), cable scraps, rubber,
paper, and leather, and for the grinding of chemical pulp.

Particles in suspensions and pastes can be crushed effectively in stirred bead
mills, which exist in different forms. The industrially used horizontal or vertical
stirred ball mills crush particles from 10 to 300 pm down to below 5 pm, and in
special cases, also below 1 pm into the nano range. Proven in the pilot scale at
high energy consumptions, these mills with very small beads allow the production
of colloidal particles below 100 nm from feed materials that are several microns
in size.

There are different processes, which are functions of the starting materials (type
and size), for crushing in gases or liquids. The areas of application of conventional
mills, depending on the desired particle sizes, are shown in Figure 7.6A,B for fine
crushing. Some product examples are depicted in Figure 7.7.

7.4.1
Grinding of Solids

The selection of a suitable mill takes place depending on the material and
desired particle design, and based on economic criteria. In plants for grinding,
homogenization, and grinding/drying, the particle sizes of solids are reduced
by impacts, shocks, cutting, and pressing with or without shear forces. The
comminution of very soft, usually moist materials (food industry) is carried out by

stone mill for pastes; (e) turbo mill; (f) univer-
sal impact mill; (g) cutting mill; (h) ball mill; (i)
roller mill; and (j) steam jet mill for extremely

Figure 7.6  (A) Typical areas for dry and wet
grinding of particles. (B) Simplified mill selec-
tion with dependence on particle size of the final

product: (a) eight-stage high-pressure homog-
enizer for the production of nanoemulsions;
(b) stirred bead mill for wet milling; (c) verti-
cal stirred bead mill with disks; (d) corundum

fine dry grinding (Courtesy of GEA Niro Soavi
(a), Netzsch (b, ¢, e, f, and j), FrymaKoruma
(d), Pallmann (g), Hosokawa Alpine (h), and
Neuhaus Neotec (i)).
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Aluminium foil

Figure 7.7 Typical products before and after grinding: From top to bottom: Plastics, initial
chemical products 1, food and spices, initial products 2, dyes, and cosmetics (Courtesy of
Pallmann, )Jackering, Netzsch, and FrymaKoruma).
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cutting, rubbing, or pressing. The industries grind dry or moist solids preferably in
gas phase with simultaneous drying, if necessary. The diameters of the produced
particles (ds,) are frequently more than 100 pm, whereas in some cases they are
down to about 50 pm. Usual grinding with a cycle to reduce the oversized particles
achieve these requiremnets. In jet and vortex mills dry fine crushing is possible up
to about 1 pm.

The tasks of these crushing processes can focus on the following:

1) Setting the required particle sizes and particle size distributions in suitable
mill/sieve or mill/sifter procedures. Some examples are building materi-
als, especially cement clinker, further colors (pigments) and fillers, powder
coatings, iron oxide, toner, and food (spices, malt, and sugar).

2) Crushing for fast dissolution and performing chemical reactions. The extrac-
tion, dissolution, or reaction takes place after the particles sizes fall below a
limit. Examples are oil seeds, coffee, salts, magnesium, coal gasification, roast-
ing of metal sulfides, the calcination of limestone, and extraction of cellulose
fibers from wood pulp.

3) Treatment of heterogeneous composite materials prior to separation. Besides
cereals (wheat, rye, and barley), mineral and fossil resources as well as
heterogeneous composite products (packaging, waste) often need grinding
before separation, for example, ore/gangue, coal/rock, grain/shell/seedling,
and recyclables/waste composites.

4)  Uniformly shaped products from special crushing. These methods are gener-
ally found in the food industry, for example, almonds in the form of pins, thin
slices, chopped almonds, nuts, diced carrots, French fries, chips, paper, and
sheet metal punching.

5) Conversion of solids into fine powder as starting materials for targeted granu-
lations, for example, detergent granules.

7.4.2
Deagglomeration

In mechanically operating procedures such as granulation, pelletization, roller
compaction, extrusion, and coating, often undesirable large particles arise that
are out of spec. On sieving these particles, a coarse fraction is obtained, which
should be recycled after grinding (deagglomeration). The amount depends on the
size distribution and mesh sizes of the sieve. To fulfill the task, crushing of this
proportion takes place either in an impact mill for sharp grinding or in a roller mill
for gentle deagglomeration (see Chapters 5 and 11). The ground material flows
back to the agglomeration. Furthermore, integrated or external crushing processes
allow the recycling of materials from the start-up and shutdown as well as products
that do not meet all points of the specification (faulty batches).

An unwanted buildup of particles occurs during thermal processes, in particular,
in case of drying from solutions/suspensions or filter cakes. The process is
characterized by the formation of oversize particles, clumps, and large chunks. This
necessitates recirculation after dry crushing back on the sieve or dissolution in the
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suspension tank [15]. Drying of wet filter cakes or pastes in a grinding and drying
plant, where grinding tools prevent each agglomeration is recommended. The
product accrues as fine powder under minimal energy consumption, particularly
when superheated steam is used as the drying gas with energy recovery.

7.4.3
Split Up Sensitive Materials in a Cold Milling Process

Heat generated during grinding causes many organic products to lose some
valuable contents. In the case of spices, these are precious essential oils. Fats
can melt and smear the screens in the mill. Feedstock sticks together when the
ingredients are melted. For such products, it is advisable to use a cold or cryogenic
milling [12], preferably with recycling of the inert gas. The process requires a cooling
with liquid nitrogen of the starting materials in the reservoir, feed, and circulation
lines as well as the crushing machine. For plastics, the cooling should fall below
the glass transition temperature, to embrittle the material. By evaporation of a
controlled amount of liquid gas, the temperature is kept constant in spite of heat
generation during grinding. Depending on product properties, the temperature
of crushing lies between —50 and 15°C, in exceptional cases down to —80°C
[9]. Temperature-sensitive and/or soft products break up in the cold atmosphere
at about twice the rate. These include thermoplastics and elastomers, as well as
waxes and paint additives, as well as active ingredients of the pharmaceutical and
chemical industry and additives for food (proteins).

7.4.4
Milling of Suspended Solids

Fine crushing of solids to particle sizes below 25 pm, in particular, by intensive
grinding with recirculation for particle sizes even below 1pm, that is, into the
nanoscale, runs better in suspension. A special case of wet grinding causes cell
disruption of microorganisms in bead mills to break up the cell walls by introduction
of energy. By this measure, proteins are able to exit the cell. So they can then be
isolated from the solution. The tasks of wet grinding may be stated as follows:

1) Fine crushing to unify the particle size distribution, some with a breaking of
grains (food), occur in liquids with low, medium, and high solids concentration.
There are numerous applications in various fields, for example, ointments,
lotions, creams, lipstick, toothpaste, mascara, color pigments, ketchup, almond
paste, mustard, cocoa, fish, pasta, pet food, putty and joint compound, polymer
dispersions, ceramic masses, and agrochemicals.

2) Destruction of cells (0.1-10pm) allows the isolation of biotechnologically
produced, intracellular substances, particularly medically active substances.

3) In agitated bead mills, the conversion of preground, suspended solids into the
micro- and nanoscale happens, for example, talc, calcium carbonate (paper),
pens (paint), emulsion paints, titanium dioxide, pigments, printing inks,
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technical ceramic compounds, herbicides, fungicides, chip polish, LCD color
pigments, and inkjet ink.

7.4.5
Breaking Down and Transforming of Liquids into Dispersed Solids

Particulate solids originate from solid-containing liquids such as solutions, suspen-
sions, emulsions, and melts by an atomization with simultaneous drying or cooling
[15]. Agglomerations occur owing to the presence of moisture and stickiness.
Therefore, these processes contain integrated classification and deagglomeration
steps.

1) Atomization of solutions, emulsions, and solutions/suspensions provides flow-
able powder in the spray tower procedure. Examples are milk, egg and tomato
powder, washing powder and ingredients, dyes, pigments, ceramic com-
pounds, pesticides, fertilizers, biochemical and pharmaceutical intermediates,
and plastics.

2) Melts solidify after spraying by an air cooling (prilling) process, followed by
dropletization in a cooling channel and deposition of the droplets on water-
cooled steel tapes or cooled double rolls. These are solidified as the output
of an extruder with underwater pelletizing. Examples are fatty alcohols, fatty
acids, polyglycols, waxes, metals, alloys, and thermoplastics.

7.4.6
Splitting with Simultaneous Absorbing/Reaction

During breaking up, starting materials react with suitable gases or liquids and
undergo a coloring and scenting or coating with simultaneous removal of moisture.

7.5
Processes for Crushing of Materials

Apart from the central grinding machine, crushing plants comprise some other
components, such as storage silos, mixing and feed tanks, metering units, clas-
sifications, filters, pumps, fans, and the filling station within the warehouse.
Their design depends on the capacity and the required product quality, because
circulating streams influence extremely the necessary equipment sizes, and thus
ultimately determine the investment and production costs. Wetted parts of plants
consist mainly of stainless steel in the chemical, food, and pharmaceutical indus-
try in known qualities (AISI 304-V2A, 304L, 316Ti-V4A, 316, 316L, and 321; see
Chapter 16).

Other qualities for heavy usage are constituted by the special expertise of
the machine manufacturer. Extremely hard products, such as minerals, require
wear-resistant materials for the machinery, which vary with the type of mill. Roller
grinding mills contain chrome cast iron or cast composites, while crusher and mills
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use air- or water-quenched and tempered metals, such as high-wear-resistance steel.
These quality requirements can be met by stainless steels with the German material
no.1.87xx, 1.8704, 1.8709, 1.8710, and 1.8714, or similar special structural steels
with Brinell hardnesses from 300 to 600 HBW (ISO 6506). For special tasks, ball
mills are constructed with grinding bowls and balls of tungsten carbide, zirconia,
or ceramics. These and other linings in the mills guarantee iron-free products.

For the demanding grinding applications in the biotechnology, food, and phar-
maceutical industries, a smoothing of the stainless steel surfaces by pickling,
electropolishing, sanding, and polishing is carried out (Chapter 16). By direct
installation, an automated cleaning system (Clean in Place: CIP) provides the opti-
mal cleaning. In addition, disinfection and sterilization (saturated steam at 121 °C)
are possible. This requires finely polished stainless steel surfaces, dead space-free
valves and outlets, and adapted seals and filter materials. The shaft bushings
necessitate special seals. The sterilization is automatized (sterilization-in-place:
SIP).

For dust-explosive powders, the grinding occurs preferably in pressure-shock-
resistant equipment (10 bar) with explosion protection valves (ATEX 94/9/EC).
They separate the hazard area in the complex. Processing with explosion protection
valves in combination with zero-delay rupture disks is an alternative. In all cases,
the chemical engineer arranges extinguishant containers with automatic quick
release at various points. In addition, for problematic products, an inertization
takes place with monitoring of the oxygen concentration.

7.5.1
Equipment for Grinding of Disperse Dry Raw Materials

Grinding plants consist of a crushing machine, often equipped with an internal
sieve or classifier, and a screening plant with lines and receivers for recycling
materials. Sieving occurs with single covering or with multistage screens. In
the grinding process, solids flow from a silo into the mill, metered on a belt,
screw, or vibrating chute. The crushing takes place there, possibly in combination
with classifications. An airstream simultaneously transports and cools the milled
product. In the grinding and drying, the hot inlet air supplies the heat of evaporation
for the wet materials and takes moisture away. Downstream filters or cyclones
separate the particles, which fall into the receiver, while the gas flows into the
exhaust or into circulation. Some typical machines for grinding of dry solids are
indicated in Figure 7.8.

In various grinding processes, the ground material is fed either mechanically or
pneumatically by metering into the mill or into the airstream. The same happens
with the removal of ground particles that fall directly out of the mill or flow with the
conveying air. Table 7.4 demonstrates some examples. The pneumatic transport of
milled particles leads to an internal or external classifier. The high airflow ensures
an efficient transfer of milling heat. Usually, a screen separates larger particles.

Because of explosion hazard from fine organic particles, separation from the
airstream is not always easy. This takes place in cyclones and filters, secured
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material
inlet

Figure 7.8 Industrial mills with different main crushing principles; (a) cutting mill; (b) fine
impact mill; (c) ball mill, (d) turbo twin opposed jet mill; (e) table roller mill; and (f) the
rollers inside (Courtesy of Hosokawa Alpine).

by relief valves or by a pressure-shock-resistant design. Using a filter allows to
suppress the dust load in the exhaust below a value of 10mgm= (usually not
possible in a cyclone). The fine product is removed via rotary valves and bagged.
Many manufacturing and recycling processes involve grinding/screening stages,
in which a series of tasks are completed. Besides setting the correct particle size
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Table 7.4  Supply and removal of materials in crushing processes.

Mill Supply of starting material Discharge of product
Impact Pneumatic conveying Pneumatic conveying
Ball Dosing device Free discharge

Table roller Dosing device Pneumatic conveying
Cutting Mechanical device Pneumatic conveying

distribution, for pneumatically fed mills, the airflow and temperature adjust the
residual moisture content and flowability, as well as influence the smell within
limits. In conventional processes, air is at an ambient temperature. Depending
on the task, an adjustment of supply air ensues in the range of about 10-350°C.
A fine crushing plant with pneumatic product transport through the mill is shown
in Figure 7.9a. This mill type is able to form swirls at the flappers. The starting
material is metered either into the airstream or directly into the grinding chamber
out of container located above the chamber.

In combination with sieving, roller and rod and ball mills work without air
support, which may be advantageous for some products. Roller mills crush dry
materials down to about 100 pm and particles in pastes down to about 10 pm.
Pneumatic particle transport of fine material out of the grinding zone supports
further grinding because the fines hinder the comminution and this leads to a
disproportionately high energy input. The separation of fine particles (<100 pm)
ensues advantageously with a classifier, which needs the use of pneumatic transport.

Inert processing occurs mostly in nitrogen atmosphere, but also in carbon
dioxide or in superheated steam. Thereby, the gas is recirculated. Size reduction
of temperature-sensitive and soft or tough materials takes place preferably at low
working temperatures. Liquid nitrogen or carbon dioxide effects the cooling and
guarantees an inerting at the same time. For the grinding and drying of temperature-
stable, water-containing raw materials in an inert atmosphere, superheated steam
is advisable as drying gas. The energy of crushing is utilized for evaporation of
wet materials. The moisture is removed from the circulation in the form of excess
steam (see Chapter 8).

Figure 7.9 demonstrates different examples for fine crushing. The first one is
a vertical impact mill with internal classifier for grinding of organic materials
dosed into the mill by a screw. The fed air transports the explosive fines through
the classifier into the filter. Special valves and rupture disks protect the grinding
chamber and filter. The second process uses a ball mill with an external classifier,
reachable by conveying air, for separating and recycling of oversize particles. An
impact mill, running at lower temperatures with cooled nitrogen in circulation is
depicted in the third image. Cooling occurs by liquid nitrogen supplied at different
places to control the temperature. The last picture explains the principle of mill
drying with superheated steam in circulation. The crushing ensues in a table
roller mill.
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(D)

Figure 7.9 Process flow diagrams of grind-  mill; 6a: integrated classifier, 6b: external
ing plants (A) Ex-proof system with pressure classifier; 7: product filter; 8: fan; 9: airflow;
relief, (B) grinding plant with external classi- 10: container for ground product; 11: cir-
fier, (C) cryogenic crushing in nitrogen, and  culation of inert gases; 12: insulation; 13:
(D) grinding and drying with superheated heat exchanger for superheating the steam;
steam. 1: Container for raw materials; 2: 14: discharge of excess steam; and S: explo-
dosed feeding of solids; 3: filter; 4: sieve; 5a: sion protection valves, bursting disks with
Ex-proof impact mill, 5b: ball mill, 5c: impact blowout (Courtesy of Hosokawa Alpine).
mill with the filter behind, 5d: Table roller

7.5.2
Equipment for Grinding of Disperse Raw Materials in Liquid Phases

Some fine particles are only available suspended in a liquid. In these cases, and
if the solid particles are below 25 pm after reduction, wet grinding is commonly
the preferred process. There, the comminution of suspended particles takes place
in water or an organic solvent. Suitable mills for wet grinding are the three-stage
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rolling mill, the corundum stone mill, and the agitated ball mill. They allow the fine
crushing of particles in viscous suspensions (pastes). When using precomminuted,
suspended matter in water (dg, <100 pm), the nanoscale (<1 pm) is reachable easily
by agitated bead mills. On a drive shaft, disks are arranged, or disks with pins and
at the opposite side stator pins or displacement body, which forms a ring gap with
the wall of the mill. Energy is transferred to the crushed particles moving about
the hard grinding media (mostly beads with diameters <2mm). Fine grinding
of precomminuted, suspended particles is shown in Figure 7.10. A grinding and
drying process converts the ground material into dry powder. In other cases, the
product is a suspension for which the viscosity is adjusted.

Except for ordinary products, the suspension is pumped several times through the
stirred ball mill. All grinding beads remain in the machine, usually retained through
slots/sieves at the outlet. The longer the grinding takes, the more problematic are
the abrasions of the beads and the grinding heat. In an optimized procedure
(machine, grinding media, residence time, and liquid), high energy inputs allow

Figure 7.10 Wet grinding of dry precom- 10: grinding beads of yttria-stabilized zir-
minuted particles in a stirred ball mill with ~ conia, image magnified insert, 11: sieve;
subsequent mill drying (calcium carbon- 12: impact mill for grinding and drying;
ate); 1: silo for starting material; 2: dosage ~ 13: filter for fine particles; 14: product con-
of particles; 3: bowl roller mill for dry grind- tainer; 15: heat exchanger for heating the
ing; 4: filter; 5a: process water, 5b: additives; drying air; 16: supply air; and 17: exhaust
6: stirred slurry container on load cells; 7: with blower/silencer (Courtesy of Hosokawa
slurry pumps; 8: stirred suspension con- Alpine).

tainer; 9: vertical stirred ball (highlighted);
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particle sizes significantly below 500 nm. Furthermore, the product is normally
processed as a suspension. Otherwise, drying should ensue under conditions of
deagglomeration in a mill that dries and crushes developing agglomerates.

For preparation of stable suspensions and pastes, solids must fall below a certain
size so that the particles do not separate. This is important as storage stability
depends particularly on particle size distribution and viscosity.

Paints are an example for small particles in liquids. Extremely fine pigments are
invisible as particles in the application. If possible, a direct production of micro-
or nanoparticles takes place. Otherwise, particles originate from a grinding in
the liquid phase. One form of design is presented in Figure 7.11, which shows
the annular gap ball mill. This mill, suitable for extremely high energy inputs
of 50-600kWhm™3, demonstrates optimal heat removal through internal and
external surfaces for heat exchange. These machines may be cleaned by CIP. In
fine grinding, beads are in the range 0.5-5 mm, and in specific cases and in special
machines, down to 50 pm; they are moved by rotating disks or paddles. The beads
consist of ceramic materials, mainly zirconia and alumina, or glass. The walls of
stirred mills may be lined with polyurethane, rubber, ceramics, and cast iron or
manufactured directly in special steels. The complete removal of the beads from
paste is a difficult task, for which different solutions exist.

The bead mill (Figure 7.12) with disks or pins represents another form of con-
struction that is preferred for large plants. Depending on the operating conditions,
wet grinding takes place here for particle sizes below 10 pm, usually less than 1 um,
and several cases, even in nano ranges. Examples of these are coating materials
(<10 pm), gravure ink concentrates (<3 pm), and calcium carbonate (less than 1 pm
for food colors), provitamin A in oil, as well as aluminum oxide and silicon carbide,

Figure 7.11 (a,b) Annular gap bead mill: and beads; 7: bead recirculation channel;
principle of the mill and a small production  8: bead separation; 9: bead supply; and 10,
plant. 1: suspension inlet; 2: product outlet;  11: cooling water in and out (Courtesy of
3: suspension way through the mill; 4: drive  FrymaKoruma).

shaft; 5: rotor; 6: grinding gap with product
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Figure 7.12 Horizontal disk bead mills and port; 5: agitator shaft; 6: intensive grinding

typical beads; representation of the func- chamber cooling; 7: separator sieve; 8: sepa-
tional principle. 1: tangential inlet of suspen- rator rotor; 9: product (paste) outlet; and 10:
sion; 2: double-conical spacer bushings; 3: drain plug (Courtesy of Netzsch).

grinding disks; 4: centered grinding media fill

finally titanium dioxide (less than 0.5 pm, i.e., <500 nm). Multiple runs through
the machine or longer milling times are the demanding tasks that are required.
Stirred bead mills need an input of about 0.1-1kW1~! of milling space, or from
0.01 to 0.4kWh1~! of product, also determined by the material. Usually machines
are available with milling chambers up to 1.0001.

For resources from nature such as minerals and ores, there are specialized bead
mills (Figure 7.13) with volumes up to 46 m> and 8 MW installed electrical power.
The largest machine has an unladen weight of 126 t. By using high rotation speeds
(tip speeds up to 22ms~!) and small beads, large specific energies are transferred
to the ground material. For example, the coarse feed shows sizes of about 250 pm
and is milled to a diameter below 10 pm. Typical materials range from lead and
zinc sulfides, platinum concentrates, and industrial minerals to iron oxide and
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Figure 7.13 Grinding plants in production (a) milling of calcium carbonate in two 5001
mills; and (b) large bead mill for minerals and ores (Courtesy of Netzsch).

refractory gold concentrate. This new technology has been embraced for achieving
better results in metal recovery.

Other machines for fine crushing of particles in suspensions and pastes operate
according to the rotor/stator principle. Perforated disk mills, toothed colloids, and
corundum stones mills (Figure 7.14) proved their suitability in several applications,
especially for food and cosmetics. In theory, a fruit or spice shall pass successively
through the three mills in the given order (Figure 7.14). In the first machine, the
fruit pieces are reduced to the size of a few millimeters. With each subsequent
stage, the comminution makes progress by ~ one order of magnitude. The grinding
success is based on the material, operating conditions, and especially the adjustable
gap. The product then leaves the last stage, the corundum mill, with particle sizes
of about 50 pm.

The required particle sizes determine the selected machinery, with possibly
suitable alternatives. Customers should use the experience of renowned machine
manufacturers. Their crushing machines would have run in different industrial
applications for years. Additionally, various substances pass through the mills in
the manufacturer’s pilot plant. Therefore, in addition to experience with machine
design, these manufacturers also have extensive experience with materials and
optimal operating conditions. The customer can benefit from such experience.
Various applications of crushing in liquids are shown in Table 7.5.

Emulsions represent an interesting case. An emulsion consists of an insoluble
liquid in the form of droplets in a continuous phase. The small droplet size is
achieved via high energy dissipation. By applying appropriate surfactants in high
pressure homogenizers, the nanometer size range is achievable (see Chapter 13).
The droplets can be formed at elevated temperatures from a melt. Fine solid
particles arise from the melt emulsion processes [16] after they cool down. For
preparation of narrow distributions, multiple passes through the homogenizer
with pressure in the range above 500 bar are necessary. Additives in the continuous
phase (such as polyvinyl alcohol) allow a coating of the nanoparticles formed, which
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Figure 7.14 Crushing of liquid-containing (juices, soy milk, nuts, paints, and var-
solids and solids in liquids; schematic illus-  nishes); and (c) Corundum stone mill
trations of principles and grinding tools (a)  (mustard, chocolate, nut pastes, animal
Perforated disk mill for liquid-containing feed, makeup, and creams) (Courtesy of
solids (vegetables, fruits, fruits and juices, FrymaKoruma).

and animal feed); (b) Toothed colloid mill

are separated centrifugally. Water-insoluble substances, whose melting points are
at atmospheric pressure between 30 and 90°C, are suitable for comminution in
liquid phase before solidifying by cooling. In other cases, at temperatures up to
250°C, the whole process takes place under pressure.

753
Breaking Up of Materials in Combination with Drying Methods

Chapter 8 describes the process of spray-drying in detail. The discussion here
compares spray drying with the mill drying, where mill drying also may be an
alternative to spray-drying for some products. This implies that the suspension
is present in high concentration. The production of free-flowing powders from
solutions or suspensions takes place worldwide in spray towers [15, 17, 18], where a
partial agglomeration to larger particles occurs. Usually, these coarse components
of the powder are separated on a sieve. This portion is deagglomerated in a mill
and then recycled on the sieve or in the spraying zone, or alternatively transferred
without milling into the suspension tank for dissolving/dispersing (Figure 7.15).
Particle sizes and distributions can be controlled using various parameters. When
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Table 7.5  Liquid (multiphase) products out of comminution devices.

Industry Products

Pharmaceuticals Eye drops
Geles
Ointments
Cosmetic Creams
Mascra
Lotions
Make-up
Hair care
Toothpastes
Food Sauces
Juices
Pastes
Jam
Marzipan
Mayonnaise
Chemistry Agrochemicals
Paints and varnishes
Silicone emulsions
Filler and sealer
Adhesives
Furniture polish
Paper coatings

Courtesy of FrymaKoruma.

fine powders are desired, the procedure must prevent agglomeration in the manner
in which this is done during grinding and drying.

Mill drying, such as that performed in impact mills, long gap or air turbulence
mills, ball mills, and bowl roller mills, allows the drying of particles with simulta-
neous comminution. The process is suitable for moist solids, and also for pastes
and suspensions with high solid contents. Usually, single-fluid nozzles spray the
liquids on the particles. Spraying occurs either in front of the mill or, in most cases,
directly in the grinding chamber (Figure 7.16). The quantity of water evaporated
is limited by maximal heat input of the air and the additional crushing heat. Dry
micropowder arises out of a mill drying, which is supplied wet ground material
from a stirred bead mill.

While mill drying allows the production of fine powders from pastes, spray
agglomeration in fluidized bed needs suspensions with lower solid content for
forming large, spherical particles. The optimal process, selected from spray drying,
spray agglomeration, and mill drying, depends on the concentration of solids in
the suspension and the particle size distribution required. In some cases, two
procedures are suitable and there is an overlapping area (Figure 7.17).
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Suspension

Figure 7.15 Plant for drying of suspensions moist air; 10: filter; 11: airlift for filter dust

in spray tower with recycling of coarse and
fine fractions; 1: container for suspension; 2:
high pressure pump; 3: holder with pressure
nozzles; 4: supply air; 5: supply air fan; 6:
heat exchanger for heating the air; 7: cocur-
rent tower; 8: powder discharge; 9: dusty,

transport into the spraying zone; 12: sieve;
13: additional air for drying; 14: container for
dissolving the screened coarse fraction; 15:
line for recirculated solution/suspension; 16:
silo for powder; and 17: exhaust fan (Tower
and powder images: courtesy of GEA/Niro).

7.6
Energy Requirements

Schonert [19] describes the mechanisms of breakage and micro processes of
crushing in solids. Stated simply, comminution takes place by the action of forces
on the particles, whereby stresses occur. Stress spikes lead to cracks at existing
structural defects in real solids. The creation of new surfaces begins at crystal
defects. Two parameters dominate the required energy, namely, the properties of
the material and the mean diameter of the crushed material. Besides the degree of
comminution (@ go.e/%aser), the machine and operating parameters influence the
energy input. In extreme cases, as for mica (layered silicate), crushing needs more
than 40 times the specific energy compared to that needed by glass, and about 10
times in relation to many common substances. The measured Bond values [20]
document this dependence of material. In addition, the smaller the particles are,
the fewer defects they show, and the more difficult itis to carry out further grinding.
In general, grinding of dry solids succeeds only up to the single-digit micron range.
In suspension, the particles achieve sizes that are up to one magnitude lower.
Because of the extreme material dependency, the choice of mill [21] and scale-up
take place in pilot-scale trials under any probable operating conditions. The trial
and production mills should be geometrically similar. The measured variables are
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Wet raw materials . .w ’
Iron oxide Wheat starch Herbicide

(copper oxide)

Simultanously

grinded/dried products.

Dry raw materials

A
Sulfur Magnesium  Pigment
Grinded products
Figure 7.16 Plant for grinding, mill dry- 6: blower, 7: airflow; 8: container for the
ing of moist solids and of pastes; 1: con- ground product; 9: gas burner for heating
tainer for (moist) raw materials; 2: dosing the drying air; and 10: spraying a suspension

screw for feeding the solids; 3: air turbulence (if required) (Courtesy of Jickering).
mill; 4: integrated classifier; 5: product filter;

the particle size distributions as function of operating conditions, in particular,
the energy input, solids throughput as well as the gas stream and temperature.
The final product quality, required safety measures, and necessary materials
form the basis for selection of the process. In some cases, the product may not
contain heavy metals or the material to be crushed is very hard and produces
severe abrasion.

For fine crushing, the average particle diameter is a function of specific energy.
An approach similar to that of Bond and Wang [described in 22] describes the
dependency and allows a rough estimation. Each two parallel lines cover large areas,
which include many measurements with different solids and liquids (Figure 7.18).
They are meant to be an orientation. The figure shows the energy input per
unit volume for splitting of liquid phases during the formation of emulsions in
comparison to that in solid crushing. This actually inadmissible comparison shall
show that the absolute slope of the straight line in the double-log plot depends
on the task of crushing: the starting point is the breaking up of atomized liquid
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Figure 7.17 Breaking up under drying conditions (suspension may be precomminuted in
bead mills).
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Figure 7.18 Ranges of the average diameter dy; as a function of specific energy input; for
crushed solids and atomized suspensions (detergent slurries) in (kJ/kg); for emulsions in

(kJ/1) with d

Sauter*

(continuum; m=0.33), followed by the formation of coalescence-free emulsions
(about 0.25-0.4 [23]), and then the coalescing of emulsions into solids (up to
about 1). For the solids, the measured values in Figure 7.18 show sizes from few
millimeters [24] up to the nanoscale. These small sizes are achievable in technical
systems with bead mills [25-28]. For emulsions [29], the mean droplet sizes are in
the upper range at <100 pm and at lower end about 100 nm. Owing to differences
in density and phase proportions as well as methods for determining the diameter,
an exact comparison of energy inputs, of course, not possible.
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Schuchmann describes [30] droplet breakup and the concept of energy den-
sity concept in mechanical emulsifications. In addition to specific energy input
and residence time as well as tools in the machine, for emulsification, it is
necessary to decide particularly on the choice and concentration of appropriate
surfactants, the stability, and the sizes of droplets and their distribution [31]. Opti-
mized surfactants should minimize the coalescence. The establishment of precise
boundary conditions and additional experience during the process of emulsifi-
cation is required for the measurement of the necessary power input required.
With other emulsifiers, and a high pressure [32] or similar dispersing machines,
the drops can divide down to the nano range (up to mean diameters of about
100 nm).

The dashed line in Figure 7.18 is for orientation. It originates from atomization
of detergent suspensions with single-fluid nozzles. The use of two-fluid nozzles
would move the estimated course by about one order of magnitude down and to
the right. The equation obtained (P. Walzel, private communication, Technische
Universitit Dortmund, 2010) is based on observations taken from practice.

7.7
Determination of Product Design via Specifications

The characteristics of the desired product design should be determined before
starting development work. For doing so, specific values arising from physico-
chemical and application measurements during development should be included
as elements of the specification list. Extensive experience in applications in the
laboratory helps by establishing allowable limits for the values. The specification
lists describe many chemical and disperse requirements. This means that the
disperse properties of the particles, as discussed by Rumpf [33], cover only part
of the specifications. Usually, the chemistry represents an essential part of the
application. The following example from the industry demonstrates this.

The addition of cellulose ether to mortar prevents too rapid a drying of the plaster
on fresh masonry walls. The mortar is sprayed on the walls by special machines.
Even small quantities cause significant improvements of the adhesion strength of
plasters. These properties of cellulose ethers can be proved by measuring the water
retention (Figure 7.19), preferably as a function of temperature.

Determination of water retention is carried out under defined conditions. For
measurement in the laboratory, a fixed amount of water is added to freshly prepared
mortar of standard consistency. Then the mortar is poured into a filter, equipped
with weighted filter paper. Under vacuum, a part of the water leaves the mortar and
flows into the filter paper. The water retention capacity (WRC) of mortar represents
the amount of water held in the mortar in relation to the initial water content
(German cement industry, instructions EN 413-2).

Systematic studies show that two parameters increase the WRC significantly,
namely, the size distribution of the particles [34] and the etherifying agents;
furthermore, the realized degrees of substitution also increase. The degree of

147



148 | 7 Product Design Out of Disperse and Continuous Phases by Crushing

Water retention
capacity

4 Particle

fineness

High

Degree of
substitution

Low |

v

20 30 40
Temperature (°C)

Figure 7.19 Schematic course of the water retention capacity (WRC) of cellulose ethers in mortar
as a function of temperature; high WRC: fine grinding and/or higher degrees of substitution.

substitution [35] specifies how many OH groups of an anhydroglucose unit
(max. 3, [10]) on average are etherified. Optimizations of the effect in mor-
tars require consideration of both effects, that is, the chemical, but also dis-
perse properties of the cellulose ethers, especially in the lower temperature
range.

7.8
Design of Products by Breaking-Up Processes

The breaking up of disperse and continuous phases have the following common
features:

1) The particles produced show distributed diameters, and thus differ significantly
in particle volumes.

2) Same size particles are usually desirable.

3) Narrow diameter distributions require additional expenditure on equipment
and energy.

4) The smaller the desired diameters, the more energy is required.

5) Particles tend to grow during crushing, because fine solids stick together or
agglomerate with bigger ones; droplets or gas bubbles coalesce.

6) Particle shape, flowability, and bulk densities are controllable in some cases
during the processing.

7) Coatings allow a precise adjustment of the surface properties of ground
material.
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7.8.1
Determination of Particle Properties for Solids

The target of comminution of solids is primarily an adjustment of the required
particle sizes. In some cases, a suitable grinder solves this problem. Much more
difficult is the setting of a defined particle size distribution, which represents
an important quality criterion. Normally, particles should not exceed a fixed,
maximum size. In the case of larger particles (>500um), the separation of the
coarse fraction takes place through a sieve. Finer particles (<200 pm) need an air
classifier. Many mills are equipped with one of these separation units. Removal
of undersize particles with an exact separation size occurs through an effective
sifter. In modern classifiers, fine particles in the range of <20 pm are separated in
an optimal manner with low axial flow rates, using multiple, high speed rotating,
small classifier wheels (Figure 7.20). To realize high rotating speeds, the wheels are

Material inlet
(possibility 1)

Classifying wheel
(fineness controlled by the speed)

Classifying
air

Material
entrained in
air

—

Rotary valve (possibility 2)

Coarse material
(back to the mill)

Figure 7.20 External wheel classifier for ultrafine classifying operations (up to dsq=0,3 pm)
(a) large four-wheel classifier; and (b) one-wheel classifier, showing the operating principle
(Courtesy of Hosokawa Alpine).
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not only small but also horizontally arranged and equipped with their own drives.
In less demanding situations, it is enough to blow the dust with the conveying air
into the filter, as it occurs frequently at a spray tower. Dusts interfere in application
as well as in processing and reduce the product quality.

Owing to high adhesive forces, fine particles (<50 pm) tend to form clumps.
Therefore, a uniform removal from a silo fails and the dosage is difficult because
the material “shoots.” In these cases, an added special product, which improves
the grinding as well as the flowability and storage properties, represents aspects of
product design. As grinding aids [36], many substances are suitable in amounts of
0.5-2%. The dry fine excipients help in powdering/moisture absorption. Examples
include lactose, and fumed silica (Aerosil®); further, ethylene glycols, amines, and
fatty acids and their salts (e.g., stearic acid and magnesium stearate), alcohols, and
ligninsulfonates. Extensive studies [37-39] demonstrate the use of excipients in
wet grinding.

In consumer goods, bulk densities play a major role. By technical measures, the
values of powders are adjustable within limits. Bulk densities rise after compaction
of materials. Double rollers are suitable for this, as also ball or rod mills. The
process runs with an increase in bulk density in two stages: the introduction of
pressure forces are effective, either for compression or for pregrinding between
rollers, followed by fine grinding. In the fine-grinding step, product moisture gets
adjusted owing to the humidity of air, temperature, and throughput. The achievable
bulk density depends strongly on the water content of material. Injection of water
is more effective. Then dissolution at the particle surface starts, and under action of
high shear forces (special mixer), the voidage reduces. After the necessary drying,
this method brings the greatest gain in bulk density.

With appropriate effort it is possible to meet the requirements of disperse
properties. Stable incorporation of the fine particles in a matrix may require the
application of a layer on the particle surface (coating). Activity losses (percarbonate)
or degradation of polymers (cellulose ether), controllable via the process, tempera-
tures, and residence times occur in crushing processes. Undesirable side reactions
may be restricted by inertizing, lower temperatures, and shorter residence times.
The heavy metal content before and after grinding (machine material; grinding
aids) should always be measured, and where appropriate, the mill should be lined.
Next to mechanical abrasion, chemical reactions may change the surfaces.

7.8.2
Solids from Melting

The breakup of liquids takes place under targeted conditions. The solids present
in solution and suspension or paste and emulsion are fine as in milk or coarse as
in slurries. Their drying in spray towers is controllable by several parameters (see
Chapter 8).

In contrast, molten substances require appropriate technologies at higher tem-
peratures. The processing of melt is not very easy as it depends on temperatures
and material properties. The same technology suffices in the production of particles
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from melts in all temperature ranges. Substances such as paraffin (alkanes) and
fatty acids as well as fatty alcohols characterize the lower region (melting points
from 24 °C to about 100 °C). Plastics, waxes, sulfur as well as lead and tin fall into
the lower middle range (100°C <T}j <400 °C). Mineral and metallic melts, such
as glasses, slags, and ceramics as well as iron, silicon, or copper constitute the
uppermost region (T <2000 °C).

Breaking up of nonmetal melting (minerals) preferably takes place in two-fluid
nozzles with gases or with water (also oil) as liquid propellant, in order to ensure
rapid cooling [40]. In this process, irregular, sometimes sharp-edged powders are
formed. To avoid oxidation, in the case of molten metals, the propellant consists
of an inert gas (mostly nitrogen and sometimes argon) for the atomization in
two-fluid nozzles. These droplets cool down much more slowly, so that the capacity
of plant drops by almost an order of magnitude.

Gas-atomized molten metals (high surface tension and low viscosity) form beads,
mainly with average diameters (ds,) of about 100 pm. By changing the operating
conditions, the size can be set from about 50 pm to 400 um. For blast furnace slag
and other mineral melts, a sandy structure (foundry sand) or fibrous shape results
from the gas atomization, depending on the operating conditions and nozzle
geometry. In these ways, the product design is controllable within wide ranges.

7.9
Product Design Out of Multistep Processes (Examples)

Some complex examples demonstrate the influence of breakup on the product
design, where, in addition to fragmentation, further process steps occur.

7.9.1
Powders from Molten Metals

Metals can be melted and atomized in various ways [40, 41]. The atomization of
a melt sometimes takes place on a rotating disk or turbine. Here, the liquid may
arise by melting metal wires by means of a laser. The process operates in vacuum
and is characterized by high quality of the product (no oxidation). A significantly
higher performance is achieved in towers with twin-fluid nozzles, especially with
water as propellant. For reasons of quality, the use of an inert gas, mostly nitrogen,
is preferred. This gas prevents oxidation as well as explosions from occurring. The
nozzles, constructed analogous to the twin-fluid nozzles with outside mixing, are
described in Section 8.2.1. Melting occurs in the upper part of the tower under
vacuum or in the presence of an inert gas, less frequently in the presence of air.
In plasma atomization, a metal wire is melted in plasma flames and atomized
with the gas. This relatively new technique produces high quality and perfectly
spherical particles. The particle sizes are very small (<100 pm and up to 200 pm).
The procedure is limited to alloys that can be formed into wire feedstock. Another
modern method of the metal atomization is represented by the EIGA method
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(electrode induction melting gas atomization). In this process, the melt is produced
from a rotating metal bar with heat supply from the noncontact induction coil. The
molten film flows downward into the gas stream of the nozzle for atomization.
Here, the combination of ceramic-free melting (all alloys, titanium, zirconium,
aluminum, copper, gold, nickel, platinum, and vanadium) with spraying under
protective gas, preferably argon, occurs in an economic way. The particles solidify
in the spray tower, resulting in pure, fine metal powders. This spray process allows
the setting of an average particle size ranging from 20-60 pm, in some cases
up to 500 pm. The morphology is similar to gas-atomized particles. Figure 7.21
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Figure 7.21 Principles of atomization for the production of metal powders (a) centrifu-
gal atomization; (b) atomization in twin-fluid nozzles with inert gases or water; (c) plasma
atomization; and (d) electrode induction melting gas atomization.
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depicts the principles of metal atomization. The metal powder can be pressed into
complex work pieces before sintering. This method offers an economic production
of difficult machine parts made up of various metals and alloys.

7.9.2
Powdered Metals for Metallic Paints

Metallic paints have a special glow and typical reflection. These effects are brought
about by incorporating metallic pigments (platelet) in paint and varnish layers.
Chemical additives provide orientation and distribution of the platelets for gloss
and glitter effects (brilliance and brightness) and affect the color and opacity.
Pigments (aluminum, brass, and copper; see Figure 7.22) generate extreme silver
and gold shine in many variants. In addition, optimal use of pigments generates
a fine appearance of the surfaces. In particular, the paints for cars, but also inks,
coatings, and laminations of plastic films benefit from these metallic effects.

Metal platelets for automotive coatings require not only a specific geometry
(size, thickness, shape, and surface roughness) but also an orientation parallel
to the surface and a uniform distribution in the paint. Many demands on the
product design, described in a specification list, can be met through an optimized
combination of chemistry and chemical engineering. The production begins with
a pure melt, for example, an aluminum melt (T >660°C, at least 99.5% Al). The
atomization takes place in a spray tower under nitrogen [40]. The resulting particles,
known as metal grit, show sizes of about 100 pm. After screening of the oversize
particles, this powder represents a starting material for the grinding process that
follows.

Because fine aluminum particles react with the moisture in air with the formation
of the hydroxide and hydrogen, all further comminutions ensue in a solvent (white
spirit). Simultaneous crushing and flattening of the suspended grit is carried out
in a ball mill. Depending on the equipment and operating conditions of the mill, a
surface structure is formed that resembles ““cornflakes” or a superior quality “silver
dollar” with smooth surfaces. Particle sizes can be set exactly by targeted grinding.
On the basis of the average diameter d., the different batches show platelet-sizes
in the 5 pm range. These mainly lie in the range 4-35 pm, and in some grades up
to about 100 pm or more (up to 350 pm in aluminum plates from foils). Platelets

Figure 7.22 Metal-effect pigments (a) aluminum pigment powder, (b) copper pigment, and
(c) gold bronze pigment.
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have a desired 1/d ratio of 50:1 up to 100: 1. Accordingly, they are <0.1 to 1 pm
thick. The more finely ground the flakes, the higher is the opacity (in cm? g1).

After grinding, the metal platelets are separated from gasoline in a filter presses.
The described method, working in a solvent, is known as the “Hall” process. Lately,
it has been possible to crush and to shape the Al-grit, just like the brass, in dry
nitrogen atmosphere, wherein the ball mill operates with a well-adjusted classifier
in the circuit.

A cold welding of particles during grinding prevents separating agents. Stearic
acid for manufacture of floating “leafing” flakes and oleic acid for “non-leafing”
pigments are in use, and are distributed uniformly in an organic medium. Non-
leafing products are suitable for car paints, whereas leafing pastes show advantages
in corrosion protection (Zn). The classified products are available as powders or
pastes with metal content of 60—-87% in various petroleum solvents.

In contrast to the reactive aluminum, size reduction of gold-colored pigments
(see Table 7.6) takes place more easily by dry grinding in a ball mill. These
pigments are made of brass (copper-zinc alloy) with different Cu contents. In one
or more passes through the mill, sprayed grit is ground to the desired fineness
(the “Hametag” process). The size of the grinding media (balls) allows adapting
to the quality required. During this grinding, the balls hit the grits to form the
desired platelets. In these processes, the focus is not just on the degree of grinding.
A further essential task is the creation of almost round and smooth plates, which
cause an increase in brilliance of the paint. This is an impressive example for the
importance of a grinding process in product design.

793
Reinforcing Materials and Fillers for Polymers

Inorganic compounds allow a filling and reinforcing of polymers. For example,

calcium carbonate, silica, talc, and kaolin (Mg- and Al-silicates) are suitable fillers.
Uniform and durable incorporation requires the aid of adhesion promoters. For

Table 7.6  Metallic pigments from ball mills.

Pigment Color Manufacturer Platelet diameter d,
Aluminum Silver Wet grinding in 7-150 pm,
mineral spirits depending on the
quality
Brass (copper-zinc  Rich gold to copper gold, = Dry milling 3-42 pm, depending
alloy) depending on the alloy (Zn on quality
10-30%)
Copper Copper colored Dry milling 3-40 pm, depending
on quality

Zinc Silver and anticorrosion Wet milling 10-30 um




7.10 Consequences

synthetic silica and talc and kaolin, some silane compounds are used as promoters.
According to mechanistic ideas, just formed OH-groups of the silicon atom
react with the inorganic compound. A reactive group, situated on the other side
of the molecule, connects with the polymeric matrix when incorporated in the
melt [42].

Naturally mined calcium carbonate is widely used as filler. This is because
stearic acid helps calcium carbonate as adhesion promoter, wherein the acid group
probably reacts with the inorganic material at elevated temperatures. The lipophilic
group causes solubility in the polymer melt. The coating of powder with the
adhesion promoter takes place in a mill during grinding, to prevent the otherwise
inevitable agglomerations. In the first step of the process, stearic acid (T =69 °C)
is melted in a container by supplying heat. The atomization of melt then occurs
in a spray tower with the use of twin-fluid nozzles. The resulting fine particles
of stearic acid are mixed in amounts of 0.5-2% with the calcium carbonate.
Subsequently, the preheated mixture flows into an impact mill. There, crushing
heat is used to melt the stearic acid, which then covers the particles uniformly. The
resulting product is widely used as filler that is needed mainly in polyvinyl chloride
(PVC) and polyethylene products. The coated particles of calcium carbonate show
a ds, of about 5-8 pm (precipitated: <2 pm). On coating of fillers with adhesion
promoters, the product properties change and it is converted into a reactive form.
These interesting examples of product design could be potentially applied to other
materials.

7.10
Consequences

The basic operations for setting the product design are the breaking up of disperse
and continuous phases, the agglomeration, crystallization, and coating. Many raw
materials and products require crushing procedures and demonstrate thereafter
particle diameter in the range from 0.25 pm up to a few millimeters. The breaking
up always takes place in combination with classification and powder separation. In
some cases, further crushing and drying, coating, agglomeration, or cooling may
be integrated in the process, which affects the product design significantly.

The characteristic feature of breaking up is to create new surfaces. Depending
on the material, energy demand increases with decreasing particle diameters and
requires longer residence times. The product requirements, fixed in a specification
list, define suitable, often multistep processes. The right choice of additives
(chemistry) and interconnected steps of process (technology) determine the product
design. This refers to particle sizes, their distributions (narrow, free of dust, and
oversize), solubility, and reactivity, and in some cases, to particle shape and color,
surface composition, and rate of dissolution. In product application, the chemistry
is responsible for performance, while the technology sets the dispersed parameters,
influences the product performance to some extent, and shows responsibility for
the product handling (convenience) and aesthetics.
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7.1

Learnings
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Crushing constitutes the basis for extraction of minerals, ores, and coals as
well as for processing of all solids and for generating fine solid particles.

All breaking-up processes start from larger particles or continuous phases
(rocks and liquids).

In single or multistage crushing in combination with sieving and sifting,
particles of the desired size and distribution are obtained.

Simultaneously, further controlled operations take place, such as drying,
cooling, mixing, reaction, and coating.

In addition, specially designed procedures allow the adjustment of particle
shape, in particular for molten feedstock, which means inorganic and organic
compounds, and also metals and thermoplastics.

Organic products and metals as starting materials need an inert atmosphere
during crushing. In most cases, the process takes place in nitrogen, carbon
dioxide, argon, and superheated steam in circulation mode.

Wet milling processes allow particle sizes below 10 pm, especially down to the
nano range.

Grinding and drying is optimal to produce finest particles form wet ground
pastes.

Product design (size distribution, solubility, bulk density, and flowability) can
be controlled within limits.

Energy expenditure increases with decreasing diameter. For the grinding of
solids and emulsification of immiscible liquids, the energy consumption is
comparable in the range of 0.8—3 pm.

By using about 80—-95% of crushed components, the granulations require less
time and allow the manufacture of spherical particles.
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8
Product Design Out of Continuous Phases by Spray Drying and
Crystallization

Summary

Drying in spray towers is the standard method for manufacturing of powders
from liquids (solutions, suspensions, and emulsions). This seemingly simple
process offers many parameters to optimize. Thus, the industry discussed regularly
such established procedures, to improve the capacity, product quality and plant
safety, furthermore to reduce energy consumption and exhaust pollution. Capacity
increases are achievable by use of much more nozzles with correspondingly smaller
boreholes. Then, the possible increased amount of sprayed liquid per cubic meter
gas/h reduces the specific energy consumption. Material-dependent structure
formation during the drying process determines the particle design (shape, bulk
density, and flowability). Depending on material properties and solids content,
dried particles are greater or smaller, in comparison to sprayed droplets. Compared
to droplet size of the spray, particles at the cone of tower exhibit significantly higher
values for the particle diameter, due to agglomerations. For safe operation of a spray
drying tower, ignition sources must be avoided. Many organic-based formulations
require a drying in nitrogen. An interesting alternative is the inert drying with
superheated steam, because no exhaust gas escaped and energy can be recovered
substantially. Usual scale-up from laboratory to pilot plant and to production is
not possible. Starting with the selection of a nozzle, the way of scale-up will be
described in detail.

8.1
Importance of Spray Drying

Drying of atomized liquids with hot air is an old method. Since about 1850, milk
is dried in the technical scale [1]. In 2006, estimated more than 25 000 towers were
worldwide in operation for the targeted production of flowable powders, especially
for dairy products [1]. Hundreds of products emerge by the spray-drying process:
not only almost all washing powders and many ingredients, but also food products
(milk, egg, and tomato powder), beverages (instant coffee and tea), chemicals and
macromolecules, ceramic materials, fine chemicals, dyes and pigments, pesticides,

Industrial Product Design of Solids and Liquids: A Practical Guide, First Edition. Wilfried Rahse.
(© 2014 Wiley-VCH Verlag GmbH & Co. KGaA. Published 2014 by Wiley-VCH Verlag GmbH & Co. KGaA.
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fertilizers as well as biochemical and pharmaceutical products and intermediates,
to name a few examples. The spray-drying process represents the most widely used
method for powder manufacturing out of liquids.

Starting materials are solutions, suspensions, and solids containing emulsions.
Because of large specific surface area of the droplets as well of significant differences
in temperatures between the drop and gas, the drying expires quickly. Originated
from the spray mist, the particles are, therefore, only a short temperature stress
exposed, so that even temperature-sensitive materials dry without appearance of
side reactions.

Spray drying belongs to the few processes (Table 8.1), in which two operations,
namely, in this case the drying and shaping, happen simultaneously. The instal-
lations are simple in design, suitable for many materials and for all capacities up
to about 15t of evaporated water per hour in one production line. In exceptional
cases, 50th™! of water are evaporated [1]. For the manufacture of powders from
liquids, the drying in spray towers shows the lowest costs. A cost comparison with
contact dryers (rolls and thin film dryers) results advantages for the spray drying.
In particular, by the simultaneous formation of the free-flowing powders arise after
screening already salable products. The superior quality comes from the lower load
of temperature.

In industry, improvements of the spray drying deal with capacity increases,
energy consumption, exhaust pollution, caking and incrustations as well product
quality. That means the economy and ecology, further plant safety and particle
design represent central points of discussions [2]. The following text refers to these
points. Discussions of extensive sub-processes, two-phase flow with momentum,
heat and mass transport, measurement and control technology, problems with the
formation of deposits and chemical reactions coupled with the drying process could

Table 8.1  Examples of product design technologies: drying and shaping in one step.

Starting material Technology Process Product
Liquid (solution, suspension, Generation of particles Spray drying Powder
and emulsion)
Liquid (suspension and paste) Generation of particles Thin-layer drying Powder
Liquid (solution, suspension, Particles growth in Spray agglomeration Granules
and emulsion) on disperse layers, formation of in fluidized beds
solids new particles
Solids (granules and powder) Shaping of plastificable Spheronization Granules
materials (powder)
Solids (lumpy material, Particle reduction Mill drying Powder
granules, and powder) (granules)
Solids (granules and powder) Surface coating Fluidized bed coating Granules
and applied (powder)

Ligquids (solution, melt,
suspension, and emulsion)




8.2 Basics of Atomization and Drying | 161

not take place here, for reasons of space. The majority of results presented refer to
the “detergent-counterflow tower” without downstream dryer/granulator [3].

8.2
Basics of Atomization and Drying

8.2.1
Atomizing with Nozzles

Generation of liquid droplets occurs in atomization installations [4]. In addition to
the rotary atomizer (spinning disc), the industry uses nozzles of various designs
[5]- The elementary processes of droplet formation affect the product properties
[6]. To increase the efficiency, concentrated liquids are preferred, minimizing the
evaporated liquid per kilogram of solids. The concentrating leads to highly viscous
suspensions, which only can be sprayed into fine droplet with high efforts. Under
no circumstances, the nozzle should clog by fine solids. Otherwise, the suspension
must be ground in a device for wet milling prior to atomization. The solids content
of suspension is a compromise between water content, viscosity, and sprayability.

Classified according to the shape of spray, there are hollow and full cone nozzles,
flat spray, and fan jet nozzles. At single-fluid pressure nozzles, the spray arises by
converting the pressure into kinetic energy. Pressure energy accelerates the fluid
in the nozzle, generates rotation and forms at the nozzle orifice a thin liquid film,
which tears off and disintegrates into droplets. Pressure nozzles work under a
pressure of 5-150bar. Figure 8.1 shows the two best-known types of nozzles in
simplified depiction. Detailed representations of nozzles and nozzle assemblies,
further the calculation of drop sizes is described in the references [1, 4, 7, 8].

In pneumatic nozzle, a pressurized gas (air, nitrogen, carbon dioxide, or steam,
1-10bar) causes the breakup of the liquid. The supply of compressed gas for
the pneumatic nozzles is expensive owing to the high energy consumption. In
exchange, the twin-fluid nozzles create small droplet sizes, which are about 1
order of magnitude below those of single-fluid nozzles. In the field of pneumatic
atomizers, twin-, triple-, and fourfold fluid nozzle exist. In chemical industry
(coating; spray agglomerations in fluidized beds [9]), twin-fluid nozzles are common
with full cone (Figure 8.1b). These are designed with external mixing in case of low
tendency to clog, and internal mixing at high solids contents. Triple-fluid nozzles
(g/1/g or 1/g/1) and fourfold-fluid nozzles are special designs, for example, to get a
homogenous spray jet with simultaneous mixing of liquids.

8.2.2
Description of Drying and Structure Formation

When drying a spray, the free surface water evaporates initially in drying phase 1
with constant drying rate. During this process, the droplets disappear immediately,
forming wet particles. With decreasing evaporation rates, further drying occurs in



used nozzles in schematic representations
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drying phase 2. There, water vapor diffuses from deeper layers and voids to surface,
especially via pores. In drying phase 3, the diffusion of vapor out of the inner parts
is rate limiting, and the drying rate shows a further descending course. In many
cases, the particles are already sufficiently dry in drying phase 2.

During evaporation, complicated composed droplets (dissolved /undissolved inor-
ganic and organic substances) either form agglomerates out of the suspended
solids. Or throughout drying, the local concentrations of the solutes increase and
supersaturated. Thereby, solid structures and/or crystals arise. The presence of
other substances (e.g., surfactants) influences the formation of particles and crystal
structures. A representation of resulting material-dependent structures illustrates
schematically Figure 8.2. Corresponding images of different spray-dried substances
are in Section 8.5.2.

Detergent formulations form particles with open structures, so with cavities and
pores. In principle, particles resulting from spray drying, may be smaller, of same
size or larger than the droplets (Figure 8.3). The generation of particle with larger
diameters requires a high solid content in the droplets. Depending on voidage
of the particles and concentration of the suspension, individual droplets during
drying grow or shrink. Frequently, they grow in the case of solids contents of about
>60%, below this value, they shrink usually. These observed and calculated effects
are based on measurements by single-droplets. In practice, formed wet particles
may agglomerate on the drying way to discharge at the tower cone. Owing to
the superimposition with the agglomeration, the measured particle diameters are
larger than the droplet diameters.
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Figure 8.2 Material-dependent structure formation in the spray drying of droplets.

Multiple hollow spheres arise in the drying process of water glass. By moving
the particles, these structures break. Resulting material shows extremely low
bulk densities with insufficient flowability. By downstream milling succeeds the
production of salable powders. Open and closed hollow spheres may originate by
spraying of inorganic suspensions.

High bulk densities arise from starting substances with high densities [10].
Thereby the solid density is increased, while the void volume remains almost
unchanged at 0.4 to 0.5. By this measure, the mean particle diameter decreases. The
same effect results from dilution of the mixture with water. During drying, initially
the dissolved salts concentrated and supersaturated before the crystallization
starts. Some organic compounds, in particular polymers, dry under formation of
amorphous particles. They show pores, but practically no major cavities.

8.23
Industrial Spray Drying

Measurements of particle moisture along the height of a production spray tower
show that about 50 cm below the nozzle area (4 mm-hollow cone nozzles and
75 bar), the transition from droplets to particles occurs. Approximately 1 m below
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the nozzles, the particle moisture is then halved, with values of 15-20%, according
to the formulation. In the spray space (area X 1 m depth) of a countercurrent tower,
hot air vaporizes about 66% of the total water volume. A calculation reveals that
evaporation capacity of spray space lies around 200 kg H,O m~? air.

Optimum drying can only be achieved by fine spraying with full coverage of
the spray area. Therefore, the maximum possible number of nozzles is required,
which then have correspondingly smaller nozzle openings. For doubling or tripling
the number of nozzles in a high spray tower, spraying ensues in two or three
spray levels [2, 11]. Each spray level should operate always with all nozzles. A
change of single-fluid to twin-fluid nozzles for finer atomization is no alternative
for economic reasons, because the large amounts of compressed air are expensive.
The mean residence time of particles depends on the height of tower. In small
cocurrent towers (2.7 m), the residence time amounts to about 10s [12], and in
large towers (22 and 35 m) with counterflow to 25-50s.

The viscosity of suspension plays a major role in optimal spraying, and is
adjustable by temperature, shear rate, and concentration. It should be noted that
by a dilution the viscosity decreases, but the cost of water evaporation increases
significantly.

83
Spray Drying Plants and Plant Safety

Some conventional spray-drying methods [13, 14], in which the product dries in
one step up to the residual moisture content, illustrates Figure 8.4. (A possible
residual drying in an integrated/flanged fluidized bed or belt dryer is described in
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Ref. [15, 16]). The used drying gas comes directly out of a burner or from a
heat exchanger, where ambient air is indirectly heated. The gas streams in co- or
countercurrent manner through the tower in comparison to the spray direction
(from above to bottom). The dried powder, originated from the atomization, is
separated in the cone, cyclone, or filter. By particle separation in the tower cone,
the dust filtering may ensue in an integrated filter on the tower top. Alternatively,
the air conveys the dust together with the powder into an external filter.

In the case of cocurrent towers, there are three possibilities for removal of the
drying gas: firstly the conduction of the air with the entire powder via the cone
into an external filter (good solution), secondly the conduction of the air with dust
through a centrally mounted discharge pipe (bad solution and vacuum cleaner
effect) or through a ring channel (neutral solution). The vacuum cleaner effect
leads to a removal of less dried particles out of the drying chamber.

In hot air towers, an energy recovery is possible to a limited extent. First, the heat
of exhaust gas may be used via exchangers to heat water (Figure 8.4b). This results
in little over 10% increase in the calculated efficiency. Caution, because excessive
cooling of the exhaust gas leads to a falling below the dew point and its starts to
rain in the area of tower. Second, it is advantageous to recycle a part of hot exhaust
air and make a mixture with the hot flue gas (Figure 8.4c). A bottom open tower
allows the inflow of cold ambient air, which cools the escaping powder.

During atomization of dissolved organic materials (dust-ex.), a responsible
engineer avoids all ignition sources and works additionally under inert conditions.
As inert gas is nitrogen in circulation (Figure 8.5) standard. Inerting with nitrogen
requires the dehumidification of recycle gas, which usually ensues in a scrubber by
decrease of temperature [16, 17]. A strong dehumidification needs a cool washing
liquid. Owing to the low level of water temperature, an energy recovery is not
worth. The compensation of gas losses through discharge of the powder requires
from time to time a feeding of further nitrogen.

Alternatively, it is possible to inertize the drying air with flue gas. For this
purpose, the cycle gas streams through the burner, where either natural gas or
oil reacts with oxygen from the air to carbon dioxide and water. This operation
also demands the dehumidification of the recycle gas. By permanent addition of
air/combustion air, a part of the circulating gas is suitably removed accordingly to
the mass balance.

Figure 8.4 Drying of suspensions in spray
towers with hot air (a) pressure nozzle -
countercurrent tower with two spray levels
and integrated filter; (b) the same tower with
energy recovery from the exhaust, numbers are
examples; (c) same tower with energy recov-
ery by recirculation of a portion of exhaust air;
(d) small cocurrent tower with pressure noz-
zles and external particle separation; (e) wide
cocurrent tower with pressure nozzles, rotating

disc, or pneumatic atomization; (f) fontaine
tower with pressure or compressed-air noz-
zle and with external powder separation; (g)
tower with integrated fluidized bed for drying
and agglomerating; supply a part of slurry at
the bottom possible; (h) tower with flanged flu-
idized bed for drying and agglomerating; and (i)
tower with flanged belt dryer for drying of pasty
products.
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Figure 8.5 Drying of suspensions with hot nitrogen or alternatively with air/flue gas in the
circulation mode: moisture removal by temperature decrease in the scrubber.

Figure 8.6 depicts three economic process alternatives for spray drying in
superheated steam, which means under inert conditions. Use of superheated
steam [18-20] is possible for all products that tolerate temporarily a temperature
of about 110°C. From 1994 to 2012, the slurry drying for detergents runs in a
28 m high tower in the countercurrent mode. The tower, implemented by Henkel
Austria in Vienna, realized a water evaporation of 6th~!. During production, the
oxygen content in steam indicates usually values lower than 1%. The operation of
tower takes place without exhaust gas, but with energy recovery via condensation of
the excess steam. A few years ago, Gea/Niro presented a cocurrent spray tower with
integrated filter out of metal mesh. Using superheated steam, this drying tower is
suitable for sterile work. Systems with external filters may also operate with steam,
as own large-scale pilot experiments showed.

According to Table 8.2, drying with superheated steam demonstrates a number
of environmental and economic benefits [20]. Steam drying means, drying gas
and evaporated liquid are identical. The steam gets the energy via an indirect heat
exchanging. By a superheater, the steam inlet temperature rises up to 250-450°C.
Thereafter, the hot gas flows into the tower tangential, often through a ring channel.
The superheated steam causes the evaporation of water from droplets, whereby the
relative humidity (water activity) increases to about 80%. In this process, the gas
cools down from 350 to 120°C. Same amount of water vapor, which evaporates
from the droplets, streams through a pipe to the heat recovery plant. There, by
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Figure 8.6 Drying of suspensions in spray towers with superheated steam (a,b) counter-
current and cocurrent tower with integrated filter, (c) cocurrent tower with external filter,
and (d) condensing the excess steam for recovering the energy.

generation of hot water (80 °C) ensues the heat recovery with a gain of 65-75% of

the used energy.

Because the temperatures at steam outlet and before fan (imaginary outside) are
the same, thermal efficiency is 1. (The burner for supplying the superheater shows
an efficiency of 85-90%, but this is separately considered as a rule). The thermal
efficiency results from ratio of heat of vaporization to heat supplied by the steam.
Steam drying requires the least energy of all drying variants taking into account

the energy recovery.
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Table 8.2  Advantages and disadvantages of drying with superheated steam in spray towers.

Pros Cons
Economics High efficiency Thermal stress of products, not suitable
for all
Energy recovery Extended startup and shutdown
Sterility Time-consuming product changes (in the

case of a tower cleaning)
Higher investment
Ecology Drying without exhaust No
Simple condensate treatment
Energy recovery
Product quality ~ Color (no oxidations) Increased stickiness of some products at
the tower cone

Sterility
Plant safety Inert atmosphere, no risk of No
explosion or fire
Process plant Closed plant Increased effort due to recycling, pressure
protection needed, and product
discharge difficult

8.4
Improved Capacity and Energy Consumption

An increase of capacity in a hot air-spray tower takes place on three ways. First,
higher inlet temperatures improve the thermal efficiency. The product and/or
exhaust quality or the plant safety set the upper temperature limit. The second
possibility consists in an increase of gas stream. Average axial gas velocity in a
countercurrent tower, equipped with single-fluid nozzles, may rise to values of
1.8-2m/s. For realizing this velocity in a “normal” tower, the engineer must
install a fan with higher power, a filter with increased area (attention: pressure
loss) and possibly also a more powerful burner. The third method for improving
the capacity is the use of many nozzles with small borings instead of a few with
larger borings. The finer spray, also reachable with increased spraying pressures,
leads to higher drying rates and improved energy efficiency.

The economics of methods depend on the energy consumption. Mass balances
of tower include the ingoing (slurry and hot air) and outgoing streams (powder
and exhaust gas). The heat balance is made up of the supplied energy for heating
the slurry (about 60—80°C) and the drying gas (supply of evaporation energy and
heat losses), as well as for the electrical drives. The feed pumps and in particular
the fans require motors and therefore electric energy. The atomization needs in
the case of single-fluid nozzles a high-pressure pump, for the rotating disc a large
drive or for twin-fluid nozzles a compressor, which generates compressed air.
Power consumption of the fans for gas supply into the burner and for exhaust gas
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or circulation should be included also. An open system loses a large part of the
supplied heat by the exhaust, and a small part over the discharged powder.

About the temperature levels (in-out and thermal efficiency), nozzles and their
arrangement, amount and flow of the gas as well as heat recovery from exhaust
gas, the energy consumption in the spray tower sets together and is influenceable
(Table 8.3). The following examples demonstrate some experiments and measure-
ments, which originate mainly from two different spray towers. The first one shows
a height of 25 m with a diameter of 4.5m and equipped with an integrated filter,
the second tower a height of 45m with 6.5m diameter and an external filter.
Both are countercurrent production towers. The experiments took place always
during production. Production means the drying of detergent suspensions with
solid contents of about 65% and water evaporation between 3 and 12th~!.

A controlled flow of gas provides the possibility of reducing the energy consump-
tion in spray towers, especially in countercurrent operation mode. There are three
characteristics of drying gas to observe, namely, the formation of wisps and swirls
and the central flow. In large towers (d>4m), the mixing of centrally flowing
hot gases with colder, near-wall streams does not happen by itself. Therefore, air
flows in different wisps through the tower. This can be demonstrated through
measurable hot air wisps, which are detectable above the spray area and even in
the exhaust pipe.

The swirls arise from changes in the flow direction and in particular by a strong
contraction at the gas outlet. The gas outlet, located at the edge of the tower, forces
the flow to a 90° deflection under strong contraction. This causes, noticeably, an
asymmetrical flow profile in the upper part of tower and the swirls. Oscillations

Table 8.3  Ways for reducing the energy use at a spray tower.

Method Execution
Reduction of the central Flow control
flow of gas Arrangement of the nozzles
Gas feeding
Extending the residence Height of tower
time Tangential swirl flow
Increasing the number of Higher amount of suspension per cubic meter drying gas
droplets More (finer) nozzles
Higher pressure
Improving the efficiency See points 3 and 5
Higher flow velocity

Flash drying, use of a suspension above 100°C
Drying with superheated steam
Higher inlet temperature
Heat recovery Heat of exhaust for preheating of slurry water
Recycling of a part of exhaust gas into the burner
Condensation of excess steam for superheated steam drying
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Figure 8.7 Measured local gas velocities in the exhaust gas channel.

in the tower induce some opposite running, extensive vortex that not only affect
the spraying, but also increase the amount of dust discharged into the filter.
Improvements would be a tangential, or still better, a central outlet in the flow
direction with gradual constriction. These appropriate modifications of installation
reduce the irregular high flow turbulences. The asymmetry of the flow continues in
the exhaust duct, as Figure 8.7 shows, as differences in velocities and temperatures.
A more uniform gas exit minimizes all turbulences. The tangential gas inflow
and/or the radial-tangential arrangement of the nozzles as well as the addition
of swirl air, generates a powerful rotational flow over the whole tower area. This
rotational flow influences the gas flow through the tower, contributes to a more
uniform flow and to a better mixing of cold and hot air wisps.

The central flow of air shows Figure 8.8, which reproduces experimentally
detected values during production. The actual flow rate depends on the position
and temperature. The flow varies not only along the tower, but also along the
diameter. Near to the outer ring channel for supplying the hot air, maximum
velocities occur, measured in a distance of 0.35 d away from the tower wall. Close
to the wall, there is a downward flow. Furthermore, a not fully symmetrical flow
profile arises, particularly in the cone. Where the hot gas flows, should be the
atomization cones, distributed symmetrically over the entire spray space (area
of the transition from liquid to solid state). By the length of nozzle fittings and
their inclination, most of the sprays should be focused on the central region. This
arrangement can eliminate largely hot wisps of the gas [21].

Figure 8.9 displays measurements of the tangential flow in a tower under
production conditions. Maximum values appear at 0.35-0.40 and from 0.65 to
0.70d, zero for the center and rather low values near the wall. A marked asymmetry
in the cone has been observed, probably due to the specific tower geometry.
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periphery: 0 and 1, center: 0.5; parameters:

To extend the residence time and to increase the mixing of drying air with
the air inside, a tangential flow is applied, called swirl air. This occurs by a
special supply of 10-30% of drying air through a separate pipe, preferably added
tangentially in the ring channel. The swirl air causes a stabilization of the flow
through the tower and a deflection of spray cones from radial into the tangential
direction in accordance with Figure 8.10. The images made with an IR camera,
show the nozzles and the flow of the droplets. It can be seen that in the region
of maximum tangential speed arises a rotation of the atomized droplets around
the tower axis. Also, two images prove hot air wisps, which move around the
center, indicating reduced energy efficiency (heat losses). The resulting particles
move downward helically on the tower wall in straggly clusters. Depending on
strength of swirl flow, a straggly movement of particles begins ~1m below
the spray level, and leads to the desired extension of residence time. On the
way down, residual drying happens of about 12-15% down to 3-5%. There the
particles agglomerate, partly also dust from abrasion. Measurements of particle
density in a running tower as function of location with conventional methods
and with laser reflection revealed that below the spray space almost no particles
exist in the tower center. They are all located close to the wall and directly on
the wall.

Numerous experiments (more than 50) at the production tower (d=4.5m and
hot air) verify the dependency, depicted in Figure 8.11. Namely, that the specific
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Figure 8.9 Tangential flow velocities in a counterflow tower, operating with swirl air, in
dependence of the position along the tower diameter. Positive velocities: arrows point from
left to right and negative velocities: arrows from right to left.

energy consumption decrease by increasing the spray density (= droplet density).
That means an increasing throughput of suspension per cubic meter per hour
drying gas, with identical moisture content of product up to a limit, reduces
the specific energy requirement. Presumably, the local turbulence (momentum
exchange) improves significantly. This measure works in many recipes, requires
adjustments to the inlet temperature and/or pressure as well as especially to nozzle
sizes, number, and location, and brings a significant increase in performance of
spray towers. Spray drying with air allowed in detergent counterflow towers a
maximum thermal efficiency of about 74%, the max. values in cocurrent towers
are 70%. Limitations are the safety and the quality.

The efficiency improvement by a flash drying [22, 23] is a development, done
at the beginning of the 2000. This technology is worthwhile for temperature-
insensitive materials for spraying with single-fluid pressure nozzles. Implementing
this technology ensues by installation of a suitable heat exchanger (with baffles)
for the suspension. Heating up happens under pressure in the temperature
region from 120 to over 200 °C. While spraying, the so-supplied energy causes
lossless water evaporation. The residual moisture must be removed conventionally
with the hot drying gas. The drying gas is in almost all cases ambient air,
heated up directly in a burner. Another positive aspect applies the increase
of throughput, reached in this way at the same facility. An example displays
Figure 8.12.

173



174 | 8 Product Design Out of Continuous Phases by Spray Drying and Crystallization

Tower
head

Exhaust gas

R e — . (to filter)
camera )

—<— Slurry

Figure 8.10 View with an infrared video nozzles; (b,c) operation with seven nozzles;
camera into the spray area of a counter- white spots in the middle means the break-
current tower (camera is located above the  through of hot air wisps, the real flight direc-
nozzle level, see the depiction above). Air tions of sprayed droplets are indicated in

inlet temperature 250°; operation with swirl  (b,c) with white arrows, and (d) shutdown,
air, tower equipped with seven nozzle fittings no active nozzle, most recently sprayed parti-
through the tower wall (a) startup with three cles rotate still in the hot cone.
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Figure 8.11
water per square meter tower area and hour (measured with detergent suspensions).
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Figure 8.12  Flash spray drying with increased efficiency: (in this example: energy saving > 25%),
route 1-2: heating, 2—3: adiabatic relaxation during spraying, and 3—4: evaporative cooling to
drying temperature of the particles.
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8.5
Influencing the Product Design

Fixing of product design in the spray tower first requires detailed knowledge of all
processes in the spray tower. These can be obtained through sensors (Figure 8.13)
arranged in the spray tower (Figure 8.14). The sensors help to control the procedure,
and facilitate the reproducibility of products.

For adjustment of major particle properties (Figure 8.15), there are a number
of setscrews. The performance, esthetic and dispersive properties must fulfill the
specifications. Controlling the particle design is possible to limited extent. First,
some critical properties depend strongly on materials and not so much on spray
conditions, like the bulk density. Secondly, a complex structure formation takes
place during the solidification, practically unalterable. Thirdly, it is possible to
adjust in most cases the particle size distribution, the residual moisture content
and some other properties within limits. Therefore, the knowledge of spray drying
fundamentals and chemical substance properties as well as targeted pilot tests is
essential for the optimization.

Nevertheless, a careful selection of suitable spray equipment and of operating
conditions (Table 8.4) facilitates the settings. If the sprayed powder with respect
to particle size, shape, flowability, moist content, solubility, or bulk density does

| o e®
\
Tower !
wal " Powder
1 2 3 \7
- A 7777, I N e
. -7 . Il
2
4 2 %)
I 8% 6/ v
0
(Outside) # IV (Inside)
10
Figure 8.13 Smart sensors for measur- Polytetrafluoroethylene (PTFE) tube for pres-
ing the gas velocity, temperature, humid- sure transducers; 5: second temperature
ity, pressure difference, and powder weight measurement; 6: vane anemometer; 7: weigh
1: measuring device; 2: relative humidity cell; 8: PTFE seal; 9: drying air in; and 10:

and temperature; 3: pressure difference; 4: drying air out (Courtesy of Ovid Dicoi).
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Figure 8.14 Countercurrent two level spraying tower for detergent powders, equipped with smart sensors: P, dP: pressure and pres-
sure differences; F: flow; D: density, solid content, and viscosity; T: temperature; RH: relative humidity with temperature TH; X: water
content in the powder; and ds: particle size distribution (Courtesy of Ovid Dicoi).
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Figure 8.15 Main parameters of the product design for spray-dried particles.

Table 8.4  Options for controlling the product design in spray drying.

Influenceable operation Manufacturing variants
parameter
Drying gas Air (dry and moist)
Air/flue gas
Nitrogen
Superheated steam
Spray conditions Nozzles (type, number, levels, and arrangement)

Spray pressure
Local pressures and temperatures in the tower
Gas velocity
Slurry concentration, viscosity, density, and surface tension
Sizes of suspended particle
Tower geometry In- and outlet of the gas
Diameter ratios: spray cone to tower and diameter to height
Cone
Filter integrated or external
Powder discharge
Mode of operation Cocurrent without/with swirl flow
Countercurrent without/with swirl flow
Fontaine
Follow-up treatment Airlift
Sieve and sifter
Fluidized bed
Coater
Belt dryer




8.5 Influencing the Product Design

not fulfill all requirements, the properties may be adjust by grinding, compact-
ing/grinding, granulating [24], granulating/drying in a fluidized bed [25], and/or
surface coating [26].

8.5.1
Choice of Atomizer and of Operating Mode

The choice of atomizer and type of atomization determine the particle size as well
as the distribution (Figure 8.16). The atomization of a liquid with pressurized gases
(compressed air, nitrogen, steam, or carbon dioxide) generates in the so-called
twin-fluid nozzles extremely fine droplets, especially utilizing liquid carbon dioxide
in the spraying process. Liquid carbon dioxide works if the product is soluble in the
system and decreases the viscosity of liquid [27-29]. Therefore, twin-fluid nozzles
are used in coating plants [26] and fluidized bed agglomerations [9, 25]. Very fine
droplets arise with several small nozzles. An increase in the spray pressure also
results in finer droplets. Advantageously, both methods can be applied.

The atomization pressure in twin-fluid nozzles (range 1-10bar, standard
2—6Dbar) significantly affects the mean particle size. High pressures promote
the formation of fine droplets, but worsen the profitability. In all atomization
procedures, the viscosities of fluids and thus their concentration limit the desired
droplet formation. The limits are often in the range of 35% solids (milk) up to 70%
by weight (simple detergent formulation).

Centrifugal atomizer cannot clog. They work in the cocurrent mode and manage
well liquids with relatively high solids contents. The liquid is supplied to a rapidly
rotating disc (30~75 m s~! tip speed), where the liquid film breaks off by centrifugal
forces at the edge and constitutes fine droplets. Disc atomizers run in wide towers
to minimize the caking. Due to moving parts (drive, disc as ignition sources) arises
an explosion hazard. Drying of organic matter requires an inerting with nitrogen.

Countercurrent
Cocurrent
Single-fluid nozzles
>
Rotating disc atomization
—_—
Twin-fluid nozzles
| | | | >
| | | | -
0.001 0.01 0.1 1

> Particle size d (mm)

Figure 8.16 Particle sizes depending on the atomizer and gas guidance.
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Depending on material, the choosing of wheel diameter and the rotational speed
enables an adjustment of average particle sizes in the range of 30-250 pm.

Relatively coarse particles in broad distribution are producible with single-fluid
nozzles in a countercurrent tower. To achieve the objective, the operator uses
nozzles with large borings and atomizes with low pressures (5-25bar). With
use of towers with pressure nozzles, a piston pump builds up the pressure of
atomization (5-150 bar, preferably 25-70 bar) in the supply line. The suspensions
atomize commonly in several hollow cone nozzles. Choice of smaller holes in the
nozzles, of higher pressures and larger spray angles lead to finer particles. Fine
particles in relatively narrow distribution with improved form factors result from
countercurrent drying with flash support. However, here nearly dry particles pass
through the hot gas inlet zone. The thermal stress is high. Possibly, in the drying
process occur tacky particles, depending on the material. Particles may adhere on
the hot tower wall and build up cacking, a big problem in spray drying.

Processing of temperature sensitive formulations requires the use of a cocurrent
spray tower. Here, the efficiency is lower. In cocurrent mode, hot drying air meets
on the just formed droplets, so initially the water evaporates without strong increase
of the particle temperature. In this phase, gas temperatures decrease significantly.
The drying is gentler. Dried particles from the cocurrent tower, compared to
counterflow, are finer and lighter, and therefore significantly more particles fly
into the filter. Fontaine atomizing runs in rather small towers and represents a
hybrid between counter- and cocurrent. Accordingly, with pressure nozzles emerge
particle sizes in the range from 100 to 500 pm because of the overlapping of two
flow types.

The particle size distribution can be classified in desired dimensions by sieving
the over- and undersize. As dust removal is costly, in many productions only
screening of the coarse grains takes place.

85.2
Material Dependence of Particle Design

To investigate the material-depending behavior of particle formation and design,
numerous attempts have been carried out in a small drying channel. In this
laboratory plant, made of glass, also the drying kinetics was measured (Figure 8.17).
For measurement, an about 2 mm large droplet is placed on a platinum loop, nearly
in contact with the tip of a thermocouple. A microbalance offers a connection to the
platinum loop, which registered the weight of the drops as function of drying time
and separately the temperature. The drying process was filmed by a video camera.

Particle design depends, largely unalterable, on the chemistry of atomized
material. The substance-dependent structures arise during the drying process and
determine particle shape and porosity, flowability, and bulk density. Probative
images depict Figure 8.18, in which the drying of three drops was monitored by
a video camera. The drops were hung up on a platinum loop at the end of a hot
air channel.
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Figure 8.17 Laboratory facility for measuring the drying kinetics of different droplets (Cour-

tesy of Ovid Dicoi).

Figure 8.18 Drying of droplets, hung up in
a platinum loop, with hot air in a labora-
tory flow channel; measurement of droplet
weight, the time and the temperature, at the
same time video recording for the documen-
tation: Drop in a platinum loop on weigh-
ing arm; lower wire right: thermocouple;

droplet diameter about 2 mm; air temper-

ature around 200°C; flow rate of Tms™'.

]

Product 1: water glass solution 37/40, 2:
sodium sulfate solution; 3: detergent suspen-
sion; (a) immediately after start of drying,
and (1d, 2¢, and 3c): drying end, images are
taken from the video recordings.
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The top row of the images shows a clear translucent drop, which arose from
water glass solution. This droplet swells in contact with hot air (200 °C) powerful,
and forms more bubbles. The dried product, consisting of thin, milky fragments
of the hollow spheres, had an extremely low bulk density between 15 and 150 g1~1.

The middle row illustrates the drying of dissolved sodium sulfate. In hot air, the
droplets evaporate water until the crystallization at the edges occurs. Finally, free
water disappears, and later, also the crystal water. This results in a total shrinkage of
the drops. Crystals grow up on the loop and form new shapes. A crystal formation
point to a rather high bulk density (about 800 g1-1).

Images in the lower part of figure explain the drying of a slurry droplet (solid
content: 65%), derived from detergents. This swells up visibly after the initial
contact with hot air, but then remains constant in size until the end of drying.
Crystallization cannot be seen; the particles exhibit amorphous structures. This
behavior is typical for powder with bulk densities ranging from 300 to 600 g1-!.

An example for drying of an aqueous polymer solution illustrates in Figure 8.19a.
The evaporated water leaves behind a slightly shrunken, amorphous particle having
a smooth surface, which, however, has some cavities (craters). The right picture dis-
plays the dried droplets of an anionic surfactant. During drying, the size increases
and some craters arise. The five examples demonstrate that every substance dries
material-dependent differently. Based on physical and chemical properties, the dry-
ing behavior cannot be predicted, also not the characteristics of resulting particles.

Another example of material dependency represents sodium carbonate with the
big changes of density. During the drying of a solution, short-term originates the
decahydrate from the supersaturated solution at temperatures <32.5 °C with a den-
sity of 1.44 gcm™3, afterwards the heptahydrate with 1.51 gcm™3, subsequently at
temperatures >35.4 °C the monohydrate with 2.25 g cm =3 and finally the anhydrous
product at the conversion point of >107°C with 2.53 gcm™3. It follows, that the
density almost doubles during drying (same mass — half volume). Conversely, the

Figure 8.19 Droplets to particle by drying in the start, dried about 1.8 mm, 150°C inlet
a laboratory hot air channel, hung up on a  temperature, 1ms~' air speed), and (b) a
platinum loop. (a) sodium salt of an acrylic  particle of the sodium salt from the alkyl
acid copolymer (~2mm droplet diameter at  benzene sulfonic acid (150°C, Tms™").
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solid structures change appreciably by absorbing moisture and increasing volume,
even if particles contain sodium carbonate only in subordinate amounts.

The observation of drying in the laboratory flow channel provides indications
for the crystallization and structure formation in the drying process as well
as for the kinetics. The behavior of sprayed droplets, which are an order of
magnitude smaller, may differ due to higher drying speed (larger specific surface).
However, all dryable 2-mm drops in laboratory are in any case also dryable
in spray tower. According to product images, the powders differ not only in
particle size and distribution, but also in shape as well as in their agglomeration
behavior.

A look at different products indicates that inorganic materials frequently form
a spherical shape and rarely agglomerate, in line with Figure 8.20. With some
exceptions, these substances dry easily with high tower inlet temperatures and
increased throughput in co- or countercurrent towers. In contrary, drying of
organic materials do not allow high product temperatures, otherwise chemical
reactions occur (discolorations, decomposition, and oxidations). Organic materials
and organic/inorganic mixed products tend to agglomerate, especially if sticky,
plastic phases appear during drying. Formed from the primary particles, the
agglomerates differ significantly in size and shape and lead to a broad particle size
distribution.

Shortly after beginning the drying process, droplets of some organic substances
or formulations form impermeable, more or less dry and ductile layers at the
surface. These layers impede the removal of moisture. Further drying is controlled
by diffusion with low mass transfer rates. In this case, finer spraying assists the
drying, possibly after changing the atomization equipment. Recommended is the
use of a disc or better of two-fluid nozzles, and to dry faster (cocurrent and high
input temperature). Other hand, drying takes place in combination of a spray tower
with a fluidized bed or a belt dryer. Alternatively, in difficult cases, the use of a
thin film dryer (centrifugal dryers) often provides good results, but the dry particles
become very fine.

(@) S ' ©

Figure 8.20 Product images from cocurrent towers after nozzle spray drying (a) inorganic
material: aluminum oxide; (b) organic matter: dye; and (c) titanium dioxide (rotating disc)
(Courtesy of GEA/Niro).
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8.5.3
Agglomeration of Droplets and Particles

When spraying a suspension in usual concentration, that means for detergents a
solid content of about 50—70%, the produced particle size distributions are not iden-
tical to the size distribution of droplets. They differ due to agglomerations during
the drying process. It follows, that the distributions of dried powders are wider with
increased mean diameter, in comparison to the droplet distributions. Shrinking
of droplets, proved in many cases at individual droplets, is not observed for the
particle collective after measurements at the outlet of spray tower (Figure 8.21a).
The agglomeration is stronger than the effects of drying. About the process, it is
possible to shift the curves of the cumulative distributions for the droplets as well
as for the particles. Changing of operating conditions and/or of equipment lead to
modifications of sizes in limits, but the differences remain for substantially same
formulations.

Two different mechanisms effect the particle enlargement. Firstly, the plurality of
used nozzles with the partially superimposed spray cones increases the probability
of droplet coalescence or fusion of a droplet with a particle. This influences
the agglomeration only in small extent, because the droplets collide elastically
without flowing into one another. Secondly, during the drying with still high
residual moistures, particle agglomerations play an essential role. The evaluation
of agglomeration behavior reveals that the fine particles below 100 pm remain in
same size, because they dry very quickly. However, the big particles enlarge even
more in volume (up to a factor 6); preferably if more large drops are present and
the particles contain high moisture contents. Agglomerations occur frequently by
stickiness of particles during the drying process. This can be reduced by injecting
dry powders (flow aids). In the theoretical case, that drop coalescence/agglomeration
do not depend on size, then, the two curves in Figure 8.21a would run parallel and
not move further and further apart with increasing diameters.

The shape factor, derived from the ratio of largest length to smallest diameter,
depends only a little on particle size, indicates more or less constant values.
It shows in the range of <100pum minimum values, increases to 200 pm to a
maximum (0.73), and then remains constant from 500-900 pm at just over 0.7.
The agglomeration does not change the particle shape perceptibly.

8.5.4
Recirculation of Coarse Particles and Dust

The particle size distribution of tower powder is set by the screen mesh size for
over- and undersize. Figure 8.22 displays the possibilities of recycling the materials.
In the detergent industry, in usual manner a sieving of 2—5% oversize particles
takes place, additionally to small amounts of incrustations, spalled from the tower
wall. Some wet particles adhere at the hot tower wall during drying and constitute
very hard and discolored caking. The amounts depend on the stickiness of moist
particles and process control, but also on the wall material.
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Figure 8.22 Alternative pathways for processing of over and undersized particles from the
spray tower.

The oversize goes back either into the slurry-mixing tank to dissolve or into a
mill. From there, the regrind flows after sieving directly back into the process.
According to the setting of mill, the distribution may change adversely by increasing
amounts of dust. The dissolution of outsize ensue in the slurry tank, and however,
leads advantageously to no change in particle size distribution and therefore also
not in the aesthetics, but costs more money for additionally water evaporation.
Alternatively, conveying air carries the undersize and ground material direct into
the spraying zone. Fine particles remain often in the product although they worsen
the quality.

In the case of integrated filter, after jet cleaning of filter bags the airborne dust
moves back into the spraying zone. Here, dust may adhere at the droplets. In
all other cases, which means with external exhaust purification, the conveying air
blows the separated dust directly into the spray zone. This statement is valid for
both the co- and the countercurrent tower. Most favorable for addition of dust is
the spraying space, in which the droplets convert into moist particles.

A trouble-free application of product requires the previous separation of dust.
The term “dust” is not defined exactly, but it represents a negative characteristic.
Product-dependent, dust means particles smaller than 50 or 80 or 150 pm. Addi-
tional removals of fine particles with a sieve or a sifter is complex, but leads in
most cases to significant product advantages (dissolving, incorporating, dosing,
conveying, etc.). Again, the two alternatives exist, such as the recycling in the spray
zone or in the mixing tank. The properties of produced products help to determine
the better method.
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8.6
Scale-Up of Spray Dryers

A scientifically based scale-up from laboratory to industrial scale is not possible
in the spray drying. Laboratory nozzles differ distinctly in size (geometry, nozzle
diameter, type, spray cone, and power requirement) from the nozzles, used in
production. In a laboratory spray tower, many suspensions form powders, which
are not representative of the large scale. The resulting material is suitable for
a pre-selection of application properties. Important characteristics such as the
particle size distribution, bulk density, and flow behavior, furthermore solubility
and residual moisture do not represent the product out of a production plant.
Proceeds the drying in the laboratory system not completely, this does not mean
that it will be the same in the production plant. While conversely, positive laboratory
tests likely make a practicality in production.

For production, the correct nozzle choice is the key for a trouble-free atomization
and for the manufacturing of free-flowing powders. If unknown, the responsible
engineer selects an appropriate nozzle in cooperation with a competent manufac-
turer. The choice takes into account the geometry of production tower and the
required throughput, further a possible arrangement of nozzles/nozzle assemblies
as well as the desired particle size distribution. An optimal nozzle allows a uniform
atomization into fine droplets, at a throughput, which is 3-33% of the required
tower capacity. One of these suitable nozzles (exceptionally smaller), checked on
a test stand with the representative suspension, operates for many tests in a pilot
plant. The pilot tower is geometrically similar to the production, has a minimal
diameter of about 2m (often larger). This size is necessary, due to the capacity
of selected nozzle with the necessary amount of gas for the evaporation of water,
furthermore owing to the width of spray cones.

Number and arrangement of selected nozzles and required amount of process
gas for the supply of evaporation heat and losses determine the diameter of process
plant. The developer calculated the minimum diameter from three parameters:
first, the quantity of evaporated water, secondly the thermal efficiency limited by
maximum inlet temperature and thirdly taking into account the known or to be
determined maximum gas velocity in the tower. The height of the tower or the fall
distance, estimated from the particle fall velocity and from the required residence
time for drying, is determined and verified experimentally.

The pilot plant, designed as replication of production plant in all relevant ways,
comprises several functions: first, to examine the operating parameters regarding
to the atomization and guidance of gas as well of the formed and recycled
particles. Secondly, the pilot plant enables an optimization toward the desired
product properties. This basis permits a designing of the production plant. Thirdly,
particles from the pilot plant, produced under adapted production conditions,
correspond to particles out of the production tower in many parameters. This
allows producing the required product samples for necessary application tests.
Some points for scale-up display Table 8.5.
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Table 8.5  Scale-up parameters for spray towers.
Parameter Pilot scale Production plant
Tower Calculation of h via the Geometrically similar to
Height h residence time; of d via the the pilot plant,
Diameter d diameter of spray cone including the inlet and
Supply and discharge of taking account the average outlet lines
the gas flow velocity
Cone and product
discharge
Nozzles Selection on theoretical About 3-35 nozzles,
Type, size, number, and considerations and depending on the
arrangement experiments, pilot studies scale-up factor; located
Pressure of liquid or with a production nozzle near by the center,
propellant (identical in type and size); spraying in the direction
Throughput centrally deployed; of center, using the
Viscosity experimental determination determined settings
Specific flow density of optimal settings from pilot scale
Temperatures
Gas Calculate the amount of gas, Extrapolation of measured
Velocities (axial and based on the amount of values and gas runs
tangential) evaporated water, comparable
Air, inert atmosphere: maximum temperatures,
nitrogen, steam with and gas velocities;
recirculation measurement of exhaust
Co- or countercurrent contaminations (actions
Temperatures necessary?); determine the
Airlift (cooling) gas flow in dependencies of
Exhaust purification plant safety, product
Heat recovery properties and caking;
influence the gas flow by a
controlling the swirl flow
Product Focus in the pilot tests on Optimized and
Properties desired/required product extrapolated settings are

Application and dispersity

Residual moisture

Possibly further treatment
in a granulator,
fluidized bed, mill,
or coater

Separation, discharge, and
caking

Recycling of over- and
undersize

Blowing in of adjuvants
and dust

properties, evaluated
according to the application
and physical-chemical
parameters; decision on
installation of downstream
processes; process
optimization for high
product quality under safe
operation conditions; fixing
of optimal parameters for
the product and operations

taken




8.7 Exhausted Air and Waste Water

A major problem during the spray drying represents the materials, which may
clog the nozzle or enlarge abrasively the nozzle boring. They may be responsible for
caking on the tower wall and influence the drying characteristics. Caking depend
on the recipe, of blowing in of adjuvants, operating conditions and choice of tower
materials. Ultimately, caking constitutes an optimization problem — they are not
entirely preventable. Therefore, scale-up experiments are carried out carefully over
a long period, also with the objective of minimizing hard films on the tower walls.

8.7
Exhausted Air and Waste Water

Not only water evaporates from the atomized droplets, but also other substances
with significant vapor pressure enter the gas phase. Sampling with gas mice from
the exhaust are complicated, without heat tracing of the lines. Because then the
measurements exhibit values, that are an order of magnitude less than the actual
load. These substances are mostly steam volatile organic compounds. In accordance
with the German exhaust regulation (TA-Luft) of 2002 [30], the load of exhaust air
with organic, non-classified compounds (organic C) may not exceed 50 mgm™3.
Additionally, the exhaust often also contains aerosols and small amounts of fine
dust, which passed the filter bag. The authorized dust load of 20mgm~3 for not
classified solids can easily fall below with modern filter fabrics, but not reliable
with cyclones during changing operating conditions.

When exceeding the limits of organic C, various actions (Table 8.6) are available.
The lowering of tower inlet temperature of process gas is only a small setscrew
for the regulation. This measure worsens the thermal efficiency. Meaningful is a
modification of the formulation and process. That means, a partially or completely
removal of the responsible organic substance ensues from the suspension. The

Table 8.6  Ways to reduce and to prevent the organic C-load in exhaust gas.

Ranges of measured Measures
values (mg m~3)

<100 Lowering the tower inlet temperature
<250 « Shift the slurry formulation
« Gas scrubbing
<300 Partially recirculation of the gas
o Air
« Flue gas/air
All ranges Completely recirculation of the gas (no exhaust)
« Nitrogen

Recirculation of the main stream, discharge of
excess steam (no exhaust)
« Superheated steam
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necessary addition of these substances occurs downstream, by spraying on the
dried powder.

Another option represents a scrubbing of the hot exhaust air (70-95 °C). There-
with the needed process plants not become too large, scrubbing runs with cold
water drops and high gas velocities. The aerosols, formed by cooling in the scrub-
ber, can be dejected with the help of water droplets. Unfortunately, the separation
is just in the interesting range of 0.5-5 pm particularly poor, so it is not simply to
press a value of about 300 mg m~ reliable to less than 50 mgm™3.

At high loads of the gas with organic C, only the circulation mode prevents
exhaust gases. The use of nitrogen requires the scrubbing of entire cycle gas, that
is, a large scrubber. Working with superheated steam, the mainstream flow in the
cycle, while only the excess steam condenses, which evaporates from the droplets.
For energy recovery, the condensate of excess steam flows in a circulation from the
scrubber to heat exchanger and back. Excess condensate runs into a tank, where
the deposited organic compounds can be skimmed off. The organic C-load of the
aqueous phase is often lower than municipal wastewater; otherwise, it makes sense
to clean the water with a membrane unit.

Also spray towers with hot air in open passage operate normally without
wastewater. The wash water from the tower cleaning runs back into the slurry tank,
so that a completely recycling is guaranteed.

8.3
Spray Agglomeration

A special case of spray drying represents the fluidized bed spray granulation.
Starting materials in the fluidized-bed are some granules from the last batch.
The valuable substance is dissolved or suspended in a liquid. After spraying,
water evaporates during the drying process in contact with hot air. The very
fine atomization (about 10-20pm) is generated in twin-fluid nozzles. Unlike
the coating process, droplets impinge on particles of same composition. Due to
constant spraying of new layers and simultaneous drying, granules arise with an
onion structure.

The agglomerations of two or more particles, forming large structures, are
undesirable. Also, breaking of particles, abrasion and complete drying of sprayed
droplets before impact should be avoided (Figure 8.23). In fluidized bed arising dust
(abrasion and dried spray) streams with the air into the filter and returns from there
back into the spray zone by a jet cleaning of filter bags. There exist descriptions
of fluidized bed spray granulation with theoretical aspects and practical treatments
[9, 25]. The modern method is suitable for difficult drying substances as well as for
preparation of an optically beautiful particle with a dense structure and relatively
high bulk density. Interestingly, the procedure forms spherical particles, which can
be set in the average size with the help of a classifier at the discharge. In many
cases, the mean diameter ds, lies in the range of 0.4-1.5 mm.
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Figure 8.24 Process flow diagram of a fluidized bed granulation with integrated classifier
and dust recycling (Courtesy of Glatt).

The process flow diagram depicts Figure 8.24. It contains the recycling of dust
and the discharge of product after an integrated sifting and cooling in the small
fluidized bed. In production plant follows usually a sieving of the cooled granules.
The oversize material is recycled into the fluidized bed after grinding, for example,
in a rolling mill.

8.9
Crystallization /Precipitation

As a unit operation of process technology, crystallization represents an interesting
design technology and allows many ways of particle formation. The materials
precipitate controllable out of the solution by an adjustable degree of supersatura-
tion, preferably after addition of seed crystals. Crystallization enables a recovery of
valuable products, concentration or purification of materials in the chemical and
pharmaceutical industry as well as in food technology. Table 8.7 shows various
methods. Crystallizations are possible from solutions, melting, and amorphous
solids or out of gas phases as well as by recrystallization of redissolved crystals.

Crystallization from the solution, consisting of nucleation and crystal growth,
can be controlled, depending on the material, in direction of a suppression of
crystal growth. Therefore, the engineer sets the operating and supersaturation
conditions accordingly, possibly assisted by addition of suitable substances. This
results in very fine powder with a low degree of crystallinity. The opposite is also
possible. By promoting crystal growth, large shaped crystals can develop also great
monocrystals.
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Table 8.7 Methods of crystallization from the solution.

Crystallization type Technical process

Cooling crystallization Cooling the solution

Evaporative crystallization Evaporating the solvent

Vacuum crystallization Evaporation of the solvent by depressurization

Displacement crystallization ~ Addition of a substance that reduces the solubility

Precipitation crystallization Adding of a precipitant, reaction product is in
supersaturated state

Freeze crystallization Freezing out the solvent

The best example to demonstrate the variation of crystallization processes
represents sugar. In Central Europe, sugar comes out of the sugar beets by
extraction with water. After cleaning and boiling down the solution, in vacuo
crystallizes the sucrose. Nature of the solutions and operation of crystallization
generate different crystallite sizes, shapes, and colors (Figure 8.25). Specialty
products such as candy move around slowly in a crystallizing cradle for long time.
The brown color originates from the caramelization. Fine dried sugar serves as
starting material for powdered sugar, produced in a grinding process, and for
sugar cubes, arises in a compaction step. There exist in each case about 25 distinct

products for home and industry.

Figure 8.25 Sugar in various supply forms  Griimmel-candy; (h) crust candy; (i) white
(a) finest sugar (refined); (b) powdered candy; (j) brown sugar candy; (k) Kluntje-
sugar; (c) jell sugar; (d) conserve sugar; candy; and (l) sugar cubes (Courtesy of
(e) coarse sugar; (f) brown sugar; (g) Pfeifer and Langen).
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Figure 8.26 Possibilities for shaping crystals.

In sense of product design, the obtained crystals, separated from the mother
liquor, enable a redesign in several ways. For this purpose, the crystals are either
dried or solved again. Recrystallizations represent purification procedures, which
go hand in hand by an adjustment of size and shape, color, and flavor. Further,
crystals allow the manufacturing of concentrated solutions, powders, granules, or

molded body (Figure 8.26).

8.10
Learnings

y/ Spray drying is a world established method for the production of free-flowing
powders from solutions/suspensions. Adapted procedures allow particles with
average sizes from 25 pm (twin-fluid nozzle) up to 600 pm (single-fluid nozzle).

\/ Big production towers show diameters up to 12 m and heights up to 50 m. The

water evaporation may be in the range of 20-25th™!.

/ Several small nozzles are more effective than a few large and allow with

increasing throughput a reduction in the specific energy consumption.

/ During drying, the structure formation in particle depends strongly on the
formulation of solution and determines the product design (bulk density,

voidage, flowability, and stickiness).

\/ The developing particles are larger or smaller than the sprayed droplets. Due
to the agglomeration in the course of drying, usually larger particles emerge in

the dry product.

v/ The drying with superheated steam allows an inert, emission-free drying with

energy recovery.

\/ Many organic substances require an inert drying with nitrogen in the gas

circuit.
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The spray agglomeration offers more design options as the normal spray drying,
especially for the particle size, shape, and density, but is more expensive.
Sticky formulations dry in the spray agglomeration.

Different crystallization processes allow the preparation and purification of

crystallizable substances.
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9
Manufacturing of Application-Related Designed
Plastic Products

Summary

No other field offers more possibilities for tailor-made production of very different
products, as does macromolecular chemistry. There are a number of options
for controlling the properties during polymerization (Polymer Engineering), by
the addition of excipients (Polymer Design), and by variable shaping (Polymer
Shaping). This chapter deals with the design of polymers for the detergent
industry. First, suitable water-soluble polymers represent a part of the formulations
of detergents to improve the washing result. Second, there are foils for the
packaging of liquid detergent portions (PVOH, polyvinyl alcohol pouches). Third,
insoluble thermoplastic polymers (PE, polyethylene; PP, and polypropylene; PET,
polyethylene terephthalate) are needed as packaging materials for solids, pastes,
suspensions, and liquids in the form of laminated cardboard, boxes, bags, bottles,
buckets, and tubes. In all cases, the polymers can be tailored to suit the application.
Adjustments to meet the required physical, technical, and optical properties, such
as color, durability, elasticity or strength, and stiffness, are made during the
reaction and through additives. In an extrusion process, the plasticized or melted
material gets the product shape; any form (film, foil, hollow, or solid body) can be
produced. The packaging should conform not only in form and functions, but also
in aesthetics, relating to the specific brand and the designed color combinations,
as well as pictures and logos. The product design is the sum of these parameters.

9.1
Polymers

No other chemistry opens up so many possibilities for targeted production of one-,
two-, and three-dimensional products (see Figure 9.1), that is, fibers, films, and
molded articles, as does macromolecular chemistry.

In a chemical reaction (polymerization, polycondensation, and polyaddition),
monomeric organic molecules combine both with linear chains and with branched
and/or cross-linked structures. The individual polymer molecules consist of several
thousand monomeric units up to more than 1 million, depending on the reaction.

Industrial Product Design of Solids and Liquids: A Practical Guide, First Edition. Wilfried Rahse.
(© 2014 Wiley-VCH Verlag GmbH & Co. KGaA. Published 2014 by Wiley-VCH Verlag GmbH & Co. KGaA.
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Figure 9.1 One-, two-, and three-dimensional plastic products.

The fundamental understanding of polymer chemistry goes back to Hermann
Staudinger [1-3], who published pioneering ideas about the structure of polymers
in the 1920s. In the following period, development of new polymers and novel
synthesis methods has made rapid progress. In Germany, the industry produces
and processes more than 20 polymers, based on different monomers, in quantities
of 100 000 tons to 1800 000 tons/annum (2007).

Selection of monomers, the production process, the catalyst, and further the
operation conditions, allow a variation of material within wide limits. Physical
properties of plastics, which include malleability, hardness, elasticity, breakage
and tensile strength, temperature and heat distortion, creepage, and surface
resistance as well as the chemical stability to solvents and oxidants, and against
UV light further improve depending on the composition of different molecules.
However, the chemistry and reaction engineering help adjust the physical and
chemical properties and the downstream modifications of polymers by admixtures
(compounding) offer other opportunities for the optimization of technical key
figures and the aesthetics of plastic products.

The shape of a product arises through various methods, depending on the
plastic and the intended use. After polymerization and compounding, the widely
deployed thermoplastics occur usually as granules by extrusion. After melting of
these granules at the industrial customer’s end, the product shape originates at the
extruder head through holes, slots, or flanged tools with cooling.

For thermoplastics, three stages exist to the final product (Figure 9.2): the
production of the polymer (synthesis), its modification with additives, and the
transfer into the application shape; all three steps occur in parallel. The coordinated
processes allow targeted manufacturing of performance-oriented products and
are responsible for the complete product design. The processes comprise diverse
syntheses (polymer engineering) and polymer design by the addition of excipients as
well as by polymer shaping, possibly supported by a blowing agent. These processes
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Figure 9.3 Composition and characteristics of the product design in plastics processing.

lead to the three characteristic features (see Figure 9.3): aesthetics, handling, and
performance [4]. Polymer engineering at the molecular level determines the
product’s performance.

9.2
Importance of Plastics

The consumer encounters plastics in daily life in almost all products. Computers
and television, cars, tires, telephones, and hobby and household appliances contain
tailored polymers, as also liquids for the care of skin and hair, for cleaning the
dishes, kitchen, and bathroom as well as the drains. Macromolecules operate as

199



200

9 Manufacturing of Application-Related Designed Plastic Products

active agents and viscosity regulators. Consumers buy all cleansers as well as liquid
and solid foods (water, yogurt, cookies, and chocolates) in plastic containers. The
plastic bag is established as a carrying bag for shopping. In technical fields, many
objects in the household consist of plastics, such as window frames, insulations,
and gaskets, pipes, carpets, paints, and adhesives.

Many plastics are made in a custom shape and quality. They reach the consumer
directly. A typical example is the glass-like water cup from high impact polystyrene
(PS), which does not break and cause any scratches or spillings when dropped.
The variety of polymers as well as the opportunities for targeted adjustments to
specific parameters makes these materials universally useful. After the amount
of steel produced (over 1 billion tons/annum [5]), which often goes in the capital
goods sector, plastics represent the most frequently used material.

Many well-known plastics are made from molten thermoplastic polymers
(Table 9.1). The melt presents the particular advantage that it runs via extrusion into
any shape. In this way, it is possible to realize almost every requirement through

Table 9.1  Known thermoplastics, elastomers, and duromers: (highlighted: in the detergents
industry used for packaging, adhesives not included).

Thermoplastics (fusible, soluble, Elastomer (infusible, Duromer (infusible,
and non-crosslinked) insoluble, swellable, insoluble, closely
and widely crosslinked, and
crosslinked) thermally stable)
Polyethylene Polyurethane Natural Polyester
(PE) (TPU) rubber (NR) (resin) (UP)
Polypropylene Polymethyl- Styrene- Epoxy resins
(PP) methacrylate butadiene (EPs)
(PMMA) rubber (SBR)
Polystyrene Polytetra- Chloroprene Formaldehyde
(PS) fluoroethylene rubber (CR) resins
(PTFE) (different
types)
Polyvinyl Polyvinylidene Acrylonitrile- Polyurethanes
chloride (PVC) fluoride (PVDF) butadiene (PU)
rubber (NBR)
Polyacrylonitrile Polysulfone (PSU) Fluoro rubber
(PAN) (FKM and
FPM)
Polyethylene Polyamide (PA) Ethylene-
terephthalate propylene-
(PET) diene rubber
(EPDM and
EPM)
Polycarbonate Polyvinyl alcohol (Chlorine)
(PC) (PVAl/PVOH) butadiene
rubber (CR

and BR)
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Figure 9.4 Production level over time and the breakup of plastics according to the applica-
tions in Europe in 2011.

design. The manufacturing of duroplastics takes place by irreversible cross-linking
reactions. The injected monomers polymerize in the shaping tool. In some cases,
for foaming, such as for the polyurethanes, the addition of carbon dioxide is nec-
essary. Duroplastics are infusible, insoluble, and closely cross-linked. Particularly,
hard and durable parts require a mechanical finishing. Flexible cross-linked rub-
bers represent the largest group of elastomers. The cross-linking reactions ensue
at elevated temperatures over vulcanization with sulfur, peroxides, or metal oxides,
as well as by UV-initiation or by addition of low molecular weight polyfunctional
amines and alcohols.

In 2011, the plastic industry produced about 280 million tons worldwide, out
of which almost 50% reached the consumer directly. About a quarter of the total
number was produced in Europe (21%) and the CIS States (3%), 39% in Asia
(thereof 23% in China and 5% in Japan), 7% in the Middle East and Africa, 5% in
Latin America, and 20% in the NAFTA countries. Breakup of these figures shows
that in Europe, 39% goes into packaging [6]. The other parts are depicted in Figure
9.4. The various types of plastics (Europe) are distributed as follows: polyethylene
(PE) 29%, polypropylene (PP) 19%, polyvinyl chloride (PVC) 11%, polystyrene (PS)
7.5%, polyethylene terephthalate (PET) 6.5%, polyurethane (PUR) 7%, and others
20% [7]. It follows that well over 70% of the plastics are thermoplastics.

9.3
Task

First, a general explanation of the terms “polymer engineering, design, and
shaping” that constitute product design for plastics is provided. Thereafter, a
description of plastics in the detergent industry ensues. Different water-soluble
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macromolecules act in the washing process while water-insoluble plastics are used
for packaging. The composition and structure of macromolecules are optimized in
the polymer engineering step. The functions determine the product design.

Modern detergent formulations contain different water-soluble polymers, which
take on various tasks in the washing process. These include the suppression
of growth of calcium carbonate crystals (builders), the prevention of graying by
dispersion of dirt, limiting of color transfer, and rejection of dirt by means of
polymer coating on the textile fiber.

For washing and cleaning agents, the packaging material consists partially or
completely of plastic. A special case for packaging represents the water-soluble films
of polyvinyl alcohol (PVOH/PVAI) in the form of a pouch. These sachets contain
low-water liquid detergents for one-time use. Solids are usually packed in laminated
and unlaminated cardboards, some with an inserted plastic bag. Liquids, sometimes
also solids, are packed in 100 ml to 1011large plastic bottles or containers of different
materials. The plastic packaging, optimized for application with additives, serves
for transportation, protection, storage, and as dosing units. The packaging shape
meets the requirements of problem-free handling and aesthetic demands. The
transport safety of goods, stacked on pallets, is ensured through a shrink or stretch
film. In general, packaging materials consist of different polymers. The question
arises as to how an application-optimal formulation appears. It is essential to choose
the right raw material mixtures for processing aesthetic and stable containers.

This contribution discusses various possibilities for the design of polymers,
especially for detergents. In focus are the thermoplastics that play an important
role in packaging. The manufacturing chain comprises the performance profiles
and optimal shapes for handling and the aesthetics (Plastics Engineered Product
Design [8, 9]).

9.4
Product Design for Plastics

The product design of plastics consists of the elements “polymer engineering,
polymer design, and shaping.”

9.4.1
Polymer Engineering

Polymer engineering is the selective synthesis of monomers into a desired polymer
in terms of chemical and physical structure. Besides the variation of monomers
in type, number, and proportions, some possibilities exist to control the reaction,
further to choosing the polymerization process (such as mass or emulsion), the
reactor type, and operating conditions (see Figure 9.5). This affects the design of
reactors, the solvent, addition strategies of monomers, pressure, and temperature
profiles, as also the residence time distributions and the achievable molecular
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Figure 9.5 Variants and influences in production of polymers as well as the possibilities to
control the product design by polymer engineering.

weights with their distributions. Other parameters for adjusting the polymerization
represent the catalysts, initiators, and special regulators (inhibitors, promotors).

In addition to the manufacturing of monomers and polymer engineering (tar-
geted polymerization), the chemical industry is responsible largely for polymer
design (compounding/coloring). Thermoplastics can be synthesized as homopoly-
mers or copolymers, and transferred via the plastic melt into powder or granular
form. These include, in particular, PE, PP, polyamide (PA), polycarbonate (PC),
PVC, PS, and thermoplastic polyurethane (TPU). A light material with high thermal
insulation (e.g., plates) arises from PS by foaming with carbon dioxide or with
alkanes.

The synthesis of PE, the most important thermoplastic, offers all possible settings,
which are illustrated and discussed. Reactor and operating conditions, such as
pressure, temperature, and catalysts, decide the molecular weight distributions
and the degrees of branching (Table 9.2). The parameters allow the adjustment
of molecular weight distribution over a wide range from mono- to bimodal.
A proportional linear relationship exists between crystallinity (30-80%) and density
(0.90-0.97 gcm~3). The choice of monomers and co-monomers determines the
structure of the polymer [10]. Common co-monomers are propene, 1-butene, 1-
hexene, and 1-octene, and also vinyl acetate and acrylics (for polymer films). The
following seven polymeric PE types are commonly found [5]:

+ VLDPE (“very low density polyethylene”): linear PE with many short branches of
co-monomers (alpha-olefins, such as 1-butene, 1-hexene, and 1-octene); very low
density of 0.880—0.915 gcm™3, produced with metallocene catalysts (polyolefin
pastomere).
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Table 9.2 Processes for the preparation of different polyethylenes [10, 11].
Process Reactor Pressure Temperature Catalyst PE-type
(bar) (°Q)
High pressure  Tubular 1000-3500 80-300 Oxygen, LD
reactor; peroxide;
stirred regulator:
autoclave propene,
acetaldehyde
Ziegler Stirred tank 2-8 40-140 Ziegler-Natta- LLD, MD,
(suspension) (paraffin oil) cat.; MgCl,, HD, HMW,
TiCl,, and and UMW
triethylalu-
minum;
metallocene-
comp.
Phillips Tubular loops 40 90-105 Fine silicon LLD, MD,
(suspension) and substrate with HD, and
loop-reactors chromium HMW
(isobutane) compounds
Gas phase Fluidized bed 20-25 90-120 Ziegler-, LLD, MD, and
Phillips-,and HD
metallocene-
catalysts
Solution Stirred tank; 50-150 150-300 Ziegler- or Ethylene-
polymerization  (1-octene; metallocene propylene-
hexane; catalysts elastomers
cyclohexane;

and isopar)

« LLDPE (“linear low-density polyethylene”): linear PE with short branches of co-
monomers (alpha-olefins); narrow molecular weight distribution and low density,
between 0.915 and 0.925 gcm™3.

« LDPE (“low density polyethylene”): highly branched polymer chains achieved
through radical high-pressure reaction with 1000—3500 bar; broad molecular
weight distribution and low density of 0.910-0.940 g cm ™.

« MDPE (“medium density polyethylene”): medium density between 0.925 and
0.935gcm™3.

« HDPE (“high density polyethylene”): slightly branched polymer chains; high
density of 0.94-0.97 gcm™3.

« HMWPE (“high molecular weight polyethylene”): molecular weights predomi-
nantly in the range of 500—-1000 kg mol~! and density 0.942-0.954 g cm™3.

« UHMWPE (“ultra high molecular weight polyethylene”): molecular weights
from about 3 100-5 700 kg mol~! and density 0.93-0.94 gcm™3.
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Another very interesting polymer group, the ethylene vinyl acetate (EVA) results
with vinyl acetate (10-40%) as copolymer. This thermoplast shows elastomeric
properties. Depending on the amount of copolymer and polymerization, granules,
powders and dispersions, or films originate in the polymer engineering and
subsequent procedures.

In addition, some types cross-link using high-energy radiation (PEX or XLPE).
The variations in polymer engineering lead to about 20-30 basic types of copoly-
mers, distinguishable by the physical parameters (density, crystallinity, melting
point, and modulus of elasticity). The number rises above the amounts of co-
monomer as well as the adjustable molecular weights and distributions easily to
more than a hundred (without special additives/blends).

In the high-pressure process, ethylene polymerizes in the reactor [10, 12] after
compression in two stages of the reaction. The excess flows back after separation
in a high- and low-pressure circulation. In another method, ethylene recirculation
occurs after product separation in the flash tank. With gaseous ethylene, a fluidized-
bed process works, where the powdered product arises directly in the vortex
chamber. On using a solvent in the reaction, the liquid runs back into circulation
after passing through separation and purification. The thermoplastic polymers
formed, which may contain the catalyst, usually accrue as melt that flows into
an extruder. In this machine, homogenizing takes place, well established as the
second part of product design called polymer design.

9.4.2
Polymer Design

The property profile of synthesized polymers is adjusted according to the application
during “polymer design.” Single or twin-screw extruders, installed downstream
of the polymerization in the house of the manufacturer, incorporate the different
additives homogeneously. The flanged underwater pelletizing generates polymer
granules (Figure 9.6), which are sold to industrial customers for further processing.
Uniform melting during further processing in the extruder requires granules of
predominantly uniform size as starting material. Finally, the granules are suitable
for transport, storage, conveying, and dosing.

Compounding represents the homogeneous incorporation of additives into the
melt. For optimization of polymers, there are two possibilities:

1) Incorporation of additives and/or
2) Mixing (“blending”) of different polymers.

Both operations happen in specially adapted extruders, wherein the geometry and
the combination of various screw elements vary according to the homogenizing
task. The majority of plastic is mixed with additives. Polymer design helps in
the replacement of glass and metal by plastics and in the development of new
applications.

The improvement of material properties by additives (Table 9.3) leads to a reduc-
tion in the amount of polymer required. Furthermore, other additives support
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Figure 9.6 Plastic granules (sizes 1-5 mm) by extrusion: (a) PE colored (from wet granu-
lation); (b) PC; (c) recycled PE; and (d) PVOH (Courtesy of Bayer AG (b) and Kuraray (d)).

the shaping, which thereby runs smoothly and without problems. The prod-
ucts are always more specialized and stay increasingly longer. In particular, the
chemical, electrical, and technical characteristics can be tailored to the appli-
cation. Addition of UV inhibitors and antioxidants prevents the discoloration
of products.

The stability of plastics increases by incorporation of particles, fibers (fiber-
reinforced plastics), or platelets. Fabric mats and glass fiber mats offer even
better stability. Many of the polymer melts are extremely hydrophobic. For the
incorporation of reinforcing materials, the melts need some hydrophilic properties.
This happens, for example, by the grafting of the melt with maleic anhydride, acrylic
acid, or itaconic acid [11], or with any bonding agent. Flame protection represents an
essential aspect. By adding suitable substances, it is possible to reduce the formation
of hazardous gases in case of fire. Often, aesthetics (color, transparency) or economy
(cheaper by mixing fillers) claims the focus. A well-known example is PP, reinforced
with glass fibers or talc, sold in trade since 30 years. Glass-fiber-reinforced PAs are
widely used in Europe (see Chapter 16).

By incorporation of a second polymer in the molten basis polymer, special
blends emerge. These blends (see Table 9.4) combine the characteristics of two
very different polymers. Therefore, novel properties arise, which otherwise would
be unachievable. A targeted admixing of polymers leads usually to an improvement
in several key figures, which continue to improve by addition of typical additives.
In this connection, the highly complex combination of thermoplastic polymers (PS
and PVC) with elastomers is highlighted for improving impact strength. In this way,
unbreakable and even transparent objects arise from plastic — dyed or clear. In addi-
tion, mixing of two thermoplastics may improve the hardness/stiffness/resistance.
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Table 9.3  Additives for the polymer design.
Additives Tasks Material examples
Softener Reducing brittleness, hardness, Esters of phthalic acid (such as
and decreasing the glass dioctyl phthalate), glycerol
transition temperature
Extender Improve the processing Mineral oils and paraffins
Antistatics Prevention of electric charges Fatty acid esters, amides,
ethoxylated amines and
alcohols, sulfonates
Antioxidants Scavenging radicals Phenols and amines
Deactivators Preventing of free radicals Amine
Sun protection Reduction of the influence of Carbon black (absorption),

Heat stabilizers
(especially PVC)

Flameproofing
Coloring agent
Fillers

Reinforcing materials

Adhesion promoter

UV rays

Decomposition mechanism at
double bonds; use of
complexing

Reduction of toxic gases in the
thermal decomposition
Coloring of the total material

Extenders to cheapen and
reduction of fire hazard
Improvement of the mechanical
properties

Combine polymers with
reinforcing materials
(molecular bridges at the
interfaces)

hydroxybenzo-phenone (UV
transfer in IR radiation), and
dialkyldithiocarbamates
(scavenger)

Heavy metals (Zn, Sn, Ba, Cd,
and Pb) compounds

Polybrominated diphenyl ethers
and aluminum hydroxide

Dyes (dissolved), pigments
(insoluble), and effect pigments
Chalk, sand, diatomaceous
earth, sawdust, and starch
Fibers: glass, carbon, plastic
(aramid), natural products (jute)
Particles: glass, graphite, and
aluminum hydroxide

Platelets: layer silicates, talc, and
mica

Vinyl chloride copolymers,
various resins, and so on

For example, blending of PP with ethylene—propylene elastomer in different

amounts modifies the hardness in steps, from very firm to elastic. After addition

of glass fibers, the polymer mixture shows not only increased elasticity but also a

higher stability (polymer blend + additives = multiple polymer design). Besides the

typical characteristics of PC, blends have an increased heat and chemical resistance.

Therefore, they are widely used in automobiles, for electrotechnical products, and
for devices in the household.
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Table 9.4

Commercially available polyblends.

Main polymer (the continuous
phase forms the matrix)

Blended polymer
(disperse phase)

Improved properties

Polypropylene (PP)
Polypropylene (PP)
Polystyrene (PS)
Acrylonitrile-butadiene-styrene
copolymer (ABS)

Polysulfone (PSU)
Polycarbonate (PC)

Polycarbonate (PC)

Polycarbonate (PC)

Ethylene-propylene
elastomer (EPM)
Ethylene-propylene-
diene rubber
(EPDM)

Elastomer
Polyamide (PA)

Unknown
Polybutylene
terephthalate (PBT)
Polyethylene
terephthalate (PET)
Acrylonitrile-butadiene-
styrene copolymer

Impact strength

Impact strength

Impact strength

Impact strength at low
temperatures

Electrical indicators
Impact strength, heat,
and chemical resistance
Impact strength, heat,
and chemical resistance
Impact and notched
impact strength,

(ABS)
Polyamide (PA)

stiffness
UV-stability, haptic,
resistance to chemicals

Acrylonitrile-styrene-acrylate (ASA)

The blended macromolecules either dissolve homogeneously in the melt or
spread or disperse heterogeneously. The properties of heterogeneous polyblends
depend on the morphology (size, distribution, and spatial structure) and interfacial
compatibility of materials involved [10]. These blends show two glass transition
temperatures, unlike dissolved macromolecules.

9.43
Polymer Shaping

The chemical industry supplies different polymers to the plastics processing
industry, including homogeneously incorporated additives and other polymers
(blends). Thermoplastics are mostly available as granules. During remelting in an
extruder, the plastic processor adds lubricants, and, if necessary, further excipients
for supply and removal from the mold. Alternatively, the melt flows at the extruder
head through bores, nozzles, or slots to form pre- or end-products (Figure 9.7).
Other opportunities in processing are the grinding or dissolving of granules and
powders for coatings and adhesives.

For the shaping of thermoplastics (“original form” and “reshaping”), many
processes exist, all based on extruder technology. Important industrial procedures
for the manufacture of fibers, moldings, hollow bodies, and films are demonstrated
in Table 9.5.
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Table 9.5 Technologies for molding of thermoplastic materials.
Technology Products Shaping
Extrusion Fibers, rods, plates, Extruding through nozzles, holes, and

Injection molding

Blow molding

Blow-fill process

Injection blow

Stretch blow
molding

Coextrusion

Thermoforming

Casting (mold and
belt castings,
precipitations)
Calender foils

Blown foils

Flat films

pipes, profiles, and
moldings
Moldings, full, and
hollow body

Bottles, barrels, buckets,
containers, bellows, and
fuel tanks

Filled hollow body

High pressure
(seamless) bottles with a
constant wall thickness

High pressure
(seamless) bottles with a
constant wall thickness

Multilayer foils (up to
seven) for packaging,
building materials, and
landfill covers

(Food) packaging,
blisters, trays, boxes, and
industrial parts
Moldings and foils

Foils and coatings

Foils and multilayer
films (different
thickness)

Foils, multilayer films
(different thickness)

slots

Extruder head with flanged tools;
injection of melt into the tool shape
under high pressure (<2500 bar)
Extrusion of a tube, which receives in a
downstream mold the product form by
blowing up the pinched tube with
pressurized air; through plurality of
extruders (materials), it is possible to
produce distinct layers

Hollow bodies, manufactured through
blow molding, are filled with product
before demolding

Injection molded preforms (seamless)
are blown in a mold, after heating to
the softening temperature (squeezing
not required)

Injection molded preforms with
finished thread are heated in multiple
temperature zones, and then stretched
longitudinally before blown with
pressurized air in two pressure stages
Extrude of different polymers through
several extruders for the production of
multilayer films, sheets, or tubes,
usually with the use of recycled
materials for the inner layers

Shaping of tempered foils by applying a
vacuum below the molds in the tools

Workpieces and foils

Rolling out of the melt by a tempered
roll systems with narrow gaps
Extrusion through annular die and
shaping to a thin film by air injection,
up to seven extruders (layers) possible
Extrusion through slot dies (chill roll
process). For flat films, several layers
are one above the other

(continued overleaf)
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Table 9.5  (Continued)
Technology Products Shaping
Foam cast/gas Lightweight plastic parts Polymer granules with gas-seceding
counter pressure for the office with a additives; by counter pressure arise
smooth surface (housing smooth surfaces
for calculators, printers)
Gas/water injection Massive, light body Injection of parts, which contain inside
(thick walls with cavity) a cavity, received by blowing nitrogen
or water (weight loss by hollow space)
Film insert molding Engine covers (parts of A perfect fitted, stamped foil is placed
high aesthetics) in the cavity of an injection mold,
followed by pre- and main injections,
possibly with foam
Foaming Very light body, high Plastic expansion using chemical and
thermal insulation physical blowing agents
Rotational molding Large hollow body Plastic melt rotates in a hollow tool
(-casting)
Monomer | +lI
= .,...I
and blends |
Chemical Thermoplastics
industry (melt)
Underwater Prilling
granulaton
Grindin
--------------------- .-
Exci : . .
| pients” > Meiting Dissolving
Plastics 4
processors
o
v v v " vy . .
Moldings Semi- i i Coatings | Varnishes Adhesives
(hollow and _ finished Foils Fibers 9
full bodies) TG S _,l

Figure 9.7 Shaping of thermoplastics by the plastics processors via remelting, grinding,

and dissolving.
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9.5
Polymers in Detergent Formulations

Suppliers of raw materials synthesize and improve the functions of polymers for
the washing or cleaning process (Polymer Engineering). This results in a product
range from which the industrial customer can choose. These chemicals are sold
as liquid or melting, aqueous solution, or solid (powder, granules, or flakes), and
as compounds in large containers, silos, or tank trucks. In the detergent industry,
product developers and application engineers incorporate these nature-based or
mostly synthetic polymers in different formulations. They study the effect and
stability in conjunction with other components of the formulation, depending
on the concentration and applied quantity, the washing temperature, and textile
materials. This optimization takes place under practice conditions in different
washing machines.

Some examples of polymers, found in solid and liquid detergents, in cleaners
(hand and dishwasher) as well as in starches, are discussed in the following.
Their tasks include water softening, dispersion of dust, dirt rejection on the fiber,
preventing color transfers, and smoothing (starch) of textiles [13]. The polymers
represent an integral part of the recipe (see Table 9.6) and, therefore, exert influence
on the design of the final product, most visible in the gel-like liquid detergents.

9.5.1
Cobuilder

Two sodium salts of the polycarboxylates, used in many solid and liquid detergents
and cleaning products, have gained great importance as multifunctional builders.
The modern phosphate-free solid detergents include relatively large amounts of
polycarboxylates. Polymeric builders are polyacrylic acids with an average molecular
weight (MW) of about 4500 g mol~, and copolymers consisting of acrylic and maleic

Table 9.6  Polymers in solid detergent formulations.

Task in the washing process Substance Amount
Water softening Polycarboxylate (Na-salts) 2-8%
Cobuilder

Stain removal Protease, amylase, cellulase <1.5%
Enzyme?

Inhibitors

Greying Cellulose ethers 0-1%
Discoloration Polyvinylpyrrolidone <0.5%
Anti-foam Polydimethylsiloxane? 0.1-2.5%
Pollution Polyethylene glycol terephthalate <1%

“Bioengineered, see Chapter 10.
bSilicone oil, insoluble in water.
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acid with 20000-70000 g mol~!, added in amounts of 2 to >8%. Depending on
the region, the water utilized for washing contains poorly soluble calcium and
magnesium salts in low concentrations. The polymers prevent the precipitation of
carbonate and phosphate salts of these cations (threshold effect). Polycarboxylates
are negatively charged polyelectrolytes. The number of charges is based on the
mixing ratio of different monomers. These polyelectrolytes can bind multiply
charged cations instead of sodium. Furthermore, in this way, they hold solid dirt
particles in suspension.

For water softening, high-performance detergents use a new builder system.
These solid systems are formulated approximately since 10years. With sodium
carbonate, a targeted precipitation of calcium and magnesium ions takes place.
In the washing process, added polymers not only delay crystal formation but also
inhibit further growth of the formed calcium carbonate (calcite) by adsorption
on the crystal nuclei. Further, they disperse the precipitates and prevent deposits
on the laundry. Only the development of these specialized polymers allows the
application of this new builder system based on soluble sodium carbonate. It
realizes a superior performance compared to the previously used ion exchangers
(zeolites) and complexing agents. The dirt removed remains in water through
dispersion. It is pumped out at the end of the washing process with the wash
liquor. Polycarboxylates are not readily biodegradable, but more than 90% drop out
in the clarifier or adsorb on the sewage sludge. Therefore, this class of substances
is not critical to the environment.

9.5.2
Inhibitors (Graying, Color Transfer, Foam, and Dirt)

During washing, graying inhibitors keep the removed dirt dispersed and prevent
redeposition on the fiber of the textile. Various polymers based on starch and cel-
lulose are appropriate chemicals for this purpose. Particularly proven are cellulose
ethers, such as carboxymethyl cellulose, methylcellulose, and mixed ethers and
admixtures thereof, in use between 0.1 and 1%. In addition, polyvinylpyrrolidone
and polycarboxylates keep the dirt in suspension and prevent graying. Appropri-
ate and the best substances are derived through experiments because the effect
depends on other components of the formulation and the textiles.

Color transfer inhibitors [14] (polyvinylpyrrolidone, poly-N-vinylpyrrolidone,
polydiallyldimethylammonium, ammonium chloride = poly-DADMAC; MW
10000-70 000 g mol~!) avoid discoloration of colored laundry during washing.
Therefore, color detergents contain these specialists. To reduce the formation of
stains and to facilitate the removal of dirt in the next wash, formulations include the
so-called soil repellents. There are a number of copolymers in active detergents that
cover the fiber, anchor themselves, and repel the dirt. A compound known to act
in this manner is polyethylene glycol terephthalate (MW 10 000-50 000 g mol ™).
Even PVOH (MW 15 000—100 000 g mol~!) provides such an effect.

Polydimethylsiloxane shows low viscosity, is insoluble in water, and spreads
quickly at foamy surfaces. Developing air bubbles disturb the washing process
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by hindering the wetting of textiles and by reducing the mechanics. Surfactants
stabilize gas bubbles at the liquid/gas boundary surface. Special silicon oils, with
an affinity to the interfaces, are able to displace the surfactants and to destabilize
the foam. The bubbles collapse and disappear. When added in sufficient quantities,
suitable silicone oil prevents bubble formation. For detergents, the defoamer exists
in the form of granules or powders, produced through separate procedures.

9.5.3
Excipients and Starches

In the manufacture of granules and/or coating layers, polyethylene glycol (PEG;
MW 2000-12 000 g mol~!) constitutes an important auxiliary substance, processed
in solution, as solid, or as melt. An example illustrates the coating layer of enzyme
granules, in which PEG provides the elasticity of coating. Sprayed dispersions
may improve the smoothness of laundry or laundry items (collar). Predominantly
suitable are natural starches, as also PVOH, PEG, and others.

9.6
Plastics in Detergent Industry

In the production plants of the detergent industry, plastics represent widely used
materials for apparatuses and machinery. Examples are storage tanks, some of
them fiberglass reinforced, along with tank linings, containers, guide roller for
belts/bucket elevators, pipes, and pumps, filter materials and conveyor belts as
well as anti-stick coatings. Different plastic types are suitable for this purpose.
Moreover, many packaging tasks are solved with thermoplastics, as illustrated
in the following. Packaging, optimized according to the wishes of customers in
function and aesthetics, represents an interesting example of product design.

9.6.1
Packaging

Packaging of solids and liquids plays an important role in the consumer industry.
The container is necessary for transport, storage, and protection of contents against
mechanical damages as well as against chemical changes. The used plastic may
not release any substances and must be chemically inert to the content in the
intended temperature range. In principle, the filled product can react with the
plastic material and with components of formulation, in particular by the action of
UV radiation and by the diffusion of oxygen and water vapor through the container
wall, supported by strong temperature fluctuations. Mostly, this concerns chemical
oxidation reactions. Clumps and water movements (adsorbed/bound) occur in
solids, which cause a reduction in the rate of dissolution. Water and oxygen
diffusion through the container wall supports the growth of microorganisms in
fluids. The selected packaging material must ensure that over a period of at least 3
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months no significant changes of plastic material, and, in particular, of the content,
occur under varying climatic conditions. An appropriate choice of polymer for the
container, for lining, or for coating of cardboards meets the requirements.

Solids are packed in bags, boxes, or laminated cartons with/without foil liner
and in rigid plastic containers. The lamination occurs usually through a single- or
double-sided mechanical/thermal coating or bonding of PE film. A high standard
of blocking effect (gas, water vapor, and light tight) ensures a five-layer laminate,
for example, from outside to inside: PE/carton/PE/Al/PE with a carton weight of
75%. Plastic films, used for solids as packaging and auxiliary material, are of great
importance. For example, several foils serve as composites for refill bags, or in
the form of a single layer as inserted bag. Furthermore, foils secure the products
stacked on pallets as stretch or shrink wrap.

The refill normally is filled in flexible plastic bags for transport. In households,
the refill or the solid product comes in a rigid box or in a tin can. The polymer film
consists of two or more layers in which the layer structure ensures high stability.
The preparation occurs by fitting together several films with a pulse or thermal
welding. Other methods represent the bonding of foils as well as the extrusion
lamination [15], in which a hot melt is inserted through a slot die between two
uncoiled films. The composites run thereafter over cooled rolls. The foil surfaces
change by a possible coating (paint), vaporization, or metallization. Thus, gas
permeability comes close to zero and the sealability improves. The treatment of the
surface allows optimizing the aesthetics.

For wall materials, optimal plastics exist, according to the requirements of
minimal diffusion of oxygen and water vapor through the wall. In widespread PE,
gas permeability depends on the manufacturing method. The denser HDPE has
significantly lower values than LDPE (a factor of about 3-5 for oxygen, temperature
dependent [15]). The packaging of liquid and pasty products, partly also of solid
products, consists generally of thermoplastics PE, PP, and PET (see Table 9.7).
Different plastics for bottle, label, and closure are possible. For manufacture of
containers, the use of homopolymers and copolymers with addition of excipients
is customary.

Typical additives provide protection against UV rays and cause coloring. For
aesthetic reasons, some copolymerized ethylenes enhance the transparency in the
production of PP (PP Raco, random copolymer). At multilayer walls, the processing
of plastics takes place with two or three extruders, wherein the outer layer consists
of a new polymer, and the interior of recycled material. The processing of different
materials is possible in this way.

A tube arises from melted PE and PP granules through extrusion. The emerging
tube runs out vertically. Then, it is disconnected in a mold and inflated with
compressed air (7-10bars) into the desired hollow body shape (see Figure 9.8).
This simple process is called blow molding and is used worldwide for bottles and
other objects.

The processing of PET starts with injection-molded preforms (Figure 9.9). The
hot preform, heated above the glass transition temperature and inflated in a
tool with air, yields bottles with seamless walls. Heating takes place in different
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Table 9.7  Plastics in the packaging of detergents (partially copolymerized or recycled).
Packaging Technology Plastics

Foils

Refill bags Multiple composites LDPE and LLDPE
Labels Monolayered foils LDPE

Bag Monolayered foils LDPE, PP, and PET
Blister Multilayer films PET

Stretching and Monolayered foils LDPE and LLDPE
shrinking

Carton

Folding box Lamination foils LDPE

Carrying package Lamination foils LDPE

Hollow body

Bottles Blow molding and stretch blow molding HDPE, PP, and PET
Canister Blow molding and stretch blow molding HDPE, PP, and PET
Cans Blow molding and stretch blow molding HDPE, PP, and PET
Tubes Blow molding and stretch blow molding LDPE

Closure Injection molding HDPE, PP, and PET
Measuring cups Injection molding PP

1. Polymer from ring nozzle 3. Inflating with compressed air 6. Demolding, ejecting

of an extruder (after complete closing of the tools) the bottle
\ + - i
I 1 _1"_ I | S
& § = _
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f \ \ —f
Extruded  Open tool with  Tube below Closed Finished Open
tube the hollow disconnected, at boottom bottle tools
bottle shape the top cut off tool

Figure 9.8 Principle of the blow molding to hollow bodies from an extruded tube.

temperature zones, so that the upper part with the thread remains dimensionally
stable, and the lower portion is heated in a form- and location-dependent manner.
In the “stretch blow molding” process, elongation of preform occurs not only in
circumference, but also mechanically in the longitudinal direction [16, 17]. First,
the preform is stretched with a mandrel, accompanied from simultaneous pre-
blowing (5-15 bars). Thereby, the polymer molecules align preferably parallel to
the stretching direction and bring about an improvement in mechanical properties.
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Figure 9.9 Principle of stretch blow molding of PET hollow bodies from an injection
molded preform.

In this procedure, the temperature shows a big impact [18]. Then with final blowing
(~28—40 bar), the final shape emerges. For energy optimization, a portion of the
blown air is recycled with about 10 bars and used in the next stage for pre-blowing.

Blow molding and stretch blow molding are the most widely used methods for
manufacturing of bottles. The transparent, pressure-resistant bottles for mineral
water consist of PET as do the clear containers for detergents and cleaning products.
The filling of the bottles and tubes produced takes place in separate filling lines.

Detergent producers utilize clear and colored plastic containers, sometimes with
a glossy finish, for filling liquids, gels, and paste-like formulations. In some cases,
containers are equipped with dosers, atomizers, and applicators (brush). Some
of the liquid products, wrapped in special plastics for the application, such as
toilet cleaners and fragrance beads, dissolve gradually in water. These products are
often sold in thermoformed blisters (PET). The packaging enables easy storage,
removal, and application. The form, flap, and colors, as also the surface design
and quality of materials support the brand, which allows positive differentiation
from the competition. In addition to the physical and chemical functions of the
performance, convenience, and aesthetics, the brand represents a relatively large
proportion of product design (Figure 9.10).

The bottles should not only be easy to transport and handle but also look
attractive. A high product performance, caused by the content, is the essential
quality aspect. Materials, colors, and shapes of containers, color combinations as
well as images and lettering on the label yield the brand design. Figure 9.11 depicts
the illustration of some packaging in various materials.

For most of the liquid products, the shipment takes place in large cardboard
boxes, which contain usually 6 or 12 units per box. The closing of cartons is done
by bonding with an adhesive or a sticky tape. Henkel, a famous manufacturer of
detergents, launched its own production of adhesives in 1922, primarily to bond
the detergent boxes. This later became a business by itself, which, today after
expansions, represents the world’s largest adhesives manufacturer.
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Materials
Bottle
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Refill bag

PP PET PET, PET foil PET LDPE
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Figure 9.11 Plastic packaging in the detergents segment with/without application aid.
(Courtesy of Henkel AG & Co. KGaA).

9.6.2
Polyvinyl Alcohol as Packaging Material

For the detergent industry, PVOH/PVAl is an interesting thermoplastic polymer. It
dissolves well in water, but not in many organic solvents. There are different types in
the market, such as powders and granules, as well as thin films. Since PVOH is not
synthesizable through the direct route, it is obtained from the alkaline hydrolysis
of polyvinyl acetate (PVAc). First, PVOH quality depends on the polymerization
of PVAs and of possibly used co-monomers, on the molecular weight distribution
obtained, and on the proportion of head-to-tail linkages, controllable via the
temperature. The molecular weight of industrially used atactic PVOH ranges from
9000 to 500 000 g mol~!.

Secondly, the degree of hydrolysis, between 70% and almost 100%, as well as the
distribution of OH groups (in blocks or random), determines the water solubility of
the homopolymer. An 87% degree of hydrolysis and decreasing molecular weight
yield the best values in cold water. Ash content (<0.1-1%) represents another
parameter.

For the 87% quality (residual acetyl content 10.8%), melting and decomposition
regions are close together. Temperatures above about 180°C lead to intra- and
inter-molecular water cleavages that cause a change in the rate of dissolution.
This temperature is of particular importance in the foil sealing at the edges;
otherwise, the sealed parts remain unresolved in water. For lowering the melting
range below 160°C, it is advisable to incorporate additives or blend polymers.
Advantageously, the addition occurs before reaching the melting temperature in
the same extruder, which shapes the product. Refs. [22, 23] describe a number of
substances that can be used for this purpose. The following substances are suitable
as plasticizing additives — mono-, di-, and triglycerides, urea, glycerol, and/or
nonionic surfactants in quantities of 2-10%. They not only lower the melting
range but also affect positively the solubility. With solid PEGs, in particular, types
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of molecular weights ranging from 3000 to 15000gmol~!, blended PVOH is
formed.

For packaging of a single washing portion, the detergent industry uses modified
PVOH in the form of films and injection molded articles. Preferably, the foils
emerge from blowing or casting methods [19]. Figure 9.12 shows conventional
preparation processes for films, such as the extrusion of thermoplastics or cast-
ing/precipitations of polymer solutions. In the blown film process, the melt leaves the
extruder through a flanged annular nozzle. The extruded tube forms a thin foil tube
by blowing air. For production of multilayer films, an annular nozzle in the middle
connects up to seven extruders. From the annularly extruded, blown film, vertical
pulled up, arises after deflection, and lateral cutting indefinitely wound up foils.

For manufacturing of flat films [15] in a chill roll process, the melt flows through a
wide slot nozzle onto a chill roll. On the way to the winder, a dancer roll regulates
the film thickness. The calendering process is ideal for the production of PVC and
thicker films. The added melt spreads out in the slot across the width of two
opposing rollers before the passage begins, by heating to the foil temperature (see
Figure 9.12 bottom/middle). By a plurality of directly successive calender rolls,
specific shear stress over the entire film width arises to perform the stretching.
The calendering technology serves preferably in the production of thicker films of
constant thickness and further in coating or surface finishing.

The casting process is characterized by the use of a solvent with which the polymer
dissolves in the tank. The solvent evaporates by heating the cast film on the belt.

Thermoplastic polymer
(e.g., Polyvinylalcohol)

Therry \S\olvent

Extruding Tape casting

| Process steps

Extruder
Annular nozzle, air blowing Belt caster
Cooling, rollers, cutting D(_aductlng device
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Figure 9.12 Manufacturing processes for films.
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This part of the production line is encapsulated. The resulting film runs out of the
enclosure to the winder. The microstructure of these foils differs from that of the
thermally generated films, which become visible during welding.

In the detergent industry, PVOH films are used for wrapping of both solid
and liquid products. One example is the toilet blocks, wrapped to prevent skin
contact with the chemicals. Attached in the toilet water tank, the block supports
cleaning during flushing. Another example is the transparent sachet for detergent
powders and pastes. The third example may be the low-in-water (< 8% water) liquid
detergents for single dosage wrapped in water-soluble films. Various methods are
followed for producing the sachets, of which the packaging and thermoforming
processes dominate, including the steps of forming, filling, and closing.

In thermoforming for solids, deformation of the film occurs in a horizontal
continuous belt conveyor system by applying a vacuum on the underside. Product
filling occurs in shaped tools on the belt, lined with foil, into the free spaces.
Thereafter, another foil covers the filling on the upper side. Finally, the open edges
are welded (Figure 9.13).

In the thermoforming process for fluids, two foils from the left and the right sides
run between two rollers, which contain the shapes of two half-shells of the finished
product. By applying a vacuum on the rollers, the films adhere and thus take the
form of the container. During the welding of the edges, filling occurs centrally from
above. Alternatively, foils from a roll run into special packaging machines. Folded
in U-shape, the films are welded at the side and the bottom to the intended size.
Then, the liquid flows into the open-top pouch through a centrally disposed pipe.
After the upper edge is welded, the sachet (Figures 9.14 and 9.15) is ready.

Another method for the preparation of water-soluble shaped bodies involves the
vertical extrusion of a polymer tube (as shown in Figure 9.8), which is disconnected
by a two-piece, self-closing tool, and then inflated with compressed air. The cooling
starts. Immediately, the hollow container is filled with the appropriate liquid
through a tube that dips deeply into the hollow body and moves upward with
the surface of the liquid. The completion requires the fastening of the closure or

Paste

Figure 9.13 Detergent powders and pastes in water-soluble PVOH foils.
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Figure 9.14 Design of liquid detergent with low water content, wrapped in PVOH foils
(various market products).

Figure 9.15 Four pouches with liquid detergent in a blister pack (market product).

welding (blow-fill-technology). After further cooling, the tools open and the complete
productis dropped. The “all in one” process is relatively simple, but process related;
walls of different thickness and welds represent a disadvantage in the solubility.
Injection molding requires a two-part tool, made of polished stainless steel
(Chapter 16). The cavities represent the shape of the manufactured container. The
hollow body arises after the PVOH melt is supplied under pressure between 1000
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(@) (b)

Figure 9.16 Injection molded PVOH shapes for detergents and cleaning agents (a) sphere
with solid and separate liquid filling; (b) three compartments for various solids (market
product); and (c) liquid/liquid-filled ball with release films.

and 2000 bar into the extruder-flanged tool. The process is completed when the
tool is cooled with water and the two parts are opened. The molding falls out.
Demolding requires angles > 90° to the outer walls. For containers with partitions,
the use of movable pistons facilitates the demolding. By injection molding, shapes
with multiple compartments may originate. These moldings allow the separation of
different liquids, solids with liquids, pastes, or melting (Figure 9.16). This extents
several possibilities in product design.

In contrast to the PVOH films, which have a constant thickness in the range
of about 55-75pm, the wall thickness of injection-molded containers is about
450-700 pm. Appropriate wall thicknesses must be adapted to optimize the sta-
bility with respect to the solubility of these bodies. Foils allow the covering
and separation. These shaped bodies, subdivided into compartments, may include
different detergent formulations, without these coming into mutual contact[14, 20].

9.7
Shape and Function

The formulations of detergents contain water-soluble polymer molecules, which
consist of linear, one-dimensional chains. Similar molecules are used as viscosity
modifiers for several applications, also in liquid detergents. In contrast, foils have
two dimensions. One form, which is water-soluble, can be used for portion packs
[21], and as coating for enzymes. The other form, water-insoluble polymer films,
can be processed as refill bags, and as stretch material and inside coating for tubes.
The packaging materials consist of insoluble, three-dimensional objects (bottles,
buckets, and tubes) so that in the detergent sector all kinds of plastic designs exist
(Figure 9.17). PVOH is a possible material for bottles, filled with a low-water liquid.
Therefore, in all dimensions water-soluble and insoluble tailor-made plastics are
utilized, which contain additives and/or blended polymers. For each application,
there are several problem-solving plastics, which differ not only in price, but also
in aesthetics, for example, in the surface gloss. Interested customers judge the
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Figure 9.17 Plastics in the detergent area.

shape, function, and aesthetics of new products in focus groups, household use,
and concept tests [4] before the product goes into the market.

9.8
Learnings

\/ Macromolecular chemistry offers a large number of possibilities for cus-
tomized manufacturing of application-optimized products.

Plastics (thermoplastics, elastomers, and duroplastics) differ with respect to
their composition, solubility, cross-linking, and melt behavior.

The market share of thermoplastics is more than 70% from about
280 Mio tons/annum (2011) worldwide.

Product design occurs in three steps — polymer engineering, polymer design,
and shaping.

Polymer engineering comprises the reaction type, polymerization process,
reaction procedure (reactor), and operation conditions.

For optimizing of application properties in polymer design, excipients (addi-
tives) and other polymers (blends) are added.

For shaping of thermoplastics, many procedures exist. The moldings arise in
two-part tools out of a melt, which originates from the plastic granules in an
extruder.

In the household today, many plastic articles are made of transparent ther-
moplastics with blended elastomers for adjusting elastic properties (do not
break).

U U SO
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\/

In the detergent area, different water-soluble macromolecules are used in
the formulation for softening the water, anti-graying, anti-foaming, soil
repellency, and for avoiding discoloration. Further polymers (such as poly-
acrylates) regulate the viscosity of liquid detergents.

Water-soluble PVOH foils and injection-molded shaped bodies exist for pack-
aging of detergents. Water-insoluble materials (PE, PP, and PET) are widely
used for bottles and tubes, obtained from blow molding and stretch blow

molding processes.
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Production of Tailor-Made Enzymes for Detergents

Summary

Incorporated in detergents, special enzymes are able to remove natural stains from
laundry at temperatures of 60 °C and below. The various enzymes form complexes
with the substrates (stains) and hydrolyze the fixed proteins and polysaccharides
as well as fats. Surfactants rinse the resulting fragments into the wash liquor. The
genes for the synthesis of these enzymes, which predominantly originate from
Bacillus strains, are optimized for the desired performance of the enzymes. They
work nonspecifically and are resistant to the detergent ingredients in the liquor.
Industrial production of the enzymes takes place in fermenters 40—125 m? in size.
During the fermentation, microorganisms secrete the enzyme into the medium to
cleave proteins with high molecular weight that swim in the broth. The fragments
penetrate into the cell and serve as energy sources. After the end of fermentation,
the enzymes are separated from the microorganisms, concentrated and converted
into the final product. Granulated products, containing the enzymes in the matrix,
require a coating to ensure product safety. Product design is determined by protein
engineering and, additionally, by design of the final product.

10.1
Product Design in Biotechnology

According to the rules of product design, the satisfaction of customer needs is at the
center of developing a product [1, 2]. In the first step, through customer contact, the
problem is identified. Then, in the second step, a development team is constituted.
The team members create solutions, produce some samples in the laboratory and
in a pilot plant, and realize the product idea in a production plant. This desirable
approach is, however, the exception rather than the rule in the field of chemical
products. Instead, development often actually begins with the available and known
raw materials, with existing expertise in the company, and/or with the installed
manufacturing processes. The question asked is what products could be achieved
easily with the company’s resources. Only much later are potential customers asked
for their opinion of samples taken from the pilot plant. Subsequently, marketing

Industrial Product Design of Solids and Liquids: A Practical Guide, First Edition. Wilfried Rahse.
(© 2014 Wiley-VCH Verlag GmbH & Co. KGaA. Published 2014 by Wiley-VCH Verlag GmbH & Co. KGaA.
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Problem: Persistent stains on laundry
Solution: Search for suitable enzymes

Optimizing of the activity by

means of genetic engineering

Scale-up from laboratory to production

Adjustments of the down stream
processing

Figure 10.1 Customer-oriented development in biotechnology, explained by the example of
detergent enzymes.

people look for a market. In this old type of development, the customer is usually
not involved.

In contrast, development in biotechnology starts always from customer needs, as
demanded by product design (Figure 10.1). After identifying a customer’s problem,
a customized solution follows. It often takes years, sometimes even decades, before
the development generates a commercial product because the process is very
difficult. An example from the field of detergents should explain the method. In
a washing process, the customer’s problem consisted of an insufficient cleaning
of clothes at 60°C and below. Some stains could not be completely washed
out. Many of these spots are of biological origin. In biology, usually for such
substances there exist enzymes, which break down the organic macromolecules.
The research approach consisted in finding suitable enzymes that remove the
difficult soils under conditions of a typical washing process. Translated into
the language of chemistry, this means a nonspecific hydrolysis of proteins and
polysaccharides in the presence of anionic surfactants in a strong alkaline solution
at 40-60°C.

Because today’s customers want to save energy, a new challenge arises in
developing modified enzymes with the peak of activity at 15-30°C. The trend to
lower wash temperatures can be clearly seen, partly because the colors of popular,
colorful fabrics can then undergo frequent washing.

10.2
History

O.Réhm, a German visionary scientist and founder of the company Rohm and Haas
(1907), was the first chemist to isolate enzymes for industrial usage. Consequently,
he filed a patent in 1913 [3], which described the use of enzymes in detergents.
The breakthrough in their actual use, however, took about half a century. From the
mid-1960s onwards, proteases have been a component of many detergents. Such
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proteases cleave insoluble protein molecules adhering on the fibers. Since 1971,
the enzymes in detergents are no longer present as a powder but only as granules,
encapsulated in the core and coated. The coating of particles became necessary
because enzyme dust can trigger allergies in exposed humans.

In 1972, a novel heavy duty detergent first reached the consumer. In addition
to the proteases, they contained the starch-splitting amylases. These new enzymes
allow selective degradation of polymeric carbohydrates with a starch structure.
The combination of proteases and amylases enabled complete removal of sauce
stains in the washing process at 60 °C for the first time. In addition to the coated
granules for solid detergents, the biotechnology industry launched liquid enzyme
preparations for liquid detergents. This was followed in 1986/1987 by cellulases,
which eliminate pilling and protruding microfibrils on cotton and cotton blend
fabric. In high-quality detergents, since 1988 lipases have been used to remove
fatty soils at 20 °C [3]. The surfactants need higher wash temperatures for the same
effect.

The first generation of proteases and amylases already showed the desired
polymer degradation under washing conditions. In the second generation, more
powerful enzymes emerged through genetically modified microorganisms, which
brought higher enzyme yields. Assessed by enzyme activity and washing perfor-
mance over the last 10—15 years, the use of enzymes in liquid and solid detergents
has increased significantly from year to year. Worldwide, proteases are utilized
in increasing quantities as stain specialist in detergents. In the predetermined
time of washing programs, the optimum action of almost all enzymes is near
60°C, only with a-amylase it is significantly higher. In an alkaline wash solution
(pH 9-11), most enzymes are already active even at wash temperatures below
30°C. Depending on the formulation, simultaneous use of oxidizing bleaches may
inactivate the enzymes. The formulator must consider this possible effect during
development, especially in terms of the release kinetics.

All enzyme names relate to the substrate or to the function and end with
“ase.” Detergents require hydrolases, incorporated in high-performance products.
These enzymes perform hydrolytic cleavage, for example, of esters. Esterases are
ester-splitting enzymes. Lipases hydrolyze natural oils (lipids), including the esters
of triglycerides. However, all three names describe chemical processes, occurring
in fat splitting. The term “lipase” is the most accurate description and the term
“hydrolase” is superordinate.

Solid and liquid detergents contain an enzyme formulation (granule or solution)
in amounts of 0.2 to <2%, within which the pure enzyme represents a small
part (between 0.3% (cellulases) and 5% (proteases)). Because of high prices, the
added enzymes affect the market price of the final product significantly. Cheap
detergents often contain only 0.2-0.3% protease formulation, while expensive
laundry detergents contain ~0.3-0.6% of each enzyme. The precise amounts
depend on the activity of enzyme formulation per gram. As a rough estimate, the
following figures result if we take 100% as representing the cost of an enzyme-free
product. With the addition of 0.2% enzyme, the raw material costs rise to about
102%. With 2% enzyme the price increases to 120%.
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10.3
Enzymes

This section describes the classifications within biotechnology, the mode of action,
and the structure of enzymes.

10.3.1
Enzymes as Part of White Biotechnology

Biotechnology uses biological reactions in analytical and technical methods and
in productions. It uses the findings of biochemists and (micro- and molecular)
biologists, supported by technical chemists and process engineers. As an inter-
disciplinary science, biotechnology deals with the use of living microorganisms,
plant and animal cells, tissues, and cellular enzymes. This includes the specific
modification of genes in microorganisms, and the protein structure of enzymes,
known as protein engineering, another segment of biotechnology.

Biotechnological applications cover many areas, such as food technology and
chemistry, medicine and pharmacy, through to agriculture and energy and waste
management. It has become common to indicate the segments with colors
(Table 10.1). “White” biotechnology utilizes biotechnological processes in indus-
trial production [4] to carry out reactions and/or synthesize products. Therefore, all
products that are produced in large quantities on a regular basis and pass through
a biotechnological reaction, at least in one stage, belong to white biotechnology.
Their influence will grow significantly in the future [5] and gain in importance in
Germany [6].

Global sales of white biotechnology in 2004 yielded €55 billion [7]. This was
achieved with various organic acids (citric acid and lactic acid) and amino acids (L-
glutamate and L-lysine) and further with solvents (ethanol), antibiotics (penicillin
and cephalosporin), and vitamins (ascorbic acid-vitamin C and riboflavin-vitamin
B,) as well as biopolymers (dextran, xanthan, and polylactide) and carbohydrates
(fructose syrup and glucose). From 2006, sales increased to reach €125 billion in
2010 [8] and by 2015 are projected to reach US$ 300 billion (about €220 billion at
1.35$/€) [9].

White biotechnology includes enzymes. Special microorganisms in fermenters
produce them, followed by work up of the fermentation broths and isolation of
the enzymes and transfer into solid or liquid formulations. Enzymes are needed
worldwide in increasing quantities for different tasks. They typically work as
essential excipients, usually unnoticed by consumers. Examples are the production
of bakery products, fruit juices, wines, and cheeses, as well as jeans, on which
cellulases generate the “stonewashed” effect.

The enzyme business is very dynamic and is growing currently at about 10%
per year. The value of world’s enzyme production in 2005 was €1.7 billion [10]
and reached about €2.55 billion in 2010 [11]. The market leader, with a market
share of 47%, is the Danish company Novozymes, which covers all major fields
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Table 10.1  Applications of biotechnology.

Description of Application
biotechnology

Examples (tags)

White

Industrial biotechnology

Enzymes

Fine chemicals

Agricultural and pharmaceutical
(pre-) products

Food

Replacing fossil fuels (biomass)

Enzymes, acids, antibiotics,
vitamins, insulin, amino acids,
biopolymers, bioplastics,
bio-pesticides, starch, hyaluronic
acid, cheese, starch, wine, animal
feed, carbohydrates, bioethanol,
biogas, and biohydrogen

Red Medical and pharmaceutical field, Biopharmaceuticals, interferon,
products for growth hormones, monoclonal
Therapy antibodies, clotting factors,
Diagnosis regenerative medicine (tissue
Vaccines engineering), gene and stem cell
Cosmetics therapy, and special proteins

Green Plants in agriculture Molecular pharming, gene transfer,
Higher yields gene modification, and
Pest resistance biopesticides (R&D)

Blue Microorganisms (bacteria) from the sea ~ Obtaining temperature-resistant

bacteria
Gray Waste management Cleaning of industrial and

Wastewater

Waste recycling and waste
Contaminated soils

Exhaust and emission control

municipal effluents, treatment of
waste, biological treatment of soil
and sea (petroleum), and
biological waste gas treatment

of application. After them comes the DuPont (formerly Danisco Genencor) with
21% and the DSM (6%). Manufacturers of detergents and cleaning products are
the main customers. They need about 34% of the enzymes produced, representing
a value of almost €0.9 billion. The technical enzymes (ethanol from cellulose and
starch, leather, textiles, and paper) follow with 34%, followed by food (baked goods,
beverages, and syrups) with 23%, and the feed enzymes (phytases) with 9% [11].
Furthermore, diagnostic and therapeutic procedures require a small portion of the
enzymes produced.

Red, green, and blue biotechnologies [12] develop special products and innovative
applications. Additionally, in red biotechnology, small amounts of specialties,
especially of genetically engineered drugs, are produced. In this context, “gray”
waste management represents a special case. Itis part of environmental technology
and complements the chemical process industry. On industrial sites, large plants
clean the wastewater and the exhaust air as well as contaminated soils sometimes.
In addition, most of the waste is recycled. Normally, there are no (quality) products,
in contrast to industrial white biotechnology.
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10.3.2
Enzymes as Catalysts of Metabolism in Living Cells

Essentially, the metabolism in living cells consists of numerous individual reac-
tions, catalyzed by different enzymes. These cause life support as well as the prolifer-
ation of cells and cell substances. Among the important cellular substances are pro-
teins, nucleic acids, cell wall components, and reserve materials [13]. The building
blocks and necessary energy for the biochemical reactions originate from nutrients,
preferably from glucose. In addition to nutrients, the synthesis requires some min-
eral salts, trace elements, and vitamins. Many nutrients are first broken down into
small units (catabolism) and then synthesized to the desired polymers (anabolism).
All processes run by enzyme catalysis. Figure 10.2 illustrates the differences in
terminology of biotechnology compared to chemistry and chemical engineering.

Higher developed cells with a nucleus contain thousands of different enzymes.
All biochemical reactions need a specific enzyme for catalysis, including for the
copying of genetic information. The specific enzyme is a monomeric or oligomeric,
globular protein with/without nonprotein constituents (prosthetic groups). In the
first step, metabolites adhere specifically (substrate specificity) at the catalytic center
of an enzyme. This active site is formed from parts of polypeptide chain and/or
cofactors and prosthetic groups. The metabolite is an intermediate product of a
biochemical cellular process, which subsequently reacts in the direction intended
by nature, determined by the enzyme responsible by lowering the activation energy
(effect specificity).

Enzymes accelerate all reactions in cells and make them possible, without
changing themselves. They work very efficiently in neutral medium, at mild
temperatures, and at very low concentrations. In summary, synthesized in living
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of engineering
Agglomeration Synthesis Anabolism O
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Figure 10.2 Operations for enlargement and reduction of particles, molecules, and cell
blocks.
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cells, enzymes are proteins with an active site [14], which catalyzes highly specific
biochemical reactions.

10.3.3
Structure of Enzymes

Proteins are macromolecules having molecular weights of 10 000 to several hundred
thousand daltons [15]. About 20 different amino acids form the building blocks
of proteins; a few hundred to several thousand can be linked together by peptide
bonds. The sequence of amino acids constitutes the primary structure, while the
spatial convolution via hydrogen bonds, partly also by disulfide bonds, in the
B-sheet and a-helix form [16] indicates the secondary structure. Depending on
the environmental conditions (pH, salt, temperature, and concentrations), there
arises in aqueous solution a spatial, globular (=substantially spherical) protein
structure, also referred as tertiary structure. Here, the nonpolar protein chains
organize themselves more interiorly, and the polar side chains more exteriorly
(quaternary structure). This arrangement causes good water solubility. An exact
folding of the protein molecule forms the active site. The spatially appropriate
substrate fits exactly in this opening (key—lock principle, partly under spatial
adaptation [15]). A substrate-specific binding ensues and, subsequently, catalytic
conversion in exactly the direction of the enzyme type (hydrolyzation in the case of
hydrolases). The products (such as debris) then leave the active site (Figure 10.3).

The active sites for a particular application are optimized with the help of genetic
engineering by varying the outer, terminal amino acids, as done, for example,
with protease. In this way, the substrate specificity is decreased, broadening the
protease applications. In addition, a significant improvement of activity gives an
increased reaction rate on the same substrate and/or an additional hydrolysis of
other metabolites. Optimization of the active site is a significant component of
product design (product performance).

Substrate Substrate/enzyme- Reaction Desorption of the substrate
complex fragments
/’—""“\
N
[ B W
—t [ |
1 s | | |
| [ = -
)
"m.h_‘. .// .-'l
'\,___;“5/,.' . /.x

Enzymes

Active site

Figure 10.3 Model representation of enzyme catalysis.
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10.4
Enzymes in Detergents

As a result of several product and process optimizations, the cost of manufacturing
enzymes is reduced significantly. Such progress enables global use of enzymes
in detergents. Effectiveness at low concentrations and at low temperatures, and
complete biodegradability, are further advantages of these substances used in solid
and liquid detergents.

10.4.1
Significance

Without the use of specific enzymes and specially tailored enzyme mixtures,
the high performance of modern detergents would be not feasible [17, 18]. These
catalysts show high hydrolytic activity in combination with low substrate specificity.
They work in alkaline, surfactant media up to about 60°C, even in the presence
of bleaching agents. Newly developed in the recent years, some modified enzymes
have high activity at relatively low temperatures (20—40 °C). This is the reason for a
possible reduction of washing temperature without significant lowering of washing
performance.

Washing at lower temperatures (30°C) allows considerable energy savings
compared to washing at 60°C. In the process chain “production of detergents
and transportation, washing the laundry,” a heating of the washing liquor in
the machine requires most energy. In addition, enzymes provide a significant
contribution to reducing the amount of detergent needed. In 1980, 5kg of dirty
laundry needed about 275 g of detergent powder. Today, by using solid compact
detergents, about 65-80 g is needed. Additionally, enzyme-containing detergents
have significant ecological advantages [19]. Enzyme-free detergents are no longer
competitive in terms of performance and ecology.

In the wash liquor, soil is removed partly by surfactants and by enzymes. To
wash white laundry, solid heavy-duty detergents include a bleaching system and
materials for whitening the fabrics. The enzymes in these detergents act primarily
as soil and stain remover for natural dirt, particularly the protease, amylase, and
lipase. They are suitable for many types of fabrics (except wool and silk) and colors,
and for all washing programs up to 60 °C. The washing conditions (pH, T, c) are
crucial to the visible product performance. In addition, the synergetic effect of one
or more enzymes in combination with the other detergent ingredients as well as the
chemistry of pollution and substrate (stains) determines the success of washing.

Owing to their molecule structure, cellulases exhibit different functions, which
are important in all detergents. Therefore, most detergent manufacturers use
mixtures of different cellulase types for biofinishing. This means that, firstly, one
type removes protruding fibers and fuzz from cotton or other cellulose-based
fibers and smoothes the fabrics. Other types remove solid dirt and prevent the
reattachment of pigments, dust, soot, and cosmetics on the fabrics. These cellulases
enhance the whiteness and improve the color impression. Color and wool detergent,
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containing such cellulase mixtures, succeed in refreshing the colors. After a few
washes, the clothes appear new. Table 10.2 displays the enzymes used in powerful
detergents (without division into subgroups).

Despite the relatively high production costs, the great success of enzymes in
detergents [20] is based on four pillars:

1)  Successful adaptation to detergents and to washing liquor: suitable enzymes work
in alkaline, surfactant-containing, and oxidizing environments. The effect is
detectable already at room temperature, and optimal in the temperature range
50-60°C.

2)  Product performance: visual and measurable success after washing. For removal
of difficult soils, no suitable chemicals exist for the temperature range 20-40 °C,
as alternative to the newly developed enzymes.

3)  Economics: economic productions is improved firstly by extreme increases in
product performance using genetic engineering, and secondly, by optimizing
the manufacturing process.

4)  Safety: potential hazards associated with enzyme and detergent manufactur-
ing (work safety) and with the application (product safety) are known and
controlled.

10.4.2
Optimizations of Production Strain

As an example for enzymes, we shall use protease to demonstrate the search,
identification, and optimization, and the industrial manufacture of appropriate
microorganisms (which synthesize protease). Subtilisins from the strain Bacillus
licheniformis, known since 1959, are effective, nonspecific serine proteases for
detergents. They show a high degree of compatibility with respect to alkalinity and
temperature in the application. Complexing agents and even bleaches and, further,
most surfactants do not diminish significantly the protease activity at the usual
temperatures of up to 60 °C.

In a fermentation process, first the microorganisms multiply rapidly. Subse-
quently, they produce more serine proteases. The protease penetrates through
the cell wall and is then present extracellularly in the fermentation broth. In this
solution, they break down large protein molecules present in the culture medium
[13, 21]. The bacilli act in this way because in the cell they only can utilize small
peptide molecules and amino acids for building blocks; for energy generation,
both are essential for proliferation. Accordingly, the nutrient solution is adjusted
to be rich in protein. The optimized process continues until the growth phase
of the microorganisms and the production phase are completed. At this stage,
as much serine protease as possible is present in the fermenter broth, and the
harvest can follow. By a combination of cooling and switching off the air supply the
fermentation is terminated, before the downstream process for the broth starts.

The search for a high-performance variant of Bacillus licheniformis was aimed
initially at an increased yield in the fermenter. A second optimization task was the
development of enzyme variants with improved performance and stability in the
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washing process. The continuing review of performance characteristics secured
practical relevance during optimization. Previously, the search for powerful strains
followed some selection methods, on the “search-and-throw-away principle.” Fur-
ther, a selection can occur after the triggering of an artificial mutation, which is a
modification in the genome via high-energy radiation or via chemical mutagenesis.
The genome represents the entire genetic information of a cell. After complete
sequencing of the bacterial genome (Bacillus subtilis 1997 and Bacillus licheniformis
2004), it became possible to influence the genome in terms of improved productivity
and quality by elimination or duplication of certain genes.

Since around the mid-1980s, genetic modification of the protease molecule
(protein engineering) has taken place to optimize the washing performance of
protease. This technique brought about a large jump in enzyme performance.
In addition to helical DNA (deoxyribonucleic acid), some small circular DNA
molecules exist in the cells; they are called plasmids and were initially used as a
gene “taxicab” into the cells. Specific enzymes, known as restriction enzymes, were
then used to cut open plasmids, suitable for the enzyme production. Subsequently,
there followed the addition of genes for protease production as a gene cassette
(manipulable fragments of DNA). Ligases connect the cut genes at the interfaces
[13]. From the resulting pool, appropriate search methods find effective plasmids.
After identification and isolation, they fit in the production strain. The specifically
modified microorganisms produce the desired enzyme in larger quantities and/or
increased activity. For economic reasons, all production strains used today are
optimized via “genetic engineering.” The use of plasmids has decreased. Today it
is common to integrate the gene directly into the genome.

A look into the future [22] suggests three interesting new approaches for the
development of superior enzymes. First, a search ensues through metagenome
screening, in which all organisms are involved from the ground and not only those
that are culturable in the laboratory. Second is the method of “gene shuffling.”
Here, the genes, which contain an instruction manual for the enzymes, would be
cut into small sections and randomly reassembled (“protein engineering”). The
new genes, inserted into the bacillus, produce other enzymes, better and worse.
Then, selection according to the requirements occurs. Third, a method that will
be increasingly used employs synthetic gene libraries, as they arise, to vary or set
certain amino acid positions.

10.5
Industrial Manufacture of Proteases

Fermentation processes have special requirements for materials and types of
machines and apparatus for sterility and cleanability. The process consists of
fermentation and downstream processing. In the product, enzymes are available,
highly diluted, in granular form, and as liquid.
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10.5.1
Materials for the Plant

The process consists of two parts. The first, fermentation, is sterile according to
pharmaceutical quality. Before starting fermentation, the system is sterilized with
steam. Downstream processing, the second part, is non-sterile, but is disinfectable
such as in the cosmetic industry. To ensure high-quality cleaning, the whole plant
consists of stainless steel, especially of polished quality for all product contact
surfaces. The microorganisms cannot adhere to such a surface and therefore do
not penetrate into the material. Steels with the material numbers 1.4301, 1.4307
(AISI 304, V2A), 1.4401, 1.4404 (AISI 316L), and 1.4435 are preferably processed,
usually surface treated. For plant hygiene, the installation must be free of dead
spaces, including in the pumps, valves, pipes, seals, and all measuring devices.
This allows complete emptying of the system and easy cleaning. All machinery
as well as other parts of the plant should be constructed in accordance with the
regulations of “good manufacturing practice” (GMP) and the “European Hygienic
Engineering and Design Group” (EHEDG); in the United States, the American 3-A
Sanitary Standards, and those of NSF International apply.

As is common in the pharmaceutical industry, the welds are formed in special
machines and are virtually seamless. A gradient in piping ensures complete
emptying. The plant is usually cleaned with help of a fully automatic system (for
details see Section 13.10), called “cleaning in place (CIP)” [23]. Alkaline and acid
solutions, which may contain oxidizing agents, are available in tanks for cleaning at
higher temperature. First, water rinses out the residues. Subsequently, an acid and
then an alkaline cleaning follow over pumping, usually at temperatures between
60 and 80°C. Finally, the plant is rinsed with water and blown empty and dry.

In comparison to chemical reactors, several additional features characterize
fermenters, owing to the aeration during sterile operation. Sterilization with steam
and several fine filters prevents an infection. To avoid the settling of microorganisms
on rough steel surfaces inside the facilities, the surfaces are polished. First, fine
grinding with a paste of grade 180/240 is carried out, and then the final polishing
is usually with suitable pastes (grain 320/400), polished to a mirror finish.

In the preferred steel qualities, 1.4435 or 1.4404 crafted, electropolished fittings
and components show roughnesses of less than 0.8 pm. The sterility and easy
cleanability require partially specialized, complex construction of equipment. The
seals, in particular the double mechanical seals, must meet high demands in
terms of material and manufacturing accuracy. Measurements verify the integrity,
which is documented. For the steam sterilization of the fermenter plant and of the
connected pipings and fittings, usually an automatic “sterilization in place (SIP)”
system is available.

10.5.2
Three-Step Process

The entire production process consists of three stages (Figure 10.4). Stage 1
represents the fermentation, in which the synthesis of enzymes by microorganisms
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Figure 10.4 Production of enzymes (protease) depicted as block flow diagram.

ensues. The subsequent stages 2 and 3 are summarized under the common term
“downstream processing.” Stage 2 is the working up of the fermentation broth.
This includes the separation and deactivation of microorganisms and, the required
concentration and purification of enzymes. In the third stage, product finishing is
applied, in either the direction of solid-coated granules or to an adjusted solution.

Manufacturing costs, which consist of the raw materials and the production
costs, have been analyzed. For enzyme granules, alternative 2 (Figure 10.4) has
the following breakdown: fermentation about 30-40%, treatment (concentration,
isolation) 15-20%, and granulation/coating around 40—-50% of the total cost. These
values depend on the process stages and enzyme activity in the final product. The
higher the activity, the higher the weighting of the fermentation costs. For liquid
enzymes, the finishing is simple and inexpensive. Here, the cost shares of the
fermentation exceed 50% in depending on the enzyme activity.
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10.5.3
Fermentation

Microorganisms of the selected strain multiply from the agar culture in the
Petri dish via the shake flasks and then in different sized fermenters (251,
2501, 2.5m?, ...). Subsequently, the microorganisms are available in sufficient
quantities, and are sterile in the prefermenter under growth conditions. The raw
materials for the culture broth of fermentation are in tanks and barrels, silos,
and containers. According to the particular recipe, these substances converge
in a separate stirred tank for suspension in water. Sterilization of this nutrient
solution (20 min, 121 °C, 2 bar) happens preferably in the main fermenter. In this
process, the solution turns to brown because of the Maillard reaction, which gives
compounds of amino acids and reducing sugars. In addition, the glucose solution
is caramelized by the temperature effect over the oxidation with the oxygen of air,
so that the fermentation broth is a dark brown color.

The enzyme preparation differs from other fermentation processes owing to
the high oxygen demand in the growth phase. Therefore, they use batchwise
production fermenters of high performance with an overall volume of 40-125m?.
The containers often show a H/D ratio of 3, and are equipped with three to five
disk stirrers (d/D=0.25-0.33). A slim tank increases the residence time of the
gas bubbles for the same total volume. The higher level of liquid makes necessary
a higher pressure at the aeration ring or aeration nozzles. This alone is not
sufficient for the oxygen supply of Bacillus licheniformis. The oxygen transfer to
the liquid phase needs an unusually high power input of 10kW m~3. Thereby the
dissipated energy generates undesirable temperature increases in the suspension.
A constant operating temperature in the range 35-40°C is ensured with cooling
water by either an increase in heat exchange surfaces or lowering of cooling
water temperature. The stirred vessel has a heating and cooling jacket outside.
In addition, to increase the exchange surfaces in fermenters, internal tubes are
used, which are designed as single or double spiral or as meander, realizing the
necessary additional surfaces (Figure 10.5). The exchange surface increases by this
measure to a factor of 2-5. This allows a useful shortening of periods for heating
and cooling during sterilization, which depend on the ratio of the volume of the
fermenter broth to the exchange surface. The sterilization normally lasts for 3-5h.

After sterilization and cooling to a fermentation temperature of 35-40°C,
inoculation occurs and aeration starts (Figure 10.6). The fermentation runs for
40-65h under powerful stirring and introduction of large volumes of sterile air
(about 500 m* m~2 h~1). Portion-wise addition of a sterile glucose solution provides
the essential nutrient for energy. To control the process [21], various measuring and
control devices are installed for temperature, gas pressure, and oxygen saturation
in combination with gas flow rate, and, further, for power input, pH, and foam
as well as weight and exhaust gas composition. Optical measurement of turbidity
indicates the cell density and allows the growth of microorganisms to be followed.
The fermentation ends when the number of microorganisms begins to fall and the
enzyme concentration shows a maximum.
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10.5.4
Downstream Processing of Fermentation Broths

In enzyme workup, the microorganisms are usually separated from the fermenta-
tion broth by centrifugal forces. Because of small differences in density between
the germs and solution, successful use of separators requires significant dilution
with water to reduce the density and viscosity. Water for the dilution of fermen-
tation broth originates mainly from ultrafiltration (UF). The UF-permeate flows
directly and via microfiltration (MF) as MF-concentrate to the stirred dilution vessel
(Figure 10.7).

First, the diluted fermentation broth runs into the separators for removal of
biomass. Subsequent to separation, performed in several stages, the microorgan-
isms are present in a concentrated suspension. By pumping, this liquid flows for
sterilization continuously through a heat exchanger at about 150 °C (Figure 10.8).
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Figure 10.7 Block flow diagram of enzyme workup.

For larger amounts of fluids, the process expires usually continuously. After partial
mechanical removal of water from the suspension and drying of wet material, an
organic fertilizer with high performance, but bad odor, is obtained.

After separation of microorganisms via centrifugal forces in a centrifuge, a sterile
filtration of the enzyme-containing solution takes place in a MF plant with 0.14
pm inorganic membranes, supported by diafiltration [24]. Membrane filtration is
necessary to ensure a strain-free product, which regulations demand. Permeates
of MF flow successively into the UF units (Figure 10.9), to concentrate the diluted
solution by a factor of 20-40, and thereafter in a thin-film evaporator by factor 2.
While enzymes in the MF diffuse through the membrane pores, the cells are held
back, as well as other solids. In the UF (cut-off: 10-20kDa), the opposite happens.
Water and dissolved salts penetrate through the membrane, whereas the enzymes
are restrained and concentrate in the solution.
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Figure 10.9 Industrial centrifuge for the separation of biomass and membrane systems for
sterile filtration (small image) and concentrations (Courtesy of Biozym).



242

10 Production of Tailor-Made Enzymes for Detergents

In path 1 of the workup (as shown in Figure 10.4), the protein precipitates by
the addition of salts (ammonium or sodium sulfate). After filtration and washing,
the enzyme dissolves in water and forms a bright solution. In the alternative path
2, first the concentrated, brown enzyme solution is pumped to a newly developed
deodorizing plant. Here under vacuum, superheated steam (Figure 10.10) releases
the odorous substances such as dimethyldisulfide and dimethyltrisulfide [25, 26],
which are present in very low concentrations, from the fermentation broth. The
resultant brown solution then flows into the finishing step; alternatively, a bright
solution is first obtained by means of a discoloration step on adsorption resins [27].
The liquid products arise only from the decolorized enzyme solutions, which are
adjustable to the desired activity with diols and water.

Each step of the production chain, from harvest to finished product, causes
appreciable yield losses that lie in total up to 25-35% for a variety of reasons. For
efficient production, these losses must be minimized at all stages of production.
In this connection, careful workup is of decisive importance. Recycling in the
separation steps as well as an optimization of the diafiltration reduces losses in the
individual stages. There, large amounts of liquids flow almost completely back for
increasing the yields.

10.5.5
Manufacturing of Enzyme Granules

A block flow diagram demonstrates the finishing process and the conversion of a
liquid in particles (Figure 10.11). Figure 10.12 illustrates this subprocess for the
enzymes. After spraying on the dry components in a mixer, the liquid enzyme
concentrate penetrates into the powder. Subsequently, in a mixer or extruder, after

Figure 10.10 Deodorizing to remove odors
from unpurified enzyme solutions, inte-
rior cleaning with CIP-solutions via spray
heads: 1: insulated container; 2: feeding of
solution through a nozzle; 3: spray; 4: sup-
ply of superheated steam; 5: reducing the

pressure; 6: ring channel for uniform distri-
bution of steam; 7: product, finished after
several cycles; 8: heat exchanger; 9: vacuum
pump; 10: exhaust gas for combustion; and
11: smelly water to the treatment plant or
combustion.
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Figure 10.11 Block flow diagram of the conversion of concentrated enzyme solutions in solid particles.
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Figure 10.12 Concentrated enzyme solution in a tank, which is sprayed on excipients in
the mixer (top right), and subsequently shaped and dried to enzyme particles (Courtesy of
Biozym).

the addition of binders the granules in desired size and form arise from the wet
mixture; shaping is then performed in a spheronizer. Suitable excipients consist
predominantly of natural polymers, such as various starch qualities. After drying
in the fluidized bed and sieving, a coater is used to apply the protective layers
(Figure 10.13), employing aqueous solutions or suspensions [28, 29]. The coating
suspension includes, preferably, highly water-soluble salts (sodium sulfate) and/or
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Figure 10.13 Coating of enzyme granules (colors are changed in the micrographs); 3a:
with a protective layer: 1: view into a flu- close-up of particle surface; 3b: extrudates,
idized bed coater for enzymes with top oversight; and 3c: enzyme extrudate, in resin
spraying; 2: lower part of coater, bottom (Epon)-embedded energy dispersive X-ray

plate, and fluidized bed; 3: coated extrudates microanalysis (EDX).

polymers (e.g., poly(ethylene glycol)). The granules should be readily soluble in
cold water or suspendible. Applied layers improve significantly the mechanical
properties, especially the stability of particles. Enzyme particles tend to separate in
the detergent powder. Segregation is reduced by adjustment of density as well as
particle size distribution and shape. References [2, 30, 31] describe these problems
in the granulation and coating in detail.

After coating, the enzymes are stored in a silo until the quality is approved.
A mixture of different enzyme activities allows precise setting of the specified
quality for proteases. Filling in “big bags” ensues either as pure enzyme (protease
particle) or mixtures (protease, amylase, cellulase). The individual components are
taken from the silos, controlled by weight, and then placed in a mobile container
(Figure 10.14). From there, the enzyme particles flow into a gently running mixer.
Immediately after mixing, filling into big bags (about 750kg) or cardboard drums
(20 kg) takes place (Figure 10.15).

Enzymes have sensitizing properties. This means that after first contact, via the
respiratory tract, sensitization may occur and after renewed contact an allergic
reaction may develop. Here, each person reacts differently. As with hay fever,
only a minority will develop allergic reactions. To exclude all risks as well as for
reasons of health and work safety, the inhalation of even tiny amounts of enzyme
dust during the manufacturing and processing must be avoided. Therefore, the
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Figure 10.14 Mixing plant for adjusting the activity and for the production of enzyme
mixtures.

manufacturer coats the granules with a protective layer. The coating meets two
essential requirements for product safety. First, the operation must avoid respirable
abrasion (<10 pm). Second, the coating layer ensures that the granules do not
release enzyme dust — in fact, not only during operation and in application but
also on heavy use. The coated enzymes satisfy consumer protection. The readily
marketable enzyme granulates meet all requirements in the normal application in
detergents [32].

Further, a layer on the granules allows improvements in both color, by the
addition of white pigments, and storage stability. Therefore, the covering prevents
direct contact between enzymes and other ingredients of detergent formulations.
A good coating shows a high uniformity of layer, which should both adhere firmly
and, have certain elasticity, so that they do not flake off under mechanical stress.
Furthermore, the particles must be sufficiently stable and not break, so that no
exposed surfaces arise. Ductile or elastic formulations for the matrix and coating
layer thus have advantages over hard, brittle granules.

In production, control samples exist for each batch of coating. An important
quality parameter is the abrasion behavior. To quantify the values in the laboratory,
parallel tests in fluidized beds yield the amount of dust and its enzyme activ-
ity, executed worldwide under standardized conditions. To measure the fracture
behavior with a standardized method, major detergent and enzyme manufacturers
designed a new measuring apparatus. This allows determination of the developing
enzyme dusts from granules after impact and shearing. The applied particle stress
in measuring systems is far beyond the usual applications (“worst case”).
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Figure 10.15 Bottling of enzyme particles, and transport containers for solid particles and
enzyme solutions (Courtesy of Biozym).

The known methods of processing technology enable us to determine quan-
titatively the formation of abrasion and breakage. The granules strength testing
system (from ETEWE) measures the tensile strength and compressive strength,
and provides information about the fracture behavior of granules in the com-
pressive stress. Other possibilities are to shoot the pellets pneumatically on an
inclined wall and furthermore to determine the wear after a friction stress in a
360° loop. Measurements by laser diffraction spectrometer display the changing
size distribution of particles. All methods are of particular interest for comparative
measurements under identical conditions.

A thick coating layer requires large amounts of materials up to the same weight
as for the core. Therefore, the coating process causes high-level material costs,
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in addition to relatively high production costs. A uniformly applied film with a
minimal thickness of 15 pm frequently suffices to perform the desired protection.
An additional layer is usually not necessary. According to Figure 10.16, there are
three common variants of granule structure for coated particles, depending on the
used granulation process.

10.6
Workplace Safety

Detergent enzymes are sensibilizing agents, even at concentrations below 1% [33].
Therefore, the handling of enzymes and enzyme-containing intermediates, and
their formulations, must be safe. This refers to both in the laboratory and in the
pilot plant as well as to the manufacturing of enzymes and detergents. The safety
concept includes intensive training of employees before starting employment and
thereafter every 6—12 months as well as the use of personal safety equipment. This
usually involves a suitable respirator and protective goggles, and also gloves and
work shoes; furthermore, in the factory a helmet may be needed, depending on
location. The first preventive medical examination of an employee occurs prior to
starting the job, the second after 6-12months [32]. All other tests ensue every 2
years, unless the physician specifies shorter periods.

In the enzyme factory, potential dangers are present to all people. Buildings and
facilities must always be in clean condition. Workers are to remove immediately
spilled solids, such as from sampling, with a special vacuum cleaner. Furthermore,
regularly, the floors are thoroughly wet cleaned. In the workup, all enzyme
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solutions are handled in closed facilities. Any detected leak (e.g., at pumps) is to be
quickly eliminated. In this part of the factory, there are to be no permanent jobs;
monitoring is fully automated from the control room. Sampling takes place only
when wearing personal protective equipment, and repairs and maintenance only
after CIP-cleaning and flushing.

In contrast, the area for processing the solids requires that employees constantly
use handgrips, for example, in the regular flushing of nozzles and nozzle holders
of the coater, as well as when exchanging the plate at the extruder head. To
minimize the potential risk of inhalation of dust, in addition to the point suction
at the process stages (as well as at the screens, the mill, the mixers), some suction
distributed in the plant must exist. Complete encapsulation of equipment ensures
free movement of all persons in the production building. In addition, at several
points in the production plant, the air is monitored for safety. The enzyme activity
in the ambient air must be below strict limits, measured in micrograms.

In the detergent factory, a comprehensive safety concept is more difficult to
implement because less hazardous substances in large quantities make up the
product. In relation to other components, enzymes represent a very small portion.
Awareness of the potential danger and the desire for cleanliness is less pronounced.
Encapsulation of affected plant parts can protect employees. In the plant, the route
from supplying the enzyme and subsequent pathways including the filling lines
(Figure 10.17) should be fully enclosed. The enzyme-containing exhausts must be
kept independent from other exhausts. Recirculation of enzyme-containing filter
dust as well as oversize from the screen occurs by dissolution and oxidative and/or
thermal deactivation in the slurry container. A blending of recycled products, which
are outside of specification limits, ensues in amounts of 0.5-5% in the post-addition
step — only as small amounts as possible, to maintain the specified quality. At the
end of the conveyor belt, addition of these enzyme-containing materials is possible
(point 6 in Figure 10.17).

In the production of liquid enzymes careful attention must also be paid to
cleanliness. The focus is on avoiding aerosol formation and on removing imme-
diately leaked or spilled liquids. Dried product on a floor may be dangerous by
contact or, especially, after the small solid particles swirl in the air. In this process,
encapsulation up to the filled bottles makes the manufacturing secure.

10.7
Product Design of Enzymes

An economic production of detergent enzymes has two main objectives. One
is the development of application-optimized enzymes by “‘genetic engineering”
(= design of enzyme performance), using a powerful production strain. The second
is that, by intensive optimization, the enzyme-containing granules are obtained in
the right size, shape, density, and solubility with almost perfect coating (= design
of final product). The example of enzymes demonstrates that two very different
but complementary design types are essential for needs-based products. Here,
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Figure 10.17 Encapsulation (grey; from 4 to for enzyme-containing dusts; 5: big bag and

13) of routes for enzyme-containing materi-  silo for enzyme granules; 6: big bag and

als in detergent processing: 1: tower powder silo for recirculated final product; 7: per-

or basis granules or extrudates; 2: supply fume dosage; 8: nonionic surfactant dosage;
hoppers with dosing screws for various com- 9: material for powdering; 10: preparation
ponents of post addition; 3: collecting belt; ~ mixer; 11: sieve; 12: oversize; 13: filling line;
4: encapsulated part with separate suction and 14: detergents in the package.

this requires strong cooperation and understanding between biotechnology and

chemical engineering for the successful development of a new product for the
market.

10.8

Learnings

\/

\/
\/

S S S N

The development of a biotechnology-based product is difficult, lengthy, and
expensive. Therefore, it must solve big customer problems.

Enzymes are part of the white industrial biotechnology.

They represent proteins of high molecular weights and catalyze the metabolism
in living cells, causing the life support as well as the proliferation of cells and
cell substances.

The catalysis of enzymes occurs specific to the substrate and effect.
High-performance detergents contain optimized hydrolases, such as proteases,
amylases, cellulases, and lipases for lower temperature applications.

Inhigh yields, these specialized enzymes arise through the genetically modified
production strain “Bacillus licheniformis” (genetic engineering).

Production of these enzymes takes place in aerated fermenters with high-
energy input.

After separation of biomass, the enzymes are concentrated and transferred
into an adjusted liquid or into granules.
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Enzyme dust is hazardous. Sensitization after first contact via the respiratory
tract, and allergic reaction after renewed contact may occur to sensitive persons.
For safe handling, all granules obtain an effective coating layer.

Product design of detergent enzymes stand for high performance by genetic
engineering and for optimization of physical properties by chemical engineer-

ing.
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11
Design of Solid Laundry Detergents According
to Consumer Requirements

Summary

In the past 50 years, powdery and granular detergents have improved significantly in
performance and ecology: more concentrated (less chemicals), increased washing
effect, biodegradable surfactants, almost no phosphates, reduced water, and energy
consumption in the washing process. Use of optimized enzymes and bleaching
boosters enables lowered wash temperatures and removal of stains. The production
of solid detergents expires in spray towers either without or with a compaction
step or, alternatively, in ‘“non-tower” agglomeration plants. Latest generation
of granulation with an integrated mill for simultaneous drying and grinding
allows the production of spherical particles, which can be adjusted small or
large, heavy or light. Future formulations will permit lower washing temperatures
(15-30°C).

11.1
Market Products in Germany

According to latest test results, powdery and granular laundry detergents of high
quality provide the best wash performances [1]. They contain alkalis, water softeners,
surfactants, and enzymes, as well as, in the case of heavy-duty detergents, several
bleaching agents, and optical brighteners. The superiority of bleaching appears
on colorfast laundry, but especially on white wash. White is not only clean but
lights bright white owing to the lightening with optical brighteners. Currently
in Europe, washing usually takes place in machines in the range between 40
and 60°C. Bleaching substances contribute significantly to reduction of existing
germs [2, 3]. For reasons of hygiene, machine washing of bed linen and towels,
as well as body linen occurs at least at about 60 °C with heavy-duty detergents.
Even if liquid detergents show some advantages in handling and therefore in
Germany gain market shares [4], solid detergents of high quality remain (still)
indispensable. Only solid forms contain enzymes in the presence of bleaching
agents without loss of activity, as the enzyme particles are provided with a
coating. This layer prevents a reaction with adjacent particles. In the absence of

Industrial Product Design of Solids and Liquids: A Practical Guide, First Edition. Wilfried Rahse.
(© 2014 Wiley-VCH Verlag GmbH & Co. KGaA. Published 2014 by Wiley-VCH Verlag GmbH & Co. KGaA.
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UV light, dry solids cannot react in the package, neither with each other nor
with air. There is, in contrast to liquid products, no risk of contamination with
microorganisms.

Color detergents contain a color transfer inhibitor [5], but no bleach and whitening
agents. Typical wash temperatures are in the range of 20-40°C. Ink transfers
represent a big problem in the washing of colored textiles. New chemicals are able
to prevent the transfer from one garment to the next. The steady increase in the use
of colored clothing necessitates this development. Owing to inhibitors, detached
colors remain in the washing liquor. At the end, the dissolved colors flow via the
liquor pump into the sewer. Otherwise, many color detergents correspond largely
to the composition of heavy-duty detergents.

A small proportion of the population shows allergic reactions after using
detergents. Critical components may be perfume oils, optical brighteners, dyes,
and preservatives (for liquid detergents), possibly inadequately coated or broken
enzyme granules (enzyme dust). It was for this reason that the development
and production of skin-friendly formulations commenced. These include deter-
gents, which pass tests on dermatological compatibility and contain approved
ingredients.

Conceptually, the previously mentioned products belong to the universally
usable laundry detergents, which means they are suitable for all textiles except
specialties. For these, there are a variety of special detergents for curtains,
sportswear, fine synthetics, wool, and silk. Other products provide color boost-
ers, remove stains, or act as a wash enhancer. The agents for wool and silk
must be formulated without bleach and without enzymes (proteins), because
both damage (protein) fibers. Except for the curtain detergents, liquid products
outweigh.

According to the Body Care and Detergents Industry Association (IKW in
Germany), the expenditure in the German market for universal detergents
amounted to €1176 milliona~!. In the past 12years, this sum remained almost
constant, with small fluctuations. In addition, sales of specialty detergents,
fabric softeners, and additives amounted to €823 million (2012"). Detergents
are available in the market worldwide as powder, in packets of different
sizes and as refills. The detergent industry sells liquid formulations and
gels in bottles. Usual package sizes lie between 0.6 and 10kg. Besides
customary powders and liquids, volume and/or formulation concentrates (via
the recipe) arise, in fact, as granules or as gels. Owing to smaller space
requirements, detergent concentrates are handy. They dominate the market
in Japan [6]. In Germany, liquid concentrates increase their market share,
while solid concentrates decrease. The customary powdery commodity remains
in demand. As predosed concentrates, detergent tablets and sachets make
the dosing easier in application. In the German market, they play only a
minor role.

1) Google: IKW — Reinigungsmittel — Marktdaten.
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11.2
Identification and Consideration of Customer Needs

Customers are interested in the look of their clothing and the cleanliness of their
laundry in the household. For this, detergents represent an indispensable tool, but
get little attention (“low-interest product”). They have to work and spread a pleasant
smell. Atthe center stands product performance, depending on the textiles, washing
machines, and operation conditions (Figure 11.1). Performance arises through a
concerted chemistry and biotechnology in the formulation. Convenience (handling)
and aesthetics (particle sizes and shapes, colors, fragrances) come from the process
technology, adjustable in wide ranges [7]. Here, a discussion takes place about
the possibilities of influencing the product design via the production process and
formulation. In focus are the customary powdery and granular detergents.

For successful introduction of new products, brand companies want to know the
opinion of consumers in an early development phase. Searching for and finding of
the real customer’s needs are difficult and costly. Only big brand companies have
the necessary resources. They instruct agencies to question the target audience.
This occurs in group discussions (focus groups with 10-15 participants), where
participants air their views and wishes [8]. Questions refer to the performance

Product

I design I
l determined by l l

Process Chemistry/biotechnology Process
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follow-up treatment formula “Design” technologies

Esthetics

Performance

Convenience

—Removal Bleach —— Removal of . Particle sizes
—Dosage Softness —  dirt, stain, odor Particle shape
—Storage Solubility’ —— Low tempe- Color/speckle
—Transport Wik rature wash - Odor, perfume
. Packaging rmfr:e; —— Fiber protectllon Bulk density
(open-close, stability, — _CO|OI’ _p_rote_ctlon, Packaging
gas permeation) Corrosion — intensification (shape, color, label)
Bulk density _ — Dispensing behavior
Prevention of —|— Residues
dirt buildup |- Storage stability
Machine —— Operation conditions
hygiene (temperature, liquor, times)
— Biodegradability
(Waste water)

Figure 11.1  Product design of disperse detergents from the perspective of the
manufacturer.
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spectrum of new or changed products. Customers should define essential elements
of the product and packaging to influence the finished appearance.

Specific questions often concern the washing of sensitive, colored textiles (mixed
fabrics, fine synthetics, lingerie, and wool). Sometimes, new fragrances, optimized
enzymes, or modified products are in the limelight. Usually, from direct questioning
to an innovative proposal arise several insights for optimizing of product designs.
New aspects are rare, but the weights of each parameter yield valuable information
to development and marketing. Furthermore, from assessment of brand and
willingness to buy, indications for the market success result [9]. Performed with
samples from the pilot plant, tests in many households take place subsequently,
each with 100-250 participants (concept and home use tests [10—12]). Tests occur
in one or in several countries. The novelty of the tested detergent and the credibility
of claims about the product, personal relevance, as well as buying intention are the
focus of investigations.

In the market, brand- and no-name detergents differ in product design. Cus-
tomers purchase either owing to the promise of brand manufacturers (consistent
high quality and tested) or they go for the lowest price. The reasons for buying deter-
gents are often the experienced quality of previous purchases or the demonstrated
performance in independent tests. In Germany, current heavy-duty detergents
in the market do not differ significantly in the main constituents. Differences
arise from some ingredients of the formulation. They depend on the presence of
expensive raw materials and their quantities. Examples represent enzymes, bleach
boosters, and dye transfer inhibitors, apart from some surfactant mixtures.

Second, special components provide fiber protection (pH regulators and com-
plexing agents), which is missing frequently in cheap detergents. Many ingredients
and their formulation are known from patents, lectures, and publications of
raw material and from brand manufacturers. In addition, commodity producers
present their findings at conferences and trade shows. Furthermore, brochures
offer significant information. Consequently, the market is largely transparent for
professionals.

Essential customer requirements are easily written down (Table 11.1), but difficult
to realize. Also, this is because new fashion fabrics/colors are always appearing
on the market. Modern detergents have to meet many requirements concerning
product and packaging, washing performance, hygiene, handling, and aesthetics.

Brand manufacturers offer their employees comprehensive social services. They
differ from other manufacturers in that they develop customer-oriented new pro-
cesses. Brand companies search for novel raw materials and enzymes, often in
cooperation with raw material manufacturers. In addition, they support European
bodies and organizations through their membership, participating through dedi-
cated collaboration on regulations and laws. Development of analyses for safety and
tolerability, as well as test methods, which can be used by all, brings further con-
tribution to the community. Besides, environment, sustainability (resources), and
social responsibility (global social engagement) represent important cornerstones
of company policy in brand companies [13].
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Table 11.1  Significant customer wishes for washing
of laundry in machines.

Wishes of Importance for the
costumers washing process

— Easy handling of
/ the machine
Fast
completion ———, — Short wash and
drying times

— Spotless cleaniness

Perfect / (strong and gentle)

washing
result — - Color preservation,
refreshing
No - Laundry
ironing remains smooth
— Detergents
(small amount per
/ kg of laundry)
' > - Energy
Economical (low temperatures)
T _ Water
\ (reduced consumption)

— Depreciations on
investments
(low costs for machine
and dryer)

Successful marketing of detergents requires strong brands [9, 14]. For their
orientation, many customers seek known products that are available everywhere.
In contrast, they buy at discount stores, where the name of the market gives
orientation (private label products). Largely, brands influence purchase decisions
and therefore constitute a superordinate part of product design.

In the field of detergents and cleaning agents, the umbrella brands outweigh. A
superior strategy, known as multi-brand strategy of product families, is performed
in the area of detergents (shown in Figure 11.2). Here, the same (product) brand
represents all detergent types (heavy duty, color, and sensitive) in liquid and solid
form (powder, granules) together in a brand family. If more than one umbrella
brand is available for brand families, each is assigned different price segments. In
this way, multi-brand families emerge. A matrix (Figure 11.2b) displays linking of
comparable brand families with multiple brands.
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Detergents
P: powder; G: granule; F: fluid
Heavy duty  Color Sensitive
P/G/F P/G/F P/G/F
Umbrella
' bEnd | 4 Brand A A
Product ~ gels, capsules, Manufacturer Brand
powders, extrudates - | Brand B . B
Multi-brands families
Persil, Weisser Riese, Spee
» s Brand C C
Brand families Different detergent types
(heavy duty, color, sensitive, rinse) V¥ SN v
Multi-brand families
Each nine products for the brands A, B, and C

(b)

Figure 11.2 (a,b) Product umbrella brands (example: brands from Henkel), multi-brand,
and brand family strategies for detergents.

11.3
History of Laundry Washing

Homer (about 850 BC) in his epic, the Odyssey, describes Nausicaa washing
laundry along with other girls on the beach; the dresses are then placed in the
sun to bleach. Usually, the release of contaminants from the fiber in clear water
is supported by the strong mechanical action (rubbing, hitting, and kicking). The
discovery of soap is attributed to the Sumerians around 2500 BC. They made soap
from oil and vegetable ash (potash and potassium carbonate). Soap served both as
a remedy for injuries and as a cosmetic cream. To manufacture soap, the ancient
Egyptians overcooked animal fats with plant ash and additionally with trona, a
natural sodium-containing mineral. The Roman scholar Pliny the Elder (23-79
AD), known from Naturalis Historia [15], described the Gauls’ use of overcooked
beech ash with tallow from buck and goat. Similar formulations offered “De
simplicibus Mediaminibus” [16], attributed to the Greek physician Galen (129-199
AD). He first mentioned the cleansing action of soaps (oldest surfactants) and
added that German soap was the purest and greasiest.

The Romans had washermen who cleaned the customers’ laundry with rotten
urine. Microbial degradation of ingredients (urea, uric acid, and metabolic pro-
ducts) generated ammonia. Developing alkalinity improved the washing results
significantly. Emperor Vespasian (9-79 AD) is said to have raised taxes from the
rich washers (‘“Pecunia non olet”).

The Arabs knew about the production of caustic soda and caustic potash from
their carbonates with slaked lime. In the seventh century, they brought the
technology of improved soap fabrication to Spain. This knowledge spread rapidly
in Europe. The Spaniards and French (Marseille) used fruits of the olive tree as
the source of oil, and established the center of soap making (Savon de Marseille).
In the fourteenth century, guilds of soap makers arose. Lumpy soap, sometimes
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scented and mainly used for cleaning the body, remained a luxury item. Finally, the
technical production of soda succeeded after Leblanc (1790), and especially after
Solvay (1865). Available in larger quantities, soda allowed the hydrolyzation of fats
and oils at elevated temperatures.

During this time, laundry washing with wood ashes (in bags) and hot water
developed. Around 1880, the first powdered detergent came on the market, consist-
ing mainly of soap powder (surfactants), mixed with soda and water glass (sodium
silicate) as alkali carriers. In 1907, Fritz Henkel invented heavy-duty detergents. In
addition to the constituents previously mentioned, it contained sodium perborate
tetrahydrate as the source of hydrogen peroxide. Therefore, it was no longer neces-
sary to bleach clothes out on the grass in the sun. From perborate and silicate arose
the brand name “Persil.” In same year, Otto R6hm suggested the use of enzymes
in laundry detergents for removing stains [17]. Both innovations fundamentally
altered the detergents [5].

With the hydrogenation of natural fatty acids, and the reaction of the resulting
fatty alcohols with sulfuric acid to anionic surfactants, the modern surfactant
chemistry began in 1928. In the 1950s, soap was replaced by petrochemical-based,
branched tetrapropylene benzene sulfonates (TPSs, also abbreviated as TBS). This
group of substances shows poor biodegradation and therefore generated mountains
of foam on the rivers. During this time, the change from hand to machine wash
occurred. Readily biodegradable linear alkyl benzene sulfonates (LAS) replaced
TPS in 1961 (German detergents regulation, 1964).

From 1982 onwards, insoluble ion exchangers replaced eutrophying tripolyphos-
phates in Europe as water softeners. Zeolites (Sasil) allowed the production of
phosphate-free detergents by binding of water hardness (calcium and magnesium
ions). In the new millennium, combinations of soda with special polyacrylates (sol-
uble builder; Section 9.5) displaced the zeolites. In the 1970s and in the following
20 years, crucial breakthroughs ensued in the washing performance. The highlights
were, first, enzymes [18] (protease, amylase, cellulase, and lipase; Section 10.4) and
then the activator for bleaching at 40—60°C in heavy-duty detergents, produced
as customary powders and as superconcentrates. Third, color detergents got their
importance by addition of color transfer inhibitors, available in liquid and solid
formulations.

Figure 11.3 shows examples of detergent packages for solids during 1877-1977.
In these times, solid detergents dominated the market. Currently, the offer is much
broader. Besides the heavy-duty detergent, there are light-duty detergents and many
specialties in solid and liquid forms (Figure 11.4). Modern packages are discussed
in Section 9.6.

11.4
Washing Process

In addition to detergents, the washing process includes textiles, dirt, the washing
machine [19], and water. In parts of Asia, the Middle East, and Europe, people use
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Figure 11.3 Historical solid detergents and their packagings from 1877 up to 1977 (brands
from Henkel).
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Figure 11.4 Historical and current detergents and their packagings from 1980 up to 2013,
solids (powder, Megaperls®, tabs), liquids, and gels (brands from Henkel).

front-loading washing machines that have horizontal axis and allow high washing
temperatures. They differ significantly from the top-loading, vertical-axis machines
in Japan, Australia, New Zealand, Canada, the United States, and Latin America
(Figure 11.5). In these countries, the wash temperature is lower, and in most
cases the washing water softer. Deviant eating habits lead to other stains. This
explains the differences in detergent formulations, and the similarities in the types
of surfactants and enzymes.

Textiles are completely listed within the Textile Labeling Act [20]. They consist of
natural and synthetic fibers, but often of blended fabrics (Table 11.2). Depending
on the care label, textiles may be washed (tub with temperature or hand), bleached
(triangle), machine dried (circle in a square), and ironed (with iron points), as
shown in Figure 11.6. The number of points indicates the permitted temperature,
an underscore for gentle handling.
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Figure 11.5 European frontloader and top loader for India (Courtesy of Samsung).

Table 11.2  Selected natural and/or synthetic fibers for textiles.

No. Basis Origin of fibers Textile fiber

1 Cellulose Plant fibers Cotton and linen (flax)

Cellulose + Plant fibers + silkworms Semi silk (a mixture of cotton and

proteins silk)

3 Proteins Cocoon of the silkworm and Silk, processed in chiffon, satin,
(insects) various types of spinners and taffeta

4 Proteins Sheep, merino, angora, cashmere  Sheep wool, merino wool, mohair,
(mammals)  goat, llama, angora rabbits, cashmere, llama wool, angora,

5 Cellulose +
chemistry

6 Petroleum

camels, small camels, alpacas,
and muskoxen

Modified cellulose (regenerate fiber

and natural-based synthetic
fibers)
Chemical fibers

camel hair, yak, alpaca wool, and
qiviut

Viscose, Viscose silk (Rayon),
Modal, Lyocell, Cupro silk, and
Cellulose acetate (artificial silk)

Polyester, usually polyethylene
terephthalate (Diolen, Trevira);
polyamide (Nylon, Perlon);
polyacrylonitrile (Nylon, Orlon);
polytetrafluoroethylene
(Gore-Tex); polypropylene
(Polycolon); and
polyurethane + poly(ethylene
glycol) (elastane)




11.4 Washing Process

No Hand Warm No Yes

No Low heat Do not Low heat
Tumble dry Iron
Do not No profes- Drycleaning
dry- sional wet with per-
clean cleaning chlorethylene

Figure 11.6 Some textile care labels.

Most stains arise during cooking, eating, and drinking and by leisure activities
at home (DIY = do-it-yourself) or in nature (sports). Sometimes, there is blood or
traces of cosmetic. The causes of contamination in the laundry (Table 11.3) are
bodily excretions (sweat, feces, urine, and skin flakes). While most dirt can easily
wash out in the machine, itis advisable to pretreat stains or, if possible, immediately
wash and rinse out. Most of these contaminants do not dissolve in water.

In Europe, conventional drum washing machines with horizontal axis have a
variety of programs. The right program can be selected to include textiles and
degree of contamination. The program controls the addition of detergent powder
and fabric softener as well as the wash cycle and temperatures. The existing
load sensor adjusts the water level. The timer oversees washing, rinsing, and
removal of washing liquor, besides spin cycle times, revolutions, and final spin.
Vibrations, caused by imbalances, avoid a sensor that shuts down the spin speed
and starts up. Often, a program sequence includes the following steps: prewash
or soak, wash, rinse, rinse stop, pump, spin, and anti-crease. Special features of
machines represent the short programs, besides addition of more water or an
additional rinse cycle. Frequent washing of delicate fabrics and the attempt to save
energy lead to more low-temperature applications (<30-40°C) [21, 22]. Optimal
detergents, weight of the wash load, and energy consumption depend on the textiles
to be washed. Further, pollution levels and water hardness affect the amount of
detergents used. The costs of the wash load are given in Table 11.4.

During the washing process, the wash liquor contains the detergent and dis-
solved/dispersed dirt. At the end of the process, the liquor runs out completely by
being pumped into the sewer and then into the water treatment plant. Therefore,
the use of avoidable substances is forbidden. Because of the effect of eutrophication,
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Table 11.3  Dirt and stains on clothing
Solubility Occurrence Examples
Soluble in water Food Salt, sugar, and clear juices
Skin secretions Body sweat
Body exudates Urine
Insoluble in water, with Cosmetics Pigments, fats, oils, waxes, and
surfactants rinseable skin fat
Edible fats Butter, lard, cooking fat, oil, and
sausage
Environment Dust, dirt, and soot
Insoluble in water, after Food Egg, milk, sauce, spinach,
enzymatic degradation noodles, meat juice, pudding,
with surfactants cocoa, carrot, and baby food
rinseable
Body Blood, feces, and mucus
Cosmetics Makeup and lipstick
Environment Grass
Residues, but bleachable Food Wine, coffee, tea, fruits,
vegetables, and berries
Totally insoluble, not Household Varnishes (solvent based),
removable marker and printer inks,
pens, and candle wax
Environment Tar
Table 11.4  Estimated costs of washing at 60°C for a wash load (~5.5 kg cotton)

and laundry drying in modern machines (price basis: Disseldorf 2012).

No. Parameter Specific costs Costs Sum of
(estimated values) the costs

1 Detergent 80 g* €19.95 for 48 loads €0.42 —

2 Water 551 €1.95m™3 €0.11 —

3 Waste water 551 €1.52m™3 €0.08 —

4 Energy 0.85kWh €0.24kWh™! €0.20 1-4:€0.81

5 Depreciation €600 for 2000 loads €0.30 1-5:€1.11
washing machine

6 Energy dryer €0.24 kWh! €0.62 —
2.6kWh

7 Depreciation €600 for 2000 loads €0.30 6+7:€0.92

Condensation 1-7:€2.03

dryer

“Market leader.



11.5 Recipe

the formulations may contain phosphorus compounds only in prescribed limits
[23]. These depend on the hardness of water and detergent type, and are in the
order of 0.5 (to 1) g P/l detergent solution. Calculations result in maximum values
of 2.5 (to 5) g of phosphorus per wash load in 51liquor. The German Washing and
Cleaning Agent Law [24] allows only biodegradable surfactants, as well as minimal
water and energy consumption.

The drinking water that is available in Germany is generally of high quality. The
calcium and magnesium ions contained in it cause carbonate hardness (soft water
<1.5, hard water >2.5 mmol17!). Therefore, dosages depend on the water hardness
according to the label on the package. Insufficient binding of water hardness may
cause precipitation of soaps and reduce the effect of surfactants. Furthermore, the
carbonate crystals formed are visible on dark laundry. Possibly, some sharp crystal
edges damage the textile fibers.

Heavy metal contents in the tap water are well below allowable values that
are specified in the drinking water regulation [25]. However, these values increase
significantly by transportation in old galvanized iron pipes, especially when chloride
levels in the water are above 50 ppm. Damage to zinc coatings cause rust. After
a long stagnation in pipes, the rust flows out with the first liters in the form of
brown water. In addition, heavy metal content of some ingredients in the detergent
requires the use of effective chelating agents.

11.5
Recipe

Recipes for detergents are tailored to textiles, the way of washing (machine, hand),
and wash temperatures. The frame formulation [26] for heavy-duty and for color
detergents with selected ingredients is given in Table 11.5. For several chemical
ingredients, comparable alternatives exist; but they are not considered here.

Suitable ion exchangers or precipitants reduce or prevent the negative effects
of hard water. However, insoluble ion exchangers (zeolites) are sometimes visible
on dark colors (black) as a white precipitate. Therefore, in modern detergents
water-soluble builders are preferred as water softeners. Novel water softeners,
based on sodium carbonate/polycarboxylates, dissolve easily in all temperature
ranges. Formulated complexing and sequestering agents delay the precipitation of
calcium carbonate after exceeding the solubility (threshold effect). These special
polymers prevent crystal growth of precipitated carbonates by adsorption on the
crystallization nuclei. They keep water hardness in the wash liquor dissolved
and/or finely dispersed, up to pump off. Effective complexing agents represent,
in particular, copolymerized polycarboxylates [26], which bind calcium because of
their many charges, and keep the dirt in the liquor.

The surfactants in detergents reduce interfacial tension and improve the wetting
of fibers as well as of hydrophobic soils. In this way, surfactants remove much
of the soil from the fibers. With the help of mechanics, dirt reaches the liquor.
Best results are achieved by mixtures of anionic with nonionic surfactants in the
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Table 11.5  Frame formulation for disperse detergent (heavy duty and color).
Tasks in the Substances Amounts
washing process
Water softening
(1) Builders Zeolite and/or sodium carbonate, 15-30%
silicates
(2) Cobuilders Polycarboxylates (sodium salts) 2-8%
Washing alkalis
(3) pH (1% solution) for optimal Sodium carbonate pH 11.4 See (1)
washing conditions
Sodium bicarbonate pH 8.4 0-8%
Sodium silicate pH 12.5 0-7%
Removal of fats and dirt
(4) Anionic surfactants Alkyl benzene sulfonates (Na) 8-14%
Fatty alcohol sulfates (Na) 0-4%
(5) Nonionic surfactants Fatty alcohol ethoxylates 0-6%
Alkylpolyglycosides 0-3%
(6) Amphoteric surfactants Betaine 0-3%
Stain detachment
(7) Enzymes Protein, amylase, cellulase, and 0.2-1.5%
lipase
Detergent boosters
(8) Cationic surfactants Esterquats 0-1.5%
Brightening (only heavy-duty
detergents)
(9) Bleach Sodium percarbonate 8-18%
(10) Bleach activator Tetraacetylethylenediamine 3-7%
(11) Optical brighteners Stilbenes 0.1-0.3%
Inhibitors
(12) Graying (antiredeposition Cellulose ethers 0-3.5%
agents)
(13) Discoloration Polyvinylpyrrolidone 0-0.5%
(14) Foam Polydimethylsiloxane 0.1-2.5%
(15) Pollution (soil repellent) Polyethylene glycol terephthalate <1.5%
(16) Heavy metal complexation 1-Hydroxyethane-1.1-diphosphonic <1%
Excipients
(17) Powder formation Sodium sulfate pH 9 0-35%
(18) pH-value Citric acid 0-1%
(19) Softener Bentonite and esterquats 0-1%
(20) Disintegrants (for tabs Cellulose <5%
only)
Fragrance
(21) Perfume Mixture of 5-30 synthetic 0.2-0.6%
fragrances
Washing machine (inhibitors)
(22) Corrosion Sodium silicate See (3)
(23) Lime deposits Polycarboxylates See (2)

Citric acid

See (18)




11.6 Design of Finished Products

wash liquor, in which either more anionics are combined with little nonionics
or the other way round. Formulations of detergents that are sensitive on the
skin should contain alkylpolyglycosides, but preferably betaines. Betaines reduce
significantly the irritation potential of anionic surfactants on the skin, as is known
from cosmetics that contain sodium laurylsulfate (shampoo). Foam regulators
prevent the formation of foam. Air in the foam significantly impedes the washing
process by reducing the mechanic effects.

Washing alkalis adjust the pH, usually to values between 10 and 11.5. With
increasing pH, natural fibers swell up. The zeta potential increases significantly.
This strengthens repulsive forces, which facilitate the detachment of dirt by
surfactants and the incorporation into micelles. The negative charge of micelles
and fibers prevents redeposition of dirt. Substances such as cellulose ethers and
polyethylene glycol terephthalate support the antisoiling effect.

High performances of modern detergents would not be feasible without the use
of specific enzymes and enzyme mixtures. Genetically modified bacilli produce
biotechnologically detergent enzymes in fermenters (see Section 10.5). Many
difficult stains are of biological origin (grass, egg, and potatoes). In nature, there
exist usually suitable enzymes for biodegradation of these substances (see Section
10.4). The degradation takes place in the washing process by a nonspecific,
enzymatic hydrolysis of proteins (proteases), polysaccharides (amylases), and lipids
(lipase) in the presence of anionic surfactants, in a strongly alkaline solution [17, 27].

Peracetic from tetraacetylethylenediamine (TAED) at about 40 °C or perhydrox-
ylions (ionic mechanism) from hydrogen peroxide at over 60 °C brighten bleachable
spots. These spots are generally caused by wine, fruit, tea, and coffee. Bleaching
results in the spots being no longer perceptible. Furthermore, optical brighteners
(stilbenes) improve the visible whiteness of fabrics. Heavy metal ions (>5 ppm)
catalyze radical bleaching. Complexing of cations prevents the formation of radi-
cals. Strong bleaching is not preferred because it leads to fabric damage (holes).
Optical brighteners improve whiteness, the fluorescing substances absorbing UV
light and emitting visible light. Their molecular structure transforms yellow light
into white. Especially in sunshine, the brighteners show a strong effect.

11.6
Design of Finished Products

The final product always consists of base powder/granules and an admixture of
components as well as one or two small portions of liquids, which are not visible in
the powder. In case of stickiness, additional powdering allows the manufacture of
free flowing products (Figure 11.7). Powdery base materials, in combination with
admixed components, in particular with color speckles, determine the design.
Starting from powders, different supply forms may arise (Figure 11.8). For
example, in granulation or extrusion emerge particles in any sizes by enlarging
the particle diameters. They show the shape of powders and spheres or rods (see
Chapter 5). Grinding of powders leads to fine powders as well as micro- and
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Figure 11.7 Simple presentation of detergent manufacturing.
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Figure 11.9 Solid, portioned laundry detergents. Above: single-phase tablets, also with
speckles, and a three-phase tablet; below: granules in soluble poly(vinyl alcohol) (PVOH)
films, and powder in porous insoluble polymer bag.

nanopowders. Nanoparticles occur by grinding in stirred bead mills (see Section
7.5). Tablets and pouches emerge from these preproducts, after dosing of post-
addition components (Figure 11.9). Wrapped in water-soluble or water-insoluble
films, pouches can contain detergents of different particle size distributions.

What follows is a discussion about solid detergents. Over time, two forms of
dispersed detergents could prevail (Figure 11.10). First, customary powders (ds,
~350-550 pm) with bulk densities of 500 (+150) gl~! represents the dominant
market standard. Powders originate by spray drying. Second, of importance are
granules (dy, 600-800pm) in powdery form with bulk densities of about 700
(£100) g1~1. These products emerge from compacting/granulating of spray-dried

Micropowder Powder

mpounded
granules

(large particles)

G i i et

Granules Extrudates

Figure 11.10 Final mixed heavy-duty detergents with color speckles (powders, granules,
extrudates; underlined in blue: conventional products).
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powders or from non-tower methods. The extrusion process is a special case of
granulation.

Substances that are sensitive against temperature, dissolution, and alkalinity or
reactive as bleach and enzymes must be added to the base powder in dry form,
as spray dried powder, or as agglomerated granules. This happens in a final mix
(“post addition”). To prevent segregation, all particles correspond in density and
shape as well as in particle size. In the case of sodium percarbonate, an adaptation
is relatively easy to realize. The production of this raw material takes place in a
spray agglomeration process (see Section 8.8) by adjusting of desired particle size
distribution. Other admixture components require more effort for setting the right
size. For example, enzyme granules usually have particle sizes between 300 and
1100 pm. The lower range of these sizes is suitable for customary powders, the
upper region for powdery granules, but not really for the extrudates (1.2-1.4 mm).

Assessed according to separation tendency, normal powders cause the least
effort in processing. At the end, post addition of powdery granules is easy after
screening of some components. However, the larger, spherically rounded cylinders
from the extrusion process are attractive, but require an intensive adjustment of all
components in size and shape to minimize segregation.

1.7
Manufacturing Processes

Three processes dominate the manufacturing of solid detergents: atomization
in spray towers and atomization with a subsequent compaction, as well as the
“non-tower” process (Figure 11.11). After these processes, the “base powders”
arise, which are processed in the post-addition step and then packaged. One line
allows the manufacturing of base powders up to 35 th~!. Both the base powder and
ready mixture are stored usually for some time in silos. This decouples the process
stages, and the filling of the product into packages runs in multiple filling lines
with higher capacities.

It is also possible to combine a tower with a non-tower procedure. Then, only
small amounts of about 10-15% of the final product arises from the tower by drying
a mixture of various solutions and components. The far greater proportion of “‘base
powders” runs over non-tower steps. This split is usually the most economical
solution.

An analysis of the cost structure shows that all raw materials together determine
the production costs, with a proportion of 75-85%. The remaining 15-25% is the
depreciation of equipment and buildings, apart from insurance and energy and
labor costs. The division results in raw material costs having a strong influence
on recipes and procedures. This is increasingly valid for solid as well as for liquid
detergents.

Procedures for liquid detergents are comparatively simple and consist mainly of
pipes, tanks, and containers. In the case of discontinuous production, the mixing of
all components occurs in a stirred tank. Continuous productions are characterized
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Figure 11.11 Manufacturing processes for detergents.

by a plurality of metering pumps with a common drive and a downstream static or
dynamic mixer.

11.7.1
Drying in Spray Towers for Customary Powders

Worldwide, almost all detergent manufacturers use countercurrent towers for
the generation of base powders [28]. Metered from containers, liquid and solid
materials flow into the slurry tank. There, solids dissolve in water at 60-80°C. In
this vessel of the preparation plant run several chemical reactions with sodium
hydroxide, namely, neutralizations of anionic surfactant acid and complexing acids.
From there, pressure atomization of suspension with simultaneous drying in hot
air ensues, producing free flowing powder. The drying in the spray tower exhibits
many advantages, if the neutralization of acids takes place in the slurry tank, and
if the quantity of dissolved and/or suspended raw materials is high.

U1

Flexibility concerning bulk densities and particle size distributions;
Simple return of enzyme-containing dusts and coarse fractions by dissolving
in the slurry vessel.

1) Cost advantages in raw materials (depending on location);
2) Low costs by drying of concentrated slurries with high throughputs;
3) Simultaneous shaping (beads);
4) Preventing segregation of powders;
)
)

=)

For reasons of plant and personnel safety as well as storage stability, reactive
or chemically sensitive substances are admixed. Therefore, the post addition takes
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Figure 11.12 Production of powdery detergents with traditional countercurrent spray tower
for base powders (variants: one or two spray levels; integrated or external filter; and gas or
oil fired).

place by dosing problematic powders or granules (Figure 11.12). The mixing
includes coated enzymes, coated bleaches (sodium percarbonate), and activators
(TAED). Granulated antifoaming agents (silicone foam regulator concentrate, SIK)
show an enhanced efficacy. This is the reason for a specific separate granulation.
To simplify production, the manufacturing of colored speckles occurs separately
before the actual production of detergents. However, processing of brighteners
is possible both in the spray tower as well as in the workup. Drying in the
tower requires subsequent cleaning of the tower in case of product changes to
brightener-free base powders. Intensive cleaning eliminates even traces of optical
brighteners. Washings are necessary because color detergents should not contain
these substances.

Some liquids, namely, nonionic surfactants and perfumes, are sprayed very fine
on the powder via twin-fluid nozzles. The possible stickiness eliminates subsequent
powdering with finely ground powder. Good powdering are in particular zeolites,
as well as ground base powder or ground salts. Enzyme-containing dusts and
coarse particles from the final screening, in addition possibly oversized from tower
screen, return on path 1 (Figure 11.10) into the slurry vessel. There, decomposition
of enzymes and bleaching agents occurs under hydrothermal conditions.

Variants of widely used spray drying in countercurrent mode with hot air
represent a drying of superheated slurries (flash drying) and drying with
superheated steam. Another case is the drying of slurries for light-duty detergents.
They need lower product temperatures, realized by a hot air drying in cocurrent
(see Section 8.5).
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11.7.2
Combined Spraying with Compacting Processes for Concentrates

In the mid to late 1980s, work began for the development of detergent concentrates.
The obvious idea was that customers get a much smaller package with less weight
for more easy transportation and space-saving storage. An open question reads
whether customers accept less mass and volume for same or better performance.
Different answers gave the market in various countries.

In Western Europe, several developments ran in process engineering and
chemistry. A procedural approach consisted in the gradual increase of bulk density
from about 430 to 480-550g1~! (1989) and later on to 700+50g1~! (1993). As
a first step, a dry compression of base powder occurs in a high-performance
ring-layer mixer during continuous spraying of nonionic surfactants. The high-
energy input leads to strong shearing of powders during the short residence times.
Thereby, a slight reduction of the powder size happens, wherein intraparticle
cavities disappear. A passage through the mixer leads to an increase in bulk density
by 50-100g1-!. More expensive, but also more effective is dry compaction by
roller compaction with grinding/screening (see Section 5.1). The process is fully
encapsulated in a facility [29].

Alternative methods exist to increase the bulk density of powders, such as
granulation or extrusion (Figure 11.13). These processes use the addition of fluids
(see Section 5.2) and include either drying and/or cooling in a fluidized bed.
Many manufacturers perform simple, inexpensive granulations. Thereby, bulk
densities increase, along with a slight increase in particle sizes. Owing to short
residence times, the product remains powdery, without significant improvement in
design. Formerly protected by patents, the technologically sophisticated extrusion
created aesthetically pleasing products. As agglomeration liquid, the detergent
extrusion uses poly(ethylene glycol) (PEG)-melt, which solidifies on cooling and
ensures particle hardness. Both processes guarantee an increase in bulk density
by compaction of powdery raw materials. This happens by forming new particles
with less porosity and voidage. In addition, the shape factor improves, depending
on the process equipment.

There were three chemical approaches to concentrate products and to improve
formulations:

1) Less water
a. Reduction of residual moisture content from 9-11% to 4—6% brought a

gain of 5% (absolute value).

b. Switch to a bleach with little crystal water or to water-free compounds enables
lowering the weight by 5-6% (perborate tetrahydrate to monohydrate and
then to percarbonate).

2) Extensive renunciation of fillers/processing aids: the reduction of sodium
sulfate from 25-50% to 0—25% means a decrease in the total amount of about
35%. Added processing aids may improve economically the quality of sprayed
powder products, especially the free-flowing properties.
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Figure 11.13  Process for preparing detergents with high bulk densities from tower powder
(compaction step: extrusion; alternatives: granulation, pelletizing, and roller compaction).

3) Reducing the less relevant substances (sodium carbonate, silicates, and bleach-
ing), and increasing the active compounds (surfactants, enzymes, and bleach
activators) lead to better results at low temperatures.

Despite use of only half of the detergent per load, these measures cause
an improved wash performance in the temperature range between 30 and 60 °C.
Shortly before the changeover, the standard powder was dosed with 150 g (=333 ml)
per 4.5kg of laundry. Washing with the first generation of compacted detergents
needs 105 g, and with second generation (extruded) 76 g. Present-day super con-
centrates work with 67 g=100ml for a 5.5 kg wash load, standard powder with
85g=165ml. The extent of concentration is visible, in particular at the volume
reduction over time (Figure 11.14).

11.7.3
Non-Tower Method

As a characterizing feature, a spray tower for drying and for forming the base
powder is lacking in “non-tower” processes. Shaping of detergent powders by
spray drying makes sense only if relatively high percentages of the materials
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Standard
powder
(2000)
Compacted Standard
powder powder
(2000) (2013)
Super Super
concentrates concentrates
(2000) (2013)
'olume| |Weight|
Bulk density (g I"") 520 600 730 520 750
Dosage
in grams 150 105 76 85 67
in milliliters 290 175 105 165 90
Package contents (kg) 3 2 15 1.28 1.08
Number of wash loads 20 20 20 16 16
Amount of laundry (kg)
for 4.5 kg laundry/load 90 90 90 70 (90%) 70 (90?)
Weight of packaging
Carton (@) 230 160 100 about 120 about 70
Refill () 30 25 18

@ Today often 5.5 kg.

Figure 11.14 Effects of the concentration of laundry detergents during the past 20years

in Germany.
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are advantageously present in solution or in suspension. Furthermore, anionic
surfactant acids neutralize economically in the slurry-mixing tank. Use of solid
sodium carbonate or dried zeolite instead of a suspension significantly reduces
the need for drying. Alkylbenzene sulfonate (LAS-S), used in quantities above
8%, is available as neutralized paste (65%), which eliminates the necessity of a
neutralization process in the detergent plant. It would also be possible to place a
small neutralization mixer in front of the granulation mixer. Water from solution
and from neutralization facilitates the granulation. Hot air in the fluidized bed
removes the excess moisture.

Modern detergent facilities, whether equipped with a spray tower or a granulating
mixer, operate wastewater-free. Investment costs of these alternative processes are
of the same magnitude, because core elements (tower vs mixer and fluidized bed)
represent only a small part of the total investment with equal post-addition and
filling lines. Depending on the costs of raw materials for the same formulation,
non-tower procedures offer economic advantages. Furthermore, air pollution at
the production site is lower. Here, a reduced amount of evaporated water permits
advantages in economy and ecology. However, non-tower methods depict lower
flexibility compared to spray towers. Low bulk densities for special detergents, pre-
ferred because of higher dissolution speed, are not yet achievable. Such specialties
arise advantageously in spray towers under cocurrent flow of air.

In many cases, continuously working processes consist of two cascaded mixers
with a subsequent fluidized bed dryer and downstream a grinding/screening
unit [7]. First, all dry materials are metered into a continuous ring layer mixer.
There, a part of the nonionic surfactants is sprayed on powders under high-
energy premixing. This homogenized and rubbed off solid mixture then flows
into a ploughshare mixer, in which the powder granulates after addition of liquids
(Figure 11.15). Owing to short residence times, shaping ensues usually only up to
the powder-like state, not perceptible as real granules. In the subsequent fluidized
bed, the granules dry up to customary moisture contents of 4-8%. Sieves separate
coarse particles from the dried granules. After passage through a mill, they flow
back on the screen or into the dryer. The optimal way back leads into the high-speed
mixer (along with filter dust). High shear forces in the granulation mixer and the
relatively high amounts of liquid effect high bulk densities. The powdery granules
replace tower powder. In the usual manner, subsequently the post addition of solid
components takes place.

According to this method, parts of the detergent formulation in the shape of
small granules can also be produced, and are referred to as compounds. Compounds
consist of one main component together with several agglomerated substances. The
main component may be an anionic surfactant, nonionic surfactant, or silicates. A
mixture of several compounds represents the “base powder.” Depending on the
formulation, a division may allow more flexibility in composition. However, this
mixture displays visually a nonuniform powder image. This method is known as
compound process.
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Figure 11.15 Granulation process for manufacture of “base powder” (or single com-
pound), followed by post addition (Mixer courtesy of Lodige).

11.8
Novel Manufacturing Method for Granules

According to their needs, customers choose the best product, concerning per-
formance, convenience, and aesthetics. As solid laundry detergents, some people
prefer compact extrudates or granules; others find customary powders good or
good enough. From several studies it is known that spherical particles are pre-
ferred in comparison to powder or powdery granules. A forward-looking, universal
“non-tower” process would have to cover the following areas:

« Spherical particles in all sizes;

e Optionally small, medium, or large diameter (e.g., d5, about 350, 550, and
900 pm);

« Optionally medium or high bulk densities (e.g., y =500, 750, and 1000 g1~1).

This would cover most areas of marketable powder and granules. A super con-
centrate with an even higher bulk density is added. In addition, new combinations
(such as 350 pm and 750gl™! or 900 pm and 500g1~') would be possible. The
mentioned requirements fulfill a novel granulation [30]. Various products emerge
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Figure 11.16 Granulation of finely ground particles on core granules of same composition:
(a) KM mixer and (b) Vibro Fluidizer (Courtesy of Lodige (a) and GEA Niro (b)).

successively and economically in a large plant with only one production line. In
this innovative process, particles in spherical shape arise with the help of liquids.
The special feature of this method represents the granulation of finely ground
powders on a core material of defined sizes (Figure 11.16). Extremely fine grinding
of components ensures that each ball has exactly the same composition. A 500 pm
particle contains about 10 000 ground particles, so that a 1% component still pro-
vides about 100 particles for each ball. The granulation expires fast because of the
high adhesive forces of small particles (see Section 5.2). Therefore, the granulation
mixer and equipment may be comparatively small.

In comparison with conventional granulations, this process shows some special
features. Downstream of the fluidized bed dryer, a screening plant is arranged
to recover core material. In continuous operations, the equipment allows an
adjustment of the particle sizes and width of distribution by choosing the right
mesh widths. Besides gaining the onsize, there is a sieving of core material as
well as of coarse and fine fractions of granules. All three screenings preferably run
simultaneously on a triplane (Figure 11.17). The most distinguishing element of
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the innovative process is a powerful mill-drying unit, in which wet solids, solutions,
and suspensions dry at the same time.

Bulk density depends on the densities of raw materials. On the other side, the
distribution of liquids between mixers and the fluidized bed and mill dryer allows
an adjustment of bulk densities within wide limits. The granulation mixer must
be suitable for introduction of high shear forces. Preferably, grinding runs in
impact mills with multi-levels and adjustable gaps. Other opportunities represent
the settings of the rotational speeds, temperatures, and air velocities in mill drying.
Transported with grinding air, the ground particles fly into a silo with integrated
filters. After deposition, a metered addition into the granulation mixer ensues.
Only for the first startup, the process required sieved raw material as core. In the
stationary mode, sufficient quantities of core material accrue as undersize, which
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Figure 11.18 Cumulative frequency distributions of ground powder at mill outlet and of
produced granules after sieving: the image in the upper part of diagram shows micro-
scoped granules, in the lower part an air turbulence mill (Courtesy of Jickering).

are slightly smaller than the onsize. All other solids run through the mill, apart
from some solutions and suspensions on particles.

Figure 11.18 demonstrates the principle. With the used mill and set operating
conditions, grinding provides reproducible particle sizes of 1-40 ym (ds, =7 pm).
In this case, the granules show after sieving sizes of 750pm (dsy) and bulk
densities of about 730 g1~!. During collection of core material, the mesh sizes of
the sieve determine the mean particle sizes. Sizes may be set from very small to
large. Width of the distribution arises from screening of fine and coarse particles.
Narrow distributions require great circulations (=high costs). This special process
always leads to spherical granules, wherein the shape factor depicts values above
0.82, usually as much as 0.85. A higher addition of aqueous suspensions and/or
solutions into grind drying increases the bulk density, wherein grinding should be
intensified. Reduction in bulk density is achievable by introducing fewer liquids
into the slower running mill and partly adding liquids along the fluid bed dryer.
In addition, the amount and type of granulation liquid influences the bulk density,
especially directly in the granulation.

11.9
Economic Considerations

First, non-tower productions reduce the manufacturing costs in many cases. An
additional way represents the optimizing of the “base powder” concept. The idea
includes production of all detergent variants in a large-scale plant with only one
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line. In the process, product-characterizing differences are realized by operation
conditions and the components in the post addition. It is possible to generate heavy-
duty and color detergents in customary quality (approximately y =550g1~!) and
as concentrates (y about 800 g1~!). Adjustable parameters are operating conditions
and distribution of liquids. Dosed liquids flow separately or in mixture both into
grind drying as well as into granulation and further into the fluidized bed, preferably
in coordinated amounts. Particle sizes are calculable and adjustable by choosing the
right screen mesh sizes for the core material. With same post-addition materials,
the final products are in the range of 450 ym (ds,) up to about 750 pm. Figure 11.19
shows a possible plant design of the post-addition step.

11.10
Outlook

Major steps of development in the past 50 years led to large-scale changes in the
formulations of detergents. These are biodegradable surfactants and phosphate-
free soluble builders as well as various enzymes, bleaches, and activators, apart
from color transfer inhibitors. Introduction of concentrates provided a significant
contribution to development. All activities exhibit ecological aspects. Currently, the
washing process needs less chemistry, energy, and water, and wastewater is less
polluted.

Also, in future developments, ecology stands at the center. In particular, by
lowering the wash temperatures, power consumption should drop. The trend
towards more sensitive textiles requires low mechanics and high water level
in the machine for fiber and color protection, apart from low temperatures of
15-30°C. For these reasons, the brand manufacturers focus developments on low-
temperature washings with liquid and solid detergents. The key to success seems to
lie in modified enzymes, with reasonable efficiency in desired temperature range.
Different surfactants bring progress by optimizing the types and amounts. Further,
an effective low-temperature bleach must be sought and found. During declining
washing temperature below 20 °C, exchange from sodium salts to the better soluble
potassium salts is possible. In Japanese detergents, these salts are components for
the cold wash (5-18°C) for many years. Nevertheless, the wash method is not
comparable to the European conditions.

The duality seems to remain, which means normal powder and concentrates
are still customary forms. Perhaps a manufacturer might dare to introduce super
concentrates (more enzymes, fewer builders, and 900 g1-! bulk density). Esthetically
pleasing spherical granules of a modern, real granulation would certainly be well
received by customers. However, detergent manufacturers possess depreciated
production facilities with low manufacturing costs. Therefore, a speedy conversion
to modern granules is unlikely.
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1.1
Learnings

<

D U S G O O N O O

Solid laundry detergents exist as powder and as granules, apart from spherical
granules and extrudates.

Powdery and granular heavy-duty detergents of high quality provide best wash
performances.

Bleaching substances in heavy-duty detergents contribute significantly to the
reduction of germs.

Liquid detergents show some advantages in handling and gain market shares.
Solid detergents remain indispensable because of the bleach.

Without preservation, liquid products show a risk of contamination with
microorganisms.

Color detergents are free of bleach and whitening agents, but contain color
transfer inhibitors.

Brand manufacturers question their customers in all stages of development in
order to increase the market success.

Consumers want a fast completion, perfect washing results and no ironing;
besides, all steps should be economical.

Washing processes include the textiles, dirt, washing machine, and water.
Our clothes consist of natural and synthetic fibers, often as blended fabrics.
Manufacturing of the base detergent powder follows atomization in spray
towers without/with subsequent compaction and then in non-tower processes.
Afterwards, post addition follows, in which sensitive components are metered
and mixed with the base powder.

A novel granulation enables the production of base granules in various sizes
and wide ranges of bulk densities.

Large single-line manufacturing without a tower provides economic benefits.
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12
Product Design of Liquids

Summary

The purity of liquids (technical grade, for analysis) and their composition (mixture,
emulsion) as well as the presence of solids constitute a substantial part of product
design. Furthermore, the performance and convenience in the application indicate
the quality. Possibilities for varying the design from the same starting material are
described for sulfuric acid, milk, and tomatoes, and subsequently for a hydrophobic
liquid (perfume) in detail. The design of perfume oils emerges both from the
composition of individual fragrances to an individual overall smell and from
further processing to another form of application. Perfume oils consist of ~30-200
natural, nature identical, and synthetic fragrances. The task-oriented formulation
of odor regarding the top, middle, and base notes as well as the required fixation
represent an artistic performance of the perfumer. In the consumer sector, odorants
are used for fragrancing of the body and for aromatherapy, and for scenting rooms
and products. The product fragrance originates partly or wholly from syntheses.
The control of room and product scenting with respect to time and intensity occurs
through the concentration and the “physical state” of the oil, which is present in
dilute solution, undiluted, encapsulated, and sprayed on, emulsified, foamed, and
thickened, and in the form of a gel or solid bar. Any solid form of fragrances (beads,
blocks, and gels) occurs with the help of carriers.

12.1
Introduction

The setting of the desired quality and product shape as well as converting into
other phases and forms represents the key to product design. Some examples
are used to describe the procedures for improving the liquids with respect to the
application, namely, for hydrophilic and hydrophobic liquids and for emulsions.
The main part of the discussion is centered over the perfume oils, showing
the possibilities for changing the physical state of essential oils. Some examples
demonstrate that many designs are already realized. Nevertheless, product design

Industrial Product Design of Solids and Liquids: A Practical Guide, First Edition. Wilfried Rahse.
(© 2014 Wiley-VCH Verlag GmbH & Co. KGaA. Published 2014 by Wiley-VCH Verlag GmbH & Co. KGaA.
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facilitates a possible transfer of learnings, ideas, and designs to other areas/fields
of application.

The purity of liquid (technical grade, for analysis), assessed from the amount
of impurities and from physicochemical measurements, constitutes a substantial
part of product design. Furthermore, the quality of mixtures and their composition
represent a base for particular effects in the application.

12.2
Water-Based Liquids

Several food and beverages are liquids or contain free water. Moreover, industrially
produced water-based liquids, for example, different consumer goods, include
dissolved or suspended solids, liquids, and gases. These originate from nature or
from organic and inorganic chemistry. In the presence of water, a microbiological
contamination can happen. To increase the durability, there are three possibil-
ities, namely, short-term heating of the product, addition of preservatives, and
microfiltration.

First, the heat kills harmful microorganisms during pasteurization in 15-30's at
72-75 °C. More effective is the ultrapasteurization or ultra-high temperature (UHT)
treatment, where the heat acts at >135 °C for about 4 s. Batch-wise real sterilization
ensues under pressure at 121 °C for 20min to get a sterile solution. Therefore,
suitable equipment (EHEDG, European Hygienic Engineering and Design Group;
see Section 13.10) and materials (Chapter 16) are needed. Alternatively, microfiltra-
tion holds back all microorganisms (see Section 10.5.3). Industrially manufactured
water mixtures may contain alcohols, acids, alkalis, salts, macromolecules, and
emulsions. Depending on the formulation, the water has to be preserved with a few
parts per thousand of suitable chemicals. The addition of different preservatives,
partly approved for food, is described in Section 13.6.2.

A pure liquid can evaporate by heating, whereby molecules diffuse into the
gas phase. On the contrary, by cooling below the melting point, a liquid can
solidify, and then become a solid product. The physical states of solutions, such as
sodium hydroxide, depend on the concentration and additionally the temperature
(see Section 2.3). The solid shape of lye at higher concentration is because of the
process used.

Figure 12.1 displays the phases of well-known sulfuric acid at normal pressure.
This chemical is available in different purities, up to an ultra-pure quality. Purity
influences the melting point significantly, which shows values at one end with
—15°C for the highest quality and about +10°C on the other end for technical
grade (100% acid). The chemical industry sells sulfuric acid in different degrees
of concentration. At 10% concentration, it serves as battery acid. Fuming sulfuric
acid (oleum) is formed on dissolving gaseous sulfur trioxide in sulfuric acid. Acid
mixtures represent additional possibilities to get optimal results in the application.
Further diversity arises through chemical reactions, for example, for preparation
of fertilizers or salts.
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Figure 12.2 Some simplified opportunities in milk processing (characterizing the product

design).

Milk, as a natural product from cow, sheep, or goat, represents a starting material
for different products. It is used extensively in different processes (see Figure 12.2).
The product design is discussed here along with some brief highlights. Technically,
milk is a three-phase emulsion (aqueous and oil phases and solids). The oil phase
(rahm) converts via crystallization into a solid (butter), into a gel-like mass (créme
fraiche), or viscous liquid (cream). From raw milk, the preserved liquid milk for
drinking and milk powder arise, as well as fresh cheese; from pasteurized milk not
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only quark but also different hard and sliced cheeses originate. Product design for
milk is well established, remaining only in niches, especially in connection with
mixed micro-/nanopowders.

Processing of tomatoes, an example for the water-based liquid/solid system, leads
to different products. Firstly, the peeled, cored tomatoes pass through a sieve at
elevated temperatures. The mass is concentrated in a multistage evaporator under
vacuum. In this way, different products emerge, from the sauce to the paste. The
tomato powders arise on heated rollers or in a spray-drying tower. The methods
generate a 96% powder that is also suitable for coloring of noodles. Figure 12.3
explains some more details.

The juice originates from higher concentrates through dilution. The cooking of
the mass with spices, sugar, and vinegar results in ketchup. This process allows the
addition of more powdered spices or pieces of other spices and different vegetables.
Therefore, the manufacturers generate a plurality of various flavors. An interesting
point is the adjustment of viscosity, preventing segregation of the liquid from the
solids. The pastes are usually thixotropic, so that they liquefy by shaking. Therefore,
there is a need for thickeners to reduce this effect. The usual agents are starch- and
cellulose derivatives and xanthan gum, as well as silica nanoparticles.

Design of suitable packaging materials represents a big issue for tomato paste,
especially for ketchup. Rigid glass or squeezable plastic bottles are opposing
alternatives for ketchup. Owing to the thixotropic behavior, the discharge openings
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Figure 12.3 Processing of tomatoes for explaining the product design of two-phase sys-
tems (liquid/solid).
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must be adjusted by trials with the product. Food cans, tubes, or jars with screw
caps are in use for tomato pastes, and tetra packs for the juice and sauces.

Both for hydrophilic and lipophilic liquids, further possibilities exist to develop
optimal products. Many new product variants result by the addition of appro-
priate solid, liquid, and/or gaseous substances, which are soluble or insoluble
(Figure 12.4), depending on the application. The additives differ in their composi-
tion, in phases (dispersed or continuous), in particle- or droplet sizes, and in many
characteristic measured values (density, refractive index, and fixed points). Often,
additional processing is necessary for producing the optimal consistency for use.
Thus, it is possible to stir liquids in melting and pour the mixture into blocks or
other shapes.

Granules may arise by dropletization of melt, and powders by spraying from a
molten mixture under cooling conditions. Other possibilities represent both the
application of a melt as coating layer, and the homogeneous incorporation of
liquids into solids. An extruder, kneader, or mixer allows the mixing of liquids
and melting into powders and excipients, forming downstream shapes such as
granules, strands, or pieces (see Section 2.2).

Immiscible liquids and liquid mixtures are of interest because of the hydrophilic
and hydrophobic molecular structure (characterized by the hydrophobic/lipophilic
balance HLB), described in detail (Chapter 13). Emulsions arise in several ways
through the addition of suitable emulsifiers. The two phases partially or com-
pletely dissolve into one another. After mixing, one phase emulsifies as droplets
in the continuous phase. In addition, targeted segregations are possible. By a
short shaking immediately before use, biphasic products form a short-term emul-
sion (Figure 12.5). Further possibilities for structural changes originate from
unsolved/dissolved solids and consistency regulators.
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Figure 12.5 Hydrophilic/hydrophobic liquids in colors, forming an emulsion after
short shaking.

123
Water-Insoluble Liquids (Example: Perfume Oils)

The product design of water-insoluble, organic liquids is described using the
example of perfume oils. Because of its complex composition, perfume oil allows
particularly diverse designs. The targeted making requires a more detailed descrip-
tion of the interesting perfume oils. This section focuses on the origin, chemical
composition, and isolation of fragrances. Thereafter, a description of solidification
of organic liquids occurs.

12.3.1
History of Perfume Oils

The word perfume derives from the Latin word “per fumum,” meaning, by smoke,
and incense from “incendere,” which means, to burn. It was believed that the
smoke of incense burnt as part of religious ceremonies transported the prayers
to heaven. In history [1-4], the earliest evidence for the making of perfumes
dated approximately from 2000 up to 5000 BC. The priests in Mesopotamia used
perfumes, scented ointments, and resins for honoring the gods and anointing
the dead. The development and manufacturing of perfumes began in ancient
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Mesopotamia and Egypt. Women known as the Assyrians manufactured perfumes
by crushing of various plants. In hot salted water, the fragments stood overnight.
Subsequently, the perfume arose on filtering the liquids and mixing them with hot
oil. In India, people used perfumed ointments and oils as well as scented plant
parts especially for medical purposes and for cleansing the body as well as for
rituals.

In the second millennium BC in Mesopotamia, a female chemist (Tapputi)
distilled various flowers with oils and other aromatics for the extraction of fra-
grances. Around this time, the upper class of Egyptians had already discovered
the perfume for personal care and therapy. The world’s oldest perfume factory,
discovered in Pyrgos/Cyprus, dated from this time. They processed flowers, herbs,
and spices. Still in use today in the perfume industry, the word “Chypre” indicates
the importance of Cyprus in the scent culture.

In the ninth century, an Arab chemist (Al-Kindi) described in the book Chemistry
of Perfume and Distillations more than 100 recipes and manufacturing equipment,
such as the alembic. The Persian Ibn Sina (Avicenna) invented steam distillation
about 1000 AD, a great step in chemistry. He processed petals of roses. Before
that, the perfume oils originated from distillation of crushed mixtures of petals and
herbs in oil as well as by mixing and squeezing.

The western culture encountered fragrances through the Crusades, and required
raw materials and mixtures of the Orient. Until then, only simple lavender
water from Charlemagne was known (end of the eighth century). Monks’ recipes
(1221) demonstrated the knowledge of perfumery in Florence, Italy. In the east,
Hungarians (1370) made a perfume from scented oils, blended in alcohol, best
known as Hungary Water. In addition, Venice became an important trading center
because large amounts of new herbs, spices, and other goods came to Europe
through this route. The development of skills and the technical equipment for
distillation allowed the manufacturing of essential oils for the market in the fifteenth
century. The emergence of perfumeries may date with the arrival of Catherine de
Medici (1519-1589) to the court of Henry II. In 1580, the alchemist and apothecary
Francesco Tombarelli came to Grasse (France). There, he established a laboratory
for the manufacture of perfumes. Thereby, Grasse became the incubator of the
European perfume industry.

In Germany, the Italian barber Giovanni Paolo Feminis created perfume water,
known as Eau de Cologne. His nephew Johann (Giovanni) Maria Farina took over
the business in 1732. By the eighteenth century, aromatic flowers and herbs were
planted in the Grasse region of France, in Sicily, and in Calabria, Italy, to provide
the growing perfume industry with raw materials. Even today, Italy and France are
the center of European trade for scented plants.

12.3.2
Perfumes

Perfume oils provide a pleasant mixture of many fragrances, which often contain
essential oils. Fragrances enhance the well-being and show a positive impact on the
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psyche. Depending on the composition, they exert a calming or stimulating effect
on the users and the environment. Therefore, people use a perfume of their choice.
Myriad scents are available. Many cosmetic products contain fragrances, or the
perfume applied directly on the body delivers a sympathetic, personal fragrance. In
addition, perfumes emphasize the characteristics of many consumer goods.

For the creation of a perfume for personal care, the perfumer selects about 30—-200
fragrances from over 2500 natural, nature identical, and synthetic fragrances [5, 6],
whereby a fragrance can consist of several components. This art is a combination
of individual oils in kind and amount, creating a pleasant composition with respect
to the impression, intensity, and duration of the fragrance on the skin or on a
scented product (“product design”). Perfume oils are of three different fragrance
types, namely, the head, heart, and base notes [7]. They differ in their volatility
and aroma. The top note (head, Téte) is characterized by a light, less adherent
fragrance, and only perceptible in the first 10 min. This note gives the initial
impression and is thus important for selling the perfume. Thereafter, the middle
note (heart, Bouquet, Coeur) appears perceptibly, which determines the character
of the perfume. The base note (fixator) comprises long adherent, low volatile
odorants. The scent is still noticeable after 1h and reduces the volatility of the heart
and top note. Dominated by the middle note, the following terms characterize
the typical fragrance of a perfume: aldehydic, animal, aquatic, aromatic, balsamic,
floral, earthy, fresh, fruity, green, woody, herbaceous, oriental, powdery, sweet,
spicy, or citrus [8].

The nose perceives not only fragrances but also the flavors (taste and odor) used
in food and medicines. Incorporated as liquids in food, the flavors should not affect
the taste. For increasing the stability and controlling the release of flavors, the
addition may occur in dry state [9], for example, with carriers or in capsules.

The world market of “Flavors & Fragrances” amounts to about €12.2 billion
[10]. Major manufacturers are Givaudan (Switzerland), International Flavors &
Fragrances (USA), Firmenich (Switzerland), and Symrise (Holzminden, Germany).
The perfumers of these manufacturers develop in their laboratories all new feel-
good fragrances for the well-known perfume brands. There are some perfume
houses that produce perfumes solely for the scenting of consumer products. One
of them is the Henkel Fragrance Center (Krefeld, Germany). An extensive stock of
the individual fragrances with sophisticated logistics characterizes the production
equipment for the perfume oils. The manufacture of each batch takes place by
precisely working on the dosages [5, 6], in which the individual components are
weighed and mixed in presence of an inert gas.

In consumer market, the use of fragrances splits up into four cases. Perfuming
of body ensues with different concentrated, alcoholic solutions of perfume oils with
a spray device or through direct application (Figure 12.6). Further possibilities exist
in the use of fragrance-containing body-cleaning agents and care as well as hygiene
products such as soaps, shower lotions, shampoos, bath additives, deodorants,
shaving water, hair gel, skin care, and sun protection products.

Aromatherapy with essential oils can remedy sensitivity disorders (mood swings)
and alleviate diseases. For this purpose, an enrichment of space/breathing air with
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Figure 12.6 Supply forms of perfume oils Parfum (EdP) 10-15%, and (d) Extrait de
in alcoholic solutions: (a) Eau de Cologne Parfum 15-30% perfume oil. (Courtesy of
(EAC) pump sprayer 2—-5%, (b) Eau de Toi-  Douglas.)

lette (EAT) spray pump, 5-10%, (c) Eau de

evaporating oils or the inhalation of fragrance over a hot water bath or oral intake
or rubbing/massaging into the skin is necessary [11]. Firstly, an aromatherapy
massage, performed by doctors or health practitioners, achieves positive effects on
the nervous system. Secondly, there exist fragrance recipes for almost all physical
problems [12]. Numerous essential natural oils, alone or in admixture with other,
are suitable for the alleviation of disease conditions, particularly of colds. Essential
oils can help in cases of psychosomatic disorders, symptoms in the digestive tract,
inflammation, pain relief in the mouth, and throat. In a much diluted form, they
stimulate the function of the biliary tract successfully. Some essential oils have
antiseptic and antibiotic properties, and help in skin injuries. It is also known that
some oils accelerate the cure after burns.

Vaporizing perfumes, distributed with adjustable fan airflow, scent the space
of warehouses, shops, showrooms, and sales and exhibition stands. In private
rooms, controlled release allows a constant scenting. Release control is achieved
by differences in the consistency of the perfume, which means the oils evaporate
from the liquid, a thickened liquid, or out of solidified bars. Special spray devices
enable short-term intensive air freshening. For a long-lasting slight scenting,
fragrance-containing blocks in open plastic containers exist.

The perfuming of products, used at home and in trade, such as soaps, detergents,
and cleaning agents, occurs predominantly with synthetic fragrance mixtures. It
can be realized by incorporation of the liquids or with scented solids or by spraying.
The products are used preferably in the kitchen, bathroom, and toilet areas as well
as to wash and care for the laundry. Added perfumes cover up specific odors of
the product and increase the attractiveness by sympathetic scenting. Fragrances
improve the recognition rate. A chosen fragrance mixture takes into account the
application. It should harmonize with the product (product design). Type, quantity,
and form of scenting depend on the physical state and interactions with other
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constituents of the product. Molecular interactions [13] may affect the solubility,
vapor pressure, and fragrance.

12.3.3
Extraction of Fragrances

Natural fragrances are of vegetable or animal origin (Figure 12.7). The animal
scents are banned and have only historical significance. They come from glands of
beaver and musk-animal or as salve-like secretions of civet. Further processing of
agents usually ensues through an extraction with alcohol. The odorant Ambergris,
sometimes pathologically produced in the sperm of whales, can be largely created
by chemical syntheses. For imitation of this scent mixture, the chemists synthe-
size Ambroxan natural identical; other necessary fragrances of the mixture arise
synthetically without a natural model.

Today, scenting occurs with synthetic and vegetable substances. Most natural
perfumes include essential (volatile) oils, insoluble in water, and gently obtained
by steam distillation (<100 °C) from the plant parts [14]. Essential oils distilled with
this method are described in Table 12.1. Steam distillation generates a number
of well-known fragrances from the plants: lavender from the flowering panicles
with stems, clove from the leaves and buds, bay leaf and patchouli from the leaves,
juniper from the berries, pine needles from the needles and twigs, stone pine
from the branches and twigs, rose- and sandalwood from wood chips, tarragon and
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Figure 12.7 Origin of natural scents.



Table 12.1
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Distillation of essential oils (fragrances) from different parts of plant.

Part of the plant

Fragrance

Blossoms

Panicle with stem
Leaves, buds

Leaves

Berries

Fruits, grains

Needles, twigs, branches
Branches, (pine) cones
Wood, leaves

Wood chips

Herb

Grass

Seed

Root

Resin

Bark

Rose, ylang ylang

Lavandin

Carnation

Laurel, patchouli, peppermint, rhododendron
Juniper

Pepper

Pine, stone pine

Cypress

Camphor

Rose, sandalwood, cedar, amyris

Chamomile, rosemary, tarragon, basil, sage, yarrow
Lemongrass, palmarosa

Coriander, carrots, celery, anise, cardamom, cumin, fennel
Ginger, iris, angelika

Myrrh, frankincense, galbanum

Cinnamon

rosemary from the herb, lemongrass, and palmarosa out of grass, coriander and
carrots from the seeds, ginger and iris from the roots, and myrrh from the resin.
The technical implementation of fragrance extraction takes place in more or less
simple systems (Figure 12.8). Firstly, the vegetable components are stacked dry in a
container on a rack. After exposure to water vapor, the volatile oils evaporate out of

@) (b) (%?J?llg)g e Condenser Condensate
To [
condenser _
i Cooling water { [| Essen-
leed-bed)f ol oo
o Distillation
- still Aqueous phase
e (drain off)
S > Florentine
inlet rescooss=aaa 1 flask
Packed bed | Plant parts
of plant —~ | in hot water
parts
X .
! Steam
Directl Directly e
EW; steam

Figure 12.8 Extraction of essential oils from plant parts with steam distillation: (a) alembic
with a packed bed (g/s) and (b) batch distillation with steam/evaporating water (g/l/s).
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plants and condense in a heat exchanger, wherein the essential oil forms the upper
phase of the condensate. An alembic (alambic or alambique) represents a small,
simple distillation equipment, mostly made of copper. Large systems of steel often
use a distillation still, containing suspended ground plant parts in hot water, and
equipped with a recirculation system for the water phase.

By direct injection of superheated steam into the distillation still and/or by heating
of the suspension via a heating/cooling jacket, the evaporation of the mixture
takes place, consisting of water and essential oils. After condensation in a heat
exchanger, the liquid forms two phases at the end of the cooler, which flow into
a separation vessel. The essential oil floats on the water phase, and thence drains
off. The recycled water phase contains some essential, soluble substances from the
plants (hydrolate) that accumulate after repeated cycles. For instance, these agents
help in aromatherapy [12].

The fragrances of some plants (stinging nettle) cannot evaporate with steam
alone. In these cases, a second mixed plant supports the distillation of essential
oils (co-distillation). The pure fragrances, gained through steam distillation, show
an evaporation temperature of 130 °C (eucalyptus) to about 190°C (sage, thyme),
and in exceptional cases even more.

The hemp plant contains three different oils: first, the vegetable oils (triglycerides)
from the seeds, set free by cold pressing in oil mills; secondly, the essential oils
(terpenoides), isolated by steam distillation of flowers and leaves; and thirdly, the
THC-containing “hash oil” (tetrahydrocannabinol) via a solvent extraction of the
resin. As a fragrance for aromatherapy, the essential oil has certain significance.
The seed oil is valuable, used for skin care and cure, and utilized as food oil similar
to olive oil.

The rose scent arises from rose petals with steam distillation and by solvent
extraction, preferably with hexane (Table 12.2), as well as from jasmine, juniper
(absolute), and mimosa. After the extraction of flowers, the solvent is distilled off.
A creamy mass remains, the Concréte. In the resolved alcohol, the waxes can be
removed by reducing the solubility via low temperature treatment (—24 °C). After
evaporation of alcohol, the Essence absolue (highest purity) emerges.

Manufacturers use hexane (boiling point, bp =69 °C), petroleum (depending on
composition: bp =35-65 °C), or butane (bp=—0.5 °C) as water-insoluble solvents.
In some cases, the extraction requires a water-soluble extraction agent. For this,

Table 12.2  Solvent extractions of plant parts.

Method Essential oils
Extraction with ethanol Vanilla (pods), honey (honeycomb), cocoa
(80-100%) (beans), oak moss (herb), siam benzoin
(resin), tolu (resin), tonka (resin)
Extraction of flowers with Champaca, Frangipani, broom, jasmine,

hexane mimosa, osmanthus, rose absolue
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ethanol (bp=78°C) is suitable, as in the extraction of fragrances from fermented,
roasted, and crushed cocoa beans or from vanilla pods. The supercritical fluid
extraction of crushed flowers or plant parts with supercritical carbon dioxide for the
production of essential oils represents a relatively new process used in the industry,
especially for flavors and coffee.

An old extraction method, applied up to the 1980s and for extremely expensive
oils (jasmine) until today, mostly in Grasse/France, works with animal fats (pork
and/or beef) as extractant. The fats are spread on glass plates, and thereon the
petals lay. Exchange of the placed petals happens daily. Over time, the fats solve
the essential oils (Enfleurage). In some cases, the process accelerates by the use of
molten fat at 60 °C (Mazeration; Enfleurage a chaud). In a “cold” extraction process,
fats are saturated after 10—14 days. The release of essential oils from the pomade
ensues with ethanol. The pure fragrance (Essence absolue d’enfleurage) remains after
distillation of the alcohol [7].

Cocoa butter originates from the seeds by cold pressing. For isolating the
fragrances, cold pressings of shredded fruit peels from lime, lemon, bitter orange,
mandarin, grapefruit, and bergamot are necessary. After mixing with water, the
squeezed liquid forms two phases. The essential oil separates in a centrifuge and
flows into a tank. Galbanum is a native, fennel-related plant in Asia Minor. After
cutting, a gummy liquid containing the fragrance runs from the root and the lower
stem. Figure 12.9 depicts the different processes for production of fragrances from
the plants.

Because the needed quantities of natural fragrances are not available in the world,
the large quantities of fragrances required emerge in syntheses (natural identical or
full synthetic). The raw material and synthetic routes depend on the desired scent.
About 80% of the fragrances come from syntheses [5]. For example, the industry
produces 12000 ta~! of linalool (2000) and 40000 ta~! of citral (BASF 2004). Citral

Fragrances
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Steam | . Pressing
distillation || Extraction | out
) Reproduction
Parts in — Solvents/ Cold — of natural
water distillation pressing of fragrances
fruit peels

Partsina [~ Fats — Fully )
fixed bed (Enfleurage) synthetic
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Figure 12.9 Processes for fragrance production.
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is a mixture of stereoisomers geranial (citral A) and nerval (citral B) and exhibits
a fresh, intense lemon fragrance. These acyclic monoterpene aldehydes provide
raw materials both for synthesis of other substances and for scenting of household
cleaners. Many other synthetic fragrances are not based on the terpene chemistry.
These substances also serve as raw materials in a subsequent fragrance synthesis
(benzaldehyde, phenylethanol, phenylacetic, and cinnamic aldehyde).

The following list gives some examples of numerous, synthetically accessible fra-
grances with relevance to perfumery. Aldehydes: vanillin, a-pentyl cinnamon
aldehyde, cinnamon aldehyde; ketone: coumarin, ionone; alcohols: menthol,
linalool. For technical or economic reasons, some scents are available only via
chemical synthesis, such as green apple, peach, apple blossom and violets, lilac,
lily of the valley, freesia, almond blossom, and lily [11].

12.3.4
Chemical Composition of Natural Fragrances

The chemical structure of molecules determines the scent impression. Therefore,
several structure—odor relationships exists [15]. In many cases, it is possible to
synthesize the targeted molecule by incorporating functional groups. In this way,
the desired fragrance and required adhesion arise. The targeted modification of
molecular structure is known as molecule- or product engineering. This modification
constitutes an essential part of product design. For this reason and because odor
changes may occur due to chemical reactions, the perfumer has to anticipate
possible reactions in the formulation.

The results of chemical analysis depend on the plant, origin, vegetation of
soil, and weather during plant growth. Natural fragrances consist mainly of a
mixture of different terpenoides. The chemists interpret the monoterpene C;,H,,
as an isoprene dimer (two Cs-units), and the sesquiterpenes C;sH,, as a trimeric
isoprene. Terpenoides are divided into three main groups: aliphatic or acyclic
(I), mono-(II), and bicyclic (III) terpenoides. Terpenes are pure hydrocarbons, or
as terpenoides bear a functional group (as aldehyde, ketone, and alcohol) and
may be etherified or esterified. For example, patchouli oils consist mainly of
sesquiterpenols, sesqui-, and monoterpenes as well as ketones and oxides. In
the following, some well-known fragrances are presented that occur in nature,
generated from plants (Table 12.3).

Monoterpene hydrocarbons include myrcene (I), limonene (II), and a-pinene
(ITI) C;oHy4. Limonene is the most frequently occurring monoterpene in plants.
Typical terpene alcohol scents are geraniol, nerol, citronellol C,,H;4O (I), menthol
C,oH,00 (II), and borneol (III). Frequently used terpene aldehydes and ketones are
citral C;(,C;4O (I), menthone C,,H,3O (II), and camphor C;,H,,O (III). Farnesol
CysH,O (I), a sesquiterpene, is appreciated because of this muguet-like odor.
Farnesol is a natural substance, found in several essential oils. On the other
hand, chemists synthesize farnesol from linalool in a mixture of isomers, such
as many other fragrances. The ether anethole (anise flavor) and the 1.8-cineol
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Table 123 Main components of natural fragrances (examples).

Com- Mono- Sesqui- Terpenole Terpenalde- Ester
pound terpene terpene (Alcohol) hyde/-
Cio Cis Ci0:15:20 ketone

Product
Lavandin + ++ + ++
Cistus +++ + +
Spruce TP + (Div) Tt
needles
Sandalwood ++ +++ (Sesqui-)
Rosemary Siaizaia ar + ++ +
Limette +++ + + +
Patchouli + + ++ (Sesqui-) +

(I1), distilled from eucalyptus, represent substances with a monoterpene structure.
Other examples are geranyl acetate, linalyl acetate (I), and the phenol thymol (II).

Several fragrances that exist are only artificial. Examples are lyral, lauric ethylester,
benzyl acetone, and propiophenone. In addition to natural perfumes, some odorants
with volatile compounds such as silver fir, lavender, and musk are formed by
copying the formula of the natural agents in chemical synthesis. Fragrances may
include heterocyclic compounds (such as diallyl sulfide from garlic). Chemical
structures, fragrances, and physicochemical characteristics of customary scents are
described [16].

12.35
Possibilities in Product Design of Perfume Oils

Perfume oils represent interesting examples of product design. The variety of natu-
ral and synthetic fragrances in graduated levels of purity and from different places
of origin offers the possibility of creating numerous formulations (Figure 12.10).
Depending on the task, an adjustment of the scent experience takes place by the
composed mixture. This is the most important element of product aesthetics for
perfume oil. The composition, head, heart, and base notes, in conjunction with a
fixation (such as cinnamyl acetate) control of the fragrance release times, offers the
opportunity to prolong these.

For scenting of products, these properties can be important; in other cases, a
uniform fragrance release over a longer period with no change in the fragrance
impression stands in the focus. The development of “appropriate” product fra-
grances is based not only on coverage of intrinsic odors but also on delivery of
interesting scents, corresponding to the product. The use of synthetic fragrances
dominates the area of consumer products. Here, the scent mixtures for the human
body are composed to be simpler than the natural perfume oils and consist of about
25-50 individual scents, and in some cases a few fragrances suffice.
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Figure 12.10 Product design of perfume oils.

For cleansers and similar products, an advertising core message guarantees
hygiene and cleanness, such as “with citrus scent.” Hence, in these cases the
presence of one odor note suffices. Fragrances are processed predominantly as
liquids. Scenting of products sometimes requires organic solubilizers (dipropylene
glycol, diethylene glycol, diethyl phthalate, and isopropyl myristate). For other
compositions the addition of water, mixed with emulsifiers, helps.

By chemical reactions, the fragrance impression may change over time. Thereby,
perfume molecules react with other perfume or product components. Examples
of reactions between fragrances include acetal formations, aldol condensations,
ester cleavages, transesterifications, and (partial) oxidations of alcohols, aldehydes,
and ketones to acids [12]. The reactions start at higher temperatures and in the
presence of oxygen, and/or by initiation with UV radiation, as well as with moisture.
Adaptation of storage temperatures, stable fragrance mixture, and inertizing with
nitrogen as well as the use of UV-light impermeable packaging reduce/prevent
chemical reactions. In the detergent industry, an identification of chemical changes
ensues by sniffing after 3 months of storage with open and packed products at
30°C/80% relative humidity (RH).

Product design is very different for product-dependent and application-related
fragrances. Firstly, the fragrance oils can be mixed in liquids or poured into various
shaped bodies. Another method is the spraying on solids. Thirdly, one or the other
meltable substances allows a solidification of the oils. Figure 12.11 displays some
very different solutions for the task “scenting of products.” The images show the
results of several laboratory experiments, which illustrate the variety. As can be
seen, the processing enables usage of the perfume as pure oil, foam, or emulsion
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Figure 12.11 Design of perfume oil in the  fragrance granules: o ~20%; (e) fragrance
laboratory: (a) oil in a water soluble ball; (b) tablets compacted from granules; and (f)
emulsified oil in water (oil content 6 ~50%); solidified: 6 ~50%.

(c) foamed dilute solution: o ~10%; (d)

and also as a solidified part. Furthermore, solid excipients (powder, melts) may
serve as carrier for perfume oil, resulting in scented pellets, granules, or tablets.
The choice of processing depends on the fragrance experience, which changes with
the addition of excipients in duration and intensity.

The first step for the preparation of solid scent variants begins with a distribution
of the fluid. For powders and granules with perfume oil content of up to about
20%, the spray impinges on suitable excipients in a mixer. Spraying takes place
with a twin-fluid nozzle. If the customer desires a spherical product, it is possible,
on the one side, to use a downstream extruder with granulator and spheronizer.
Alternatively, balls with up to 70% of oil emerge by incorporation into a molten
material, shaping via dropletization under cooling. The melt arises in the range
of 55°C to about 80°C from mixtures of various fatty compounds. The perfume
oil is continuously stirred into the melt in an enclosed container. The melt forms
droplets in special nozzles and solidifies as spheres. The scent release from
these melt granules depends on the molecular interactions between perfumes and
components of the melt, and is therefore controlled by the materials as well as
their proportions. An optimization of interactions can take place by measurement
of vapor pressures (Section 12.3.9).

As an example of perfume oils, Figure 12.12 presents various possibilities for
the design of liquids. First, a selection of a scent takes place for the composition.
Subsequently, the discharge of the liquid from the container ensues via an opening
at the bottom, or by a pressure or pumping device. The fluid escapes as spray jet
or as droplets as well as foam. Secondly, a filling of oil is possible in water-soluble
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Figure 12.12 Twofold product design of the perfume oils. Top: perfume oils, made
of different odorant mixtures/fragrances; lower range: liquid and solid odorants for the
application.

capsules (gelatin, starch), in microcapsules [17], pouches (poly(vinyl alcohol) film),
or in hollow spheres. Added lipophilic substances adjust the viscosity of the oils.
Thereby, the carbon chain length and functional group, as well as the amount,
allow a fine adjustment of consistency. The fragrance of the particles, core, and top
layer, occurs by mixing, spraying, or coating. In some applications, water-insoluble
plastic containers are in use, provided with openings for receiving the product and
for fragrance release. The products are pure, gel-like and encapsulated liquids, or
solidified fragrances.

12.3.6
Emulsions

For technical applications, the use of emulsions instead of lipophilic essential
oil is of advantage [18]. The emulsions contain water and are not inflammable.
Owing to the water content, not all shell materials are suitable for the shaped
bodies. Otherwise, working with aqueous emulsions is simpler. The emulsified
perfume oils need no explosion regulations regarding the storage and processing
in production (zoning). After spraying the emulsion, it is not necessary to dry



12.3 Water-Insoluble Liquids (Example: Perfume Oils)

the product because of the small amounts of additional water (<0.6%). A positive
influence on the solubility, caused by the surfactants in the emulsions, results.

Usually, the applied oil is not enough for forming a complete film on the particle
surface. Therefore, negative influences on the rate of dissolution may not occur.
For realization of a delay in the dissolution, a small percentage of silicone oils on
the surface suffices. Further, it is possible to influence the surface properties of
particles by dissolved or suspended solids, incorporated into the emulsion.

For the manufacturing of perfume emulsions with an oil content up to about
50%, two ways exist, which lead on the one hand to the normal (macro) emulsion
with droplet sizes in the micron range and on the other hand to nanoemulsions
with 60 to 700nm droplets. The two types of emulsions require the use of
special surfactants and technologies for the desired droplet sizes. The selection
of emulsifiers for terpenoides ensues through numerous laboratory tests, using
appropriate systems of several surfactants with different HLB-values. The types
and quantities [19] of surfactants must be adapted to the fragrance composition.

The preparation of the two phases occurs separately, to work at different
temperatures with other emulsifiers and viscosity modifiers. The oil phase, heated
for a short time under effective stirring runs into the warm aqueous phase.
Mixing with an Ultraturrax or with another high shear mixer generates the normal
emulsion (1-10 pm). For nanoemulsions, not only more surfactants with higher
contents are necessary but also an additional, energy-intensive emulsification. This
happens preferably in high-pressure homogenizers (see Chapter 13) or ultrasonic
reactors with multiple passes [19].

A coating with perfume oils on carriers takes place often by means of spraying.
Achievable droplet sizes depend on the liquids, and in particular on the type,
number, and size of the nozzles and on the operating conditions. The use of
nanoemulsions allows coating the particle with “nano” oil droplets. In addition,
very fine droplets arise after dissolving the fragrances in liquid carbon dioxide [20],
followed by atomization at low temperatures under minimal odor formation.

12.3.7
Scented Solids

Production of fragrant solids ensues preferably via spray and solidification pro-
cesses. The spray or foam method allows applying up to 25% by weight of perfume
oils on fine powders. Figure 12.13 displays four possible ways for the making of
perfume granules.

Solid scent particles originate usually from the following processes:

1. Fragrant powders arise by spray drying of a scented liquid or emulsion, if
necessary with a coating. Spray drying leads to product losses, which may
change the fragrance impression.

2. Fragrant particles arise in a mixer, whereby downstream the scented powders
or agglomerates are mixed with the main stream of product. Owing to the
absence of a drying stage, dry compaction processes are preferred for the
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Scent particle Solid perfume layer Hollow sphere

) Solid inert Solid Liquid
Solid core coating layer filling

(@) (b) (©) (d) (e)

Figure 12.13 Scenting of granules: (a) fra-  and (d,e) non-scented/fragrant hollow ball
grance evenly distributed throughout the with a solid or liquid scented/not scented
particle; (b) fragrance in the outer coating filling.

layer; (c) fragrance in the inner coating layer;

agglomeration. Larger (multi-layered) agglomerates emerge from powders
and granules in pellet, tablet, and roller presses.

3. Coating of particles with a fragrant film, applied as spray of a solution or melt,
preferably occurs in a spheronizer or mixer.

4. Coating of particles takes place with a fragrant liquid, additionally covered
with an inert solid material layer for protection [21], to bind the fluid and to
reduce the stickiness, and to delay the rate of evaporation.

Most of the agglomerates are fragrant by admixture of scent beads. For beads, the
chemical composition and thickness of fragrant layer as well as an inert outer layer
allows a controlling of fragrance release within limits. The diffusion coefficient of
odorant molecules characterizes the release time. In most manufacturing processes,
a partial back mixing of over- and undersized beads occurs in the agglomeration
step because of the recirculation. To prevent the back mixing and limit the odor
spread, an admixing of scent beads at the end of the process is recommended, just
before filling. The beads may be powders, granules, or pure oil. The perfume oil
may also be enclosed in water-soluble or water-insoluble shaped bodies, preferably
hollow spheres or capsules.

Another possibility for the production of fragrant beads or solid layers with oil
contents of 5% to more than 50% arises by a solidification of liquid perfumes
[22]. Therefore, perfume oils are incorporated either in plastic or in softened and
melted materials (preferably mixtures). To lower the melting point in the range of
35-120°C and to facilitate mixing, the addition of a small percentage of solvents
may be useful. Two paths are possible. The first way starts with plasticizable
masses, and the second by solidification of melt (including suspensions). These
methods permit the application of the extrusion and pelletizing, and for a melt
the dropletization, pastillation, prilling, or casting of different shapes. Thus, the
production of scented pastilles, hollow spheres, granules, gels, blocks, and candles
with oil content up to 70 wt% takes place (Figure 12.14). Suitable base materials
are fatty alcohols, fatty acids, surfactants, sugar, urea, paraffin, and mixed melt,
investigated and optimized by experiments. In addition to the production of molded
articles, a perfume-containing melt can provide excellent coating layers.
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d

(a) (b) (©

Figure 12.14 Perfume oil in a variety of forms: (a) fragrance beads, liquid in (gelatin)
capsules; (b) solidified perfume oil as micropastilles; and (c) perfume oil in colored
agglomerates.

The solidification of water-based emulsions, containing perfumes, occurs via the
addition of thickeners (cellulose ethers and others) in combination with suitable
solids. Softenable compositions, consisting of anionic surfactants in a mixture with
salts, form toilet blocks by extrusion. The duration of the effect depends on the
frequency of flushings in the toilet. The solubility of the stones is adjusted, so that
surfactants for the cleaning and oils for the scent last for about 6 weeks.

The spatial separation of scent from reactive substances succeeds using multi-
phase moldings (Figure 12.15) by installation of a film or separate tablet [23]. This
procedure limits the interaction of the fragrance with the ingredients. Alternatively,
separation of individual fragrance components (top, middle, and base notes) ensues
by incorporation into different tablet layers. The aldehydic terpenes of the head
and heart notes, as more reactive substances, come in an inert matrix. A reduc-
tion of evaporation rate for the heart and top note succeeds by incorporating the
scent further inside the shaped body, separately placed. Produced by this method,

(@) (b)

Figure 12.15 Multiphase tablets with a sep- chamber shaped body with granules and a
aration of fragrances: (a) cleaning tablet with separate liquid phase; fragrance incorpo-
three phases for automatic dishwashing, only rated in the molding material or in the solid
one contains the odorants and (b) two- and/or the liquid phase.
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the moldings release the characteristic fragrance for longer time. Furthermore, it
prevents changing of the scent by chemical reactions.

12.3.8
Neuromarketing

Customers may recognize the products and possibly the brand manufacturers
through a pleasant smell. People usually perceive a “delicate” scent unconsciously,
which evokes emotions as well as creates a positive impact on the brand [24].
Measurements of brain activities in volunteers using computed tomography (CT)
scanner prove that the scent acts on brain as mentioned in the statements of
advertisements. In the meantime, a number of studies with some amazing results
exist in this field [25]. This branch of science is called neuromarketing.

Space and product scenting occurs as a global feature of a distinctive brand,
and to stimulate the sale [24, 26, 27]. Already, some banks, hotels, shops, and
exhibition stands use the options for scenting an area. Several leading companies
worldwide consider the fragrancing of technical devices for washing machines,
notebooks, mobile phones, cars, and televisions. Tests for scenting run extensively
on prototypes. In a few cases, fragrant articles are already in market. The design
requires either conventional means such as “scent pearls” or an innovative method
by the incorporation of scent into plastic parts. This will expand the product design
of perfume oils considerably in the coming years.

12.3.9
Perfume Oil for Space Fragrancing

Table 12.4 shows some possibilities for scenting of spaces (halls, houses, shops,
rooms, toilets, aircrafts, cars, cabinets, and vacuum cleaners). This reflects the
diversity of product design already reached. In scenting of spaces and products the
fragrant oils are encapsulated as a dilute solution, undiluted, sprayed, sprayed and
shaped, emulsified, foamed, thickened, gel-like [28], or solidified.

For solidifying of fragrances, different plasticizable masses and melting as well
as mixtures thereof are suitable. Thereby, the scent impression of a fragrance
block remains the same during the application period, if the fragrances used have
comparable vapor pressures. Another possibility is the application of only one
artificial fragrance. After stirring in molten fatty alcohols, numerous experiments
with perfume oil show the parameters for influencing the vapor pressure. The
parameters examined are the ratio of liquid to solid, length of carbon chain,
variation of functional groups, and use of a mixture of solids with organic/inorganic
components. With knowledge of these relationships, the evaporation rates are
controllable over wide ranges.

As an experiment shows, the incorporation of synthetic perfume oil in molten
hexadecanol in the ratio 2:1 leads to a lowering of vapor pressure by a factor
of 2.6 in the examined temperature range (Figure 12.16). The effect is based on
molecular interactions, measurable in the solidified state as well as in the melt [29].
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Table 12.4  Scenting with different products as example for the diversity of product design
from liquids.

Product Scent Manufacture/operating principle
Solid/liquid
Air freshener Liquid Perfume oil evaporates in the air stream of a fan
Room spray Liquid Perfume oil sprayed into the space, with pressure or
pump atomization
Fragrance Solid Perfume/fragrance on carrier material (in form of
pearls/granules pellets, granules, extrudates, and also in textile-bags)
Fragrance beads Solid Fragrances on porous plastic granules (subsequently
disposed)
Scent capsules Liquid Fragrances filled into capsules/microcapsules
Scent strips Solid Perfume oil on paper
Scent disks Solid Fragrances in plastics
Scented candles Solid Fragrances in paraffin melt (stirred in); pull of candles,
burn down the scented candles
Fragrance lamps Liquid Drops of 0il on a bowl of water; evaporation by heat of a
burning candle beneath the bowl
Scent stones Liquid Odorants dripped on porous stones, the oil evaporates
at room temperature due to the large surface
Scented gel/block, Solid Incorporation of fragrances in melt, gels, or plastic
fragrance beads masses, evaporation over a long period
Scented blocks Solid Incorporation of fragrances in surfactant formulations;
(toilet) block flushed completely in 4-8 weeks
Fragrance Liquid Odorants in liquid surfactants; dosage via plastic basket
concentrate (toilet)
Fragrance sticks Liquid Rod inserted into a fragrance solution, by diffusion of
perfume evaporates the oil via the rod
(Smelling salts) Solid Ammonium carbonate with perfume oil

During the stirring, the oil dissolves into the liquefied hexadecanol. Presumably,
hydrogen bonds between the functional groups of alcohol with the various groups
of fragrances are formed in solution. As shown in Figure 12.17, the fatty alcohol
delays considerably the evaporation period at room temperature.

The intensity of the scent decreases by solidification. This effectis always desirable
when the smell should not be intrusive, but more likely unconsciously perceived.
The scent impression may change over time. The faster diffusing components
evaporate rather on the surface. Therefore, the fragrance block shrinks with time,
until it disappears completely.

12.3.10
Perfume Oils for Detergents

The detergent industry uses mainly alkali and bleach stable perfume oils for scenting
the powder/granules. The corresponding fragrances originate from syntheses. The

307



308

12 Product Design of Liquids

10 1 O
Perfume oil (1)
= Perfume oil (s/1)
2 1 {66.7% oil, 33.3% hexadecanol}
E -
g
3
]
%]
o
a
b &
S coo\\
& 0.1
g0
DSC: dynamic differential scanning
. . calorimetry
Melting point Sample size: 6-8 mg
h dOf | Heat rate: 1-10 K min™"!
exadecano Crucible: Al with sphere (closed)
0-01 T T T T T T T T

10 20 30 40 50 60 70 8 90 100 110
Temperature (°C)

Figure 12.16 Temperature dependence of the vapor pressure of a selected perfume oil:
measured both as pure liquid and dissolved in hexadecanol {CH;[CH,],;sOH}. (Method
from 30.)
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Figure 12.17 Isothermal evaporation of liquid perfume oil in comparison to oil dissolved
in hexadecanol, calculated from a plurality of measured values.

detergent formulations contain only chemically inert fragrances. This is valid in
the working temperature range, especially in the presence of bleaching agents.
Therefore, the smell cannot change in storage and during the washing process
by reactions (such as oxidation). The upper temperature limit depends on the
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application and lies at 40, 60, or 95 °C. Using the surfactants present, the perfume
oil is emulsified in the washing process and distributed in a balance between wash
water and laundry. The amount of fragrances adsorbed on the laundry increases
in presence of carrier substances [31]. Therefore, the laundry smells both in the
wet and dry states. When drying the laundry in fresh air, the perfume remains
perceptible for some time.

Softeners, working at room temperatures, typically contain a stronger perfume.
Thus, this fragrance dominates. When using a laundry dryer, the informed con-
sumer applies the specially developed fabric softener with higher molecular weights
for the odorants. These perfume oils are adapted to high temperatures and effects
due to water evaporation. Therefore, a distinct fresh scent remains on the dried
laundry. The fragrancing depends on both the operating conditions of the machine
and the materials (cotton, wool, linen, and synthetics).

An assessment of not only the allergenic potential occurs for the individual
scents (see Section 12.4), but also the skin compatibility of the entire product
including the fragrance mix. This happens in particular for “sensitive” detergents,
which are preferred by sensitive consumers. For some fragrances, results of
allergenic potential are reported in the literature [32]. Formulations of harmless
odorant mixtures belong to the corporate expertise. Individual scents are subject
to the selection criteria, described in Figure 12.18. Some parameters are rather
complex and can only be fulfilled with effort. Developed under these conditions,
the fragrance mixture shows an optimized product design. Experts and consumers
evaluate both this mixture and the scented products. They assess the aesthetics,
especially the scent impression, as well intensity and duration of fragrance.

The perfuming of solid detergents can occur in four different ways (Figure 12.19).
On the one hand, the atomization of oil on the complete product takes place and
on the other, an admixing of solid “scent pearls” in form of suitable granules is
possible.

The technical procedure runs as follows. With air as propellant, a two-fluid nozzle
sprays the perfume oil on the powder in amounts of 0.3-1.0%. This either happens
at the end of the collecting belt or in the final mixer (Figure 12.20, paths 3 and
4). Perfume oils cause a surface stickiness on the powder, which is eliminated by
fine recipe ingredients or powdering [21]. Therefore, spraying and powdering run

| Price H Selection of scents |—| Composition |

k4

| Allergenic potential | | Textile | | Stability |
Respiratory Quality Chemically
tract inert
Tolerance Adhesion Temperature-
on skin insensitive

Figure 12.18 Selection of fragrances for use in detergents; some criteria for the
product design.
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Figure 12.19 Opportunities for scenting solid detergent formulations.
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sequentially in a continuous mixer that works directly before the filling line. For
powdering, an inert powder suffices, showing particles sizes in the micron range.
In the detergent sector, powdering occurs with silicas, silicates, and zeolites, but
ground salts (sodium carbonate, sulfate) also reveal good results.

Another possibility represents the addition of separately produced fragrance
powders, granules, or extrudates (Figure 12.20; paths 1 and 2). Added in small
quantities, the “scent pearls” contain relatively high amounts of perfume. For the
production, various methods exist, differing in practicability and economics.

Some interesting methods are rarely used or not at all for reasons of cost. Other
processes are still going through the development phase. Instead of the pure oils,
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emulsions are safer and better [18]. The use of solutions in carbon dioxide [20] lies
far in the distant future. Furthermore, surfactants containing oils or emulsions
flow after addition of air as foam on the solid particles. With foam, a particularly
uniform application and distribution is achievable [33]. Emulsions and foams will
likely reach the practice only after further investigations.

12.3.11
Manufacture of Fragrance Beads

A stirrer distributes the perfume oil with the help of surfactants in an aqueous
solution. The liquid, representing a solution, suspension, or emulsion, should
contain dissolved and/or suspended carriers (Figure 12.21a). In closed plants,
fragrant powders with uniformly distributed perfume oil (about 10 to a maximum
of 25%) arise through spray drying. In some cases, pellets or granules emerge
subsequently in separate facilities from the powder. Mixing of the fragrant powder
with the detergent formulation occurs after dosing on the collecting belt.

The liquid with the perfume should also contain substances such as cellulose
ethers, which effect an encapsulation of powder in the spray drying process. To
meet the safety requirements (dust-ex., fire risk), the process runs with nitrogen in a
closed cycle. The gas flows through a scrubber using the temperature reduction for
dehumidifying [34]. However, a small amount of perfume oil evaporates through
steam distillation. This part reaches the wash water. There, a phase separation
ensues for recycling the oil. The evaporated perfumes change the odor of the scent

Perfume oil Carrier  Encapsulating
= | “substances
~, 4
\‘ ‘/
(Water)— Stirred
tank
St = Exhaust air
Aqueous Melt to

slurry incineration

Scrubber
Nozzle - Cold
air D
Cooler v
Cocurrent Pump
tower

Scented powder (prilling)
Scented powder Scented granules (dropletization)

Figure 12.21 Equipment for the production of perfume powders and granules: (a) spray
tower for drying of aqueous slurries with N, gas in circulation and (b) prilling and dropleti-
zation of melting.
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particles. The manufacturer considers these changes in advance in the recipe or
uses less volatile components.

Another possibility is to incorporate the fragrance oils in a mixture of liquid
anhydrous excipients (~1:1). For this purpose, it is necessary to melt the mixture
by increasing the temperature [29]. Thereafter, the melt is split up by dropletization,
solidified with cold air, and converted into granules. Alternatively, in a spray tower,
the powder arises by prilling the melt (Figure 12.21). The exhaust air should
preferably be incinerated to avoid problems to the environment.

Figure 12.22 displays an agglomeration process, in which scent granules and
extrudates emerge by using carrier substances. Because of their versatility in the
incorporation of scents (to over 50%), extruders are preferred for the homogeniza-
tion of solid carriers. The mass, consisting of carriers and a meltable excipient as well
as the perfume oil, must not be liquefied in the extruder. Plasticization suffices.
The twin-screw extruder includes several temperature zones (heatable/coolable
segments) and a drilled head plate, equipped with a multiblade cutting knife

Base Containers Carriers | Perfume oil
powder with solid
raw materials
| Perfume oil Extruder
Dosages Y Y Y v
(1) _Collecting belt Spheronizer
‘r— Liquidsy ¢ ¢
\‘ k'\
Sieve | s Mixer Sieve | s
Powdering
(a) Scented powder (or granules) (b) Scented spheres

Gears Raw materials

Perfume oil

Head plate
with
granulator

Electric

Scented
Extrudates

(©)

Figure 12.22 Production of fragrant agglomerates in the mixer and extruder: (a) mixing
process; (b) extrusion process; and (c) a double-screw extruder with granulator [35] for the
cutting of strands. (Courtesy of Lihotzky.)



12.3 Water-Insoluble Liquids (Example: Perfume Oils)

(Figure 12.22¢). The product passes through the holes in the head plate and leaves
them in the form of spaghetti. The multiblade knife rotates directly on the head
plate, and cuts the strands in the length/diameter ratio of 1: 1. By introduction of
shear forces, the product heats up and plasticizes. Therefore, the cut cylinders form
a spherical shape downstream in a spheronizer by fast rolling movements. Under
operating conditions, many of the softened or fusible lipophilic substances, option-
ally after the addition of salts, are suitable for the incorporation of perfume oils in the
extruder. Subsequently, the rounded agglomerates harden in the cooling channel.

Fragrant crystals, prepared by crystallizing a melt of isomalt [31], contain fabric
softener and perfume oil in solidified form. For example, bentonite, polydimethyl-
siloxane, or alkylamido ammonium lactate and dyes are present. The molten
mixture runs into a cold mold and solidifies in the intended shape. The resulting
granules are placed directly in the washing machine. They provide a pleasant scent
on the laundry (Figure 12.23). In addition to the detergents, scenting of packaging
exist, where perfume oils are encountered in airtight wrappings at the adhesives in
the bonding area [36] and on the inside of the lid [37].

12.3.12
Personal Care and Other Products

The perfuming of skin [19] and hair care products occurs by setting of an adequate
fragrance, preferred by a target group in type and strength. Creams and lotions
are particularly used as skin care. To a great extent, the product influences the
fragrance impression. The selected perfumes, especially the lipophilic components,
can interact with some product components. In addition, other ingredients and
the consistency exert a perceptible influence. In the manufacturing process, about
0.2-1% pure perfume oil flows directly into the organic phase prior to the
emulsification or into the emulsion.

Figure 12.23 Scented crystals with solidified perfume oils and softening quaternary ammo-
nium compounds.
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The selection of the “best” fragrance represents a lengthy, iterative process, both
in cosmetics and in the detergent sector. In the end, the determination of the best
fragrance may be carried out by an odor panel (sensory assessment; OEB, Odor
Evaluation Board). The decision falls usually after several tests in practice, either
by the panel or in case of large products in a wider circle of 100-250 people in a
household survey and test (Home Use Test, HUT [38]). The expense can be justified
in large companies, because the scent, as an essential parameter of product design,
affects the market success significantly.

A check for skin tolerance of fragrances, used in creams and lotions, occurs
usually on 10-30 people with sensitive skin. Some products for sensitive skin,
which should have a scent, contain detected skin friendly fragrances. Perfume-free
products for sensitive skin are still the exception, except for eye creams and some
over-the-counter (OTC) cosmetics in the pharmacy.

In addition to the personal care products, many body cleansers are perfumed.
Examples are soaps, shower gels; alcoholic solutions for the face and the hand;
and toothpastes. In other areas, leather, plastic, and furniture polish exude an
intense fragrance. Moth repellent sachets contain drug and perfume (lavender
or cedar), incorporated into granules. After spraying, the windshield washer
fluid for cars unfolds a typical (alcohol) odor. Occasionally, people use fragrant
stationery in different variants. Some leather products gain more attractiveness
by a leather/wood fragrancing. The consumer meets other examples in daily use.
Application of perfumes for increasing the sales gets more and more importance.

12.3.13
Safety

In serial examinations with patch tests, more than 15% of the German population
shows sensitizations to at least one of the most important contact allergens
(Information Network of Departments of Dermatology; in Germany: IVDK [39]). A
major problem is that fragrance oils trigger more than 7% of personal allergies [40,
41]. Unless the substance is not identified by tests of single substances, the allergic
person should avoid any skin contact with fragrances, because it is not possible to
estimate the potential and the danger of allergic substances.

Fragrances are divided into four classes, from class 1 (frequently sensitizing) to
class 4 (non-sensitizing). Class 4 includes, for example, almond, mandarin, and
lime oil, and class 3 (rarely sensitizing) rosewood, caraway, and bergamot. The latter
stands out with a unique feature: after application to the skin and simultaneous
exposure to sunlight, bergamot (e.g., in eau de cologne) can trigger phototoxic
reactions. The effect causes skin discoloration and occasionally bubble changes,
known as Berloque dermatitis.

In Europe, the SCCNFP (Scientific Committee on Cosmetic Products and Non-
Food Products Intended for Consumers) evaluated fragrances according to their
potential for contact allergy [32]. They found 26 major allergens (Table 12.5 [42]),
which are annexed to the Cosmetics Directive (Section 5a, 3 Appendix 2 A, 45, and
substances from 67 to 92 [43]). Beyond a certain amount (100 ppm for rinse-off
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Required declaration components in perfume oils according to the cosmetic
directive (strong allergens highlighted).

INCI name

Chemical description

Amyl cinnamal

Amylcinnamyl alcohol

Anise alcohol

Benzyl alcohol

Benzyl benzoate

Benzyl cinnamate

Benzyl salicylate

Cinnamal

Cinnamyl alcohol

Citral

Citronellol

Coumarin

Eugenol

Evernia prunastri extract

Evernia furfuracea extract

Farnesol

Geraniol

Hexyl cinnamal

Hydroxycitronellal

Hydroxyisohexyl-3-cyclohexene-
carboxaldehyde

Isoeugenol

Limonene

Linalool

Methyl 2-octynoate

Alfa-isomethylionone

Butylphenyl-methylpropional

2-(Phenylmethylene)heptanol

2-(Phenylmethylene)heptanol

4-Methoxy-benzyl alcohol

Benzyl alcohol

Benzyl benzoate

Benzyl cinnamate

Benzyl salicylate

Cinnamaldehyde, 3-phenyl-2-propenal

Cinnamyl alcohol, 3-phenyl-2-propen-1-ol

3,7-Dimethyl-2,6-octadienal

pi-citronellol, 3,7-dimethyl-6-octen-1-ol

2H-1-benzopyran-2-one

2-Methoxy-4-(2-propenyl)phenol

Oakmoss extract

Treemoss extract

3,7,11-Trimethyl-2,6,10-dodecatrien-1-ol

2,6-Dimethyl-trans-2,6-octadien-8-ol

2-(Phenylmethylene)octanal

7-Hydroxycitronellal, 7-hydroxy-3,7-dimethyloctanol

4-(4-Hydroxy-4-methylpentyl)-3-cyclohexene-
1-carboxaldehyde

2-Methoxy-4-(1-propenyl)phenol

1-Methyl-4-(1-methylethenyl)-cyclohexene

3,7-Dimethyl-1,6-octadien-3-ol

2-Octynoic acid, methyl ester

3-Methyl-4-(2,6,6-trimethyl-2-cyclohexene-1-yl)-
3-butene-2-one

2-(4-tert-Butylbenzyl)-propionaldehyde

and 10 ppm for the leave-on fragrances), the manufacturer has to declare the
use of these compounds on the product package in the INCI list (International
Nomenclature of Cosmetic Ingredients) (see Section 13.2).

Applied in larger quantities on the skin, perfume oils diffuse, depending on
composition, in about 15 min through the epidermis into the dermis and enter
the bloodstream. Thereafter, the components are present in the whole body. Some
scents can be detected later in the urine.

For respiratory intake of fragrances, however, little experimental data are avail-
able. After inhalation of perfumes and fragrances, in rare cases both irritating
and allergic reactions occur, as clinical experience demonstrates. The intensity
reaches from a mild mucosal irritation with cough and mucus production to severe
asthmatic attacks [44].
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12.4

Learnings
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The key to product design lies in setting the desired quality and shape as well
as converting into other phases and shapes.

Purity characterizes hydrophilic and lipophilic liquids, in addition to composi-
tion in the case of mixtures and emulsions.

Liquids change their properties on the introduction of surfactants and viscosity
regulators as well as solids in different finenesses and quantities.

Liquids from nature offer a variety of product designs (example: milk).
Perfumes are essential oils, predominantly consisting of terpenoides. The
fragrances originate from plants or from syntheses.

Fragrances emerge from parts of plants by steam distillation, extraction, or
cold pressings.

Perfume oils allow a scenting of the human body, of products, and of spaces.
In addition, aromatherapy utilizes fragrant oils.

Emulsions, foams, granules, and tablets arise from perfume oils by the addition
of excipients.

Incorporation of perfumes ensues in different ways: admixing of scented
pearls or encapsulated beads, spraying on the powders or enclosing in coating
layers.

Perfume oil may cause allergy. Therefore, the fragrance oils divide into four
classes, from class 1 (frequently sensitizing) to class 4 (non-sensitizing).
Annexed to the Cosmetics Directive, there are 26 fragrances with high
allergenic potential, which the manufacturer of products must declare for
perfumes.
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13
Design of Skin Care Products

Summary

Chemists or pharmacists formulate tailor-made products for the skin with car-
ing or healing effects. The products differ in number, concentrations, and types
of active ingredients, according to the task and application. They are classified
as cosmetics, cosmeceuticals (active cosmetics), and pharmaceuticals. The usual
scented cosmetics serve for beautification. Cosmeceuticals are dermatological pro-
ducts for sustaining and restoring a healthy skin. Many pharmaceuticals, available
on prescription, heal diseased skin. A skin cream consists of several lipophilic
and hydrophilic substances, forming an emulsion. The ingredients are divided
into excipients, additives, and active materials. Active cosmetics contain various
ingredients in effective concentrations, ensuring the stressed skin with an optimal
supply of moisture, lipids, and vitamins. Special substances, for example, for the
reduction of skin aging or for the stimulation of skin renewal, are important com-
ponents of the formulation. The emulsions, produced discontinuously in stirred
vessels with rotor—stator emulsifiers, flow metered via a filling line, preferably in
hygienic dispensers, which allow taking out the cream without air access.

The discussion of product design of two immiscible liquids that form an emulsion
with the aid of surfactants takes place using the example of skin care products.
This involves creams and lotions for the care of the face, body, as well as the hands
and feet. Care creams are a part of cosmetics.

13.1
History of Cosmetics

The term cosmetic, from the ancient Greek word meaning “order or decorate,”
refers to the body and beauty care. This includes the maintenance, restoration, and
enhancement of the beauty of the human body. The first sign of cosmetics dated
back about 10 000 BC. The Mesolithic people applied grease and castor oil to soften
the skin. With plant dyes, they painted tattoos. About 7000 years later (3000 BC),
Egyptian parchment described the use of creams to sooth the skin and to reduce

Industrial Product Design of Solids and Liquids: A Practical Guide, First Edition. Wilfried Rahse.
(© 2014 Wiley-VCH Verlag GmbH & Co. KGaA. Published 2014 by Wiley-VCH Verlag GmbH & Co. KGaA.
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wrinkles [1]. In the ancient Near East, men applied oils to their hair and beard. The
women used eye paints, rouge, powders, and ointments for the body.

About 50 BC, Cleopatra was known as a beauty, also because of her intensive
use of cosmetics. She possessed many products from nature. These were beeswax,
honey, and natural oils, as well as products made from fruits, vegetables, herbs,
and seeds, besides eggs and milk. She bathed in goat milk for skin regeneration. At
that time, there were mirrors, makeup, makeup containers, combs, wash dishes,
wigs, as well tweezers and blades for removal of annoying hair. Vermilion and red
ocher were used for coloring the lips and cheeks, henna for the hair, skin, toenails
and fingernails, and the malachite green, gray galena, and finely ground antimony
for eyes and eyeliner.

The Greek physician Galen (about 200 AD) developed the first cold cream from
beeswax, olive oil, and water [1]. The Romans introduced communal baths for
noble persons. In the Middle Ages, they used hair dye and makeup, in addition to
natural skin care and herbal remedies. During those times, only a pale complexion
was considered beautiful. With lead white, they achieved a flawless pallor. This
substance and others are highly toxic and often caused abscesses that did not heal.

During the Renaissance, the Venetians dyed their hair using plant colors, fixed
with clay and baked in the sun. When it came to Elizabeth I of England (about
1580) and Catherine de Medici in France, dyeing of the cheeks and lips became
popular again. The red lip color came from cochineal, a red dye from the cochineal
scale insect. In the eighteenth century, bismuth oxide, mercury oxide, tin oxide,
and talc were used to whiten the skin. Red makeup for the lips and cheeks emerged
from safflower, cochineal, redwood, sandalwood, and vermilion. In addition, the
hair was treated with greasy pomades. Hair powder consisted mostly of wheat or
rice starch, partly colored.

At present, there are ranges of cosmetic products that have been tested for
their safe use. The aim has not changed in thousands of years. Cosmetics mean
increasing attractiveness by beautifying the body and face.

13.2
Regulations of Cosmetic Products

The cosmetic products cover the areas of skin and hair, mouth and teeth; there
are smell and color cosmetics as well (Table 13.1). In Europe, the permitted
substances and their amounts as well as the use of these products are defined by
the Cosmetics Directive; in the United States, this comes under the Food and Drug
Administration. The Directive guarantees free movement of cosmetic products
within the European market if these products are not dangerous to human health
under normal or foreseeable conditions of use. The Directive includes prohibited
substances, and substances with restrictions in the amount or specific conditions
of use, apart from authorized colorings, preservatives, and UV filters. A search
for substances is possible on the Internet via the cosmetic ingredients database
“Cosing.” It is mandatory for the labeling on the packaging of cosmetic products



13.2 Regulations of Cosmetic Products

Table 13.1  Typical cosmetic products.

Definition in the Cosmetics Directive, first part of Article 1 (quote)

A “cosmetic product” shall mean any substance or mixture intended to be placed in contact
with the various external parts of the human body (epidermis, hair system, nails, lips, and
external genital organs) or with the teeth and the mucous membranes of the oral cavity with a
view exclusively or mainly to cleaning them, perfuming them, changing their appearance and/
or correcting body odors and/or protecting them or keeping them in good condition.

Category Products
Skin cleansing and care Soap, cleansing milk, cleaning water, perfume, and bubble
baths

Eye and face cream, body lotion and creams, hand and foot
cream, and gels
Shaving cream, shaving soap, and aftershave
Depilatories
Sunscreen milk, sunscreen lotion, and water-repellent lotion
Dental and oral care Toothpaste, dental floss, toothbrush, and mouthwash
Dentures: cleaning and adhesion
Hair treatment Shampoo, styling, conditioner, permanent wave, hair gel,
spray, coloring, powder, hair care, and pomade
Decorative cosmetics Makeup, rouge, mascara, eye shadow, eyeliner, lipstick, nail
polish, artificial nails, and foundations
Self-tanners
Scent and smell Perfume, eau de toilette, eau de cologne, deodorant, and
antitranspirant

Table 13.2  Labeling of cosmetic products according to the Council Directive 76/768/EEC
(upper part: Quotes from the Regulation).

Name and address of the manufacturer or of person responsible for marketing the product

The nominal contents at the time of packaging, by weight or by volume

Date of minimum durability indicated for products with a minimum durability of
<30months

Period of time after opening for which the product can be used for products with a minimum
durability of more than 30 months (indicated with the symbol representing an open pot of
cream)

Function of the product and particular precautions for use

Batch number

List of ingredients: INCI, International Nomenclature of Cosmetic Ingredients

Order of the ingredients according to their mass proportions (highest percentage first)

Ingredients <1% in any order

Perfume — 26 fragrance allergens must be declared from a certain amount (see Section
12.3.13)

The CI (color index) number specifies the dyes
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to have certain information, which has to be understandably and legibly written on
the packaging (Table 13.2).

Furthermore, the Cosmetics Directive requires the elaboration of a qualified
security assessment of the formulation from an expert and demands a registration
of the product with the relevant authorities. Currently, the production is carried
out, of course, according to the good manufacturing practice (GMP) standard.

13.3
Product Design

The manufacture of designed products, according to the customer’s wishes,
requires trained teams of chemists, chemical engineers, and marketing people.
The product includes the packaging. It is possible to change product properties
within wide limits or to set superior features. Novel forms, applicators, and
increased performances, developed in cooperation with the customer, characterize
product design (Figure 13.1). This new way of thinking starts from a desired
product, but not from an existing process. In addition, consumer awareness of the
brand (not discussed here) especially provides a key for sales [2].

Asarule, the known or assumed performance of the product decides the purchase
by the consumer. Convenience and aesthetics are of secondary importance. There
are a few exceptions. This includes cosmetic products for which the customer
shops mostly according to the aesthetics and awareness of the brand (Table 13.3).

Many measurable parameters characterize fine solid particles, such as particle
sizes and distributions, form factors, colors, surfaces and release properties,
fragrances, and bulk densities. Suited, coordinated, and directed processes may
define their product design [3]. In addition, liquid products, in particular liquid

Brand
1
Product design
A 4
Performance Concenience Esthetics
Chemistry Technology
— Formulation — Application — Shape, color
— Additive — Transport/storage [— Smell
— Manufacturing — Removal — Haptics

Figure 13.1 Characteristics and composition of the product design for cosmetic products
(without packaging).
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Table 13.3  Purchasing behavior of consumers.

Ranking  Household products Cosmetic products
1 Performance Esthetics (fragrance, packaging, and design)
2 Brand (awareness and image) Brand (awareness and image)
3 Convenience (handling, storage, Convenience (jar and packaging)
and durability)
4 Esthetics Performance (beautification)

mixtures, are subject to the laws of product design. To illustrate the diversity of
product design, liquid skin care products are particularly suitable, because there
are numerous ways to fix the product performance, handling convenience, and
aesthetics. The following is a detailed discussion of skin care to prove the statements
made, on the basis of two papers in German [4, 5].

For the design settings, the recipe is responsible, which is composed of
auxiliaries, additives, and active ingredients. Figure 13.2 lists the medical and
physical-chemical parameters that play a role in product development, and are
adjustable by appropriate substances [6].

Further degrees of freedom exist by producing different physical-chemical
emulsions. The possible emulsions consist of oil or water droplets, in the form
of a (macro-)emulsion with droplet sizes in the micrometer range or as a mini-
(or nano-)emulsion with droplet sizes of around 100-600nm [7]. In addition,
the selection of an appropriate packaging optimizes, in another way, the product
design.

Sticki- Product

ness design
/ \

Performance

Figure 13.2 Elements of product design for cosmetic products.



Active ingredients
Number
Concentrations

Additives
Perfume
Dye

Emulsion type

(preferred)

Water (%)

Container

1 (advertised)
Low

Yes
In some cases, yes
o/w

70 to >80
(Pump) bottles
crucibles

Medical treatment of
diseased skin

>2
Medium to high

50-70
Dispensers
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13.4
Skin Care
Dermatological products are developed for the care and health and healing of
the skin, hair, and nails, and are classified, according to the task, as cosmetics,
cosmeceuticals, and pharmaceuticals. Cosmeceuticals play a major role in medical
skin care. The skin represents an area of about 2m?, weighs 3.5-10kg, and is
0.3-5 mm thick. The largest organ in the human body, it characterizes appearance
and fulfills numerous functions such as protection, regulating the heat balance,
and the perception of contact stimuli.

The drying out and roughness of the skin prevents the hydro-lipid coat, which is
also called the acid mantle, that must be available on the skin in the right composition
and thickness. The skin is daily exposed to many stress factors (too much sun,
cleaned too intense, too dry ambient air, and environmental influences). The strain
under prolonged exposure damages the film on the skin. Therefore, the skin care
is of great importance for the well-being of people, at present and in the future.

Table 13.4  Features of dermatological creams.
Orientation Cosmetics Cosmeceuticals Dermatics (medicament)
(skin care) (medical skin care)
Manufacturer Cosmetic industry Cosmetic industry Pharmaceutical industry
Tasks Beauty Health Healing of skin diseases
Care Care/prevention/ Eczema
concomitant therapy
Moisture Skin rejuvenation/ Dermatitis/psoriasis
moisture
Scent Itching Seborrheic keratosis
Acne Microbial infestation
and inflammation
Sun damage Rashes

Wounds

Mostly 1
Effective/age dependent
(children and adults)

No
No
w/o

60-80?
Tubes




13.4 Skin Care

The cosmetic industry provides suitable products for all aspects of skin care, as
shown in Table 13.4. After application, the cream remains for the most part on the
surface, smoothing the skin. Two cosmetic product lines are available: perfumed
creams for beauty (cosmetics in the strict sense) differ from those for maintain-
ing health (cosmeceuticals). The classification in cosmetics, cosmeceuticals, and
pharmaceuticals is done according to the task and need. Furthermore, there are
products to relieve symptoms (cosmeceuticals and dermatics) as well as for healing
damaged skin (dermatics and pharmaceuticals). A precise definition is not possible
as there are overlapping areas.

Pharmaceutical products are used to treat and heal sick skin. The healing
ingredients remain not only on the skin surface but also penetrate into the
epidermis. Dermatics treat primarily pathological disorders of the skin such as
psoriasis, eczema, inflammation, cancer, rashes, deficiencies, and many others
[8]. They are dermatological therapeutics. The galenic composition supports the
active material, transport into the skin, and release (duration) of the therapeutic
substance.

13.4.1
Cosmetic Products for Beautification

The care of healthy skin around the eyes and lips, on the face, hands, and the total
body is possible with commercially available creams and lotions. The corresponding
products represent the great diversity found in the cosmetic industry. The nature
of the skin depends on, among other things, genetic factors, gender, type, age,
and weight. The formulations used also differ, depending on the thickness of the
skin (feet, hands, and face) and the skin condition (dry, normal, and bold) and,
also on the intended use (skin texture, sun protection, and anti-aging). Cleaning,
revitalizing, perfuming, and deodorizing are the main functions of cosmetics. In
addition, there are color cosmetics, which underline the beauty with rouge, eye
shadow, mascara, lipstick, and nail polish, and further with hair styling products.

One performance parameter stands out in the development of usual cosmetics.
Mostly, people wish to improve skin moisture or the surface structure and barrier
function; older people want effective ingredients against skin aging (Figure 13.3).
Improvements in structure play a role in the case of dry skin. A cleaning agent
reduces problems associated with oily skin. A weak level of sun protection could
be beneficial in products used daily, because UV light causes increased skin aging.
Bright sunlight requires special products with high sun protection factors (SPFs).
The SPF of the lotion depends on skin type and the intensity of solar radiation.

Typical commercial products for the skin have a pleasant consistency and provide
short-term care. From a physical point of view, the creams preferably consist of
oil in water (o/w) emulsions. Normal (usual) cosmetics contain only a few active
ingredients, formulated in low concentrations, but in relation with many auxiliary
materials. Traditional products contain about 25-40 ingredients, including many
substances for preserving, emulsifying, and thickening, apart from the active and
base materials.
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Lactic acid Struc- Hexapeptides
Borage i e . Protein
oil bSk',” = Anti- by grolysates
arrier aging
Glycerol Titanium
Effect .
Urea’  pois- plf)'ij(:C- g[omde_d
ture e INC oxiae
~ Caring/
clean- Curing Lavender
Ethanol ing oil
Almond oil Panthenol

Figure 13.3 Benefits of skin care products (cosmetics and cosmeceuticals) with examples
of suitable ingredients.

Almost all cosmetic care products are scented, and spread a pleasant fragrance.
The effect lasts only for a short time. A product sale takes place mostly by the
pleasant scent and, less frequently, an interesting substance (silk proteins and
urea), or because of a particular function (smoothing and moisturizing). According
to the EU Cosmetics Directive [9], first the products must do what is written on the
packaging (moisturizer, reduces wrinkles, etc.) and second, the products require a
declaration of nanoparticles (solids), even if they are safe, on the packaging.

13.4.2
Active Cosmetics for Healthy Skin

Depending on the recipe, cosmetics cure slight dermatological diseases [10]. For
such products, between cosmetic care and healing with medicines, dermatologists
in the United States created the term cosmeceuticals. The word, formed from
cosmetics and pharmaceuticals, means “active cosmetics.” These designed skin
care products ensure not only beauty but also a healthy condition of the skin with
essential ingredients [11].

Cosmeceutical creams or lotions are, preferably, o/w emulsions. They combine
effective cosmetic ingredients with “healing” natural oils and vitamins/provitamins
in amounts that provide a rich supply to the skin and show visible success. By using
selected ingredients, physiological processes occur more than usual and support
the skin’s own regeneration. To avoid undesired effects, it is necessary to reduce
the auxiliaries to a minimum. This affects not only the amounts of emulsifiers and
preservatives but also waxes, synthetic oils, and other synthetic adjuvants.

To minimize the risk of allergic reactions, cosmeceuticals should not contain
perfumes or dyes. To increase acceptance, some creams contain intensively tested
fragrances that do not cause allergic reactions. The possible addition of (auxiliary)
materials and their maximum levels, as well as the identification of substances
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on the packaging (INCI, International Nomenclature of Cosmetic Ingredients), are
subject to the EU cosmetics regulation [9].

Cosmeceuticals contain biologically active substances in effective concentrations.
The first group of these substances comes from plants/plant parts, obtained through
different processes such as grinding/pressing and extracting with solvents or with
the aid of superheated steam. Depending on the origin of applied substances,
the mode of action on the skin surface can be described as healing, caring,
moisturizing, lipid-supplying, smoothing, refreshing, rejuvenating, revitalizing,
promoting circulation, antiseptic, anti-inflammatory, antioxidant, astringent, and
UV-protective. The second group includes the vitamins and pro-vitamins. These
substances act on and in the skin in many ways. Some can work with synergistic
effects, especially the antioxidants (vitamins C and E), the stimulators of circulation
(vitamin B;), regulators of sebum production (vitamin By), anti-aging (vitamin A),
and healing ingredients (vitamin Bg). The third group of substances, proteins and
peptides, derived from microorganisms or synthesized in analogy with nature,
provides improvements in skin hydration, firmness, elasticity, and skin protection.
Examples represent products that are able to reduce small facial wrinkles [12],
improve peripheral circulation, reduce hair growth in unwanted places, or fight a
fungal infection [13].

Cosmeceuticals [14] not only serve for the maintenance of health but also often
for the support and supplement of a therapy. These problems require compositions
other than those normally used in the cosmetic industry. The active substances
work simultaneously in effective concentrations, partially with specific synergistic
actions. Among the most important materials are some unsaturated natural oils
that boost, depending on the amount, the sheen on the skin. This is undesirable
for usual, daily cosmetic products, but is acceptable for active cosmetics. The oils,
in combination with moisturizers and vitamins, enable medical actions besides
the usual care. The primary target is to maintain or restore a healthy skin. The
inclusion of novel peptides [12, 15] provides firming effects. A medical application
of cosmetics has demonstrated the calming impact on a dry, itchy skin, bringing
the skin back to a healthy state. Studies of volunteers and/or the descriptions of
many applications document the improvements achieved by cosmeceuticals.

For cosmeceuticals, there are no legally binding rules. They are subject to the
same laws that apply to the usual cosmetics. Table 13.5 gives some aspects of the
delimitation between normal and active cosmetics used for therapeutic agents.

13.43
Differences between Cosmeceuticals and Drugs

Cosmeceuticals are cosmetic products and not medicines. The GMP cosmetic
guidelines represent the basis of manufacturing. Marketing requires a qualified
security assessment of the recipe, executed in accordance with the EU cosmetic
regulations. Offices of the federal states publish the formal procedures for mar-
keting. For pharmaceuticals, however, there are legal provisions. The Medicines
Act [16] contains the definition, requirements, production, licensing, registration,
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Table 13.5 Legal basis of dermatological products in Europe [[6]].

Cosmetics Cosmeceuticals Dermatics (pharmaceuticals)
Legal LMBG No legal basis; functions AMG
basis proposed by the U.S.
dermatologists
Food and Medicines Act
Commodities Act
Tasks Externally applied Externally applied Inside and outside
Care and cleaning Improve and prevent and Heal, alleviate symptoms of
eliminate forms of diseases and pathological
minimal dermatological symptoms
diseases
Appearance Physiological effects are Render harmless pathogens,
limited to the skin parasites, and foreign
substances
Odor No side effects Systemic®effects possible

No systemic effect

“Possible effects throughout the body via the blood circulation.

clinical testing, delivery assurance, and quality control aspects. For marketing,
authorization (Section 21 AMG) is needed. The permit is granted by the competent
federal authority or the Commission of the European Communities or the Council
of the European Union.

After AMG Section 1 (abridged) pharmaceuticals are defined as “substances
or preparations of substances that are intended for use in the human body and
show properties for treating or alleviating or preventing diseases or pathological
symptoms....” The results of clinical studies represent the basis for the approval
process of drugs, especially the proof of claimed effects (indications proof). Further-
more, the product must be safe in application. The emulsions or ointments have a
healing effect in the case of skin lichen, eczema, inflammations, skin rashes, and
nutritional deficiencies. Pharmaceuticals contain not only the actual active ingredi-
ents but also different consistency regulators, emulsifiers, and preservatives. They
usually represent “water in oil (w/o) emulsion.” A fatty layer on the skin and a
very slow penetration of water-soluble active ingredients characterizes this type
of emulsion after application. Single-phase systems are predominantly known as

an ointment, which consists, for example, of a base substance (Vaseline®) and an
active ingredient. Dermatologists prescribe recipes to treat and heal diseased skin
with pharmaceuticals, while cosmeceuticals are on sale without prescription.

To check the effectiveness of therapeutic agents, they usually only contain
one medicinal substance, at optimized concentration. Normally, a special galenic
with suitable excipients guarantees the pharmaceutical availability of the active
ingredient [17]. The pharmacological potency and duration of action depend on
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the concentration, additives, and the formulation (pharmaceutical chemistry and
technology). The active substance exists as a pure or chemically modified natural
material, or is synthesized completely, or produced biotechnologically. Except for
the a-hydroxy and salicylic acid and urea, the drugs contain completely different
agents as formulated in the cosmeceuticals. Examples may be potent cortisone,
antibiotics, antifungals, and retinoids.

13.4.4
Natural Cosmetics Label

Normal cosmetics use more than a 1000 different active ingredients and excipients.
These agents come from plants, animals, or out of syntheses. The formulation
of animal products, except milk and honey, are renounced by responsible manu-
facturers. The cosmetic industry needs no animal testing; they make no sense
and cause additional costs. Also, the Cosmetic Directive bans animal experiments.
Powdered raw materials (drugs) contain many germs. Therefore, a treatment is
necessary, for example, a radiation, such as used for spices. Alternatively, an
enhanced preservation of the cream is possible, but not desirable. The addition of
these powdered plant parts should be avoided completely, also because they show
no real contribution to skin care. It is better to use extracted active ingredients.

The raw materials, especially the preservatives, differ in efficacy, biodegradability,
and their side effects, such as their allergic potential. Therefore, it is important
to give the right recommendations. Serious manufacturers of cosmetics use
well-known effective substances and extracts from nature, preferably from plant
parts, but also salts, for example, from the Dead Sea. In some cases, a chemical
modification occurs. Glycerol originates from natural oils by ester cleavage. Starting
from wood, the cellulose ethers arise by a sequence of different reactions.

With the variety of raw materials, it is certainly useful to provide guidance to the
formulators. These tasks are assumed by the certification companies, which assign
an organic, bio or eco or natural cosmetics label. A realistic classification, based
on the effects on the skin, might be a reasonable measure. However, some go far
beyond this target. They split up the chemistry into good (permitted) and bad (not
allowed), and allow methylations but ban sulfonations. As bioethanol, ethanol is
good, bad from chemical synthesis, although in high purity it is the same.

It is misleading that the certifier does not discuss either the purity of substances
or the interactions with other ingredients. Propylene glycol is available in four
grades, from the technical to pharmaceutical quality. Sodium lauryl sulfate (SLS)
may cause sensitization. The presence of betaines suppresses this property of SLS,
depending on the mass ratio. Many manufacturers of hair shampoos therefore use
this (prohibited) combination.

Whether the biodegradation of ingredients represents a useful criterion for the
exclusion of cosmetic ingredients should be discussed intensively. Ingredients
that have not been biologically degraded often adsorb on biosludge and reach
the environment even if only in very small amounts. An improvement of some
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certification rules might go a long way in increasing the quality of the products and
the credibility of the recommendations.

A final comment: for the skin, the known therapeutics cannot be certified, owing
to the base components and the active ingredients. Certifiers ban lanolin and
Vaseline, rightly in the case of ordinary cosmetics, but most dermatica contain one
of these substances.

13.5
Emulsions

The optimal supply with lipophilic and hydrophilic active substances in larger
quantities requires the formation of an emulsion. An emulsion offers the best
physical attributes for skin care products to act on. The preparations are, preferably,
o/w emulsions because in this way the 1-10 pm large oil drops can quickly penetrate
into the skin, without leaving an oily film. In contrast, on applying w/o emulsions,
the oil remains for several minutes, often as a sticky film, which is undesirable in
cosmetics. Polymers can control the release of substances in both phases. The water
as the continuous phase partially evaporates on the skin, leaving a thin film with
the nondiffusible substances in this environment and reinforcing the hydro-lipid
film (acid mantle). With a buffer in the water phase, the pH on the skin is set to 5.
The substances smooth the skin and provide protection against pathogens with a
suitable, partially water-/oil-soluble preservative.

13.5.1
Basics (Definition, Structure, and Classification)

Emulsions are thermodynamically unstable systems of two immiscible liquids.
A surfactant distributes the first one evenly in the form of droplets in the other,
continuous phase. The liquid is the external or continuous phase, while the internal
or disperse phases are the droplets. In the case of oil, droplets arise as an o/w
emulsion; otherwise, a w/o emulsion with water droplets is formed [18]. According
to the Bancroft rule [19], the HLB (hydrophilic-lipophilic balance) number of the
emulsifier (Figure 13.4) decides the type of emulsion. The HLB value indicates the
hydrophilic-lipophilic balance of the system and can be determined, analogously
according to Griffin [20], from the molecular weight (MW) of the hydrophilic
portion (MGy,4,,) in relation to the total MW.

Emulsifiers with HLB values between 3 and 6 (to 8), which are dissoluble in oils,
form (w/o) emulsions. Moreover, surfactants with HLB values of 11-18 produce
the (o/w) emulsions. HLB values of 8—11 characterize the transition states between
the lipophilic and hydrophilic behavior [21]. In this region arises an o/w or w/o
emulsion, depending on the type of production and temperature, but preferably the
o/w-type. The percentage distribution of the phase components (water and oil) does
not affect the type. W/o droplets are often smaller than o/w droplets (Figure 13.5).
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Figure 13.4 Control of the emulsion type by the HLB-value of the emulsifier (insets:
lipophilic parts are shown by lines and the hydrophilic groups by circles).

Figure 13.5 Microscopic images of commercial skin care products (a) o/w emulsion with
small and large droplets and (b) w/o emulsion type with some large drops.

The stability of the system depends crucially on the emulsifier. Some nonionic
surfactants stabilize emulsions very effectively and are therefore preferred. The
choice of emulsifier depends on the chemistry of the oil, because oil and emulsifier
should be compatible. High-quality natural oils such as borage, hemp, and evening
primrose consist mainly of C18 triglycerides. Clearly, therefore, it is best to use a
nature-based C18 emulsifier for the manufacture of an o/w emulsion.

Ethoxylated fatty alcohols are one of the most effective nonionic surfactants,
creating optimal results with about 30 molecules of ethylene oxide (EO) (MW
about 1600, HLB = 16.6). Other emulsifiers are in most cases less effective (higher
quantity is required, larger droplets). A macro-emulsion, containing high-quality
natural oils, is stable for several years with 0.7% of a fatty alcohol with 30-EO
units. Such a stabilized cream, about 4 weeks old at the time of measurement, is
shown in Figure 13.6. With this small amount of surfactant in combination with
natural oils, the argument is unfounded that skin drying is caused by EO-containing
nonionic surfactants. A real assessment is possible by testing the complete recipe in
comparison with other less effective surfactants, which require an addition of 2-5%.
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Figure 13.6 Differences between macro- and (dg;=120nm; from 50 to 300nm) after
mini-emulsions (a) droplet size distribution  three runs through a high-pressure homo-
of a nonionic surfactant-stabilized o/w skin  genizer; measured three times after dilution
cream with a mean diameter dg;, of 1.8 pm by laser diffraction/equipment: Malvern.
and (b) stable cream with nano-droplets

While the drop size distributions of commercial products are usually in the
micron range, nanosized droplets of about 80-600nm characterize a mini-
emulsion. To generate such a nanoemulsion, two surfactants are required, namely,
a hydrophilic and a lipophilic emulsifier. The preferred surfactant combination
with HLB values of 16.6 and 5 results in small, stable droplets. The temperature
stability of the emulsion depends on the MW of the emulsifiers, the higher the
better. The best results are found with a polymeric silicone-based emulsifier, which
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is even suitable for multiple emulsions, namely, cetyl PEG/PPG-10/1-dimethicone

(PEG, poly(ethylene glycol); PPG, poly(propylene glycol)) (Abil® EM 90 from
Evonik) in quantities of 0.5% — especially for a stable o/w mini-emulsion applied
in combination with about 2% Eumulgin® B 3 (COGNIS/BASF). The droplet
size distribution also depends on the homogenizer and the operating conditions.
A dual-piston high-pressure homogenizer (Niro Soavi) gives, after three runs,
a close and reproducible drop distribution with d;,=80nm, dy;=122nm, and
dgp =200nm (Figure 13.6b).

Micro emulsions are clear and transparent. Because of the high amounts of
emulsifiers (about 15-35%) needed for the production, use for skin care seems
less appropriate; similar restrictions apply to multiple emulsions. A multiple
emulsion can be produced by the emulsification of an o/w emulsion in oil, or a w/o
emulsion in water. The additional costs for multiple emulsions (higher amounts
of surfactant, manufacturing, and fewer degrees of freedom in the formulation)
result in no benefit for the skin care at present.

13.5.2
Stability of Emulsions

An essential quality feature of skin care products is the time to use after manufacture
and after opening the package. The stability of the emulsion [18], the constancy
of color, flavor, and consistency (such as immediately after preparation) are the
guidelines for product design. Several steps, regarding the recipe, manufacturing
and filling conditions, and the packaging material (Figure 13.7), can optimize the
lifetime of the product.
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Figure 13.7 Influences on the stability of skin care products.
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For oxidation-sensitive ingredients such as vitamins and natural oils, protection
is possible by introducing chemical groups and by addition of antioxidants. Vitamin
A palmitate and vitamin C phosphate are examples of the chemical modification
of sensitive components. Tocopherols (especially in the presence of citric acid)
protect the precious natural oils, with a high content of y-linolenic acid (18-3),
against rancidity. Both smell and color are inconspicuous. The use of substances
with oxidizing power leads to significant changes in color, smell, and effect.

The quality of water is of crucial importance because almost all infections in the
product come from the water. Ion exchange columns remove heavy metals and lime-
forming ions before use. Membrane plants, supported by UV lamps, sterilize the
water. Preservatives in the product not only inhibit the growth of microorganisms
but also destroy them. An agent used in low concentration is sufficient, when
working in the optimum pH range. Sensitive ingredients also need a stable,
constant pH. Various reactions such as hydrolysis, oxidation, esterification, and
ester cleavage can alter the pH, thus reducing the effectiveness of preservation and
creating a more pleasant environment for microorganisms. Therefore, the use of a
buffer system (pH 5.0-5.5) has certain advantages.

During manufacture, deviations in the temperature profiles, in the order of
recipe ingredients, or in the dissolution of substances as well as an insufficient
energy inputlead to a destabilization of the emulsion. Nonoptimal type and amount
of emulsifiers, reactions supported by heavy metals, UV radiation and or oxygen,
temperature fluctuations, changes in pH, and microbial contaminations over time
contribute to the disintegration. On the one hand, the stability of an emulsion
depends on creaming/sedimentation as well of the Ostwald ripening [22]. This
describes the disappearance of small droplets, because the bigger ones are more
stable. In addition, after some time further aggregations and coalescences stimulate
the destabilization.

Careful selection of formulation components, emulsifiers, and preservatives,
as well as setting and maintaining a constant pH-value by a buffer system,
guarantees the stability of the cream/lotion. Production and filling run under
optimized conditions in clean, disinfected equipment, taking into account the
recipe-dependent temperature limits. The flushing of all containers with nitrogen
is recommended during production and bottling. Furthermore, a packaging (bottle)
that is impermeable to UV light, water vapor, and oxygen, and equipped with a
removal system without contact to the air and to the product, is needed.

Depending on the chemistry and technology, the distribution expresses the
quality of the emulsion. The lower the ds, and the narrower the monomodal
distribution the better should be the stability. The stability is checked with a
centrifuge test (40°C, 30000g, and 5 min). All narrow distributed emulsions that
pass the test remain stable over a long period (some years).

In a few cases, the formulation contains fine solids (powder). The particles
settle mainly on the surface of the droplets and assist in the stabilization (Pickering
emulsions). These and other types of emulsions, similar to the PIT (phase inversion
temperature), the micro and multiple emulsions, are fully described in the literature
[23, 24] and are not discussed here. They do not play a major role in skin care.



13.5 Emulsions

7'5 100
6.5 - 90
A I} 1eo
55 S
5 ° \ 17° g
s N[ Je0 2
E’ 35 /// =4 50 ._.GZj
o) . T~ ©
= 3 / \ 440 2
25 ) £
> / i 130 ©
1.5 l =120
1
05 / ) \ 110
NN\
8.01 0.1 1 10 100 1000
_— Drop size (um)

Figure 13.8 Droplet size distributions of a commercially available o/w skin cream, few
weeks after production, triple measure after dilution by laser diffraction/equipment: Malvern.

Well-known competing products from the market (creams) have been measured
with laser diffraction, to gain an impression of the emulsion stability of a few
weeks/months after manufacture. Remarkably, the four investigated samples of
different producers show bimodal distributions. The corresponding o/w droplet size
distribution is shown in Figure 13.8, and the associated micrograph (Figure 13.4a)
shows the visible drops. In addition, a measured w/o market product also shows
a bimodal distribution (Figure 13.4b). The larger droplets in the emulsions are
in the range of 20-60 pm (maximum 100 pm); they point to an already incipient
destabilization. In other images, some big bubbles were considerably more visible.
Amazingly, several market products begin to disintegrate after only a few months.
Probably, the emulsifiers are inadequately stabilized. The consumer notices the
segregation only after complete disintegration, and thereafter pumps only water
out of the bottle.

13.5.3
Preparation of Emulsions in the Laboratory

A manufacturing process is developed in a laboratory/pilot plant before transfer
to production in accordance with the scale-up conditions. The following laboratory
instructions are used to manufacture the emulsion, often described in this or a
similar form, but with higher temperatures. First, in a stirred vessel successively
dissolve the hydrophilic components at about 45-50 °C in sterile water. Depending
on the ingredients and the consistency of the added viscosity regulators, the
dissolution process may vary and definitely can take an hour or more to complete.
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Next, acids or bases are added to adjust the pH value to 5.0-5.5. AHAs (a-hydroxy
acids) such as lactic or citric acid are suitable for this purpose.

To limit the required temperature, it is recommended to formulate the recipes
without high-melting organic substances, and also without the use of hard paraffin
and waxes. In a separate vessel under nitrogen atmosphere, the lipophilic compo-
nents dissolve at 55-60 °C up to give a clear phase. The perfume oil runs in at the
end or during the emulsification. Immediately after dissolving all components, the
oil phase flows into the nitrogen-layered aqueous solution at 45-50°C. Here, the
homogenizer runs for several minutes with varying speeds. A temperature control
system ensures that the temperature in the liquid remains constantly at 45 °C. After
homogenization and cooling down, the addition of shear and temperature-sensitive
materials as aqueous solutions (e.g., peptides) under slow stirring completes the
procedure. Finally, the product is filled, at about 25 °C, under nitrogen into the
dispensers.

The manufacture of mini-emulsions from macro-emulsions requires, after addi-
tion of another surfactant, more than one run through a high-pressure homogenizer
at45-50°C.

13.6
Structure of Skin Care Creams

Creams/lotions are thickened emulsions; they consist of excipients, additives, and
active ingredients. The nature, number, concentrations, and interactions of these
substances determine the product design (performance, handling, and aesthetics),
and can be influenced greatly.

13.6.1
Excipients

Excipients are substances needed for the manufacturing, application to the skin, and
stabilization. The number of excipients listed in Table 13.6 shows thata stable cream
needs at least 9, and in some cases up to 20, agents. These include the thickeners
for the two phases, emulsifiers, solvents, and spreading agents. In addition, in a
cream, pH regulators are required to set the pH of the skin to 5. A buffer system
(acid/base) preferably executes the pH constancy. Furthermore, the buffer, the
absence of oxygen, moderate temperatures, and UV-light-impermeable dispensers
prevent undesirable chemical reactions. The strength of the preservatives depends
on the concentration and on the pH value.

The emulsifier system is crucial for the stability of an emulsion, and for the effect
on the skin. This persists in o/w emulsions of one or two emulsifiers (surfactants)
with HLB values of about 12—17 as well as viscosity regulators for both phases.
Nonionic surfactants such as ethoxylated fatty alcohols are effective already at low
concentrations (0.5-1.5%). Other emulsifiers need 2.0—5.0% for stability and a low
limit of allowable amounts of salt.
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Table 13.6  Excipients of a cream according to their functions.
Excipients Number of Number of Used Typical
common  required/recommended concentration substances
substances substances ranges(%)
Consistency (viscosity
control)
Organic phase >60 1 2-5 FAs
Aqueous phase >40 1 0.2-3 Acrylates, cellulose
ethers, and xanthan
Emulsifiers
o/w macro-emulsions >80 1 0.7-2 FA ethoxylates
w/o macro-emulsions >50 1 1-3 Sorbitan oleate
Mini(nano)-emulsions > (<20h) 2 0.5-3
Preservatives 56 1 0.1-0.4 Sorbic, salicylic acid,
and parabens
Complexing 12 Oor1l 0.2-0.6 Sodium citrate
Antioxidants 15 1 0.2-2.5 Vitamin E
pH control 31 2 0.1-1 Citric acid and sodium
citrate
Solvents and solubilizer >14 1 0.5-4 Ethanol and propylene
glycol
Spreading >17 1 0.5-3 Silicones
Liposomes >5 Oor1l <2 Lecithin

FAs, fatty alcohols.
“Material and application dependent.
bEstimated.

The stabilization of the emulsion happens not only with emulsifiers but also with
the thickeners. It is recommended that there are at least two substances as viscosity
regulators, a lipophilic and a hydrophilic one. The viscosity of the water phase can be
adjusted with synthetic polymers, like modified polyacrylates, as well as numerous
natural or semi-synthetic polymers such as starch, xanthan, and cellulose ethers.
The hyaluronic acid thickens the water phase extremely, so even tiny amounts are
enough to produce, with this well-known skin ingredient, an increase in viscosity.
Lipophilic compounds of high MW, as long-chain fatty alcohols, set the viscosity
of the oil phase. The final viscosity reached in the emulsification process depends
on the optimum amount of thickening agents as a function of type and amount
of the ingredients, which is estimated in a series of experiments. The amount and
nature of excipients determine the structure of the cream. Furthermore, extensive
experience is of help in choosing the most suitable active substances, of the best
combinations for the viscosity and for the spreadability and haptic feeling.

The stabilization of polyunsaturated natural lipids requires an addition of anti-
oxidants. Even a slight oxidation of these natural oils results in a clearly perceptible,
rancid odor. This undesired reaction, catalyzed by heavy metal ions, should be
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additionally suppressed by the exclusion of oxygen and the use of complexing
agents. After applying the cream, the larger water-soluble molecules remain on the
skin. For their transport into the epidermis, proteins encapsulated in liposomes
are suitable. Dissolved lecithin in water forms hollow spheres (vesicles), in which
the proteins can be stored. The loaded vesicles are able to diffuse along the hair
shaft and through the pores into the skin and transport active ingredients to the
epidermis.

It is assumed that the classes of nonionic fatty alcohol ethoxylates make the skin
more permeable and support the introduction of (harmful) substances, further
mobilizing the skin fats. A quote from Paracelsus (1493-1541) may be the right
comment to these findings: “All things are poison and nothing is without poison,
only the dose makes that a thing is no poison.” In particular, the low concentrations,
and also interactions and influences of the environment (pH and salts), thickening
agent, and lipids, impinge on the effect of surfactants on the skin. Alcohol
ethoxylates have the advantage of emulsifying very well at low concentrations, even
in the presence of high salt loads. During the application of such cosmeceuticals,
no adverse effects on the skin are observed or measured.

13.6.2
Preservations

A cream is manufactured at a low level of bacterial counts. It is not sterile, and
so germs are present in minimal amounts. These few germs are usually not a
problem. (Caution: with organic solids, microorganisms can be introduced into
the water phase.) After opening the package until the complete consumption
some months later, bacteria contaminate the content, which renders it useless.
Therefore, the utilization of a preservative is required. First, the preservative
prevents further multiplication of the introduced microorganisms. Formulated in
higher concentrations, it is able to reduce the number of germs. The required
concentration of preservative lies mainly in the range of 0.1-0.35%, and depends
particularly on the efficacy of the recipe and the packaging. The permissible limits
are set from the European cosmetics regulation [9].

In cosmeceuticals, some preservatives are preferred such as the parahydroxyben-
zoic esters (PHB-ester, parabens), sorbic acid, and phenoxyethanol. Phenoxyethanol
represents an ether of phenol with ethylene glycol, which has only a moderate activ-
ity spectrum, especially against gram-negative bacteria, and is therefore either
formulated in relatively high concentrations (about 0.8%; allowed: <1%) or in
combination with other agents. The esterified hydroxybenzoic acid with a methyl,
ethyl, propyl, butyl, or benzyl group, works effectively in mixtures (0.1-0.8%),
preferably in a combination of methyl- with propyl-4-hydroxybenzoate. The optimal
effect lies in the pH range 6-8. The propyl ester is more effective against molds,
and is also hydrolytically stable. From the perspective of chemistry, on the one
hand, hydrolysis occurs under basic conditions with a pH shift and, on the other
hand, the strong oil solubility (=inactivation) reduces possible applications.
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Figure 13.9 Customary preservatives for cosmetic creams and lotions.

Parabens rarely cause allergies but show, compared to sorbic acid, a higher
allergy potential. Analyses of breast tumor tissues of women revealed traces of
benzyl esters. They are suspected to cause cancer and may no longer be used
[25]. Furthermore, butyl ester possibly triggers hormonal changes in fetuses.
Methylparaben may promote skin aging in sunlight (UV rays). According to
present knowledge, documented in numerous studies, the parabens preserve safely.
Nevertheless, they provide a degree of risk under intense usage. Several customary
preservatives are shown in Figure 13.9, including the precursor for the PHB-ester.

In the pH range of skin from <5.0 to 5.5, the physiologically acceptable sorbic
acid (hexadienoic) applies as the best preservative. This acid disassembles in the
body similar to the fatty acids via p-oxidation [26]. For food, sorbic has been
given the GRAS (generally recognized as safe) status in the United States. Above
pH 5.5, equilibrium exists between the undissociated acid and the salt, with too
little free acid, so that the effectiveness decreases. The hexadienoic acid, which
is poorly soluble in oil and in water, dissolves satisfyingly in organic solvents.
These are present in cosmetic formulations as solubilizers and, therefore, sorbic
acid is particularly suitable for cosmetic creams. Sufficient sorbic acid-preserved
cosmeceuticals pass the microbiological stress test described in the European
Pharmacopoeia [27]. The bacterial count in the inoculated samples is reduced by
the preservative within 7 days by at least three orders of magnitude.

Sorbic acid is sensitive to oxidation and builds up gradually in the presence of
air over time. Three measures will help suppress the reactions: the exclusion of
oxygen, the addition of antioxidants, and stabilizers. Therefore, the cream runs
in a container under nitrogen. By using “airless” dispensers, there is no gas
atmosphere above the cream. No growth of microorganisms happens in buffered
products, even in a long-time application.
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Figure 13.10 Mass ratio of citric acid monohydrate to sodium citrate dihydrate, the best
suitable buffer system for skin creams.

The water-soluble potassium sorbate in combination with the buffer system citric
acid/citrate (Figure 13.10) preserves well at a pH of about 5. The salt releases sorbic
acid, which is stabilized by the buffer system. The buffer provides not only for a
constant pH of the cream but also for the correct pH on the skin for a long time,
and is important for the effectiveness and durability of the ingredients.

13.6.3
Additives

Chapter 12, especially Sections 12.3.2 and 12.3.3, deals with the perfume oil as
an important additive in skin care products. Many customers tolerate fragrance
oils, and choose cosmetic products for an individual scent impression. Sensitive
people search for well-tolerated and fragrance-free products. Additives (Table 13.7)
increase the risk of an allergic reaction on sensitive skin. Therefore, substances for
scent and coloring are typical ingredients in “normal” cosmetic products, but are
usually undesirable in cosmeceuticals.

Table 13.7  Additives for fragrance and color.

Additives Number of common Number of required/
substances recommended substances

Fragrances including essential oils >2500 0

Perfumes >1000 0

Dyes 145 0




13.7 Essential Active Substances from a Medical Point of View

A number of essential fragrant oils show positive effects on the skin. Examples are
chamomile, carrot, rose, rosemary, sage, and cedar. Only special products contain
these oils. Their typical, intense smell is often not perceived as pleasant, despite
good efficacy. In contrast to cosmetics, the cosmeceuticals normally contain no
additives. After several positive experiences, all creams should be free of substances
in solid or semisolid consistency, such as natural and synthetic waxes, tallow, solid
vegetable fats, paraffin, or Vaseline.

13.6.4
Cosmetic Active Ingredients

The active ingredients are divided into groups (Table 13.8). In groups 1 and 2
are the natural oils and vitamins/provitamins, in 3 and 4 the moisturizing agents
and the AHAs. Other added substances (group 5) enhance or generate desired
effects. Examples include itch-relieving, anti-inflammatory, keratolytic or especially
rejuvenating substances.

Depending on the concentrations, these active materials determine the effect
on the skin together with the remaining components. Examples are the AHAs,
urea, vitamin A and natural product extracts, and the peptides. In relatively low
concentrations, the substances are very useful; in high concentrations, they may
lead to undesirable effects. The patch test [28] checked the recipe for compatibility
(contact allergy) in susceptible individuals. Low but effective concentrations and/or
avoidance of critical ingredients lead to a positive safety assessment [29].

13.6.5
Typical Effects of Cosmetics

Products for the skin protect and care for the body and face, eyes and lips, and
hands and feet. The cosmetic industry offers most of these specialties for children,
teenagers, women, and men. Some examples of advertised benefits of cosmetic
skin care products, especially facial care, are listed in Table 13.9.

Cosmeceuticals have higher concentrations of active ingredients, and they operate
fruitfully in combination with drug therapy. In general, they are suitable for all
people. Table 13.10 shows some examples of product applications that clarify the
differences from cosmetic care.

13.7
Essential Active Substances from a Medical Point of View

Each skin cream should contain at least three essential active ingredients in effective
concentrations to maintain a healthy skin: each one selected out of the group of
natural oils, moisturizers, and vitamins. The following subsections describe the
effect of selected substances on the skin.
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Table 13.8  Substances with specific effects on and in the skin.
Group  Active ingredients Number of required/ Number of Used Typical
common recommended concentration substances
substances substances  ranges (%)
1 Lipids
Natural oils >40 1-3 7-20 Hemp, evening
primrose, borage,
argan, sunflower, and
almond
Synthetic oils 12 1 <3 Silicone (paraffine)
Natural or hardened >20 0 <2 Beeswax and lanolin
waxes
Synthetic waxes 42 0 <2 Artificial jojoba
2 Vitamins
Provitamin 13 20r3 0.2-2.5 Vitamin A, (C), E, Bs,
and Bg
Dexpanthenol — — 1.5-5 p-Panthenol
3a NMF 16 2-5 0.2-6 Urea, lactate, amino
acids, and glycerol
3b Further NMF, salts, >14 2or3 0.2-4 Dead sea salts, sorbitol,
and proteins protein hydrolysates,
hyaluronic, and
glycose
4 AHA (o-hydroxy 9 2-4 <1 Lactic, malic, glycolic,
acids, fruit acids, and citric acid
and salts)
5a Plant extracts >120 0-2 <2 Allantoin, aloe vera,
flavonoide, ginseng,
linden blossom,
hamamelis, marine
algae, marigold, and
pineapple
5b Caffeine substances 8 0 <0.3 Green tea and cocoa
5¢ Essential oils >125 Oor1 0.3-0.8  Chamomile, grape-fruit,
jasmine, lavender,
squalene, nettles,
geranium, sage, and
sandalwood
5d Biotechnological >3 0-2 <0.1¢ Antarcticine, ubiquinone
synthesis (Q10), and hyaluronic
5e Synthetic peptides >20 0-2 <0.1¢ Hexa- and tetra-peptides

NMF, natural moisturizing factors.

“Active matter.
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Table 13.9  Cosmetic skin care, o/w and w/o creams and lotions (“milk).

Skin type Body part Advertised benefits

All Body General skin care and sun protection
Face
Hands
Feet

All Eyes Care in the areas around the eyes

Normal skin (also sensitive
and mixed skin)

Dry skin

Older skin

Impure skin

Face (body)

Face

Body
Hands
Face (body)

Face

Moisture, vitalization; cleaning with body milk;
(matting) care with UV protection; and care
with self-tanners

Against rough, dry skin feeling, and moisture
supply

For firmer body and/or facial skin; against
wrinkles, and reduces wrinkle depth
For clear and beautiful skin

Table 13.10  Effects of cosmeceuticals [30].

Skin type

Body part

Offered effect

All (also for sensitive and dry ~ Body

skin)

Acne
All
Neurodermitic areas

All
All
Older skin

Older skin

Face
Hands
Feet
Face
Nose
Body

Face
Hands
Feet
Feet
Face
Face

Body

Care by simultaneous supply of moisture,
lipids, and (pro)vitamins

Reduces the impact

Cares and reduces snoring

Care by simultaneous supply of moisture,
lipids, and specific (pro)vitamins; contains
substances to destroy microorganisms

Destroys fungi

Reduces lady beard

Care and firming by the simultaneous supply
of moisture, lipids, (pro)vitamins, and
several anti-aging ingredients

For the prevention of pressure ulcers
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13.7.1
Linoleic and Linolenic

First, among the essential ingredients are natural oils that contain bound linoleic
and y-linolenic fatty acids. The human body cannot produce either of these
fatty acids. Therefore, they must be supplied from outside. A deficiency leads
to disruption of the barrier function of the skin with a significant increase in
transepidermal water loss. Linoleic is a di-unsaturated (C18-2, 0-6) fatty acid that is
an essential part of the epidermis. The top layer of the skin, the stratum corneum,
contains ceramides, free fatty acids, and phospholipids. Ceramides exist as lipid
bilayers and regulate the water balance in the skin. Linoleic represents the largest
share of the essential ceramide 1. Second, linoleic acid supports the elimination
of skin irritation after topical application (contact dermatitis) and reduces light
damage to the skin and age spots.

As important is the triple-unsaturated (C18-3, w-6) y-linolenic acid, which is
missing in neurodermitic skin, and represents a raw material for the group of
tissue hormones (prostaglandins [6]). A lack of these hormones, which are involved
in cell metabolism, leads to rough, dry, cracked, and itchy skin. Natural oils such as
borage, evening primrose, hemp, and black currant, and the oil from the seeds of
pomegranate, supply the skin with linoleic and y-linolenic. One of these natural oils
(triglycerides) in amounts of 5-20% should be included in good skin cosmetics.
The composition of fatty acids bound to hemp oil corresponds most closely to the
skin’s fatty acids.

13.7.2
Urea

In dermatology, one of the most important natural moisturizing factors is urea.
It binds water in the upper layers of the skin, reduces the transepidermal water
loss, and contributes to the elasticity of the horny layer. Urea acts as an anti-
inflammatory, an antibacterial, and in higher concentrations also as an antipruritic
and keratolytic. On application to open wounds, this substance — as acids — initiates
a short burn. Urea is nontoxic and well tolerated.

Essentially, compared to healthy skin, urea is lacking in dry skin by up to 50%, in
psoriatic skin up to 60%, and in neurodermitic up to 70%. These missing amounts
must be supplied from outside to the skin. Not only in supporting a therapy but
also as a precaution, active creams contain urea with 2—4%, and thus are also
suitable for children.

13.7.3
Panthenol

The water-soluble provitamin p-panthenol [31] penetrates into the skin and reacts in
the epidermis to give pantothenic (vitamin B;). Pantothenic is the main component
of coenzyme A, which controls in the skin some metabolic reactions of fats,
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carbohydrates, and proteins. Therefore, topically applied panthenol enhances the
formation of new skin cells and thus measurably promotes regeneration of the skin.
Furthermore, this “panacea” improves moisture retention and elasticity of the skin,
soothes itchiness, and shows anti-inflammatory and wound healing properties. For
use in cosmetics, apply the recommended amount of 1.5-3%, and in specialty
products for wound healing apply up to 5%. Panthenol is stable at pH 5 up to 45 °C.

13.8
Penetration into the Skin

To optimize skin care products, it is essential to study the penetration of lipophilic
and hydrophilic substances, to examine the evidence, and to derive rules for the
formulation. In this way, the product design is controlled by measurements.

13.8.1
Skin Structure

An explanatory picture of the structure of the skin is given in the cross sections
shown in Figure 13.11. The thickness of each layer depends on location, age,
weight, and gender. Values for skin thickness, such as those found on the forearm,
characterize typical skin areas. Depending on the activity of the fat and sweat
glands, and on the current cell condition, the skin surface is covered by a film
made of water, electrolytes, polar substances, lipids, urea, and amino acids. This
film shows acidic properties and, therefore, is called the acid mantle, or because of
its moisture-preserving function it is also known as the natural moisturizing factor.
It provides an additional protective barrier against microorganisms.

The cornea consists of a network of lipid double membranes and dead cells (kera-
tinized corneocytes) and renews permanently from the basal cells of the epidermis.
The basal membrane delimits to the directly underlying dermis. Figure 13.12

Epidermis
about 100 um (30-2000)

Dermis

about 1000 um

 (500-1500)

+ Subcutis
s\ 500-30000um

Figure 13.11 Structure of skin. (Unlabeled photos courtesy of COGNIS (Skin Care Forum
29 and 34).)
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Figure 13.12 Proposed models for the structure of the stratum corneum [32].

shows a conceptual model of the construction of the stratum corneum. This
concept shows that lipophilic substances easily penetrate through the lipid phase
(“mortar”) into the lower layers of the epidermis. The water-soluble substances
must diffuse through the corneocytes (“stones”) and meet, thereby, again on lipid
phases, making it difficult to penetrate deeper. A simpler option is the diffusion
through sweat-filled channels and pores.

13.8.2
Applying the Emulsion

The emulsion is applied to the cornea. The surfactants of the cream emulsify the
acid mantle, so that the agents are directly in contact with the skin and diffuse
more easily. The processes on the skin that expire after application of the emulsion,
especially three actions, are shown schematically in Figure 13.13.

Process 1 stands for the stationary state of the skin, showing the acid mantle
and a slow drying. In the second process, the applied cream forms a layer on the
skin, heated to body temperature. Notably, the surface area is increased greatly by
applying the cream. Parts of the film dry by circulated air, whereby the emulsion
breaks down. Dehydration (process 3), negatively affects diffusion into the skin.
Without changes on the skin, the new steady state of the acid mantle is reached in
about 12-24 h, depending on the recipe. Movement, sweating, rubbing of laundry
on the skin, and cleaning the body all disturb or remove the acid mantle temporarily.

13.8.3
Proof of Performance

Comparison of different skin parameters before and after application and over a
long period proves the performance (power) of the skin cream/lotion. Any distortion
of results is avoided through a statistical design with about 15-25 (in special cases,
50) persons. First, a performed test for skin tolerance excludes primary irritant
properties. This happens either in patch tests or in the open application tests. The
test aims to exclude the possibility of allergic reactions over a period of 1 to about
5 weeks, under realistic conditions or intensified by a provocation test. This test is
particularly sensitive and is important for allergic skin types [28].
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Figure 13.13 Processes that occur on the skin after applying an emulsion.

Various standardized measurement methods are available (Table 13.11) to assess
the barrier function, moisture, surface structure, and lipid content in the skin. On
one hand, the values obtained allow a precise statement about the skin condition.
On the other hand, the results disclose improvements after use of the care product
with statistical certainty.

Figure 13.14 shows an example of the determination of skin moisture after
a single application by a capacitive measurement over a period of 48h with
over 20 volunteers. Suitable water-soluble substances improve the skin moisture
significantly by binding/adsorption of water in the epidermis. Charge-free, low
MW substances can penetrate into the skin, especially in the case of a hydrated
cornea, although the cornea constitutes a barrier to water. The diffusion paths run
transepidermal, transfollicular along the hair follicles, or transglandulidr through
pores.

The fine chemicals manufacturer and commodity traders usually give some
evidence of the effects of formulated substances, for concentrations and incompat-
ibilities with other substances, pH values, and temperatures. The desired effect is
targeted and the recipe is optimized toward the measured skin parameters (“prod-
uct design”), including the exclusive use of natural products. For each desired
effect, there are several more or less effective alternative substances from nature.
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Table 13.11  Determination of skin characterizing parameters with different apparatuses [33].

Measuring device Measurement

Corneometer Skin moisture

Sebumeter Skin surface lipids

Cutometer Skin elasticity

Foits (fast optical in-vivo topometry of Skin surface, structure, and wrinkles
human skin)

TEWL Barrier function

pH pH on the skin surface

Ultrasonic Skin thickness

3D image analysis of silicone replicas Microrelief (fold width and depth)

CLSM and OCT [34] Structural changes with age (fibrous structure)

TEWL, transepidermal water loss; CLSM, confocal laser scanning microscopy; OCT, optical
coherence tomography.
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Figure 13.14 Measurement of skin moisture as differences (percentage) with a corneome-
ter: application of the cream at time t=0; capacitive measurements of the treated skin
minus measured values of the untreated skin.

13.8.4
Penetration of Lipophilic Substances

A specialized NMR (nuclear magnetic resonance) spectroscopy [35]), conceived
and performed by Dicoi in vivo on volunteers, tracks the diffusion of precious
natural oils into the skin. Particularly suited is the mobile NMR-Mouse " [36] in
conjunction with a newly developed and assembled device to hold up the arm.
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The equipment changes the position of the measuring arrangement in small steps
according to the desired measuring depth. The measuring areas used are on the
left and right forearm. Each measurement field produces slightly different values
for the untreated skin. The measuring system produces data approximately every
15-30 pm over the skin depth. Each measurement takes about 1min (65s) to
complete. More recently, both the step size and the measurement times have been
reduced.

Evaluations of the NMR measurements succeed by calculating the proton densi-
ties, which are based on the maximum value of the untreated skin in the epidermis.
Furthermore, the response time t, of the signal identifies, after calibration, the sub-
stance (water: 12.2 ms and natural oil: 88.1 ms). The relevant test results come from
curves of the treated minus untreated skin. One example of supplying the skin with
pure natural oils (mixture of almond oil with borage) is displayed in Figure 13.15.
After 10 min, the supernatant oil on the skin was removed. The measured values
[4] indicate that these oils diffuse very quickly in considerable amounts into the
epidermis. About 40 min after application, there is still a significant effect in the
epidermis. In the meantime, most parts of the oil have penetrated into the deeper
layers of the dermis.

Figure 13.16 shows, graphically, typical responses, first for the untreated skin
and second for the skin after applying a miniemulsion. After a 60 min move in of
the oil, the curve indicates that the emulsion is significantly more effective than
the pure oil. By adjusting the viscosity of the oil droplets, they diffuse significantly
slower through the epidermis. In this way, time remains for action and for filling
of the fat cells.

2.5

Ep idern{is Dermis |Experimental procedure
- Oil application
Stratum L - 10 min move in
T 20 Tcorneum N - Wipe
2 - Measure
2 - 65 s per point
3 15
c
S
S
[o%
3 104+ |A
N
g —~
S
Z 0.5 1
t = 35 min —O0— | Untreated skin
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0.0 T T T ‘ ‘ ‘ f f
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Figure 13.15 Normalized proton densities as a function of the measured depth in the skin
after treatment with a mixture of natural oils (triglycerides).
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Figure 13.16 Treatment of the skin with the stratum basal of the epidermis and in
an o/w mini-emulsion; differences between  the deeper layers of the dermis. (Measuring
the two curves caused by diffused natural depth zero for the first value can be ~25pm

oils on the left forearm are clearly visible in inside the skin.)

In sections, calculated according to Fick’s law, the curves emerged under the
assumption of a thermodynamic equilibrium at the basal membrane. Already after
a few minutes, high values of the oil appear in the epidermis near the basal layer
and in the bottom layers of the dermis (reticular dermis and elastic fiber network
layer). In the lower layers of the dermis, the values increase for some hours before
the oil phase values slowly drop to normal levels. The measurements show the
same reproducible patterns, in the case of mini-emulsions (ds,=120nm) with
open, as in practical application, as well as with covered application without water
evaporation for theoretical considerations. Comparable values for the untreated
skin originated from magnetic resonance imaging (MRI) measurements [37].

The examined inter- and intracellular water contents in the epidermis depend
on the measuring depth in the skin [38]. The maximum values are in the stratum
spinosum and basal, with inter- and intracellular water contents of comparable
sizes.

On covering the skin area after applying the cream, for several formulations
both macro-emulsions (ds, about 2 um) and mini-emulsions (ds, about 120 nm)
show comparable values of the oil content in the skin. In practical applications,
both emulsions disintegrate quickly, but at different speeds, owing to water
evaporation. (The velocity of the water evaporation, also measurable by using the
NMR-Mouse [39], was not determined.) After applying a macro-emulsion, the rapid
evaporation leads to a reduced diffusion and a normal oil content in the skin
(only one formulation tested and, therefore, the result is not meaningful). The
macro-emulsion seems to produce significantly increased oil values only in the
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Figure 13.17 Treatment of the skin with a macro-emulsion (curves Ta, 2a) and a mini-emulsion
(1b, 2b, and 3b): the measurements were made 10 min after applying the cream on the left and
right forearm; measuring time per curve about 25 min.

stratum corneum, but not in the dermis (Figure 13.17), as observed after applying
mini-emulsions. Applying larger quantities causes probably a stronger increase of
the oil concentration in the skin. The effects are mass dependent. Measurements
on w/o emulsions are pending; owing to the thickening of the oil phase, slow mass
transfer is expected.

13.9
Targeted Product Design in the Course of Development

The three cases examined differ dramatically in practical application: pure oil is
unpleasant on the skin, and penetration through the skin too fast for healing
actions. Better effects are produced with creams. According to the measurements,
macro-emulsions preferably reside in the upper layers of the skin, while natural
oils of a mini-emulsion penetrate into deeper areas (dermis). The application
of creams is easy; both water- and fat-soluble substances diffuse in a controlled
manner into the skin without a greasy feeling. The lipophilic phase should contain
key ingredients for the skin, such as di- and triglycerides with high levels of
double or triple unsaturated acids (w-6 fatty acids and C18), possibly also the acids
themselves, and squalene (triterpenes). Added oil-soluble vitamins, particularly
radical suppressors, support the reduction of the visible effects of skin aging. (The
penetration behavior of major water-soluble substances cannot be assessed because
of lack of appropriate in vivo investigation methods.)

The task of developing specific effects for skin care products can be solved
chemically because there are unlimited possibilities to mix components both
in the type and quantity. According to Figure 13.18, preoptimization of the
technology starts with a basic formula in combination with proven emulsifiers and
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viscosity regulators in the first cycle. During further optimization, it is advisable
to examine from time to time the emulsification by measuring the droplet size
distribution, by testing the stability with a centrifuge, and checking the preservation
by microbiological tests.

Physical measurements on the skin and the simultaneous application tests allow
feedback concerning the use of active ingredients in the type and quantity (cycle 2,

Chemistry Technology Application tests Product design
Emulsifying - Tolerance )
Active —— o - Moisture
substances Mar(:ol-/mlr:“- L 51 - Lipids
emusio - Elasticity Optimized
- Struct - !
Emulgators Drop size Strue urg > skin cream
distribution - Transepidermal
Auxiliaries — water loss
Centrifuge -pH
\ _J test - Viscosity

Microbiological
testings

Figure 13.18 Cycles for optimizing product designs.

Skin care

cream

Process
development

Micro-
biology

Figure 13.19 Cooperation with various departments in developing new formulations for
skin care products.
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Figure 13.18). Furthermore, there is the possibility of setting the properties of
the developed skin care product. Using this optimization method in combination
with known active ingredients, several skin properties are ultimately better than the
market standard in terms of, for example, skin moisture, elasticity, barrier function,
and surface structure. Targeted product designs presuppose laboratory equipment,
measuring apparatus, and internal and external resources to test the skin properties
of probands. In addition, such development is not possible without the knowledge
and skills of different specialists (Figure 13.19) working synergistically together in
this process. In the end, the product goes to market, and for the next cream the
same optimization process is started.

13.10
Production of Skin Care Products

For the safe production of cosmetic products, especially emulsions for skin care,
four points must be followed precisely, concerning the plant design, materials, and
the process procedure:

—_

) Note the GMP regulations.

) Ensure hygiene.

) Select suitable materials with treated surfaces.
) Optimize the plant design.

S W N

Modern production facilities are arranged according to the rules of GMP. The
GMP guidelines [40] ensure quality and hygiene in pharmaceutical, food, and
cosmetic industries. They refer in particular to raw materials, plant equipment,
rooms, air/water, packaging, and finished products as well as to the staff. Laboratory
controls and documentations secure the traceability of each batch.

In the cosmetics industry, where the cosmetic-GMP is valid, production takes
place in largely sanitized facilities (pharmaceutical and biotechnological industries:
sterile). Personnel entry into the production area is only possible after passing locks,
in compliance with the GMP requirements of cleanliness and protective clothing.
Owing to structural measures for the premises and for the production plant,
cleaning and disinfecting inside and outside are generally easy. For disinfection
of the inside surfaces against germs, bacteria, fungi, spores, and viruses, several
liquids that contain chemicals such as peracetic acid, hydrogen peroxide, sodium
hypochlorite and alcohols, quaternary ammonium compounds, and glyoxal, in
acidic or alkaline solution, or mixtures thereof are suitable.

Guidelines for hygienic processing in the food industry are published by the
“European Hygienic Engineering and Design Group (EHEDG),” founded 1989.
The American 3-A Sanitary Standards organization has a similar mission and
common interests, as well as the NSF International. EHEDG actively supports
European legislation, which demands hygienic processing and packaging of food
in hygienic machinery and in hygienic premises (EC Directive 2006/42/EC for
Machinery, EN 1672-2, and EN ISO 14159 Hygiene requirement).
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Figure 13.20 Hygienic requirements for the installations.

In the food, pharmaceutical, and in the biotechnological (see Chapter 10.5)
as well as in the cosmetic industries, these instructions help find and install
suitable equipment and facilities. The most essential point is the prevention
of microbiological infections. This target requires a number of costly measures
concerning the premises, machinery, materials, and design:

« All installations must be free of dead spaces (Figure 13.20), and show a product
flow from the top downwards. Preferably, they are completely drainable at
the deepest point.

e Only stainless steel with smoothed surfaces in all parts should be used
(Figure 13.21).

o There should be precise (automatic) welding of stainless steel to meet the
hygienic requirements.

« Simple cleaning and disinfection of the plant in all parts is a must, preferably
with an automatized facility (Figure 13.22).

o The premises should be tiled or sealed with epoxy resin.

o The design of sensors should be hygienic.

« Hygienic water should be provided by membrane filtration and UV-irradiation.

o The air should be cleaned by sterile filter (recommendation).

Owing to the high hygiene standards, the plant must consist of stainless steel
with highly polished walls inside, dead space-free valves, and be equipped with
spray nozzles for disinfecting and cleaning (CIP, cleaning in place) [41]. The system
should be emptied easily and completely. Directly before each batch, a disinfection
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Figure 13.21 Dead space-free valves and pumps for hygienic production, and equipment
for automatic cleaning of tanks. (Courtesy of GEA/Tuchenhagen.)

cycle with 2-propanol is run through the entire production equipment. In modern
plants and filling lines, filters remove germs from the air, at the intake of outside
air and/or in the room by air circulation. Sensitive recipes require a low excess
pressure of nitrogen during manufacturing and filling. The filling takes place
preferably in “closed” systems, under purging with nitrogen, or in special cases
with germ-free air. A thorough cleaning and disinfection of the entire system
including the filling line follows after completion of each batch. The batch-wise
manufacturing of creams and lotions is standard in the cosmetic industry.

The whole chain of production, from raw materials to the finished cream in
a dispenser, expires in compliance with the cosmetic-GMP guidelines [40, 42]
under careful documentation of all substeps. The heart of the production plant is
a temperature-controlled vessel for emulsifying, which is equipped with agitators
and with a rotor—stator machine. One stirrer works close to the wall with a scraper.
Most often used is the anchor and helical ribbon stirrer or special structures,
partially heated/cooled. If the vessel contains two stirrers, the second one runs
counterclockwise, is smaller, and located centrally or in the field of half the radius.
Common vessel sizes are 50-40001, and in exceptional cases up to 10m?>. All
wetted parts consist of polished stainless steel (material numbers AISI 304 and
316, see Chapter 16, and Section 10.5.1), to reduce surface roughness.

In the manufacturing, the water phase with all water-soluble substances, and the
oil phase with the lipophilic components (free of waxes) are heated separately under
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(©

Figure 13.22 Cleaning in place: (a) prepa-  valves; (1) concentrated solutions; (2) solu-
ration of cleaning solutions in a small CIP-  tions in the concentration of application; (3)
plant; (b) principle of the cleaning during heat exchanger; (4) valves; and (5) heated
production; and (c) a large-scale production solutions to the emulsification plant. (Cour-
plant showing the numerous dead space-free tesy of GEA/Tuchenhagen.)

stirring in vacuum at temperatures of about 45—60 °C. The addition of temperature-
sensitive substances occurs after cooling of the emulsion. O/w emulsions arise by
an energy-intensive division of the oil phase in an aqueous phase, in the simplest
case by direct energy dispersion in a stirred tank. Here, driven by a metering
pump, the lipid phase flows directly into the rotor—stator homogenizer, which
works deep inside the vessel within the two-phase mixture. This arrangement,
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Figure 13.23 Discontinuous production of  lipophilic substances and controlling the
cosmetic emulsions: (a) “all in one” emulsi- temperature, (5) stirred emulsifying ves-
fying vessel and (b) flanged emulsifier with  sel, (6) rotor—stator machine, (7) three-way
recirculation of the product; (1) raw material valve, (8) temperature-controlled stirred tank
supply of water and hydrophilic substances,  as a reservoir for filling, (9) to the filling

(2) stirred tank for dissolving the hydrophilic line, and (10) nitrogen supply to remove air
substances and controlling the tempera- and/or vacuum connection. (Images Cour-
ture, (3) raw material supply of lipophilic tesy of FrymaKoruma.)

substances, (4) stirred tank for dissolving

shown in Figure 13.23a, is the easiest and, except for an o/w-cream or lotion,
sufficient execution of production. The vessel employed for emulsifying also serves
to regulate the product temperature and in some cases also as a reservoir for the
filling plant. For rapid emulsification, addition of the oil to the water phase directly
within a separate multistage rotor—stator machine is more effective, because this
action reduces the residence (manufacturing) time by increasing the local power
density. In these plants, the different designed emulsifiers [43] work either under
the vessel in the outlet flange area (Figure 13.23b), or are externally mounted in a
cycle. According to the level in the vessel, the emulsion flows, selectable, through
the small and/or large circle. To decouple the energy input from the product flow, a
metering pump in front of the external mounted rotor—stator machine is advisable.

The lower the throughput and the higher the viscosity of the continuous phase, the
more energy dissipates by the gear rims of the homogenizer, lowering the danger
of coalescence. The stirring arrangements for high viscosities in conjunction
with commercially available emulsifiers normally meet the requirements for the
manufacture of an o/w-skin cream or lotion, with viscosities of about 5+ 3 Pas,
measured at room temperature. In practice (Figure 13.24), most creams are
produced in facilities that are analogous to Figure 13.23b. To clean the apparatus,
the lid opens hydraulically and lifts the stirrer (Figure 13.24a).
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Figure 13.24 Plants for the manufacture of creams/lotions: (a) the top-driven agitator; (b)
the bottom-driven rotor—stator dispergator and the cycle; and (c) 20001 production plant.
(Courtesy of Ekato Systems GmbH.)

Oils Lipophilic substances

Nitrogen

Organic
Phase

Water soluble substances

Water
Nitrogen

Nitrogen
4 Reservoir
High-pressure
homogenizer
\ To the
filling line
Figure 13.25 Batch plant with a high- dissolving and emulsifying tank, which is
pressure homogenizer to produce o/w mini- also the reservoir for the first and third run
emulsions; (1) stirred vessel for the prepa-  through the homogenizer, and (3) reservoir

ration of the organic phase, (2) aqueous for the second run and for the filling line.
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The production time depends on the batch size, recipe, and technology. A batch,
starting with weighing and dissolving the substances up to discharging into the
stirred reservoir of the filling line, lasts about 5-10h, including the heating and
cooling. The actual homogenization in the stirred tank takes about 5-25% of the
total completion time. To realize a mini-(nano)emulsion [44], the macro-emulsion
should preferably run three times (in some cases, five) through a high-pressure
homogenizer [45]. A product cooler in front of the homogenizer controls the
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Figure 13.26 Droplet size distributions of a  Figure 13.6); three times measured after
skin care product after (a) one and (b) two  dilution by laser diffraction/equipment:
runs through a high-pressure homogenizer Malvern.

(the same medium with triple pass; see



360

13 Design of Skin Care Products

temperature to about 45 °C (Figure 13.25). To produce a nano-emulsion, the three
runs through the homogenizer require, depending on plant design, an additional
2—4h, and a total schedule of about 6—14 h.

For the nano-emulsion, two alternately used stirred tanks ensure the processing
of the batch. The first and the third, which run through the high-pressure homog-
enizer, start from the emulsifying vessel, while in the second pass through the
homogenizer the emulsion flows back from the reservoir of the filling line to the
emulsifying tank. After the third stage, the cream runs from the stirred reservoir
to the filling line, where the bottling happens.

Figure 13.26 displays the drop size distributions after the first and second
pass through a 600 bar homogenizer. Owing to the high pressure differences, the
microorganisms burst [46]; the product is completely sterile in every case. After
the first run, numerous nano-droplets arise, and the drops remain in the size of
a macro-emulsion. Already in the second run, both the extremely fine droplets
below 50 nm and most of the droplets outside the micro-range disappear. The third
passage leads to a close, stable distribution with very few or no micrometer drops.
On measuring the volume of the drops, a few big drops show a large impact on
the distribution. No significant progress (Figure 13.27) arises if, first, the pressure
increases from 600 to 800 bar. Second, the measured values for three passes are
within the error limits.

Figure 13.28 shows the working principle in a valve of a high-pressure homog-
enizer. The pressurized (macro-)emulsion is pressed through a narrow gap. Here,
the pressure drops off, whereby the emulsified drops break up into very small
(nano)droplets. The gap (pressure) is adjustable and regulates the throughput. An
industrial high-pressure homogenizer with five pistons, used up to 1500 bar, is
shown in Figure 13.29. For the considered working pressure of 600 bar, a through-
put of 95001h~! is possible for one run, which means about 30001h~! for the
process under consideration of three passes.

0.45 \
04 I~ |-+~ 400 bar —+- 600 bar -=- 800 bar]|

0.35
0.3 \“\

0.25

0.2

0.15

——> Drop sizs dgg(um)

0.1

2 3 4
——> Number of passes

Figure 13.27 Diameter dy,-drop size as a measure of the width of the droplet size distri-
butions after several runs through a high-pressure homogenizer (series of measurements
on different days with freshly prepared macro-emulsion).
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Homogenizing zone

Figure 13.28 Principle of the homogenizing at a valve with adjustable gap in a high-
pressure homogenizer.

Figure 13.29 Industrial high-pressure homogenizator for the production of nano-emulsions.
(Courtesy of GEA Niro Soavi.)

There are several technical possibilities for producing an emulsion [18]. In the
cosmetics industry, emulsification takes place preferably in rotor—stator machines.
The alternative emulsification by ultrasound with the same recipe leads to droplet
size distributions that lie somewhere between the two possibilities, “Ultra-Turrax
and high pressure” (ds, about 350nm, but depend on the surfactants). The
emulsification techniques, many more or less only applied in pilot plants, can
be summarized by the terms rotor—stator machines, colloid mills, pressure valves, jet
disperser, membranes, and ultrasound and high-pressure machines/equipment. Owing to
the rotor—stator principle, different mills emulsify well. The specific energy input is
~10*-10" J m™3. Lower values correspond to macro-emulsions, and higher values
to mini-emulsions.
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13.11
Bottles and Prices of Cosmetic Creams

In the skin care market, there are many suppliers with well-known brands from
perfumery and fashion. Their products are centered primarily on odor. Even very
expensive creams use formulations with known components, as all manufacturers
have access to the same commodity market and literature. In general, the products
consist of a base material, according to the intended use. In good creams, a very
expensive material causes special effects, and supports the advertising.

The following calculation is based on 50ml of a facial cream. Depending on
the formulation and purchased quantities, the cost of raw materials for the base
material including the manufacturing lies approximately at €3-8 kg~!. High-grade
synthesized hexapeptides with skin-firming effect cost in solution about €2000
kg=!. However, the peptide generates an additional cost of about €70 kg~! creme,
using the average recommended amount of 3.5%. High-quality glass crucibles
cost €1.00-3.00 (€2.00) including coloring and labeling. Thus, the calculation of
a 50 ml jar with high-quality content achieves a value of €5.80 {0.3 +3.50 +2.00
(3/2013)}, when ordering many thousand pieces, and about €6.80 for smaller
quantities. For simple recipes, the raw material costs amount to €0.15 for 50 ml.
Plastic crucibles or bottles (from China) are available for €0.05-0.1. The production
costs, including the filling, determine only a small portion of the total costs. They
depend strongly on the quantity and lie at €0.05-0.3 per bottle. An estimate for a
simple care cream by ordering more than ten thousand 50 ml bottles shows €0.35
(0.15+40.07 +0.13). That means, there is a broad price range from <0.35 to about
€10 for the production of 50 ml units. The sale prices in shops lie between <€2
and €300. In addition, there are the allocated development costs. Marketing costs
represent the largest item, and often exceed the production costs by far.

Figure 13.30 shows well-known brands. High-price creams are filled preferably
in glass jars, although these receptacles have hygiene issues.

In the cosmetic creams market, the following container types (Figure 13.31) are
common: for small quantities (10-50ml) the tube, little bottle, or crucible; for
medium size (25-200ml) the pump bottle (pump dispenser); and for large size
(100-500 ml) bottles with a round opening, also available as an upside standing
bottle. The large bottles are sealed with a flip cap or a screw cap. A dosage is possible
by shaking or squeezing the bottle. In the airless dispensers, a new generation of
hygienic bottles, a piston, or a bag delivers the cream to the outlet. A vacuum forces
the movement of the product.

Precious formulations contain high levels of polyunsaturated oils. These oils
need protection against chemical reactions. UV radiation initiate not only oxida-
tions in the cream, which take place even in the presence of only small amounts
of oxygen, but other chemical reactions (ester cleavage and condensation) also
occur. Therefore, the use of UV-light-impermeable bottles is necessary. Depend-
ing on the type of container and an overpack, for cosmeceuticals transparent or
translucent materials such as glass, polyethylene terephthalate (PET) or polyethy-
lene (PE)/polypropylene (PP) are suitable only in exceptional cases, because the
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CAPTURE TOTALE

Dior ESTEE LALIDER

Figure 13.30 Creams and one oil with famous brands: price guide: 30 and 50ml jars for
€50-300 unit™!. (Courtesy of Douglas.)

Figure 13.31 Bottles for cosmetic creams: (a) crucible made of glass with a plastic lid, (b)
bottle with a screw cap, (c) bulbous pump bottle, (d) slim pump bottle, and (e) airless dis-
pensers. (Courtesy of Pohli.)

sensitive ingredients must survive a storage and consumption time of 2 years
and more.

Against UV rays, coloration with plastic dissolvable paints or with incorporated
pigments protects the containers. Pigments are suitable fine solids such as titanium
dioxide. One of the best materials for the bottles is the white, TiO,-containing,
opaque PP, because it is chemically neutral, physiologically harmless, and shows a
smooth, haptically and visually attractive surface. For the properties of the plastics
used, gas permeability plays an important role. Depending on the temperature,
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through high-density polyethylene (HD-PE) only 20—33% of the oxygen is diffused,
when compared with an equally strong wall of low-density polyethylene (LD-PE)
[47]. PP exhibits comparable values to HD-PE. In both plastics, HD-PE and PP, the
water vapor permeability is low. Owing to the exact dimensions of the piston, in
the PP airless dispensers thicker walls are necessary, so the gas permeability drops
accordingly.

After a careful filling of the almost germ-free cream under nitrogen into the
containers, the microorganisms do not multiply until use, even in weakly preserved
products. After opening the containers, there are different hazards that infect the
cream with germs. High-priced creams, filled in attractively shaped crucibles, meet
the ambient air on a large surface. In addition, a major disadvantage is the removal
of the cream with the finger. Microorganisms not only reach the cream over the
air, but especially through a contact with the fingertips. Therefore, creams in jars
must contain higher contents of preservatives. Similar conditions, but with reduced
contaminations, occur in the big bottles. In the smaller pump bottles, only the
ambient air contacts the cream during ordinary use. Therefore, from a hygienic
point of view, pump dispensers are better, compared to crucibles and to big bottles.

The best choice for hygiene and convenience provides the airless dispensers,
shown in Figure 13.32. Available in sizes from 15 to 150 in round or oval
shape, they offer the greatest protection against contamination during both storage
and application. The filling of airless dispensers takes place free of air at room
temperature, in most cases from above. Thereafter, the head with the valves is

Figure 13.32 Airless dispensers: (a) the cream (PP), (8) piston (HDPE), (9)
explanation of the function via the cross bottom (PP); (b,c) 100 and 50 ml market
section: (1) cap (PP), (2,3) head (PP), (4) product after filling from the top: cosmeceu-
upper valve (EVA, ethylene vinyl acetate), tical skin care creams in airless dispensers.
(5) bellows (LD-PE), (6) lower valve (Courtesy of Pohli (a) and ATS License

(POM, polyoxymethylene), (7) container for ~ GmbH [30] (b,c).)
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pressed on the filled container. The alternative bottom filling requires a separate
sealing station. During the cream removal, the piston moves slowly upward. To
stop the removal, not only the valves but, in the case of some types, the lips at
the outlet also close. A contact of the cream inside the dispenser with the air
is virtually impossible. Such dispensers are optimally suited for preservative-free
formulations.

13.12
Design of all Elements

For cosmetics, the product design includes the cream formulation and the dis-
penser. The essential elements are product performance, convenient handling, and
aesthetics. The optimal supply of appropriate active substances through the skin is
given the highest priority in development. In addition, the brand plays a major role
(Table 13.12). The other listed points of an optimal design, including the need for
essential marketing elements such as brand name and logo, colors, and lettering,
are carefully considered and executed. They contribute to a consistent product
appearance, with importance not only for simple cosmetic products but also for
cosmeceuticals.

An unpleasant odor, a disagreeable color, or a greasy consistency may be tolerated
in therapeutic agents, but are surely not accepted by the users of cosmeceuticals.
However, the use of alternative materials or changed processes overcomes such
product failings. Optimal aesthetics and dosage with an airless dispenser increase
the frequency of application and differentiate products in the market.

Table 13.12  Design elements of active cosmetics.

Elements of design Cream Dispenser
Performance (responsible: the Effect Hygiene
composition) Tolerance
Stability
Convenience (responsible: the Consistency Removal
auxiliaries and the container) Productivity (range) Dosage
Form
Esthetics (responsible: the Color Color
composition and the container) Gloss Form
Odor Surface
Stickiness Easy pumping
Brand/brand family (responsible: Typical ingredients Name and lettering
the composition, the container Exclusion of substances Logo
and the label) (without perfume, dyes,
etc.)

Label, text, and layout
Colors
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Solubilizers Drop sizes
pH regulators Preservation
Spreading Consistency
Viscosities (Esthetics)
A A

Product

e () Dispenser
esign

Smoothness Hygiene
Cell renewal _ Active (Convenience)
ingredients
Tightening \

Lipids Moisture Vitamin
Sun protection Antibacterial pH value
Perfusion Healing Salts

Figure 13.33 Product performance parameters of active cosmetics for the skin.

After applying an active skin cream (Figure 13.33) twice a day for some days,
most people show a visible improvement in the appearance of their skin, and also
of diseased skin. The results of multiple measurements (before application, after
an hour, hours, days, weeks, and months) prove the effectiveness of a skin cream.
Typical measurement parameters are the moisture and lipid content, skin texture,
thickness, elasticity, and barrier function of the skin surface [48]. The chemist is
usually responsible for the development. He or she tailors the recipes with suitable
ingredients to solve a specific skin problem, taking into account the medical effects
of the active substances. Thus, the gap between cosmetic cream and ointments for
the therapeutic benefit is closing.

13.13
Learnings

/ In Europe, the Cosmetics Directive (in the United States, the FDA) regulates
the ingredients, manufacturing, labeling, and marketing.
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Skin care creams and lotions are emulsions.
The emulsions consist of several excipients (emulsifier, preservation, and

thickener) and active ingredients (lipids, vitamins, and moisturizers), possibly

additional substances (perfume).

\/ The cosmetic industry produces oil-in-water emulsions for common products,
and for specialties the water-in-oil emulsions.

/  The droplets of skin care products lie in the range of one to some microns, in
the case of the rarely encountered nanoproducts about 100-250 nm.

<

The area between ordinary cosmetics and dermatics covers the cosmeceuti-

cals. These effective cosmetic products supply the skin with essential lipids,

moisturizers, vitamins, and salts.

into the skin.

A S S

Cosmeceuticals contain more than one active ingredient in higher concentra-
tions. They serve the well-being and maintain the health of skin.

Several measurements provide information about the condition of the skin
and the positive effect of skin care creams.

Lipophilic substances, such as lipids and essential oils, penetrate immediately

The Good Manufacturing Practice for Cosmetics (GMPC) dictates the premises
and facilities, the processing and cleaning/disinfection.

The manufacturing ensues batch-wise in polished stainless steel facilities,
containing a stirred vessel with a rotor—stator emulsifier.

For practical and hygienic reasons, the filling of creams occurs into airless

dispensers that exclude contact of the product with air. These bottles are

suitable for preservation-free products.
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14
Influencing the Product Design by Chemical Reactions
and the Manufacturing Process

Summary

In chemical conversions, the raw materials and the synthesis route as well as
the chemical reactor(s) with the appropriate operating conditions influence the
product design. For the raw material, several origins often exist, for example, via
petroleum or other natural resources. The product quality depends in particular
on the removal of reaction heat and the residence time distribution. For highly
exothermic reactions, the falling-film or loop reactor and the narrow fixed bed
(catalytic) reactor are suitable. Furthermore, the fluidized bed with an internal heat
exchanger allows such reactions. The types are explained with examples. The final
product design, characterized by the particle size, shape, haptic, and smell, arises
after isolation and purification in adjusted follow-up treatments (rounding, coating,
coloring, and perfuming).

14.1
General Remarks

As shown for polymers, the selective control of the chemical reaction and the design
of the reactor allow affecting the properties of the products as well as the formation
of byproducts. An example represents polyethylene (PE) (see Section 9.4). The
targeted formation of polymers with different densities and degrees of branching
ensures chemical reaction engineering. This also applies to the usual chemical reac-
tions, although the possibilities there are considerably limited. Furthermore, the
downstream steps are crucial for the quality. The final product results from shaping
procedures. Altogether, many parameters constitute the design of chemical prod-
ucts (Figure 14.1). A well-directed influence of the three parameters — performance,
convenience, and aesthetics — is possible in limits, especially for solid and mul-
tiphase products. The appearance belongs to product design, in addition to the
particular formulation or chemical modification. The shape, size, consistency,
dissolution, bulk density, color, odor, stability, feel, and finish characterize the
aesthetics and influence partly the convenience.

The physics and chemistry of the raw materials determine the product design
(Chapter 15), besides the manufacturing process as well as the operation conditions

Industrial Product Design of Solids and Liquids: A Practical Guide, First Edition. Wilfried Rahse.
(© 2014 Wiley-VCH Verlag GmbH & Co. KGaA. Published 2014 by Wiley-VCH Verlag GmbH & Co. KGaA.
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Figure 14.1 Composition of the design of chemical products.

[1-3]. Fine adjustment occurs by the machinery/equipment (machines and appa-
ratus, M&A) and their sequence in the process. In some cases, the optimization
requires special treatments. Further discussion takes place with a focus on the
chemistry influencing the final product:

« Raw material basis, pretreatments;

« Synthesis route;

» Chemical reactor(s), reaction procedure, and reaction category;

« [solating, concentrating, and purifications;

« Unit operations and alternatives;

« Posttreatments and their operating conditions;

« Arrangement and design of machinery/equipment;

 Recycling of undersize and oversize, filter dusts, and possibly products out
of spec.

14.2
Elements of the Manufacturing Process

Each individual element of the manufacturing process influences the product
design. Figure 14.2 displays schematically the emergence of chemical products. The
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Figure 14.2 Different manufacturing routes (a) without and (b) with chemical reaction (b);
the final product may arise (c) by mixing the two.

products originate by mixing and shaping of starting materials, and additionally
via chemical reactions. From suitable raw materials, tailored to their use, the
desired product arises. The chemistry allows several ways of synthesis in different
reactors. Normally in downstream process steps, isolation and concentration as
well purification [4] takes place, sometimes also drying, shaping, and additional
treatments such as scenting, coloring, or surface coating. Or the chemical substance,
mixed with other ingredients of the formulation, runs into an extruder, pelletizer,
or granulator. In product design, solvents and by-products only play a role if they
remain in the product. In contrast, the recycling streams are of great influence with
respect to quality.

14.3
Raw Materials and Synthesis Routes

The product design of a chemical product depends on the chosen synthesis route,
and also crucially on the resource base. Listed in Table 14.1 are eight examples that
illustrate the statement.

Firstly, the production of vitamin E occurs via synthesis and secondly from natural
oils. Only the natural-based manufacturing process leads to the complete right (R+)
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Table 14.1

Influences of the raw material and the synthesis route (without polymers)

Product

Raw material base/synthesis route

Characterizing feature

Vitamin E (a-tocopherol)
Surfactants

Fatty alcohol

(Human)Insulin
Fuel

Cellulose ether

Sodium carbonate (“soda”)

Petroleum/synthesis
Plant oils
Petroleum/ethoxylation
Plant oils/ethoxylation
Soya oil/transesterification
and hydrogenation
Coconut
oil/transesterification and
hydrogenation
Porcine pancreas
Biotechnological synthesis
Petroleum/distillation
Rape oil/methylation
Cotton, linters

Wood/spruce and beech

Soda lakes

Racemate

+(R) enantiomer
Cisis

Ciy1s and Cyg g
About 85% Cg

About 85% Cg_;¢

Molecules almost identical

Molecules identical

Gasoline, diesel

(Bio)Diesel

High degrees of
polymerization

Average degrees of
polymerization

Differences in purity,

particle sizes, and bulk
densities
Solvay process
Titanium dioxide (“white Sulfate process By-products: SO, and waste
pigment”) acid
Chloride process High purity and short life of
the reactor

rotating molecules, which are able to reduce the free radicals in the human body. In
contrast, the synthesis leads to racemates (left and right rotating molecules), so only
50% of the product can be effective. In addition, the racemate needs stabilization
as acetate (pr-o-tocopheryl acetate). A similar example represents the manufacture
of insulin. Currently, the biotechnological products replace the previously used
isolates from porcine pancreas. Only this way allows the preparation of insulin that
is completely identical to human insulin.

Surfactants, such as the nonionic surfactants, are accessible by synthesis
from petroleum components. Petroleum contains all C numbers; therefore, the
hydrocarbons comprise even- and odd-numbered carbon chains. For washing, the
used synthetic nonionic surfactants have carbon chain distribution between C,;
and C,s. The plant-based products (coconut, palm and palm kernel oil, soybean,
and sunflower oil) contain only even-numbered carbon chains. Thus, the natural-
based surfactants have C,, 44 units. Because the plants provide different raw
materials, the surfactants differ in performance among each other and to synthetic
nonionic surfactants. In addition, the natural oils show different carbon chains,
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depending on the plant. While soybean oil has largely bound C,4 fatty acids at the
glycerol, there is a broad distribution in the coconut oil with a maximum at C,,.

Rapeseed methyl ester (RME) is a substitute for diesel. The crops, grown on the
rape fields, are pressed after harvest. In a transesterification with methanol, the
refined oil reacts to glycerol and RME [5]. In Europe, the diesel contains small
amounts of RME. The fuel works fine without any change in the vehicle for many
years.

For cellulose ethers, having an average degree of polymerization (DP) to 1750,
mainly ground cellulose ex spruce wood is in use as raw material. High-viscosity
types need cotton linters, because this raw material shows average degrees of
polymerization well over 2000, depending on the region. The quality of the
etherification (selectivity) depends not only on the raw material but also on the type
of mill, the alkalization, and the reactor. The fiber structure of the products differs
with the raw material (linters, spruce, and beech wood).

In nature, soda is mined at the edge of soda lakes. In addition, sodium carbonate
is synthesized in different variants of the Solvay process. In all cases, the customer
gets soda, but the quality differs from one to the other. A distinguishing feature
represents the heavy metal content, the other particle size distribution and bulk
density. Even in this simple case of an inorganic salt, the products are not identical.
For example, the soda for the manufacturing of sodium percarbonate [6] must be
almost free of heavy metals (<5 ppm), because otherwise the reactant hydrogen
peroxide decomposes.

The final example concerns the manufacturing of a product, starting with the
same material, but using different synthesis routes. Titanium dioxide from ilmenite
or rutile is an important pigment worldwide, with about 4-5 million ta~!. The
two methods in parallel are the sulfate- (via Ti(SO,),) and the chloride (via TiCl,)
processes, which should be comparable in the economy [7]. By the ban on dumping
of waste acid in the North Sea, the sulfate process was converted. Since 1990, the
reprocessing of the waste acid occurs completely.

These examples demonstrate that the chemistry of the raw materials and the
method of synthesis as well as the reactor and the operation conditions determine
the product properties. The same applies to the various stages of the preparation
process and the finishing stages. In some cases, posttreatment may have a decisive
influence on the design. It consists of an adaptation of the particle sizes and shapes
as well as the surface finish (Chapters 5 and 6). Measurable physical, chemical, and
disperse properties characterize the product design exactly.

14.4
Chemical Reactor and Reaction Sequence

In a number of cases, the chemical reactor affects the product quality [8].
Table 14.2 shows some examples. A perfectly chosen and operated reactor enables
fully isothermal reactions, avoids back mixing, and allows a reactor dependent
macro-/micro-mixing. As known, the optimization of the heat and mass transfer
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Table 142 Product design as a function of the chemical reactor
Production Main Reactors Product
problem characteristics

Heat removal,
formation of
by-products

FAS: From fatty alcohol and
sulfur trioxide (gas)

Fatty alcohol sulfate salts Heat removal
(FAS-Na): From fatty alcohol
sulfates and sodium

hydroxide

Falling-film reactor ~Color (light yellow)

(falling film on the
inner surface of

the apparatus)
Cascade of stirred
vessels
Loop reactor with
tubular heat
exchanger

Color (dark brown)

Color and odor;
active matter in
the solution

FA: From the methyl ester by ~Heat removal Multitube reactor ~ Color
high-pressure hydrogenation with catalyst

PA: From o-xylene and oxygen Heat removal, Multitube reactor ~ Color
(air) selectivity with catalyst

Zeolite 4A: From sodium Back mixing: Tubular reactor Little by-product,
aluminate and sodium by-product optimal particle
silicate solution formation, particle size range

size distribution
Multistage stirred
column
Batch-stirred tank
reactor

FAS, fatty alcohol sulfate; FA, fatty alcohol; PA, phthalic anhydride.

guarantees good results, taking into account the maximum temperature in com-
bination with the residence time (distribution). Inadequate heat removal leads to
product changes, which manifests themselves in darker color and amplified odor.
This is often observed in the presence of oxygen.

In exothermic reactions, the local heat dissipation represents the most difficult
task. Discolorations may occur by too high temperatures (“hot spots”). These
changes are not acceptable. Usually, temperature peaks cause yield losses, because
the selectivity is temperature dependent. Numerous methods exist for the control
of heat: high exchange area per unit volume, internal and external heat exchangers,
intercooling, low cooling water temperature, dilution of the reactants, dilution of
the catalyst, intensifying the flow, evaporative cooling, changing the type of reaction
from masses to suspension, and so on.

The sulfonation of fatty alcohols [9] with an air/sulfur trioxide mixture (liquid/gas
reaction) required a long-term optimization to the present-day falling-film process.
About 30 years ago, many manufacturers used four-stage cascades with internal and
external water cooling. In the first three reactors, the reaction started and proceeded
up to 50-70% conversion. In the last stirred vessel, the diluted components reacted
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slower. Despite strong water cooling, it was not possible to keep the temperature
at a level of about 40°C. The resulting fatty alcohol sulfate got a dark brown
color because of local hot spots. Only modern reactors allow nearly isothermal
operations. In a plurality of vertically arranged tubes, the liquid flows as a falling
film along the inner surface of the pipes. The outer tube surface is intensively
cooled. The gas reacts spontaneously at the large surface of the liquid. It results in
a yellow/brownish product (fatty alcohol sulfate).

Some neutralization reactions give rise to a great deal of heat. An example is
the continuous reaction of fatty alcohol sulfates (sulfuric esters) with concentrated
sodium hydroxide solution, a liquid/liquid conversion. For thermal management,
the reactants are diluted in a loop reactor with the product and pumped with high
speed through a tubular heat exchanger. The speedy mixing happens in a high-
speed homogenizer. The machine works according to the rotor—stator principle
and pumps the liquid through the loop. Only a relatively small proportion of the
product (~63% active matter) flows continuously out of the circuit (Figure 14.3),
while the large volume runs through the loop.

In catalyzed hydrogenation and oxidation reactions, gases or a gas with a liquid
react in a catalyst bed, fixed or fluidized. In fixed beds, it is possible to reduce the
excess temperatures, but not to eliminate them. For this purpose, the diameter
of the tubes often is limited to a maximum of 1in. at a length of 3-6m. The

NaOH
<+ F FF
Falling
film
reactor FAS-Na
@

Loop reactor
€= L Cooler
FAS =

L
K Homogenizer

Figure 14.3 Continuous sulfation of fatty alcohols with sulfur trioxide in a falling-film
reactor and the neutralization of the originating fatty alcohol sulfate in a loop reactor.
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Figure 14.4 Multitubular trickle bed reactor with 6 m tubes, filled with catalyst particles
(copper chromite), for the hydrogenation of fatty acid methyl esters to fatty alcohols [10].

tubes are filled with catalyst and inert material (carrier material in the region of
the excess temperatures) for dilution at all critical places. Figure 14.4 displays as
example of the hydrogenation of fatty acid methyl esters, running at 200-250 °C and
200-300 bar, with excess hydrogen. This catalytic liquid/gas reaction represents
a conversion in multitubular trickle beds, which suppresses hot spots. Excess
temperatures, arising in shaft reactors, result in undesired by-products. The liquid
reaction products, methanol and fatty alcohol, split up in a distillation column
before further purification occurs.

More heat leads to the oxidation of o-xylene to phthalic anhydride. After evapora-
tion, the gaseous hydrocarbon reacts with oxygen of the air at vanadium pentoxide
(V,Os) carrier catalysts, modified with titanium dioxide. The multitubular reactor
contains many tubes, 3m long and 1in. in diameter. Especially in oxidations, the
local dilution of the catalyst allows minimization of side reactions.

The manufacturing of zeolite occurs under plug flow conditions. Experiments
in the laboratory showed that back mixing promotes the side reactions, and shifts
the grain size in the unwanted range of larger particles. Therefore, the selected
reactor and the operation conditions must prevent back mixing. For detergents,
the production of zeolites (type 4A) happens batch-wise in a stirred tank reactor
or continuously in very long plug flow reactors as well as in an arrangement of
two stirred columns, divided in compartments. Trials demonstrate that in these
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Figure 14.5 Stirred column, divided in 15 compartments, with plug flow behavior for precipita-
tions/crystallizations; flow over at the agitator shaft and on the edge of the compartments.

compartments stirred columns under certain flow conditions allow residence time
distributions similar to plug flow reactors. They offer a space-saving alternative to
tubular reactors in continuous processing.

In the first column, the precipitation of the zeolite occurs by mixing of sodium
aluminate with silicate solution. The plug flow, realized by high axial velocities
through 15 compartments (Figure 14.5), suppresses the side reaction to sodalite,
and allows an adjustment of the crystallite size in the range of 3—5 pm without large
portions of oversize. There are three advantages of the stirred column: compact
design, easy setting of the residence time distribution, and forced tangential flow.
The efficiency requires short residence times and small areas for the overflow.
The Reynold numbers for the axial and radial flow (agitation) describe the flow
behavior. The optimal conditions follow from measurements of the residence time
distribution and should amount to Re, =1500-2000 (d, diameter of the column)
and Re, =50000-70 000, but depend on the stirrer and the viscosity.

Polymerizations, in particular, illustrate the influence of the reactor (Section 9.4),
because the quality depends on the residence time distribution under the operating
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Table 14.3  Variants of the product properties by different reaction types (polymerizations)

Polymerization Advantages/ Reactor Product
process in problems type
Solution High dilution, good All types “Crystals”
control of the heat
Suspension Catalyst; high dilution, ~ Stirred tank reactor =~ Powder
good control of the and cascade
heat
Emulsion Droplets as micro Stirred tank reactor ~ Direct production of
reactors and cascade fine powders
Mass No work-up process, Extruder Granules
difficult heat
management

Thin layers on a belt  Powders from
grinding

conditions (pressure, temperature, and catalyst) and the possibility of adding some
raw material later (copolymerization) [3]. Furthermore, the amounts of the required
product decide the choice of a batch or continuous stirred tank reactor, cascade,
or plug flow reactor or loop. An example of the influence of the different types of
reaction represents the polymerization and copolymerization of styrene. Styrene is
one of the most important raw materials for the production of plastics, such as for
the polystyrene insulation materials (Styrofoam), acrylonitrile—butadiene—styrene
(ABS), styrene—acrylonitrile, and styrene—butadiene rubber (SBR).

Polymerizations run in solution, suspension, emulsion, or in mass (Table 14.3),
batch-wise or continuously. Tower method with pre-reactor, tubular reactors,
stirred tank, and cascades, alone or in combination, and special designs are in
use [11]. Although formally an identical product (polystyrene) always results, the
characteristic product properties differ significantly (DP, transparency, impact
strength, and density). Furthermore, the particles are not identical in shape and
size distribution. Therefore, the manufacturer must find the “right” facilities such
as the operation and reactor assembly for each application of the customers.

14.5
Entire Procedure

The chosen manufacturing process and the involved M&A, further the sequence of
operations and the recycled quantities, just as the operating conditions determine
the product design. In processing of solids, the pretreatment of raw materials
(grinding or agglomeration and sieving) influence the quality of the final products
(e.g., tablets). Suitable process control allows an optimizing of the quality by
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Figure 14.6 Opportunities to influence the product design by process parameters.

adapting the recycle streams in type and amount. If necessary, an additional process
step must be inserted. Especially with solid-phase and multiphase procedures, many
different operations, and designs are also possible. An optional posttreatment such
as a coating, its implementation in detail, the choice of the optimal unit operations
plays an important role in product design. In the field of consumer goods, some
selectable design parameters exist that in the rule define marketing, such as color
or scenting.

Figure 14.6 gives an overview of the dependencies. The manufacturer has
the choice: many chemical products or chemical-based consumer products are
producible by at least two different processes and many variants of the unit
operations. Therefore, it is necessary to determine in advance exactly how the
product should look (specification list). The selection of suitable M&As, besides
their design and sequence and the operating conditions, show a major influence
on the design of products.

The example of sodium percarbonate illustrates the influence of the manufac-
turing process on the product design. Two methods are in industrial use, namely,
first, the crystallization process (dissolved sodium carbonate and hydrogen perox-
ide) and, second, the fluidized bed spray granulation, where hydrogen peroxide
is sprayed on soda under drying conditions. As already shown in Figure 1.4, the
design differs significantly. The flowability of the crystallized product is similar to
that of the sugar crystals. Changes in the size distribution are limited. However,
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spray granulation allows the production of very round and dense granules with
selectable sizes in a broad range. The products from the two procedures are chem-
ically identical but show differences in the bulk densities, shape factors, particle
size distributions, and solubilities.

Another example is the grinding of cellulose ethers. From the small fibers of
the cellulose ethers arises in impact mills a product, which is milled only to a
small extent, and has a low bulk density. This “woolly” material is not acceptable.
The process development showed that compaction before grinding improved the
process significantly. Particularly suitable mills compact the fibers and cut them at
the same time.

For basic chemicals, process alternatives are common. The production of caustic
soda from sodium chloride in the electrolytic chloralkali process occurs after three
different procedures: amalgam, diaphragm, and membrane process. The amalgam

Table 14.4

Unit operations and advantageous alternatives.

Unit
operation

Operation
equipment

Alternative

Advantage of the
alternative

Thermal concentration
in liquid phase

Emulsifying

Grinding of solids

Deodorizing

Drying of substances
from solutions

Sieving, screening
(<1mm)

Mixing continuously
(liquids)

Heating/cooling of a
stirred tank reactor

Solids out of a silo

Coating

Normal pressure and vacuum

Distillation
Evaporator (circulation,
vertical tubes, thin film,
and falling film)
Rotor/stator machine
Ultrasound

In gaseous phase
Impact mills
Ball
Roller
Vibratory

Packed column

Spray tower
Fluidized bed dryer
Drum dryer

Round or rectangular planar
sieves (also drums)
Tumbling
Vibrating
Inline homogenizer
(rotor/stator principle)
Jacket
Internal coil
Rotary feeder
Vibrating bottom
Solution

Membrane procedures
Ultrafiltration
Nanofiltration
Reverse osmosis

High-pressure

homogenizator
In liquid phase

Bead mills

Spray in an empty vessel
(Section 10.5.3)
Spray agglomeration in
fluidized beds
Thin film drying
Classifier in different
designs, with four wheels
(Section 7.8.1)

Static mixer
External heat exchanger
in a loop

Rotating square rods

Melt

Gentle to the product,
no thermal stress

Smaller droplets

No thermal stress and
smaller particle sizes

Easy cleaning and
disinfection

Suitable for difficult
material to be dried

Sharper separation

No moving parts, for
liquids and gases
Larger exchange
surfaces possible
Less blockages

No drying necessary
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process, owing to the use of mercury, is no longer used or installed. In all cases,
the chemically identical product originates. In the sulfation reaction, a hydroxyl
compound (as fatty alcohol) reacts with a sulfonating agent (-C—O-S- formation).
Apart from the aforementioned sulfur dioxide, sulfuric acid and fuming sulfuric
acid are suitable, and in special cases chlorosulfonic and amido sulfonic. Similar is
the case of sulfonation (—C—S— formation). Here, too, sulfur trioxide in a gas/liquid
reaction and fuming sulfuric acid in the liquid phase leads to the sulfonic acid group
(=SO;H) of hydrocarbons. The reaction products of the sulfation and sulfonation
serve as surfactants in detergents and cleaning agents.

For each task, there are quality-critical alternatives: instead of evaporation,
perhaps a chromatography or deodorizing or a suitable membrane process alone
or in combination are better solutions. The choice of the best procedure depends
on the simplest way to produce the desired shape. Table 14.4 illustrates some unit
operations and possible alternatives, which offer benefits.

14.6
Choice of Machines and Apparatuses

The individual steps of the process consists M&A connected in series. According
to the brochures, many selected alternatives deal with the same unit operation.
Practice from long years of experiences shows that there are great differences in
performance and economy. It is crucial to choose the best solution and a competent
machinery manufacturer. In process development, the selection of the process and
suitable M&A manufacturers is based on the analysis of the qualities, benefits,
and costs. Table 14.5 describes some parameters for the selection of an extruder.
Many possibilities of the design impede the overview. Therefore, the customer
should use a specification list for the purchase. Imposition of such a list requires
long-standing expertise and meaningful pilot tests.

The variety of screw geometries in total or the different screw elements plugged
together allows for an optimal adaptation to the problem. Finding the right
arrangement and process control require extensive knowledge of materials and
equipment, because the multiplicity of parameters leads to an almost incalculable
number of variants. In addition, a closer study during the selection of the optimal
machine shows that some manufacturing-specific features must be considered.
These include appropriate granulating and plate-changing devices. For each task,
there are several alternatives, but usually only one or two variants, which lead to
superior product qualities and trouble-free operation.

Extrusion is one of the design technologies in use, apart from other agglomeration
processes. Figure 14.7 shows the most essential. Several are particularly suitable
for a special product design. Agglomerates arise from powder by granulating and
from solutions by drying. But the moldings from melt are interesting because the
tools allow almost any shape. Many aesthetic shapes originate from the extrusion
[13] and granulation [15] as well as from spray agglomeration [16] and tableting [17].
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Table 14.5  Extruder as an example of different embodiments of a machine [12-14]

Extruder types
SSE
TSE, corotating
high speed
low speed
TSE, counter-rotating
high speed
low speed
Closely intermeshing extruders, co- and counter-rotating
Ko-Kneaders
Planetary extruder
Series connections (twin screw or planetary in combination with an SSE)
The co-rotating extruder operates with screw elements, which differ from those of
counter-rotating extruders
High-speed extruders use other screw elements compared to low-speed machines
Design of the extruder |operating parameters
Design of the screws (straight, tapered, gradient, distances, angles, gap widths and
depths, etc.) and the jacks, depending on the zones
Different screw elements plugged on a shaft (elements for shearing, kneading, mixing,
conveying, and pressurizing)
Heatable/coolable hollow screws or full material screws
By electric bands different heatable sections
Geometrical dimensions
Energy input
Mass flow rate
Side feeder (additional supply of raw material)
Automation
Temperature profile
Pressure profile
Design of the extruder head plate
Design of the holes
Granulation by cutting

SSE, single-screw extruder; TSE, twin-screw extruder.

The choice of process often depends on the raw materials and the final product as
well on economy.

In particular, the drying process determines the product design. Each type of
dryer provides a particular application [18], such as a gentle drying in vacuum
or under inert conditions. Therefore, the drying takes place in nitrogen or in
superheated steam with energy recovery. Table 14.6 shows some examples of
suitable dryers. For dryers such as “fluidized beds,” a variety of types (feed,
bottom plate, geometries, heat exchangers, and flow) and operations (bed height
without/with vibration, air temperatures, and quantities) exist.
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Agglomeration processes

Agglomeration by Agglomeration by Agglomeration
building up or pressing solidifying by drying
Raw material:

Raw material: Raw material: Solution,
Powder Melt suspension

Mechanical Thermal

O Pelleting O (Prilling) o (Thin layer drying)

o (Roller) compaction O Pastillation O Spray tower

o Granulation O Flaking o Fluidized bed

o Extrusion O Dropletization O Spray tower with

0 Briquetting o Arbitrarily fluidized bed

o Tableting shaped body o Spray agglomeration

in fluidized bed

Figure 14.7 Shaping processes by agglomeration (the thermal methods are agglomera-
tions, assessed from the final product).

On the behavior of the solid material in the dryer is based the selection. Plants
are preferred, which not only dry but also shape the products or preserve the
dispersed condition (fluidized bed). The design and scale-up usually occur by
the characteristic numbers. Specific features that are in the know-how of the
manufacturer facilitate trouble-free operation. For the order, in addition to the
technical solutions, price and service are the key criteria.

For the hot gas, heating via contact surfaces or radiation supplies the evaporation
heat. The heating can take place in two ways at the same time, for example, in
a fluidized bed dryer directly over the gas and indirectly through internal heat
exchangers. For drying, air or air mixed with flue gases is common. In some cases,
nitrogen or superheated steam represents an inert drying gas. The product leaves
the dryer in the form of powder or granules and flows directly into the packaging. In
the case of flaky or lumpy shapes, a compaction with sieving or a grinding/sieving
process is necessary before the sale.

Advantageously, two basic operations may occur in a dryer. Examples illustrate
some complex processes, such as drying/shaping in spray granulation [19], or
simultaneously drying/coating or spray-drying in combination with an agglo-
meration in the integrated fluidized bed [16]. Furthermore, mill drying influences
the choice of the operating parameters, and the recycle streams, possibly coming
from the integrated sifter, limit the product design. Thus, it may be advisable to
distribute individual basic operations on two or more machines/equipment. For
solids, examples may be granulation and drying, extrusion and cutting, and milling
with an external sifter. Granulations run often in several stages with multiple
recycling streams.

The development process occurs in pilot plants, which must contain the impor-
tant steps, simulating the later production. For the scale-up of solid processes,
a minimum size of the pilot plant is necessary. The particles should be present
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Table 14.6  Unit operation “drying” with alternatives for continuous dryers

(1) Drying of moist solids

Drying of powders and granules
Fluidized bed
Paddle dryer
Mixer with heating/vacuum
Airlift
Flow dryer
Pneumatic dryer
Tray dryer
Belt dryer
Drum, tumble dryer
Screw dryer
Plate, disk dryer
Roller dryer
Microwave dryer

(2) Drying and grinding of moist solids

Drying (e.g., filter cakes) in different mills
Impact mill
Ball mill
Table mill
Air turbulence mill

(3) Water evaporation and drying of solutions/suspensions

Drying after/without preconcentration in membrane plants or with thermal methods
Spray tower
Flash dryer
Mixer (spraying/granulating/drying)
Fluidized bed (spraying/granulating/drying)
Spray agglomeration in fluidized bed
Different mills (see 2)
Roller dryer
Paste dryer
Thin film dryer
Freeze dryer

in their final size and in a representative amount and quality. Ensuring quality
requires the inclusion of recycle streams in the pilot scale. Only then is it possible
to produce comparable to the production facility.

14.7
Operating Conditions

The influence of important physical parameters (pressure, temperature, time, and
energy) on product design ensues by way of some examples. The production of
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PE succeeded, as discussed in Section 9.4, either at low (4—40bar) or at high
(500-1500 bar) pressures. The HDPE (high-density polyethylene) with improved
elasticity and flexural modulus originates at rather low pressures. The prod-
ucts are not only different in their density but also in other characteristics as
thermal expansion or tear strength. The procedure, characterized by synthesis
pressure, influences decisively the quality. It runs in solution, suspension, or gas
phase [11].

In rectifications, temperature-sensitive liquid mixtures also split up without
quality losses. The adjustment of maximum temperature takes place by apply-
ing a vacuum/high vacuum. Further, a short residence time ensures stability. In
the case of drugs, low temperatures in freeze drying exclude damage by ther-
mal effects. Temperature and time are the main parameters for sterilization of
products and equipment or in the pasteurization of milk. Enzymatic processes
run almost at room temperature, so that fat splitting performs even at low
temperatures.

In many biotechnological processes (see Section 10.5) with aerated, stirred tanks
(fermenters), the yield depends on the oxygen supply of the microorganisms and
thus on the input energy (2 to >10kW m™3). The result of grinding (particle size
distribution) shows a great energy dependency. In particular, the production of
nanoparticles (down to about 10 nm [20]) needs high-energy inputs in bead mills
(Section 7.6). The permeate flux in membrane plants depends on the superficial
velocity and therefore on the supply of pumping energy. The residence time as well
as the introduced specific energy affect the result of homogenization in extruders,
mixers, and dispersers, and reflect in the product design.

Among other factors, the importance of operating conditions can be explained
by the examples of the spray drying and tableting. Spray drying with single- or
twin-fluid nozzles decides not only the pressure and the particle size distribution
but also the operating temperature and the design of the nozzle. For repro-
ducible production of tablets, including the tableting aid, grain size distribution
and the moisture of the raw material are of great importance. In addition, the
pressure, filling, tableting speed, and temperature must be observed carefully
(Section 5.1). Especially for tablets, recycling provides a problem, because the
ground material must match the bulk density, particle size, and shape in order to
avoid segregation.

14.8
Drying Gas

The choice of process, the operating conditions, and equipment depend on the task.
From the wastewater of a biotechnological plant (enzyme production), an organic
slow-release fertilizer is producible. After decanting the sludge, the removal of
residual water occurs in a disk dryer to a powdery substance, which could be used
as fertilizer. However, the strong smell of the product precludes marketing directly
to the consumer. Therefore, the developer tried to remove the odorous substances
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Figure 14.8 Fertilizer granules from the wastewater of an enzyme factory, made via spray
granulation in a fluidized bed (Figure 14.9).

/’—\ CYCIe
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pump \_/ Cooler
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Waste (energy
water recovery)
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Figure 14.9 Production of fertilizer granules from the wastewater of a biotechnological pro-
duction in a fluidized bed, using superheated steam in a closed system (principle of the
spray agglomeration is shown in Figures 8.23 and 8.24).
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with steam, using the effect of water distillation. In fact, the drying performs well
with superheated steam at an inlet temperature of about 200-350°C in a spray
granulation [21]. The resulting fertilizer is granulated spherically and generates
hardly any odor, that is, the granules exhibit significantly improved product design,
as shown in Figure 14.8.

To satisfy the mass balance, the water evaporated out of the spray must be
separated. This excess steam with a temperature of about 120-130 °C condensed in
an energy recovery system (see Figure 8.6). Because of the complete condensation,
there is no exhaust gas, that is, no water vapor and no smells in the environment.
The noncondensable fraction, containing the residual odorous air, runs through
the burner of the superheater. In this way, the organic constituents decompose
into carbon dioxide and water. Whenever products withstand a short-term thermal
stress of about 115°C without problems, the manufacturer should use steam
drying, especially for ex-proof production. Table 8.2 demonstrates the manifold
advantages of drying with superheated steam instead of hot air.

Drying with superheated steam operates on the one hand at normal pressure.
Examples are the spray drying of detergents, the fluidized bed granulation of
fertilizers, or the tray drying of wood. Second, numerous processes work under
pressure, such as fluidized beds for drying lignite or of beet chips. Other applications
are the dewatering of biomass or waste wood (Figure 14.9).

14.9
Learnings

\/ Raw material, the synthesis route, and the chemical reactor(s), as well as the
operation conditions influence the product design.

The design of the chemical reactor must meet all requirements, especially due
to the heat removal/supply and residence time distribution.

For the lifetime of the reactors, the selection of the material is essential.
Falling-film, loop reactor, and narrow fixed bed reactor, further the fluidized
bed with an internal heat exchanger allow the execution of highly exothermic
reactions.

<<

Stirred columns, divided in many compartments, may be a space-saving
substitute to plug flow reactors.

For most of the unit operations, some alternatives exist. Such procedures are
preferred, as they bring benefits to the design and/or to the process.
Agglomerations occur during building up and pressing of solids, solidifying
of melts, and drying of solutions.

Needed for unit operations and reactions, extremely complex individual
machines are constructed (e.g., extruders). Pilot trials and expertise help
install the “best” solution.

y/ Operation conditions may influence the product design, especially in the case
of polymerizations.

D S
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15
Design of Disperse Solids by Chemical Reactions

Summary

In extraction and processing of materials from natural resources, reactions between
ground raw materials and fluid media (gases, liquids) occur. Starting materials
are mineral and fossil materials such as ores and coal, and renewable resources.
In model ideas (“shrinking core”), the starting particles shrink during reaction.
In one case, the solid phase forms gases and disappears completely. In the
other case, the solid retains its size during the conversion, forming a product
shell around the core. The starting particle inside becomes smaller, until it is
completely consumed by the end of the reaction. The design of shaped particles
depends on the source, type, amount of impurities, pretreatments, and the disperse
properties of the raw materials. However, raw materials such as powders, granules,
or fibers, show a completely different composition after reaction, but largely
maintain the size and shape of the starting material. Other disperse properties
such as bulk density, density, and flowability change with the reaction. Minor
components, contaminants, and residues of the raw material remain in the
product. A further influence on the product design (cleaning, shaping) requires
downstream processes. If, however, the product is a melt, product design becomes
relatively simple, involving cleaning, additional materials, or forming by tools and
in air.

15.1
Importance of Solid-State Reactions

Industrially relevant reactions of liquids and gases with solids occur in metallurgy
and chemistry. These uncatalyzed reactions take place during mining of natural
resources as well as during their concentration, purification, and finishing. This
preferentially affects mineral and fossil materials (ores and coal) as well as renew-
able resources (wood and agricultural products). The wide application of solid-state
reactions in the exploration of natural resources explains the overriding impor-
tance of these reaction types. The capacity amounts to several hundred million tons
per year.

Industrial Product Design of Solids and Liquids: A Practical Guide, First Edition. Wilfried Rahse.
(© 2014 Wiley-VCH Verlag GmbH & Co. KGaA. Published 2014 by Wiley-VCH Verlag GmbH & Co. KGaA.
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This chapter discusses the technically relevant fluid/solid (g/s, 1/s) reactions. The
product design [1], that is, the necessary treatment of the raw materials regarding
breaking down, purification, and enrichment, is of further interest. In addition,
possibilities of influence [2] of the reactions on the purity, size, shape, and structure
of formed particles are of significance. Various examples demonstrate whether and
how chemical reactions affect product design.

15.2
Theoretical Bases

On grinding minerals as well as most other solid raw materials, finely divided
particles obtained prior to any reaction. This improves the accessibility for fluid
reactants and increases reaction rate (greater surface area). Usually, an inorganic
solid reacts with fluids (liquid and/or gas). Reaction products may be solid, fluid, or
solid and fluid. The conversion of inserted particles changes the chemical structure,
often also the crystal structure, and other characteristic properties. In other cases,
the solids disappear completely because the products formed are gaseous or
liquid. The starting materials originate from natural resources. Therefore, after the
reaction, the remains left are gait, impurities, by-products, ash, or slag.

Figure 15.1 displays the formal equations of some reactions from fluids with
solids. According to conventional ideas, the particles shrink during the progress

C(s)+D(g)+E(l)

C(s)+D(g) Products
C(s)+E(l)
A(g)+B(s) = C (s .
(fluid; \ D ﬁg; +E() Growing
gas or liquid) D (9) product shell
E ) /
Solids
Starting materials Shrinking quuli ds
gases

——
——

y
-
Fluid =-=>
Particle
O Conversion
into fluids
Shrinking \
Core -.-» Gases

O -~ Liquids
\\

Time °

>

Figure 15.1 Shrinking-core model for spherical particles: shrinking solid cores as starting
material for formation of products in gas/solid or in liquid/solid reactions.



15.3 Modeling of Isothermal Solid-State Reactions

of a reaction. Starting from the particle surface, in the first case (the upper route
a) a solid product forms inside a growing shell. The core (raw material) continues
shrinking until it is completely converted. Here, the particle volume remains
constant. The gases that are possibly formed escape. In the second case (the lower
route b), the nucleus shrinks and disappears during the reaction either by formation
of gases or liquids or by dissolution of the reactive particle into the liquid phase.
The two mechanisms [3] are often observed in practice.

15.3
Modeling of Isothermal Solid-State Reactions

For understanding the processes in a fluid/solid reaction, there are concepts that
are about 50 years old [4], which correspond approximately to reality. However,
mathematical equations based on models from chemical engineering describe
reactions of nonporous solids with fluids, preferentially with gases. These models
work with ideas of shrinking particles [3, 5-7], in which the feedstock disappears.
The derived equations link turnover with reaction time.

Two physical equations are customary, namely, assuming constant or decreasing
particle volume. In the first case (“unreacted core of unchanged size” [3, 4, 8],
see Figure 15.2a), gases diffuse first through a boundary layer surrounding the
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with shrinking core; formation of solid and  centration in the external phase, c,,: concen-
often also of fluid products; (b) shrink- tration at the surface of the product shell,

ing/disappearing particles with formation of  and ¢, : concentration at core surface).
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particles, and thereafter react on the surface of starting materials. This shrinks
the cores. Between particle surface and reaction front (core surface) emerges a
shell (also called ash), consisting of reaction products. In addition, fluid substances
must diffuse through the formed shell to the reaction front, before a further
chemical reaction occurs. Consequently, diffusion paths are extended in the course
of the reaction. Under certain circumstances, this may change the location of a
rate-determining step.

The fluids formed in the chemical reaction must diffuse away from the core
surface through the product shell and boundary layer. It is only then that the
fluids can enter the surrounding continuous phase and flow away. The cores
(chemistry of the raw material) gradually disappear, usually completely. An inwardly
growing shell (chemistry of the product) replaces the material. The usually coreless
particles that arise show sizes and shapes comparable to the starting material. This
means that it is possible to influence the particle design via the starting particles.
Liquid/solid reactions [9] often exhibit this mechanism.

In the second case, fluids react with particles with consumption of the starting
material (“shrinking-core” models, see Figure 15.2b). In the reaction of the particles
with gases, usually gases are formed. Liquid reaction products require the use of
liquid reactants. The fluid substances first diffuse through the boundary layer and
then react on the particle surface of the starting material with a decrease in particle
size. In contrast to the first model, the diffusion paths through the boundary layer
remain short in the course of the conversion. Fluids, which are formed on the
surface, diffuse through the film back into the continuous phase.

Largely or partially, a reactive solid may be encased or covered with ash and
minor components. These components are liable to form on particles and hinder
diffusion. They drop away as the reaction progresses, when the nuclei become
small. Through progressive conversion, the solid particles shrink more and more
and finally disappear completely. These “‘shrinking-core” models contain only
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perature profiles in particles, mass and heat tion zone on core surface; T, on the particle
transport in reaction with a liquid (sprayed  surface; Ty, in the fluid phase; and R, the
on), and transport resistance in the product radius of particles with core radius r_).



15.5 Reactions of Disperse Particles in the Industry

boundary layer diffusion and chemical reaction. The slowest step determines the
rate of the reaction. As this type of reaction only forms gases or liquids, there is no
product design.

Different mathematical formulations result as a function of the particle shape
(sphere, cylinder, and plate) and particle behavior during the reaction (constant
or shrinking size) as well as location of the rate-determining step (boundary
layer, product shell, core, see Figure 15.2¢); these are particularly simple in the
isothermal case [3, 10]. In reality, particles show shape factors from 0.65 to 0.85,
which lies somewhere between a sphere, cylinder, and plate. This is confirmed by
photomicrographs of sodium carbonate (see Figure 15.13).

15.4
Modeling of “Adiabatic” Solid Reactions

Numerous reactions of gases or liquids with dispersed solids do not take place
isothermally, rather they are show behavior that is nearly adiabatic or in the transi-
tion area between an isothermal and adiabatic behavior. Figure 15.3 demonstrates
some of these concepts. The temperature at the core surface (T,) is significantly
higher than the temperature of the surrounding gas (T¢). Therefore, undesirable
side reactions may occur at the reaction zone. The heat transfer takes place via heat
conduction in particle, which is rather low, depending on the fluid medium and
the material of the solid and its porosity. Calculation of gas/solid and liquid/solid
reactions ensues by nonisothermal “shrinking-core” models [11, 12]. As a result,
the excess temperature is inversely proportional to the particle diameter as well as
proportional to fluid concentration and to reaction heat. Furthermore, it depends
on the constants for the diffusion, heat conduction and reaction. Mixing of the
fluid and convection occur around the particles.

15.5
Reactions of Disperse Particles in the Industry

The tables in the followings sections contain typical examples of industrial gas/solid
and liquid/solid reactions. These occur in fixed or in liquid phases (suspension).
The different examples illustrate the multiple uses of these technologies.

15.5.1
Conversions with Gases

Many reactions between particles and gases occur in fluidized bed reactors,
frequently at temperatures between 600 and 1100 °C. The reactors are of standard
design or constructed as circulating fluidized beds, which show predominantly
round bottom plates. They are built with large dimensions (Figure 15.4), especially
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continuous system for the chemical industry,

in the case of roasting plants. The bottom plates, which act as gas distributors, have
an area up to 150 m?. In the past, Lurgi Metallurgy built a number of such plants.
After acquisition of this in 2001, Outotec (Finland) now provide these facilities.

Table 15.1 illustrates some interesting reactions in large fluidized beds. The
reaction of sphalerite (ZnS) and pyrite (FeS,) with oxygen from air forms the
corresponding oxides and sulfur dioxide. Oxidic particles are similar in size to the
sulfidic raw material (constant-volume particle), so the particle size distribution
remains stable. After catalytic conversion to sulfur trioxide, the arising gas dissolves
in sulfuric acid and after dilution with water yields commercial sulfuric acid.
Sulfuric acid plants are an integral part of the production sites wherever sulfur
dioxide occurs as a reaction product.

For removal of sulfur and carbon in the roasting of gold ores, some fluidized
bed reactors run in large-scale plants with capacities of more than 1000000ta™"
for one unit. The gold-bearing, crushed ore rock does not change either in
shape or in size. For the production of copper, the mineral chalcopyrite (CuFeS,)
is first ground. Enrichment is carried out by flotation before preroasting in a
fluidized bed. After further reaction steps and electrolytic refining, an alloying and
shaping takes place in downstream melting processes (Equations 15.3-15.6). The
gas/solid reaction of first roasting, can in no way affect the design of the final
product.
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Table 15.1  Reaction of disperse solids with gases.

No. Industrial processes involved

(a) Roasting and baking of zinc sulfide (sphalerite) and iron sulfide (pyrite; FeS,)
2ZnS(ore) + 30,(g) — 2Zn0O(s) + 250,(g) (15.1)
{ZnCO,(s) = ZnO(s) + CO,(g)} (15.2)

(b) Roasting and desulfurization of ores, containing copper, nickel, lead, or gold

6CuFeS,(ore) + 100,(g) — 3Cu,S(s) + 2FeS(s) + 2Fe, 05(s) + 750,(g) (15.3)

{Fe,05(s) + C(s) + SiO,(s) — Fe,SiO,(s) + CO(g)} (15.4)
2Cu,S(s) + 30,(g) — 2Cu,0(s) + 250,(g) (15.5)
{Cu,S(s) + 2Cu,0(s) = 6Cu(s) + SO,(g)} (15.6)
() Reduction of iron oxide pellets with carbon/carbon monoxide (blast furnace process)
C(s) + 0,(g) — CO,(g) (15.7)
C(s) + CO,(g) — 2CO(g) (15.8)
Fe,05(s) + 3CO(g) — 2Fe(s,]) + 3CO,(g) (15.9)
(d) Coal gasification with oxygen/steam for production of synthesis gas (carbon monoxide
and hydrogen)
C(s) + H,0(g) — CO(g) + H,(g) (15.10)
(e) Calcination and sulfation of limestone CaCO;; (cement = CaSiO;, CaO, CaSO,, etc.)
{CaCO;(s) — CaO(s) + CO,(g)} (15.11)
{CaCO;(s) + Si0,(s) — CaSiO;(s) + CO,(g)} (15.12)
CaO(s) + %Oz(g) + SO,(g) — CaSO,(s) (15.13)

continued overleaf
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Table 15.1  (Continued)

No. Industrial processes involved
) Purification of silicon (99%) in production of solar silicon (Siemens process)
First step: reduction of silica with carbon at 2000 °C to silicon
Second step: conversion of silicon into trichlorosilane (followed by repeated distillation)
Third step: decomposition of purified trichlorosilane on pure silicon pellets (reverse
reaction)
Si(s) + 3HCl(g) = HSiCl;(g) + H,(g) (15.14)
(g) Purification of titania by chloride process
First step: ground ore (rutile), mixed with fine coal, reacts with chlorine gas at 1000°C
in a fluidized bed reactor to form titanium tetrachloride
Second step: cooling, condensation, and distillation of the tetrachloride
Third step: decomposition (burning) of titanium tetrachloride with pure oxygen
TiOy + C + ZCI(g) - TiCl4(g’1) + CO,, (15.15)
TiClm,g) + Oy = TiOy, + 2C12(g) (15.16)
(h) Conversion of solid uranium tetrafluoride with fluorine gas to the hexafluoride (a step

in the enrichment of uranium)

UF,(s) + F(g) — UF(g) (15.17)

Production of metallic catalysts from the oxides
For example, iron- or nickel-based catalysts for Fischer—Tropsch synthesis

Fe,0;(s) + 2H,(g) + CO(g) — 2Fe(s) + 2H,0(g) + CO,(g) (15.18)

1. Electrolytic refining of crude nickel
2. Preparation of pure nickel from Ni powder by reaction with carbon monoxide
(50-80°C) and subsequent decomposition of the carbonyl at 180-200°C

Ni(s) + 4CO(g) 2 Ni(CO),(g) (15.19)
Some metals, metal oxides, and metal halogens form carbonyls at high temperatures

and pressures, decomposing at higher temperatures to the metal, Fe, CrCl;, VCl;,
TiCl,, WCl,, MoCly, Re, 0,

Except for a small amount of slag, the particles disappear in the process of
coal gasification. In this reaction, carbon from coal is predominantly converted to
carbon monoxide (Equations 15.7 and 15.8). In a blast furnace, carbon monoxide
reduces iron oxides, whereby the resulting iron occurs as melt because of high
temperatures (Equation 15.9). Different starting materials and surcharges allow
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innumerable variations in product quality that are set by a metallurgist. Obviously,
the melting processes with the possibilities of shaping affect the product design.
This represents a very positive example of product design.

Partial oxidation of carbon to carbon monoxide and production of synthesis gas
(Equation 15.10) from ground coal are examples for shrinking and disappearing of
starting materials by forming gaseous products. Gases possess no product design,
but only a possible enclosure. In the course of cement production, calcination, and
sulfation of limestone (Equation 15.13) proceed in parallel. Some lime particles
from the raw material react partly with oxygen and sulfur dioxide to form gypsum.
By further sintering, this material forms the appropriate cement with lime and
adjuvants such as clay, sand, and iron ore.

The preparation of pure silicon to solar silicon according to the Siemens process
[13] starts with a conversion. First, crushed or powdered silicon reacts with
hydrogen chloride gas to form gaseous trichlorosilane in a fluidized bed at 350 °C.
Thereby, the solid starting materials shrink and disappear, while the impurities
remain. Liquefied and repeatedly distilled trichlorosilane separates itself at about
1000°C on pure silicon rods. This occurs in an endothermic batch reaction of
the gas phase. In a newly developed method, deposition of Si pellets (polysilicon)
is performed in a continuous fluidized bed [14] with hydrogen as fluidizing gas.
The heat of decomposition originates convectively from the hot walls and from
intensive radiation.

Purification of titania ores represents a reaction between two solids and a gas (see
Figure 15.5d). Rutile or finely ground ilmenite, enriched by a flotation, in a mixture
with coke reacts in a fluidized bed with chlorine gas at 1000 °C (Equation 15.15) for
purification of titania. In this procedure, titanium tetrachloride and carbon dioxide
occur. After cooling, titanium tetrachloride is condensed. Purification ensues by
repeated distillation. In the process stage that follows, pure titania arises from
titanium chloride at high temperatures (~1000 °C) in the presence of pure oxygen.
The resulting chlorine gas flows back into the previous stage. Owing to the transfer
into the gas phase, the starting material does not influence the product design, but
the conditions of the decomposition determine the structure of the product. The
same applies to production nickel and iron via the carbonyls (Equation 15.19).

It is important to note that in the preparation of metallic catalysts from metal
oxides (Equation 15.18), the particle shape of the starting material does not change.
During tempering and reduction with hydrogen, the particles (pellets, balls, or
ring) remain stable in form.

15.5.2
Reactions of Particles with Liquids

Reactions of solid particles with sprayed on liquids are carried out preferably in
flameproof mixers and in fluidized beds at moderate temperatures of 50-250°C
under normal pressure or pressures up to 200 bar. The reactors are relatively small
(up to 25 m? mixer; diameter circular fluidized bed up to 2.7 m). In these reactions,
the chemistry changes crucially, while usually the particle size distributions remain.
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15.5 Reactions of Disperse Particles in the Industry

Table 15.2  Reactions of particles with liquids in solid state (solids, suspensions).

No. Liquid/solid reactions in the industry
(m) {Calcination of limestone

CaCO,(s) = CaO(s) + CO,(g)} (15.11)

Extinguishing of caustic lime with water under high heat of reaction

CaO(s) + H,0(l) —» Ca(OH),(s) (15.20)
(n) Hydrothermal decomposition of silica

25i0,(s) + 2NaOH(l) — Na,0-2Si0,(s) + H,0() (15.21)
(0)  Neutralization reactions (liquid acids, solid alkalizing, anhydrous, or aqueous)

R-COOH(l) + Na,CO;(s) - R-COONa(s) + NaHCO,(s) (15.22)
(p) Manufacture of cellulose from wood or cotton; etherification of the alkalized cellulose

fibers

Cell-(OH),(s) + 1.5NaOH(l) + 1.5CH,CI(l) —
Cell-(OH), (s) + 1.5 NaCl(l, s) + 1.5 H,0())
\(OCH,), 5 (15.23)

Producing hydrogen fluoride from fluorite and sulfuric acid

CaF,(s) + H,50,(1) - 2HF(g) + CaSO,(s) (15.24)

Preparation of sodium percarbonate from sodium carbonate with 30% hydrogen peroxide
solution

2Na,CO,(s) + 3H,0, (1) — 2Na,CO,-3H,0,(s) (15.25)

Other disperse properties may differ from those of the source material. Control of
product design is possible with restrictions.

Extreme changes in material properties due to the chemistry demonstrate
two practice-relevant examples (see Table 15.2). Water-insoluble, solid, starting
materials, namely, sand (silica) and wood (cellulose) convert themselves by a
solid/liquid reaction into water-soluble products. By hydrothermal decomposition,
preparation of the water-soluble, hydrated sodium disilicate (Equation 15.21 in
Table 15.2) takes place. Cold water-soluble cellulose ether (Equation 15.23) is
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formed in the reaction of alkalized cellulose with methyl chloride. Other interesting
solid reactions represent the conversion of liquid organic sulfonic acids with
solid sodium carbonate, resulting in well-soluble anionic surfactants, which are
solid at room temperature (Equation 15.22). Products retain the “design” of the
starting materials.

Production of gaseous hydrogen fluoride results on “stripping” of calcium
fluoride with concentrated sulfuric acid (Equation 15.24). The resulting gypsum is
a by-product, formed out of dispersed calcium fluoride. Heavy-metal-free sodium
carbonate reacts after spraying with hydrogen peroxide under drying conditions
to form sodium percarbonate (Equation 15.25). This material represents a strong
oxidizing agent with a high reactivity [15]. To prevent decomposition by contact
with humidity, the particles get a coating layer. These intercalation compounds
are characterized by a constant shape during reaction. Most of the physical
properties of the raw material remain. The particles show no difference from the
starting material.

15.5.3
Conversions in Liquids

Many reactions of particles occur in the liquid phase. These are conversions
of solids with liquids or of suspensions with gases (see Table 15.3), which
run largely isothermally and are easily controllable owing to the large amount
of liquid present. For purification of calcium carbonate, precipitation out of a
calcium hydroxide solution with carbon dioxide takes place (Equation 15.26). In a
plurality of fluid/solid reactions, first the solid starting material dissolves. In this
case, impurities and gangue of ore are left behind as solid components. In the
second step under different operating conditions, dissolved valuable substances
are precipitated again. This sequence takes place during the removal of impurities
from bauxite (Equation 15.27; see also Figure 15.7) in production of alumina.
The same mechanism allows (Equation 15.29) the extraction and purification of
precious metals [16] using cyanides. In this way, gold is easy separated from the
finely ground, suspended ore.

The gangue usually retains its the size, shape, and quantity, because very small
quantities of gold are contained in the ores. In the subsequent step, dissolved
gold can be precipitated. As in many cleaning methods, the process proceeds via
dissolving, separating, and reprecipitating. In this manner, the valuable substance
is accumulated and concentrated. In contrast to most gas/solids and liquid/solid
reactions, in these examples, the formation of particles is independent of the
disperse characteristics of the starting material. This is important, because valuable
material dissolves in an intermediate stage.

Conversion of wood into cellulose takes place via removal of lignin and subse-
quent washing, bleaching, and drying. In this procedure, the byproduct “lignin”
dissolves, while the main product retains its particle size until it is pressurized and
transferred into pulp sheets.



15.5 Reactions of Disperse Particles in the Industry

Table 15.3  Reactions of disperse solids with liquids or gases in liquid phase.

No. Reactions of suspended solids

(v)  Precipitation of calcium carbonate from aqueous lime milk with carbon dioxide

Ca(OH),(1, s) + CO,(g) — CaCO,(s) + H,0(]) (15.26)

(W) Separating iron- and silicon compounds from bauxite for the production of aluminum
oxide (Bayer process)

Al(OH);(s) + NaOH(1) 2 Na[AI(OH),1() (15.27)

(x)  Production of sodium thiosulfate from sodium sulfite solution by mixing in hot sulfur

Na,SO,4(l) + S(s) — Na,S,0,(1) (15.28)

(y) Leaching of metal ores with acids and complexing agents (cyanide)
Gold, silver, copper, nickel

2Au(ore) + %Oz(g) + H,0(l) + 4NaCN(l) — 2Na[Au(CN),](1) + 2NaOH(l) (15.29)
2Na[Au(CN),](1) + Zn(s) — Na,[Zn(CN),]() + 2Au(s) (15.30)

(z) Manufacture of chemical pulp from comminuted wood by dissolution of lignin with
sodium hydroxide/sodium sulfate

15.5.4
Reactive Suspension Precipitations

In some cases, reactive precipitations or crystallizations out of suspension or paste
occur. The hardening of calcium hydroxide-containing mortar after application
is an example. The mortar dries in air and forms calcium carbonate during the
reaction with carbon dioxide. This reaction results in hardened plasters. Gold or
silver release from dissolved cyanide takes place by means of less noble zinc dust
(Equation 15.30 in Table 15.3) in a reactive precipitation reaction.

Dosed addition of calcium hydroxide may reduce soluble water hardness (cal-
cium bicarbonate) in very hard water. Waterworks filter off the precipitated calcium
carbonate, which was the cause of the hardness. Another example illustrates
the preparation of a chlorinating agent. When introducing chlorine into a cal-
cium hydroxide suspension, solid bleaching powder [CaCl(OCl)] is formed in a
precipitation reaction.
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15.6
Formation of Products

Reaction mechanisms takes are discussed in this section in greater detail on the
basis of relevant examples.

15.6.1
Product Formation in Fluid/Solid Reactions

Figure 15.5 illustrates some reactions between gases and solids and shows the
resulting products. Such reactions are carried out industrially. Judging by the
final product, there are three types of reactions: the first type form particles that
correspond to the shape and size of the starting material. An industrially executed
reaction of this type is the oxidation of sulfide ores with air to the metal oxides,
retaining the powdered form, but changing the structures and some disperse
properties.

Secondly, solids convert completely into gases. These are reactions, such as the
gasification of ground coal, purification of silicon, or synthesis of uranium hexa-
fluoride from solid uranium tetrafluoride. In coal gasification with steam/oxygen,
gaseous products of value (syngas) arise. During the reaction, the ground coal
particles shrink continuously and eventually disappear, leaving behind ash. Almost
the entire carbon is now present as gaseous carbon monoxide (Figure 15.5b).

In the third case, in gas/solid reactions, initially two solid shells are formed, with
an inner one as intermediate product. This happens as part of cement production
(see Section 15.9). The important raw material is limestone, available in nature as
sedimentary rocks of the minerals calcite and aragonite, which consist mainly of
calcium carbonate. In cement production, presintering of milled limestone (lime
powder as the main component) expires as calcination takes place at 800—900 °C.
Then in a rotary kiln follows the so-called clinker formation at temperatures up
to 1450 °C. After cooling, the gray-brown granules obtained are ground in a ball
mill and used as a part of cement. By releasing carbon dioxide during calcination,
lime core shrinks and forms calcium sulfate first in the inner shell burnt lime,
and then in the outer shell under influence of reactive gases (sulfur dioxide and
oxygen). The sulfation of the formed calcium oxide with sulfur dioxide, originating
from minerals runs practically parallel to this. Two shells grow and the inner core
disappears. Then, the outer shell can continue growing, until the product includes
the entire core. An adapted “shrinking-core” model [17] is valid for this reaction.
The transition state with a core and double shell is a special feature, especially
because some minor constituents of lime remain in the vanishing core.

The purification of minerals may occur via a chemical gasification of ground
ores (Figures 15.5d,e). The first examples are solar-silicon and titania. In both
cases, at higher temperature, a chloride is formed from elementary mineral with
hydrogen chloride, respectively from oxide with chlorine gas. The liquefied chloride
compound can be purified by repeated distillations. During heat supply, the clean
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compounds decompose at high temperatures (about 1000°C), resulting in the
purified element or oxide, depending on the reactants.

In the absence of air at 40-100°C and atmospheric pressure, nickel can be
converted with carbon monoxide into the tetracarbonyl [18]. The reaction is highly
exothermic. Impurities remain in the unreacted starting material. Nickel carbonyl
decomposes at 150—300 °C, forming pure nickel (the Mond process). After carbonyl
is condensed (T,=43°C), the nickel can be purified further through multiple
distillations. The carbonyl formation succeeds similarly for many other metals (W,
Mo, and Ti). As starting material, the corresponding halogen compound is used,
preferably the iodine compound (the van Arkel-de Boer method).

In most reactions of solids with liquids in air, which take place in the solid phase,
particles largely retain their size and shape. It does not matter if the starting
materials are spherical or fibrous (Figure 15.6). These reactions have this common
that around the particles, a liquid film forms and the liquid diffuses inside to
the reaction zone. Some of these reactions generate much heat. For example, the
reaction of quicklime with water to form solid calcium hydroxide produces so much
heat that some of the water evaporates, thus contributing to cooling. The water

H,0(I/g)

Core shrinks; NaOH(l)
particle remains
constant in size

N,

(@) Silicon dioxide (s) Sodium disilicate (s)

405

Starting material Product

Core _
B
) R-H
Core shrinks, but _— e
remains; particle is Acid (I) \
constant in size 7 =N 4
Sodium carbonate (s) {R-Na; NaHCOg} (s)
(b)
) . NaOH(l)

Elber remains in ; >
size; consecutive
reaction CHCI(l) NaCl
(alkalization, )
etherification) Cellulose fiber (s)  Alkalized cellulose Cellulose ether

fiber (s) (fiber, s)

(©
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forms a liquid/gas ring around the particles and diffuses through the existing layer
of calcium hydroxide on the core to react with the calcium oxide until complete
consumption takes place.

Again, in the thermal conversion of silicon dioxide, particles retain their original
form. With liquid sodium hydroxide, they react under pressure (40-60bar) at
elevated temperature (about 260 °C), forming crystalline sodium disilicate. Drying
of the product occurs after it is filtered off from the reaction mixture. As in similar
cases, the drying apparatus and drying conditions affect particle design.

15.6.2
Product Formation through Reactions in Suspension

Isothermal reactions, usually of suspended inorganic solids with added gases or
liquids (Figure 15.7), take place in the liquid phase. In most cases, the generated
products are fine solids. The first example is that of slaking of quicklime with an
excess of water (Equation 15.20) to form calcium hydroxide in suspension. The
“limy paste” is suitable for production of lime mortars. In this case, particles
partially dissolve, so that a significant reduction of the particles size may occur.
Another example is the production of purified calcium carbonate via introduction
of carbon dioxide into a calcium hydroxide suspension. By ongoing addition of
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carbon dioxide, the system exceeds the saturation solubility of the product. Calcium
carbonate precipitates from solution owing to supersaturation. Precipitation ensues
similarly to controlled crystallization, but the particle design depends especially on
the drying procedure.

Finely ground bauxite dissolves in sodium hydroxide solution at 175°C and a
pressure of 7 bar (the Bayer process [19]). This step is a solid/liquid reaction, which
leads to a liquid. Insoluble iron ores (hematite, boehmite) can be filtered off as red
mud. After cooling, dilution, and seeding, aluminum hydroxide crystallizes from
the solution. Burning in a circulating fluidized bed at 1250°C leads to alumina.
One line of such a facility has a capacity of more than 1000000ta~!. Here, the
crystallization process allows the control of product formation within limits. From
the reactions between solids and fluids arise chemically and physically changed
particles. They may differ in phase or in some disperse and aesthetic characteristics
with respect to the starting materials. Therefore, it is interesting to see how product
design can be influenced experimentally and what influences are exerted on the
disperse properties of starting material. These aspects have been extensively studied
for two reactions: one in an isothermal reaction in paste phase (cellulose ethers)
and the other in an almost “adiabatic” reaction of acids on dry particles (dry
neutralization).

15.6.3
Influencing the Product Design

The source, quality (nature and quantity of impurities), pretreatments, and disperse
properties of the raw materials determine product design, arising during reaction.
Pretreatment steps may be concentrations, separations, or purifications as well as
grinding and screening. Depending on the type of grinding (colliding, pressing,
and cutting) a specific grain size distribution is obtained (grinding/sieving). This
allows influencing the reactivity of particles. In addition, the concentration of
the fluids represents a setscrew for controlling the reaction. In fluidized beds,

Table 15.4  Typical reactors for reactions of gases with disperse solids.

No. Gas/solid reactors

1 Fluidized beds, round, elongated,
direct passage, circulating
Conveying reactor

Fixed bed

Cyclone cascade

Mixer

Spraying tower

Rotary kiln

Stage furnace

Mill

O 0NNV AW N
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particle-based numbers (Reynolds, Froude, and Archimedes) are other screws for
adjusting quality. For these numbers, optimal working areas exist, which should
be used. Calculation of heat transfer coefficients to the walls and to the internal
tube heat exchanger can be determined by means of relations [20], which have
been tested in practice. Working temperature and residence time are additional
design parameters. Table 15.4 displays some gas/solid reactors. For processing of
solids, fluidized bed reactors are preferably used. They run in direct passage and in
circulation, often as better substitutes for rotary kilns (for example, in the alumina
production).

Table 15.5 depicts four main steps in the processing of solid raw materials. In the
case of purification, ground solids convert into a liquid (usually a chloride), with
is cleaned by distillations or crystallizations. Another possibility is the conversion
into a gaseous carbonyl, followed by decomposition (Ni, Fe). By controlled thermal
treatment, mainly carried out in fluidized bed systems, the final solid product is
formed. These are calcinations or decompositions. Then particle design originates

from the thermal process.

Table 15.5  Reactions of solids with fluids.
Roasting Conversion Gasification Purification
Examples Pyrite Blast furnace Syngas from coal Titania
process
Sphalerite Catalyst from metal ~ Hydrogenation of Silicon
oxides coal
(Bergius—Pier
process)
Limestone Dry neutralization Hydrochlorination ~ Alumina
of silicon
Gold ores Nickel
Chalcopyrite and Iron
others
Type Ground solids Solids react with Solids transferred Solids transferred into a
react with gases or liquids into the gaseous liquid or gaseous
oxygen state state; thermal
decomposition of the
purified liquid or gas
Starting Maintain the size Size changes via Particles shrink Particles shrink and
particles melt or maintain and disappear disappear
the size by forming a gas
Product Chemically All shapes obtained ~ Gases New particles formed by
different via melt or decomposition of
particles chemical intermediates,
different purified but the same
particles compound is used as

the starting material
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Table 15.6  Design of products in fluid/solid reactions.

Parameter

Properties of formed solids

Quality

Chemistry

Aesthetics

Disperse properties

Purification/form

Conversion and product quality depend critically on the source, the structure, purity,
and the comminution (particle size distribution) of the raw material

Minor constituents and impurities of the raw material remain in the product

In case of incomplete conversion, small parts of the starting material (called cores)
remain in the middle of product particles

The chemical and the material properties, that is, the reactivity and physicochemical
parameters corresponding to the formed products; the starting material is no longer
in existence

Products formed from powdered, granular, or fibrous raw materials largely retain the
size and shape of the starting material

The aesthetics (whiteness, color, luster, smell, stickiness) and the quality are typical for
the product

The changes in disperse properties, such as bulk density, density, and flowability, are
measurable; in some cases the changes are significant

In subsequent steps (e.g., grinding, granulation, compaction, and coating), the products
can be tailored to the application

The purification of the solids occurs via a melt, a dissolution, an extraction, or a transfer

into the gas phase by the reaction
The melting process allows adjusting of qualities and forms

Subsequent processes can improve product quality, meeting all requirements
in the application. Examples are breaking up or agglomerations with/without
coatings. An adjustment of the properties to application is essential [1, 2, 15]. Some
fluid/solid reactions, which take place under consumption of solid phase and form
only fluid products, have no “product design” based on raw material. In the case
of powdered products, an upstream granulation is possible or with coarse chunks
a fine grinding.

In limits it is possible to control the design of formed particles in most solid/fluid-
reactions. For shaping the final particles, the best way is the adjustment of the
raw materials and the operating conditions. In subsequent steps, known basic
operations are available for shaping. Pilot experiments with liquid/solid reactions,
in which the particle size remained unchanged, lead to the findings summarized in
Table 15.6. Further considerations, gained from other processes, are incorporated.

15.7
Etherification of Cellulose

Cellulose, etherified with methyl chloride, ethylene oxide, and propylene oxide or
with the monochloroacetic acid, is used as an adhesive (wallpaper glue), as a water
binder in the construction industry, as a thickener in cosmetics, and as an adjuvant
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in the paper and textile industries. It represents a natural product derived from
wood or cotton and consists of long unbranched chain molecules. A fiber contains
up to 10 000 (usually <4000) connected anhydroglucose units. In cellulose, bundled
filaments are present as microfibrils that are interconnected both internally and
externally by hydrogen bonds. Therefore, cellulose is insoluble in water, despite the
three OH groups per anhydroglucose unit. In this cross-linked form of cellulose,
the etherifying agent may react only partially. The OH groups are not sufficiently
accessible on filaments. A cutting of pressed cellulose layers (pulp) in granulators
allows an improvement.

“Soft” grinding prevents degradation of macromolecules, triggered by fineness
and temperature. The ground material, known as cutting mill cellulose (Figure 15.8a),
consists of cellulosic fibers that are cut to a defined particle size distribution. This
material reacts in flameproof discontinuous mixers (design: 25 bar) made of salt-
resistant steel. In addition to mixing elements, the reactor should have several chop-
pers for smashing lumps. In the reactor, first an alkalization with aqueous sodium
hydroxide solution takes place. Depending on temperature and time, the cellulose
swells, improving accessibility of the reactants. Subsequently, isothermal etheri-
fication with liquid methyl chloride ensues under pressure. After separation and
purification by distillation, the by-products methanol and dimethyl ether react with
hydrogen chloride gas. This catalytic hydrochlorination forms methyl chloride that
flows back, resulting in methylation of cellulose. The heat of the reaction is removed
away effectively through evaporative cooling and through cooled reactor walls.

The evaluation of kinetic measurements demonstrates that the rate of chemical
reaction is controlled in the range of industrial interest. Higher temperatures for
acceleration of the etherification are not useful, because then macromolecules

7 [ cH0CH, |
+3 NaOH
—>
+3 CH,CI
6
OCHz  "CH,OCH,4
dn L +3NaCl + 3H,0 -n

Figure 15.8 Cellulose and cellulose ethers:  (a) Starting material, granulator cellulose;

(A) chemical formulas for etherification of (b) product 1: ground cellulose, mixed with
two anhydroglucose units with methyl chlo-  polyvinyl acetate; and (c) product 2: dust-free
ride (degree of substitution: 1.5) and (B) methylcellulose after roller compaction.
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degrade and change color. Further, these products show irregularities in
substitution.

The fibrous cellulose ether that are formed and the by-product sodium chloride
are cold water-soluble solids. Methyl cellulose and the majority of mixed ethers
show flocculation points and are insoluble at higher temperatures. Therefore, the
soluble salts are washed out from insoluble fibers by hot water (>80°C). The
washing occurs in continuous rotary pressure filters. Sodium chloride removal is
not so easy because the salt occurs also in the interior of the fibers. A multistage
countercurrent washing reduces water consumption for residual salt contents to
<0.5%. Nevertheless, consumption of wash water amounts to 8—20tt~! of cellulose
ether, overall relatively high values.

The dried product shows a fibrous structure with low bulk densities and bad
flowability. It cannot be used in this form. Drying takes place continuously either
with hot air, or preferably with superheated steam in the circuit. For an adjustment
of product design, the fibrous structure must vanish. For this purpose, there are
two common paths. First, by the addition of water to the wet filter cake, the
product is partially dissolved directly before being ground. This results in the
elimination of the fibrousness. Therefore, a following drying and grinding [21]
yields the powder. On adjusting the mill, free-flowing powder or fine granules
arise. If necessary, a further grinding leads to reactive micropowders. The second
way is based on dry fibers. Existing fibers from the raw material appear from
the filter cake during pneumatic drying. Suitable milling processes, which mean
compression, shearing, and crushing in one step, lead usually to powders, and
strong grinding to micropowders (p-powders). Because of dust explosion hazard,
appropriate safety equipment for the grinding facilities must be provided. Special
adhesives are formed from powders, mixed with a polymer powder (Figure 15.8D).

Figure 15.8c shows compacted material, obtained from roller compaction of
powders. Granulation and tableting are also feasible, but not carried out in practice,
owing to extra costs. Four commercially available alternatives for product design of
cellulose ethers are illustrated in the block diagram in Figure 15.9.

The specific product design of cellulose ethers arises from raw materials,
chemical reactions, and downstream processes. The pulp determines the maximum
attainable viscosity in water and the average degree of polymerization of a product.
Rather low viscosities result from beeches; further, medium to high from pines
and high-viscosity cellulose ethers from linters (cotton). The whiteness of pulp
is the result of bleaching during the production process. For etherification, the
manufacturers usually use pure white pulps. In the grinding activation of pulp,
the particle size of cellulose fibers exists within an optimum range First, excessive
milling leads to a reduction in the maximum attainable viscosity in solution.
Second, too large fibers prevent a uniform etherification, causing bittiness during
dissolution.

A targeted degradation of macromolecules can occur on alkalization at inter-
mediate temperatures (>50°C). The duration of action or, in extreme cases, the
addition of oxidation agents promotes the degradation. Comparatively low reaction
temperatures prevent degradation of macromolecules and reduce discoloration.
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production of free-flowing cellulose ethers, rotary pressure filter; and (c) mill dryer.
starting from cellulose fibers; four mar- (Courtesy of Lédige (a), BHS (b), and
ketable qualities, powder accessible via Jéickering (c).)

both variants. (a) (DVT pressure (German:

However, this measure results in the prolongation of reaction times. From the
added amounts of reactants, set according to experiments (yields), the degrees
of etherification (degrees of substitution and distributions) with methyl chloride
and/or ethylene oxide as well as other chemicals such as monochloroacetic acid
are determined. The application determines the extent of etherification, which
influences the position of the flocculation point. Temperatures at which pro-
ducts completely flocculate in water and the water-binding capacity at different
temperatures represent further important product characteristics. In some cases
(detergents), salt removal with hot water can be dispensed with fully or partially.
For many applications (construction, thickeners, and wallpaper glue) salt contents
of <0.5% are necessary, and in other cases a more extensive cleaning needs to
take place (pharmaceuticals and eye drops). The construction industry requires a
defined granulometry wherein sprayed-on additives improve wetting.

It is possible to optimize application properties by a mixing down with
other ethers or polymers. Three factors, namely, raw materials, chemistry, and
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technology, play a role in almost all processes of raw material extraction and
fluid/solid reactions. Influencing the design takes place within limits, usually via
the raw material and downstream processing, as here in the refining of cellulose
takes place. The product design depends on the material and process, characterized
by numerous measurements (Table 15.7). It includes also aesthetic parameters
(particle size distribution, shape, color, and smell).

Table 15.7  Influence of raw materials, and furthermore, of chemistry and process technol-
ogy on the product design of pure cellulose ethers; small picture: granulator for cutting the
pulp.

Chemistry Technology

Sources of raw materials: Pulp (cellulose  Four stages: Grinding, reaction, washing, mill drying
fibers from cotton and wood with
different degrees of polymerization)

Linters
Pine
Beech

Reactions
Alkalinization (type, time,
temperature, oxidation agents)
Methylation (methyl chloride
surplus, pressure, temperature,
time, other reactants — EO, PO)

Adjustment of the rate of dissolution
Deceleration by linking with

glyoxal

Acceleration by auxiliaries for 1. Cutting of pulp

wetting 2. Reactor: Mixing, breaking up, homogenization
during reaction
3. Multistage countercurrent wash
4. Grinding and drying

Characterizing parameters for cellulose Special features of the process
ethers Sophisticated safety devices for the reaction and

Degrees of substitution grindings

Degrees of polymerization Complex separation and purification of

Solubility by-products (methanol, dimethyl ether)

Color Wastewater containing sodium chloride

Residual salts

Moisture

Particle size distribution

EO, ethylene oxide; PO, propylene oxide.
Courtesy of Hosokawa Alpine.
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15.8
Dry Neutralization

In the detergent industry, required anionic surfactants and complexing agents
originate from the neutralization of the parent acids. Examples are the sodium salts
of alkyl benzene sulfonic acid and of sulfates from fatty alcohols, of citric acid and 1-
hydroxy-1,1-diphosphonic and polyacrylic acid. Quantitatively, the most important
are the anionic surfactants with a proportion of 10-20% in detergent formulations.

The production of most detergent base powders occurs via spray towers. In
these processes, all the acids react with sodium hydroxide in a tank for slurry
preparation, in which the formulation is weighed together. Subsequently, the
slurry flows directly to the spraying nozzles. To reduce manufacturing costs, a
large part of which consists of energy costs for evaporation of water, the detergent
industry has developed new methods with significantly reduced amounts of water
in the recipe. The production will no longer run with an atomization of suspensions,
but with granulations in mixers. The removal of excess moisture from the product
happens in a downstream fluidized bed. With this modern method, the amount of
water evaporated decreases by factor 6—10.

The new procedures waive neutralization with aqueous sodium hydroxide.
Instead, for some anhydrous acids, the reactions are carried out with solid sodium
carbonate. In these neutralizations of liquid organic acids with sodium carbonate
granules, no water is available; therefore, the question of removal does not arise.
Because of high heat of neutralization, the reaction of sodium carbonate with
anionic surfactant acids can be seen as example for “nonisothermal” conversion of
solids with liquids. These reactions are difficult to control, owing to the formation
of temperature-dependent by-products. The reactions take place either in a batch
or continuous mixer or in a fluidized bed.

15.8.1
Raw Materials

Sodium carbonate is found in soda lakes and as mineral (trona) in Egypt, East
Africa, the United States, and Mexico. The natural raw materials differ in some
parameters depending on locality, purification method (recrystallization), and
storage conditions (hygroscopicity). The quality is different when the materials are
obtained by synthetic methods (Solvay process). Therefore, reactions with solid
sodium carbonate are (Table 15.8) resource dependent (structural properties of
soda [22]).

15.8.2
Chemical Formulas

The study of dry neutralization, that is, water-free reaction of liquid sulfonic
acid with solid sodium carbonate, is carried out as representative liquid/solid
conversion at low temperatures. The complex reaction sequence, simplified and
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Table 15.8  Hydrates of sodium carbonate as well as structural properties of sodium carbon-
ate as a function of the manufacturing process.

Na,CO,-xH,0 Hydrate Mineral Converting Density
x= temperature (°C)  (gcm™3)
0 Anhydrous Natrit >107 2.53

1 Monohydrate ~ Thermonatrit >35.4 2.25

7 Heptahydrate — >32.5 1.51
10 Decahydrate “Natron” <325 1.45
Na(HCO;)-Na,CO;-2H,0  Dihydrate Trona >65 to Na-carbonate 2.14
Parameter Na, CO; calcined” Na,CO;-H,0 active
Pore volume (cm? g~1) 0.3344 0.9718
Porosity (-) 0.4583 0.6862
Specific surface area (cm? g=') 4.09 11.24

“From sodium bicarbonate calcined at 125 °C.
bFrom sodium carbonate decahydrate dehydrated at 25 °C.

shown in Figure 15.10, depends on the temperature ranges. Desired reactions
(Equation 15.35) take place at moderate temperatures of 40—-50 °C and take several
minutes. In the interaction with bicarbonate, cleaved sulfuric acid generates
moderate formation of carbon dioxide. At higher temperatures (from 75 °C), the
decomposition of sodium bicarbonate, the intermediate formed, begins according
to Equation 15.36.

15.8.3
Modeling of the Reaction Processes

The reaction starts by spraying of dodecylbenzene sulfonic acid (ABS-H) on sodium
carbonate particles. The spraying should be executed similar to a coating process
[15]. The acid reacts at the surface and forms sodium dodecylbenzene sulfonate
(ABS-Na) and sodium bicarbonate, which also neutralizes the acid in a subsequent
reaction. The products form a shell around the core. The resulting carbon dioxide
and water are largely consumed in further reactions (see Figure 15.11). Localized
at the reaction front, high temperatures can arise, leading to decomposition of
bicarbonate. In most cases, the final product contains residues of the starting
material in the core.

15.8.4
Reaction Sequence

The surface reaction of acid with sodium carbonate was examined under a
microscope (see Figure 15.12). Some droplets, about 20 ym in size, are visible on
the surface.
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ABS-H () + Na,COz(s) —> ABS-Na(s) + NaHCOj (s) (15.31)

ABS-H () + NaHCOs(s) —>  ABS-Na(s) + COx(g) + HO()) (15.32)

Na,CO3 (s) + HyO (1) — NaHCO3(s) 4+ NaOH (s) (15.33)

NaOH (s)  + CO;(g) — NaHCO; (s) (15.34)

2ABS-H(l) + 2NayCOz(s) —>  2ABS-Na(s) + 2NaHCOz(s) T<50°C (15.35)
T>75°C l

Na,CO4 (s) + Ho0O (,g) + CO5(g) (15.36)

2ABS-H () + NaCOz(s) —>  2ABS-Na(s) + HyO(l,g) + CO,(g) (15.37)

CH, - (CHy)1o-CHg
ABS-H: Dodecylbenzene sulfonic (15.38)
C1gH3003S

SOgH

Figure 15.10 Reactions of anhydrous dodecylbenzene sulfonic acid (ABS-H, Equation
15.38) with solid sodium carbonate, resulting in the temperature-dependent sum Equations
15.35 and 15.37.

Raw materials Product

Na,COj (5) ABSH () Na;COs () | [cO, (q)]

(sprayed on) a— .
~ N/ {  Time < \’<
— | ) —>)

50 °C \_}( <__ X

| ABS-Na(s) [ABS-H ()]
Particle Shell Core NaHCO; (s)
>75°C
N
Co, (g , €Ol CO, (9)

ABS-Na (s)
NaHCO; (s)

Figure 15.11 Schematic illustration of the reaction of organic liquid acids (e.g., dodecyl-
benzene sulfonic acid, ABS-H) with solid sodium carbonate, forming main and by-products.
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Reaction on the

surface after 1 m_ip

Figure 15.12 Reacting dodecylbenzene sulfonic (ABS-H) with solid sodium carbonate (light
microscope views): (a) sodium carbonate particles and (b) acid on the surface of sodium
carbonate.
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Figure 15.13 Differential scanning calorimetry: measuring the neutralization of liquid dode-
cylbenzene sulfonic with solid sodium carbonate (molar ratio: 1.5 Na,CO, /ABS-H).

The thermal analyses (DSC, differential scanning calorimetry, TGA, ther-
mal gravimetry analysis) provide kinetic data of significant processes [23, 24].
Figure 15.13 demonstrates that in the temperature range between 10 and about
60°C exothermic reactions take place. These are probably the neutralization of
calcinated soda and later of bicarbonate. From the graph a heat of reaction of
20k] mol~! for Equation 15.35 and a typical activation energy of 98k] mol~! are
obtained. The subsequent endothermic reaction that takes place between about
65 and 120°C is the decomposition of sodium bicarbonate [25]. This conversion
shows an activation energy of 34 k] mol ™.

The dry neutralization preferentially generates particles that can be directly
admixed to detergent powders. This requires the use of suitable sifted soda
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qualities, because here the product sizes correspond to the starting material. Too
small particles segregate in formulations. Large particles can not react completely
and show after the residence time significant residual starting material inside, it
remains a big core of carbonate. In these reactions, the reaction time depends on
the particle sizes.

15.9
Building Materials

The hardening of many building materials happens as a fluid/solid reaction. Active
solid starting materials are usually powders mixed with sandy or grainy materials.
Reaction products often show large spatial structures. After addition of water, the
active materials form a paste, in which the components react. Predominantly, the
reactions run in the wet state. In this important area, it is possible to control the
product design in many ways.

Gypsum (calcium sulfate) is present as hemihydrate or anhydride. Mixed with
water, it crystallizes as dihydrate. In this more or less pasty condition, gypsum takes
arbitrary shapes (spheres, plates, figures, or plaster casts). It can be preferentially
used for repairing damages in walls. During curing and drying, the crystals become
matted, so that after a short time, a hard mass is formed. Craftsmen use solid
gypsum, which can be formed simply (stucco, plaster boards, stones) or designed
by artists (sculptures). The possibilities for creating different products from very
small to very large in the wet and in the dry states are unlimited.

Lime mortar (nonhydraulic mortar) is formed from burnt limestone (calcium
oxide) at about 1000°C in lime kilns. In contact with water, the material forms

Raw materials: .:j:_'-'Limeston.é_\‘; Clay / (" ron ore..":j;.
Burning Lime |7=| Cement | 800-1450 °C

| [\

Reactants: Particles

Rock grains Various

(sand) adjuvants
y '[ N ¥
Lime spread- | Mortar 2
mortar % (hydraulic) pggg‘ Concrete Products
Carbon- Small amounts Larger
dioxide amounts

Figure 15.14 Different building materials (particles) react with water, forming plaster for
large spatial structures.
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calcium hydroxide, which binds with carbon dioxide from air. Solid calcium
carbonate is formed in this reaction. In addition, on using cement, the material
hardens in the presence of water as hydraulic mortar or as concrete. In the produc-
tion of concrete (Figure 15.14), tricalcium silicates and similar compounds absorb
water. They split from calcium hydroxide and crystallize into different complex
compounds, which interconnect and become matted. In this way, the hardness and
strength of concrete is obtained [26]. Crystallization occurs in the aqueous phase.
Therefore, the concrete must be kept in wet condition, until the reaction ends.

Mortar is spreadable in layers. Pumpable concrete flows in virtually any shape.
Variations in product design (sizes, shapes, colors, and strengths) are possible in
many ways by including additives in concrete. Adjuvants reinforce the concrete
with steel, glass, plastic, and carbon fibers, and also with silica dust (ultrastrength
concrete). Asphalt, splits, and clay granules (lightweight concrete [27]) are added to
obtain special properties.

15.10
Hints for Practice

In fluid/solid reactions, such as roasting and conversion, the quality of the product
design depends critically on the source, structure, and purity of the raw material,
also on downstream grinding. Minor constituents, impurities, and remnants from
raw material remain inside the particles. These chemically modified particles retain
their size and shape, while several disperse parameters (e.g., bulk density) change
significantly. In some cases, the design is formed through a molten or plasticized
state. Another possibility is a downstream finishing, as agglomeration and/or
coating.

In gasification, the particles disappear, forming gases. Therefore, no design is
possible. The differences show purification procedures. The decomposition of gases
and liquids occur under controlled conditions and allows a design of purified solid
substances.

The manufacturer and/or user determine the product specifications. These are
results of analytical and physicochemical as well technical measurements, charac-
terizing the product design of disperse solids. Usually, the applications laboratory
constantly checks the values and adapts new findings. The importance of aesthetics
depends on the use of the product. Particle size distribution (size, width), particle
shape, color, smell, haptic, and flow properties must be given more attention.

As discussed in the preceding sections, product design consists of performance,
convenience, and aesthetics. In general, the manufacturer should plan carefully
and secure the quality by conducting pilot tests that take the cost effectiveness into
account by

1) selection, targeted crushing, and purification of the raw materials;
2) specific chemical reaction (without molecular degradation, discoloration, and
minimal side reactions) in an optimal designed reactor, usually fluidized beds;
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3) substance isolation, concentration, purification, and shaping; the use of meth-
ods that enable the formation of the corresponding product by melting,
crystallization, granulations, sintering, and coating.

In whatever manner the process runs, the most important factor is customer
satisfaction.

15.11

Learnings

\/
\/

In the extraction of raw materials, the capacity of fluid/solid reactions amounts
to several hundred million tons per year.

Reactions with gases take place in large fluidized bed reactors (bottom plate
up to 200 m?), usually at high temperatures.

Roasting of sphalerite (ZnS) and pyrite (FeS,) are well-known processes.
During reaction, the particles retain size, while the starting material shrinks,
and a product shell forms around the core.

The particle size distribution of the starting material determines the product
design for roasting and conversion.

Besides roasting, conversion, gasification, and purification can also be carried
out. Together, these processes are characterized by shrinking cores, described
in models from the chemical engineering.

In gasification (burning of ground C), particles form gases and disappear.
The final product arises during purification by decomposition of the gases,
Examples are Ni, Si, and TiO,.

Dry solid particles react usually with gases and less frequently with liquids.
Some conversions run in suspension.

Usually, product design takes place through grinding/sieving of the raw
material; in some cases, this also takes place downstream by melting, decom-
position, crystallization, granulation, sintering, or coating.

Powdered building materials react during curing with water and/or carbon
dioxide from air. These products can be well controlled in design.
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16
Materials for the Machinery

Summary

The materials for the production plant must be chemically resistant under operating
conditions for a long time. Typical materials are metals, especially stainless steel,
superalloys, and nonmetals (such as graphite, borosilicate glass, and ceramics),
as well as plastics. The product manufacturers prefer highly alloyed stainless
steel with ~17-18% Cr and 12% Ni (AISI 304 and 316 grades). The danger of
pitting and stress corrosion decreases with increasing amounts of molybdenum.
The pharmaceutical and food industries utilize machinery in stainless steel with
surfaces in mirror finish to avoid infection with microorganisms in the entire plant.
The surface smoothing is performed by mechanical methods or by electropolishing.
Besides stainless steel, the chemical industry takes advantage of nonferrous metals,
alloys, metallic oxides, and carbides as well as plastics for processing and storage of
aggressive substances. These materials are mainly used for linings and coatings.
In many cases, they are applied by thermal spraying.

16.1
Motivation

The product design describes the development of a new product, which solves
a customer’s needs by involving the customer. Product design includes product
performance, handling, and product esthetics (see Chapter 1). In addition, for
food, pharmaceutical, biotechnology, and cosmetic preparations, and also for some
other products (e.g., liquid detergents), product hygiene plays an essential role with
regard to quality. Product hygiene means that microorganisms are absent or their
numbers are below fixed limits. Certain microorganisms must always be absent.
Product hygiene requires that the production is carried out in an appropriate
facility (plant hygiene; see Section 13.10). The plant must be designed dead space
free to avoid the formation of biofilms. On the other hand, a firm adhesion of
microorganisms on the walls of equipment must be prevented. Therefore, the
materials and their processing are of great importance for hygiene and product

Industrial Product Design of Solids and Liquids: A Practical Guide, First Edition. Wilfried Rahse.
(© 2014 Wiley-VCH Verlag GmbH & Co. KGaA. Published 2014 by Wiley-VCH Verlag GmbH & Co. KGaA.
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quality. Furthermore, a suitable plant design with appropriate materials simplifies
the system’s cleaning and reduces the wastewater pollution.

While some very large companies have specialists in the field of materials who
develop optimal solutions for each process, most of the others are dependent
on the knowledge and experience of their employees from process development,
project management, and production. During the purchase of new machinery and
equipment, the material and its processing is usually defined in a joint discussion
with the manufacturer. This chapter is intended to give the developers and
operators of plants some evidence on the properties of materials. This knowledge
is important when ordering new machinery and for trouble-free production of
high-quality products. The remarks come from own experience and background
in the biotechnology and consumer goods industry, supported by reading the
literature.

16.2
Relationship between Material and Product Design

Chemical engineers who work in the field of product and process development for
the food, chemical, or pharmaceutical industry, must not only specify the materials
when ordering equipment but, in addition, often the finish of wetted surfaces and
welds. In many cases, specifications exist because the company prescribes for some
or all plants a standard stainless steel (such as AISI 316Ti, Din 1.4571); optionally,
it also specifies a surface finish. Therefore, the storage in the company’s workshops
is reduced; furthermore, the processing in the plant construction is standardized.
If a device requires a better material grade against chemical corrosion and abrasive
wear, the decision must be made between alternatives. Howsoever, the economy
(cost, repair, resistance, and cleaning cycles) of the material stands against the
product quality (metal contents and hygiene).

Quality includes product safety and product hygiene, which require extensive
plant hygiene. Especially in the pharmaceutical and biotechnology industries
(Section 10.5), as well as for food and cosmetics, stainless steels are used with
ground and polished surfaces. On the one hand, the polishing of the product’s
wetted surfaces significantly increases corrosion resistance. On the other hand, a
residue-free cleaning can be performed, avoiding cross-contamination and infection
by microorganisms in the entire production plant; when, as a prerequisite, a dead
space-free, fully drainable plant is available. Examples of avoiding dead spaces can
be found in DIN EN 1672-2:2005 and the European Hygienic Engineering and
Design Group (EHEDG) (3-A and NSF International) brochures [1].

The adhesion of microorganisms, the formation of biofilms, the adhesion of
product residues and deposits, and the development of crusts depend on the mate-
rial and surface properties [2]. The same applies to the cleaning and disinfection
of the surfaces and the removal of residues with appropriate solutions. These
parameters worsen over the years on account of mechanical wear and chemical
attack. Typical aging processes affect mainly plastics (bellows, seals). Because
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rough surfaces, incipient corrosion, and the gradual formation of microcracks offer
numerous opportunities for the microorganisms to adhere, these are hygienically
questionable [3] and not allowed. The DIN standard 1672-2 specifies that in the
food industry, product contact surfaces must have an average surface roughness
Ra<0.8 um. The required processing of stainless steel by grinding/polishing or
pickling/electropolishing clearly reflects in the purchase price.

The cleanability of the plant is not only an essential quality but also a cost
factor, because the system’s availability depends on the duration of cleaning. The
cleaning method is a function of the material, its surface smoothness, the distance
between roughness mountains and the composition of cleaning agents (surfac-
tants, oxidants, pH-value), as well as the cleaning conditions (flow, temperature).
The pharmaceutical industry often produces in electropolished equipment. The
electropolishing of the surfaces ensures the necessary hygiene and a rather easy
cleaning. This allows reducing the duration and consumption of cleaning solutions.
In addition, it is possible to disinfect the production plant including the filling lines
with 2-propanol, which regularly takes place in the cosmetic industry after cleaning.
Even higher demands on sterility meet with chemical and steam sterilization.

The choice of material depends on the chemistry and operating conditions as well
as the raw materials and product phases (solid, liquid, gas, multiphase systems).
Theoretically, for each part of the production line (tank farms, silos, main plant,
filling line, and product storage) another material might come into question. This
means that the term plant design includes not just the machinery and equipment
of the core facility. If the standard grade of stainless steel is not sufficient, there are
alternative materials for each part of the production plant. Examples are materials
for silos made of glass-fiber-reinforced plastic (GRP) or stainless steel, for acid
baths made of steel with rubber or with an acid-resistant plastic liner (such as
polyvinylidene fluoride, PVDF), for agitator vessels of borosilicate glass or enamel,

for heat exchangers made of graphite or Hastelloy®.

As an integral part of product design, the quality depends crucially on the
materials and surface finish in the entire plant. Further, they also affect the
production costs.

16.3
Choice of Material

The materials are chosen on the basis of chemical, thermal, and mechanical
stresses. Materials for the production plant can be divided into metals (stainless
steel, nickel, titanium, etc.) and inorganic nonmetals (such as graphite, glass, and
ceramics) as well as organic polymers (plastics). For machinery, the chemical,
pharmaceutical, biotechnology, and food industry utilizes mainly alloyed stainless
steel of high quality. Typically, they work with standard grades, mostly AISI 304
or 316 qualities. If the following critical substances are involved in the process,
another grade or material must be chosen [4]:
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« Strong organic and inorganic acids;

« Acidic gases (including chlorine and bromine);
+ Chloride, bromide, and fluoride ions;

« Alkalis (especially at high temperatures);

+ Molten salts;

 Hydrogen.

Several chemical processes on the material surface can trigger corrosion. This
ensues in various forms. The best known are probably surface corrosion, crack,
contact, pitting, and stress corrosion. Further, fatigue cracking and intergranular
corrosion occur. The corrosion resistance of the material depends on its chemical
composition (usually Fe alloy) and the processing conditions. From the outside,
chemical substances attack and abrade the surfaces by raw and auxiliary materials,
intermediate, secondary, and end products. These attacks determine the lifetime
of the machinery in detail via:

chemistry of substances present in the process;

« application time and temperature;

+ concentration of problematic substances, gases, liquids, suspensions, melting,
and solids;

. pH;

presence of oxidizing or reducing substances;

presence of abrasives;

presence of salts, particularly of chlorides (Na, K, heavy metals).

For many substances, corrosion data are available in the literature [5]. For
high-temperature and/or high-pressure reactions as well as for operations in
the petrochemical industry special grades of steel are used. These steels are
tailored to the application, and represent particularly economical solutions. Without
guidelines of the company, the choice of material usually takes place after the
price—performance ratio.

16.4
Stainless Steel

In the chemical apparatus, stainless steel is by far the most common material
(list of stainless steels: EN 10088.1). In general, stainless steels have a chromium
content (Cr) of > 10.5% and contents of sulfur (S) and phosphorus (P) of <0.025%,
and carbon (C) < 1.2%. They are characterized by forming a thin protective layer on
the surface in contact with air. After minor damage, the layer regenerates by itself,
when the steel is exposed to air and moisture [2]. The weldability increases with
decreasing carbon content. Stainless steel can be improved in some properties by
further alloy constituents. For this purpose, nickel (Ni) and molybdenum (Mo) are
particularly suitable.
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16.4.1
Standard Grade

Chemical, pharmaceutical, and food industries require mainly high-alloy steels
containing at least 17% Cr (up to 30%) and 12% Ni (up to 26%) for the plant
and machinery in production, besides C<0.1%, Si<1%, and Mn <2%. These
form in contact with oxygen from the air a thin, invisible passivation layer of
chromium (III) oxide (Cr,0;), which protects the underlying metal. The addition
of Ni improves the corrosion resistance of stainless steel, because it oxidizes very
slowly (in contrast to iron). But the standard stainless steels cannot meet all the
requirements of the chemical apparatus. For example, the steels are additionally
alloyed with 2—5% molybdenum (Mo) to avoid pitting and stress corrosion cracking.
Other requirements lead to the addition of titanium (Ti), copper (Cu), aluminum
(Al), niobium (ND), and others. The compositions of frequently used steels are
listed in Table 16.1.

The standard grade AISI 304 (1.4301) is probably the first commercial stainless
steel and currently most often processed. This austenitic, nonmagnetic material,
and other AISI 304L qualities with less carbon (1.4306 and 1.4307), which are easier
to weld and polish, show good resistance to water, steam, moisture, fruit acids,
and weak organic and inorganic acids. The food, beverage, pharmaceutical, and
cosmetic industries use these steel grades commonly in the processing of liquids.
For improved cleaning and corrosion resistance, the product contact surfaces are
usually ground and/or polished.

The stainless steel AISI 316Ti (1.4571) also includes titanium, to improve the
stability and weldability. Together with the added molybdenum, this steel shows
increased chemical resistance, especially against intergranular corrosion, pitting,
and stress corrosion cracking. As this alloy covers most requirements, it is widely
used in chemical apparatuses, providing the standard material in many companies
(chemicals, consumer goods). Owing to the stabilization of the stainless steel with
titanium, the electropolishing is difficult. Mechanical grinding of the surfaces
cause many scratches by the very hard particles from titanium carbide, torn from
the surface. This concerns the Ti, Nb-stabilized steels (AISI 316Ti, 316Nb, and
321) that are less suitable for use in the pharmaceutical, food, biotechnology, and
cosmetic industries. In these fields, the machinery must be polished to mirror
finish. The engineers use for these applications some low-carbon grades, such as
AISI 316L (1.4404 and 1.4435) or for lower requirements AIST 304L (1.4306 and
1.4307).

Most equipment is made in standard stainless steels (all AISI 304/316 grades).
In some cases, another material, as mentioned in Table 16.1, is required. The
standard qualities show a medium, mechanical stress tolerance (e.g., as material
in mills), and a mean resistance to chemical agents. They represent an economic
compromise, and are widely used in process industries for processing of solids,
suspensions, pastes, liquids, and liquids/gases at moderate temperatures.
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Table 16.1  Comparison of material numbers (DIN-AISI) of high-alloy stainless steels, their
composition, and relative prices.

Example: Material number according to DIN: 1.4301; composition according to European
standards EN: X5CrNi18-10, number after X = carbon content multiplied by factor 100,
5=0.05%, CrNi18-10 =18% Cr, 10% Ni;

American Iron and Steel Institute Standard: AISI 304

Material number DIN EN 10088-1 AlSI standard, Estimated relative prices (V2A = 100%); May 2013,
(Din EN 10088-1;  Steel composition (and ASTM- Germany?
formerly: DIN 17440 International)
and 17445) Steel bar Sheet Seamless pipe
100% =1.53 100%=1.23 100% =2.32€/kg
(%) (%) (%)
1.4006 X12Cr13 410 30 — 26
1.4301 (V2A) X5CrNi18-10 304 100 100 100
1.4307 X2CrNil18-9 304L 100 100 100
1.4401 X5CrNiMo17-12-2 316 148 154 135
1.4404 X2CrNiMo17-12-2 316L 148 154 135
1.4435 X2CrNiMo18-14-3 316L 166 173 151
1.4439 X2CrNiMoN17-13-5 317LNM 184 193 172
1.4462 X2CrNiMoN22-5-3 — 117 126 100
1.4539 X1NiCrMoCu25-20-5 904L 274 282 247
1.4541 X6CrNiTi18-10 321 114 115 100
1.4563 X1NiCrMoCuN — 311 — 281
31-27-4
1.4571 (V4A) X6CrNiMoTil7-12-2 316Ti 150 157 135
1.4580 X6CrNiMoNb17-12-2 316Nb 156 — 135
1.4762 X10CrAlSi25 446 41 48 34

“Calculated by alloy surcharges (according to a table from Stappert/Diisseldorf for wholesalers).

In contrast, the mentioned aluminum-containing steel AISI 446 (Table 16.1) is a
specialist. The inexpensive high-temperature steel is used up to 1100 °C and shows
a high resistance to sulfurous gases.

16.4.2
Corrosion

The choice of steel quality is based on the chemical and mechanical resistance
and processability, availability, and costs. Steel producers and distributors have
published a series of chemical resistance tables, mainly for pure liquids at ambient
temperature. In the literature [4—6], extensive data collections exist. It is widely
known that stainless steels are attacked by many acids. Less known, but a big
problem, is the pitting and stress corrosion cracking, caused by halide ions,
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preferably chloride ions [2, 6]. These effects occur in particular at elevated ion
concentrations (>50 ppm) and temperatures, increased in combination with low
pH values. The corrosion starts at a flaw in the passivation layer. In addition,
movements of the liquid have an impact. The extent of damage increases in
stagnant aqueous fluids (formation of local elements). Therefore, it is advisable
after cleaning, to drain off the water, and then to dry the plant for a longer standstill.

Accompanying substances affect corrosion, either positively or negatively. There-
fore, in complex cases, some simple measurements of the product mixture must
be carried out in the laboratory. However, the corrosion resistance against chloride
can be determined by measuring the electric potential in chloride solutions as a
function of temperature (Figure 16.1). Measurements showed that AIST 304 stain-
less steels are not suitable for processing chloride-containing solutions. Depending
on the concentration, at elevated temperatures all AISI 316 stainless steels are
not sufficiently stable. Higher levels of alloyed molybdenum provide the required
chemical resistance; especially the grades 1.4439, 1.4539, and 1.4563 (Table 16.1).
By progressive alloying, the stability increases significantly against a variety of
chemicals. Unfortunately, by this alloying the commodity prices rise. In many
cases, the material AISI 317LNM (1.4439) represents a good compromise between
the required resistance and costs.

From the chemical perspective, both materials 1.4539 and 1.4563 are best suitable
against chloride-induced pitting. The resistance must be ensured throughout the
facility, taking into account the temperatures. In addition to the machinery and
equipment, this concerns all piping, valves, sensors, and welds. The welds should
be derived from a similar material, and be performed (automatically) in high
quality. In all cases, the weld must be post-treated by careful pickling and optionally
grinding/polishing. By carbide formation, the chromium content can be lowered
at the weld, leading in extreme cases to intergranular corrosion. Properly executed
welds form in air a closed, continuous passivation layer in one or two days.

Corrosion
A 800 resistance
i No
i pitting 1.4563 1.4563
i 600 i ! 14539  High
i 3167 ]WNr' SodL K 1.4439
! 1.4571
Ele;:triioo : 1.4435
1.4571 ;
potential \ 1.4204 Medium
(mY) 200 | 1.4401
Pitting 14307 -
0 1.4301
20 40
Figure 16.1 Measurements of the electric potential as a function of the temperature in 3%

sodium chloride solution, using various stainless steels (WNr.=material number Din EN).
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16.4.3
Smoothing the Metal Surfaces

16.4.3.1 Preparations

The manufacture of machinery and equipment requires the processing of stainless
steel in the form of sheets, seamless pipes, and partly steel bars (for shafts). These
materials are available in different qualities with surfaces that are smooth, polished,
brushed, or shiny polished [7]. The average surface roughness (Ra) of cold-rolled
sheets is in the range of 0.2-0.5pum [1], depending on the pretreatment. This
starting material facilitates further operations for the production of machinery with
surfaces in mirror finish.

Table 16.2  Improving stainless steel surfaces.

Action Execution Achievable roughness,

mean value, Ra (um)

Procedure

Cleaning as Removing coarse dirt
upstream
process step
Removing dirt and
grease, possibly
supported by

ultrasound
Removing tough dirt

Removal of caking

Mechanical Making of a clean, matte
smoothing layer
Satinized matte
structure
Shiny, planar surface
Smooth surface (up to
mirror finish)
Chemical Passivation layer
smoothing

Removal of scale layers
after heat treatment,
and of tarnishing after
welding, further of
external rust

Smooth surface (up to
mirror finish)

High pressure cleaning,
steam cleaning (140 °C)

Dipping into a
surfactant-alkaline cleaning
solution, or: spraying with a
mixture of phosphoric
acid/surfactant

Stainless steel brush,
electrolytic processes

Ultrasound

Blasting of surfaces with
quartz sand or beads of
glass or of stainless steel or
carbon dioxide

Brushes (coarse to very fine)

<12

Buffing (felt disc with
decreasing grain sizes of
the pastes)

Grinding or polishing (with
decreasing grain size)

Accelerated formation with
dilute nitric acid

Pickling with acids (mixture
of nitric and hydrofluoric)
in the bath or by spraying

Upto 0.1

0.5-1.0

0.2-0.5
<0.01

Electropolishing,
Plasma polishing
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For cleaning and smoothing the steel surfaces, several methods (Table 16.2)
exist. The procedures are usually applied individually or in combination. Absolutely
necessary steps represent the precleaning of the machinery and the pickling of all
welds. A smoothing of the surfaces may be carried out chemically or mechanically.
If subsequently an electropolishing follows, the equipment always must be
completely pickled.

For a perfect result of the pickling, a previous cleaning of the surfaces is
required. In the procedure, the dirt and residue from the stickers are removed and
a pretreatment for degreasing executed. Alkaline solutions at elevated temperatures
provide good results. Clinging dirt, slag residues, or scale layers can be removed with
stainless steel brushes or by electrolytic processes or ultrasound. Only completely
purified surfaces are able to form a continuous passivation layer.

16.4.3.2 Mechanical Procedures

Through blasting, brushing, grinding, buffing, pickling, and polishing, esthetic
structures on stainless steel surfaces arise for goods in the private and public
sector (gates, railings, wall coverings, household items, and appliances). In the
industrial sector, however, the surfaces must be corrosion resistant and easily
cleanable. Size, accessibility, and application of the metal surface determine the
method for smoothing. On large areas, such as the interior walls of a stirred tank,
the smoothing is performed mechanically by hand with the aid of grinding and
polishing machines. Fissured surfaces are preground in a first step with coarse
sandpaper (grade 60 or 80). Each subsequent step requires a finer grain size in the
gradation up to the maximum factor of 2, that is, with pastes grit 120, 240—320 and
with sanding belts grit P120, P 240, P 320-600 (Table 16.3) until the desired target
(approximately Ra 0.2—0.4) is reached.

Table 16.3  Classification of the grade for abrasive pastes and abrasive papers/sanding belts.

Abrasive grit Average grain Abrasive grit for Average grain sizes  Achievable roughness,
for pastes according size of pastes sandpaper and sanding of sandpaper and mean value, Ra (pm)*¢
to FEPAY/ANSI? dp (nm) FEPA/ANSI belts FEPA sanding belts d,, (um)

60/— 260 P20 1000

80/- 185 P60 269 3.5

100/100 129/125 P120 125 1.1

180/180 69/70 P240 58.5 0.2-0.5
220/220 58/58 P320 46.2 0.15-0.4
320/360 29/28 P600 25.8 0.1-0.25
360/400 23/23 P1000 183 —

400/500 17/18 P2000 10.3 —

“FEPA: Fédération Européenne des Fabricants de Produits Abrasifs.
PANSI: American National Standards Institute.

c

[EH].
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Figure 16.2 Large twin-shaft mixer with clean surfaces, polished to a mirror finish on
walls, shafts, and tools (Courtesy of Nara Machinery Co., Ltd. Europe).

The coarse abrasives eliminate the imperfections in the metal surface, such as
sanding marks, nicks, and hairlines. With progressively finer grits all scratches
disappear, even the invisible ones. The high-gloss finish requires appropriate pol-
ishing pastes and sanding belts, discs, and high-speed machines. The grinding
result is highly dependent on the skill of the polishers, their expertise, and equip-
ment (grinding wheel machine, sanding pastes). During the “dry” applications in
steel polishing, waxes and kerosene are used as a lubricant and a coolant. For the
smoothing of stainless steel, the polisher needs in graduated grain sizes not only
sanding particles, made of alumina, silica, or zirconia but also aluminum carbide
and silicon carbide and sometimes diamond dust. These mechanical methods
remove the scratches, but the base material is not eroded appreciably. The result of
extensive polishing is shown in Figure 16.2, in the case of a large two-shaft mixer.

16.4.3.3  Pickling
Pickling [5] is the process for removing scale layers after heat treatments, residues
from welding, annealing colors, sanding dust, abraded metal, external rust, and
chromium carbide (which can arise during drilling without a coolant). By action
of the acid (usually nitric acid mixed with hydrofluoric, HF acid), a metal erosion
of 1-5 pm occurs at ~40 (+£20) °C. For some parts of the plant or for the entire
apparatus, the acid bath is applied. Pickling ensures the subsequent formation
of a complete passive layer, to protect the metal against corrosion. After rinsing
with soft water, the formation of the layer begins in contact with air on the clean
surface. Two to 8 later, the passivation layer is completely present in a thickness
of about 20 nm. By the addition of oxidizing agents, such as dilute nitric acid or
hydrogen peroxide, the layer is formed immediately on all surfaces. In the food and
pharmaceutical industries, the passivation is preferably carried out with citric acid
at temperatures above 40 °C over a period of a few hours.

Pickling is advisable before a mechanical polishing; but constitutes an indis-
pensable part of electropolishing. It takes place with acid mixtures in a dipping and
spraying process, or by pumping through tubes (Table 16.4). Welds must always
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Table 16.4  Acid treatment of stainless steel [8, 9].

Action Acid (mixture) Hydro-fluoric Additives Temperature Duration
(nitric, sulfuric, (HF) (%) °Q) (min)
phosphoric acid)

Pickling “classic” 10-28% HNO; (50%) 3-8 0.1% surfactants ~ 15-60  20-300

Pickling “nitrate-free” 10-25% H, SO, /H;PO, 3-5 1-5% H,0, 15-60  20-300

Elektro-polishing 1:1; H,S0, (96%)/H;PO, (86%) . — 40-75 2-20

Figure 16.3 Pickling of large equipment in acid baths (right: 90 m3) (Courtesy of Siedentop
and Poligrat).

be pickled. If it is not done with the whole apparatus in the bath, the acid is often
applied in the form of a paste with the brush. Careful pickling allows the formation
of a passive layer on the welds to prevent corrosion. In addition, pickling improves
the appearance (Figure 16.3).

To generate a complete passivation, pickling is in use for stainless steels, nickel
alloys, titanium, and titanium alloys (Figure 16.4). Normal steel, copper, aluminum,
and their alloys are cleaned and pickled before electropolishing, chemical deburring
and polishing, anodizing and plating.

16.4.3.4 Electropolishing

Depending on the diameter and length of tubes, a mechanical smoothing of the
inner surfaces is difficult to accomplish. And especially for small parts, such as
pipe bends, fittings, valves, sensors, and pumps, pickling/electropolishing is the
appropriate method. But large apparatuses, preferably for the pharmaceutical and
biotechnology industry, are also electropolished. The method [9] begins with a
cleaning of the metal surfaces with alkali followed by pickling. Then, electrolysis
expires in a mixture of concentrated sulfuric and phosphoric acid at elevated
temperatures (see Table 16.4). The steel parts are placed in a basket, which
is connected as the anode. By applying a DC voltage (Figure 16.5), the “hills,
mountains, and elevations” on the surfaces dissolve, by forming ions. Either
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Figure 16.4 Untreated and pickled stainless steel fitting, along with a titanium sheet (Cour-
tesy of Poligrat).

Cathode Anode | 5-25 A dm™ Cathode
: i
i
1
[ L.JQ:lQi
[ -
- ~ Heating
Workpieces Acid bath rods

Figure 16.5 Smoothing of steel surfaces by electropolishing (2—20 min at 40-75°C).

they remain dissolved or fall as mud at the cathode on the ground. During the
electropolishing, about 10-40 pm of steel are dissolved from the entire surface,
depending on the time, temperature, composition of the acids, and the applied
voltage. Thus, not only the craters but also the inhomogeneous superficial layers
and ridges disappear. The average roughness is halved by the process. All these
advantages especially appreciate the pharmaceutical industry and produced in
electropolished plants.

Microscopy images, as shown in Figure 16.6, demonstrate that edges are con-
verted into roundness. For the achievement of the same smoothness (Ra values
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Raw matenal (AISI 304) Polished Electropolished (10 min)

Figure 16.6 Mixers and a heat exchanger, electropolished to prevent the formation of
deposits, and a filter plate in 50-fold magnification (Courtesy of Poligrat).

of ~0.2 pm), electropolishing is a superior method. It neither leaves residues nor
influences the surface mechanically. The method can be completely reproduced
worldwide. In contrast to mechanical polishing, the electropolishing leads, besides
the smoothing, to a (desired) significant erosion of inhomogeneous layers in
the superficial areas. During mechanical polishing, the surfaces are (minimal)
deformed by heat and pressure. Often, there remain microscopic scratches and
traces of metal dust and polishing paste. Advantageously, the mechanical smooth-
ing allows to start with raw material surfaces of much higher average roughness
(>3 pm). By using pastes and sanding belts of various grits, especially when suc-
cessively applied, there is a gradual improvement of the surface. In contrast, the
electropolishing is usually carried out with a material having an average surface
roughness of about 0.5 pm. Therefore, some parts (welding seams) must often be
mechanically preprocessed.

In the electropolishing process, iron and nickel dissolve relatively quickly. Thus,
the resulting surface is rich in chromium. Chrome determines the appearance and
corrosion resistance by the passivation layer formed. Electropolishing of titanium-
stabilized stainless steel is difficult, because TiC does not dissolve, and the carbon
content of the steel is relatively high. Therefore, similar alloys without stabilization
and with reduced carbon content (AISI 316L, 1.4404, 1.4435) are preferred. After
the electrolysis treatment of work pieces, a rinsing with nitric acid takes place.
This converts the hardly soluble heavy metal salts (sulfates and phosphates) in
slightly soluble nitrates. The metal nitrates can be rinsed off with water, leaving a
completely clean metal surface.
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16.4.3.5 Plasma Polishing

The new electrolytic polishing method for metals provides extremely smooth
surfaces with low average roughness values. These are, with Ra values lower
than 0.01 pm, more than a factor of 10 below electropolishing. In the procedure,
the (untreated) metallic work pieces are placed in a bath and connected to the
anode. The bath consists, in contrast to electropolishing, not of acids but of an
aqueous salt solution (2%). According to information from Plasotec, by applying
a high voltage (>300V), a process-induced ignition and spreading of plasma
occurs. This encloses the work pieces as a thin gas layer. Thermal, chemical,
and electrochemical processes give a shine on the surfaces that is not achievable
with other polishing methods. The temperature of the work pieces remains below
100 °C. A minimal weight loss resulted during the treatment, caused by the leveling
of microroughness and the removal of ridges. Furthermore, organic and inorganic
surface contaminants are removed by oxidation.

The amount of abraded metal can be controlled by the processing time. The
typical metal removal is 3—30 pm at a rate of 3—10 pm min~!, wherein the geometric
shape is maintained. Plasma-polished metals exhibit higher corrosion resistance
than the starting material. Figures 16.7 and 16.8 demonstrate the results of
the plasma polishing on photo shoots in the microscope. The first example
is a laser-drilled stainless steel sheet together with additional images from the
scanning electron microscope (SEM). In the second example, a rasp made of a

Figure 16.7 Laser boreholes spaced 150 um in stainless steel (AISI 316L, 1.4404);
microscopy and SEM images; (a, b) initial state and (c, d) after plasma polishing (Courtesy
of Plasotec).
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Figure 16.8 Effect of plasma polishing, demonstrated on a tool made of a titanium alloy
(Courtesy of Plasotec).

titanium alloy is shown, which obtains a completely smooth surface by plasma
polishing.

16.5
Nonferrous (NF) Metals and Alloys

Nickel (Ni 99.2, alloy 200, 2.4066) shows under reducing conditions (absence of
air) in the entire temperature range an excellent resistance to alkalis. Furthermore,
nickel is resistant to dry halogens and hydrogen halides. In weakly oxidizing media,
it forms an oxide layer for protection against acids. But in highly oxidizing media
such as nitric acid or bleach, nickel may corrode rapidly. Caution is advised when
using other acids and/or in the presence of chloride ions from iron, nickel, and
copper compounds.

For maximum mechanical and chemical requirements of the material, nickel
alloys are used, such as for the construction of some chemical reactors and turbines
(aircraft, power plants). They show highest stability and good resistance to pitting,
crevice corrosion, and stress corrosion cracking, as well as excellent resistance
to acids (e.g., HCl) and caustic solutions, even at high temperatures. Caution is
advised in the presence of heavy metal chlorides, similar to pure nickel. Under
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Table 16.5 Composition of important nickel alloys (in (%)), ordered by increasing Ni and
Mo contents and decreasing Fe and Cr contents; materials for extreme chemical attack.

Alloy No.

Brand name Ni Fe Co Cr Mo W Si Mn C
Material number

825 ‘

Incoloy 38,0- 19,5- 2,5- |

2.4858 46,0 | 270 - 23,5 35 |- 0,5 1,0 0,025
G-3 i ‘

Inconel, Nicrofer, | 39,0- ' | 18,0- 21,0- || 6,0-

Hastelloy, 2.4619 [ 50,0 | 21,0 5,0 23,5 80 |15 1,5 1,0 0,015
X : :

Hastelloy ! !

2.4669 470 1185 1,5 22,0 90 .06 1,0 1,0 0,1
625 ‘ ;

Inconel, Nicrofer | w

2.4856 62,0 |50 1,0 21,5 90 |- 0,5 0,5 0,1
C4 ‘ ‘

Nicrofer, Hastelloy | 14,0- 14,0-

2.4610 650 ' [3,0 2,0 18,0 170 | - 0,08 1,0 0,015
B3/B4 ! 1

Hastelloy, Nicrofer | 1,0- 2,5- 0,3- 26,0- | O- 0,01- 1,5-

2.4600 65,0 |60 3,0 3,0 32,0 [30 0,05 [3,0 0,01
B2 1 1

Hastelloy \ 26,0- \

2.4617 69,0 2,0 1,0 1,0 30,0 - 0,1 1,0 0,02

the brand names Mone1®, Incone1®, Hastelloy®, Nicrofer®, and others, several
comparable nickel alloys of high corrosion resistance are available (Table 16.5). For
each application, a suitable alloy exists.

Incoloy® (alloy 625) is used industrially for the construction of evaporators for
phosphoric acid. The alloy 825 is approved as material for pickling baths, but also in
plants for the production of sulfuric and phosphoric acid, and for the concentrating
of sodium hydroxide solution. Hastelloy B2 and C4 are also suitable for wet chlorine
and any acid, in particular, hydrochloric acid, at elevated temperatures. Monel (400,
401, and 404) is a Ni/Cu alloy with 30-53% Cu and the only resistant metal
against fluorine, hydrogen fluoride, and hot concentrated hydrofluoric acid. The
superalloys based on nickel represent a continuation of the stainless steel variants
in which the Ni- and Mo content is continuously increased at the expense of the
iron and chromium content.

Nickel alloys are more frequently used for extreme conditions. The special
materials titanium (Ti), zirconium (Zr), and tantalum (Ta) are rarely encountered
in chemical apparatuses. Titanium is resistant to dilute sulfuric acid, hydrochloric
acid, chloride-containing solutions, cold nitric acid, and most organic acids and
bases as well as against sodium hydroxide. In concentrated sulfuric acid, however,
it dissolves with the formation of the purple titanium sulfate. A thin, dense
zirconium oxide layer is formed on contact with atmospheric oxygen and passivates
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Figure 16.9 Equipment with product wet- lining, tantalum tubes (Ta+2.5% W); (d) col-
ted parts made of tantalum (Ta). (a) Steel umn shell of stainless steel with Ta lining
vessel with Ta lining (explosion bonded); (d;=1.1m); and (e) heat exchanger made
(b) Ta-tank; (c) vertical bajonet heater, bot-  of steel (stainless steel compensator) with
tom plate made of steel with a tantalum Ta+2.5% W-tubes (Courtesy of Tantec).

the metal. Zirconium is therefore insoluble in acids and alkalis. Only aqua regia
and hydrofluoric acid can attack the metal.

Comparable to zirconium, tantalum (Ta) is protected by a thin superficial oxide
layer of tantalum (V)-oxide. Because of the strong passivation, tantalum is insoluble
in acids, even in aqua regia, and can be used therefore almost universally up to
150°C (Figure 16.9). The chemical and pharmaceutical apparatus engineering used
tantalum often as alloy with 2.5% tungsten for increased stability. The metal is
attacked only by hydrofluoric acid and oleum (a mixture of sulfuric acid and sulfur
trioxide) and molten salts. As base metal, tantalum reacts with oxygen or halogens
at temperatures above 300 °C.

The prices vary greatly. They are dependent on the quality and application shape.
In 2013, the following prices per kilogram were published for the metals: Ti (ingot):
€15-20.50, Zr (99.6%): €25-115, Ta (>99.8%): €290-400, calculated with an
exchange rate of 1.34 $/€. The high price of tantalum is relativized by the long life
of the equipment and the high credit note after scrapping the system. An estimate
from 1997 gives the following price ratios [10], if the stainless steel AISI 316Ti is
set to 100%: Ti=270%, Hastelloy = 470%, Ta =2070%, and graphite = 145%.

Using platings, linings, or superficial coatings, the base material of the plant and
machinery is protected and separated from the corrosive medium. Stainless steels,
special alloys, and superalloys can be applied over rolling plating or explosion plating
(about 3 mm thick plates). For this, various methods have been developed [11].
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16.6
Inorganic Nonmetallic Materials

Inorganic materials such as borosilicate glass or graphite are in use because of their
extreme resistance to most aggressive chemicals. The glass can be combined with
superalloys for heating and vaporizing. Other inorganic compounds are suitable for
the formation of a coating layer on a base material such as steel. These coatings are
performed by spraying on multiple layers, and stand in competition to the plastic
and plastic inliners. The layer thickness reaches 300 pm. Chemical resistances,
pressure, and temperatures as well as the mechanical load capacity determine
the best coating material. Known examples are enamel, aluminum oxide, and
zirconium dioxide. Mixers, reactors, absorber columns, membranes, mills, pumps,
and many other machinery can be coated with corrosion-resistant oxides or carbides
using a spray method. In addition to the known methods (flame and high-velocity
flame spraying with powders, arc and plasma spraying, and cold spraying) and its
variants (vacuum arc and vacuum-plasma and high-frequency plasma spraying),
there are new processes such as laser spraying and molten bath [11]. Except the
sinter and melt procedures, the aluminum oxide can be processed in the form of
tiles, mosaic tiles, and strips [12].

Besides the carbides and oxides, almost all metallic materials and alloys can be
applied with these spray processes. The metal in the form of a wire, rod, or powder
melts in the spray gun. In the electric arc spraying, the metal wire is melted at
4000 °C at the top and applied via an inert carrier gas (Ar or N,) on the workpiece
in a layer thickness of 0.2-20 mm. This is also possible for the super alloys and
special metals.

16.6.1
Borosilicate Glass

Owing to its extreme resistance to aggressive chemicals and superior hygienic
properties, borosilicate glass has been proven in many laboratory and pilot plants
as well as in small productions. The pharmaceutical industry often uses this mate-
rial, which is assigned to the highest (best) hydrolytic class 1 (a measure of the
alkalinity of the glass according to ISO 719). Borosilicate glass is resistant to all
chemicals except hydrofluoric acid and hot phosphoric acid, and is characterized by
high thermal stability and resistance to sudden temperature changes. Possible tem-
peratures are —50 to 200 °C, limited by the bellows and sealing materials. The glass
itself withstands —196 °C (liquid nitrogen) up to 250 °C. Many parts of a production
line may consist of glass in combination with other special materials, for example,
tantalum or Hastelloy, for processing the corrosive chemicals (Figure 16.10). The
glass limits the size of tanks, reactors, and pipelines and the height of the operating
pressure. Only atmospheric, reduced pressure or minimal excess pressure can be
applied, depending on the size of the components.

Also, to observe processes such as the operations in the apparatuses, the
installations are built of transparent material. During the tension-free construction
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Figure 16.10 Plants partly or entirely made of borosilicate glass (a) small pharmaceuti-
cal plant; (b) condenser; (c) extraction and rectification column; (d) gas absorber; and (e)

chemical reactor (Courtesy of QVF®).
of the system, it is necessary, similar to using graphite, to pay attention to the
fragility of small components.

16.6.2
Vitreous Enamel

When carrying out reactions under pressure, enameled reactors (Figure 16.11), tanks,
columns, pipes, and valves are used for aggressive substances in the pressure range
of —1 to 6 bar with temperatures of —25 to 200 °C. On the wetted steel surfaces of

Figure 16.11 Anchor and turbostirrer in enameled chemical reactors (Jurec, Wikipedia,
GNU Free Documentation).
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the stirred vessel, the manufacturer applies two to five layers of a thickness from
1.4 to 2mm, up to a volume of 80 m? (EN 15159-01:2006). The enamel layer is
made of glass-forming oxides such as borax (B,0,), quartz (SiO,), and feldspar
(Si, AL, B, K, Na...), besides clay (Al,0;) and various heavy metal oxides. Enamel
shows extremely good chemical resistance in an acidic environment, as with all
glasses. Because of the chemical properties of silicates, they are not suitable for the
alkaline region.

16.6.3
Graphite

Graphite is used in chemical apparatus engineering for heat exchangers, coolers,
and condensers as well as falling-film evaporators and absorbers, especially for
the production and processing of mineral acids (such as hydrochloric, sulfuric,
hydrofluoric, and phosphoric acid). For heat exchangers, large heat exchange
areas exist (over 2000m?). The standard version operates up to 6bar/180°C
(Figure 16.12), special designs up to 12 bar.

Graphite tubes are also used as support material for micro- and ultrafiltration
membranes with zirconia or alumina as the filter layer.

Figure 16.12 (a) Shell and tube heat exchanger with Diabon®-tubes and (b) a graphite
block heat exchanger (Courtesy of SGL-Carbon).
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16.7
Plastics

To ensure chemical stability, coatings are in use at present [13]. These originate
not only from metals (e.g., superalloys) but also from nonmetals. As discussed,
typical inorganic materials are oxides, graphite, and glasses. Widespread organic
materials represent the different polymers with interesting properties regarding
the processability and chemical stability [14].

In chemical plants, various plastics are used, mainly because the plastic materials
offer high corrosion resistance and cost advantages in comparison to other variants.
Examples (Figure 16.13) are containers, large tanks, big bags, silos, piping, pumps,
valves, bellows, and sealings, in which the liquids come in contact only with plastic.
The chemical resistance of steel machinery and equipment, especially of fiberglass
tanks, is ensured by lining and coating with suitable plastics (Table 16.6) [15].
Alternatively, the manufacturer uses plastic inliners in containers or equipment
made entirely of plastic. Inliners are hanged bags without a fixed connection to the
base material.

The stability and chemical resistance of plastics is limited in temperature. All plas-
tic materials tolerate 50 °C, several plastics 90 °C, and only a few (polytetrafluoro-
ethylene, PTFE and similar compounds; see Table 16.6) even up to 200 °C. The
chemical resistance must be verified in detail in corrosion tables and/or in exper-
iments. High attention is always necessary for polar solvents (acetone), aromatic
and chlorinated hydrocarbons, as well as for strong acids and bases (Table 16.7).

Sealless pumps of high chemical stability up to 180 °C are coated with plastics
(Figure 16.14). Aggressive, hazardous liquids can be transported safely with a
PFA-lined (perfluoroalkoxy) centrifugal pump, equipped with a magnetic drive
(conforms to DIN EN 22858). This sealless centrifugal pump is resistant to

Figure 16.13 Storage silos for bulk mate- glass-fiber-reinforced polyester silo (Courtesy
rials: (a) silos with flexible walls for plas- of A.B.S. Silo and conveyor systems (a—c)
tic pellets; (b) emptying of a big bag; (c) and Hans Gaab (d)).

discharge aid for a flexible silo; and (d)
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Table 16.6

A method for lining and coating of equipments and components with plastics;

polymers partially reinforced with fibers, nonwovens, mica, carbon fibers, and glass slides.

Process Principle Plastic (examples, Layer
abbreviations see thickness (mm)
also Table 16.7)
Lining with Stick on and weld together PE, PP, PVC, PVDF, PU, 3-20
plates, tiles of preformed panels (PU)-elastomer
(Vulkollan®), GFK, PFA,
FEP, E-CTFE
Lining with Stick on and weld together; HDPE, PVC, PIB, rubber, 3-12
sheets or application and hardening resins (epoxy, furan, vinyl
laminates of impregnated glass fiber ester, polyurethane)
mats
Smooth over, Applying a ceramic Various resins (epoxy, vinyl ~ About 2
paint reinforced epoxy resin, or ester, polyester)
other systems
Dipping All-round seamless coating PVC systems with adhesion =~ 1-8
promoter
Thermal spraying ~ Melting in the spraying All thermoplastics, 0.03-3
(primarily unit, heat supply to the sprayable resins (epoxy,
flame workpiece by the flame novolac, vinyl ester,
spraying) bisphenol, and mixtures
thereof), and rubbers
(systems)
Injection Insertion and fixing of the Many thermoplastics About 0.5-5
molding in an moldings
adapted form
Powder coating Sprinkle the powder on the PE, PA, PU, powder 0.015-0.03

Electrostatic
powder coating

Fluidized bed
sintering

Sewer renovation

workpiece by a flat spray
nozzle and then the
powder melts by heat

Negatively charged powder
meets positively charged
component and then the
powder melts by heat

Placing the preheated
component in a fluidized
bed, and the powder
melts at the surface

A long hose with a wound
up resin/hardener soaked
tissue is inflated and
hardens in the old pipe

coatings, epoxy, and
polyester resins

PE, PA, PVC, polyester,
epoxy, and polyacrylate
resins

PE, PA, PES, epoxy resin

Unsaturated polyester
resins (UP resins),
according to DIN 18820

0.04-0.6 (up to 1 mm)

About 0.1-0.3

About 1-3

FEP, fluorinated ethylene propylene; E-CRFE, ethylene chloro trifluoro ethylene; HDPE, high density polyethylene;
PIB, polyisobutylene; PA, polyamide; and PES, polyethersulfone.



16.7 Plastics | 445

Table 16.7  Plastic materials in chemical apparatus engineering for tanks, containers, big
bags and silos (t), inliners and lining material (i), pipes (p), coatings (c), and sealings (s).

Material Abbreviations Application Maximum

(chemical name)

operation

temperature (°C)?

Characteristics of
corrosion resistance

Polyvinyl chloride =~ PVC
(without
plasticizer)

Polyvinyl chloride =~ PVC-C
after chlorinated
Polyethylene PE

Polypropylene (heat PP

stabilized)

Polyvinylidene PVDF
fluoride

Polytetrafluoro- PTFE
ethylene

Perfluoroalkoxy- PFA
polymers (Teflon,
and other)

Glass-fiber GFK-UP
reinforced
polyester resin

Glass-fiber GFK-EP
reinforced epoxy
resin

Nitrile-butadiene NBR
rubber

Fluorinated FKM
hydrocarbon (e.g.,

Viton®)

t,p

t,i,p,c

ip.¢cs

ip¢cs

i,p.cs

t,p

60

90

60 (40-90,

increasing with

crystallinity)
90

130

180-200

180-200

80

100

—30up to 70 in
aqueous, 90 in
gaseous
systems

—25 up to 200

Resistant to most acids, alkaline, and salt
solutions, furthermore to water-miscible
organic compounds

Not resistant to aromatic and chlorinated
hydrocarbons

Same features as for PVC, but for higher
temperatures

Resistant to aqueous solutions of acids,
alkalis, salts, and several organic liquids

Not resistant to oxidizing acids
Analog to PE, but for higher temperatures

Resistant to acids, salt solutions, aliphatic
and aromatic and chlorinated
hydrocarbons, alcohols, and halogens

Limited resistance to ketones, esters,
ethers, organic bases, and alkalis

Resistant to almost all chemicals

Similar to PTFE, but meltable for
processing

Resistant to acids and aqueous salt
solutions, oils, and glycerol

Not resistant to many organic
hydrocarbons
Analog to GFK-UP

Resistant to oil, gasoline, and aliphatic
hydrocarbons

Not resistant to oxidizing substances,
benzene, esters

Resistant to ozone, oils, and many organic
solvents, best chemical stability of all
elastomers

Not resistant to polar solvent (acetone),
glycols, organic acids, and bases

(continued overleaf)
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Table 16.7  (Continued)

Material Abbreviations Application Maximum Characteristics of
(chemical name) operation corrosion resistance
temperature (°C)?
Ethylene propylene EPDM s 90 Resistant to ozone, and to many aggressive
diene monomer chemicals, also diluted acids
Not resistant to oils, fats, and petroleum
products
Polyacrylate rubber ACM i, ¢ s —10 up to 150 Resistant to ozone, hot oil, and oxidizing
environment
Not resistant to moisture, acids, and bases
Silicone rubber VMQ s —55upto 100  Resistant to oil and fats, glycols, ozone
(ASTM)/ (oxygen,
MVQ water), 210 for
(Din, Iso) hot air
Not resistant to aromatic and chlorinated
hydrocarbons, superheated steam, acids,
and bases
Polyurethane PU ics —50up to 130  Lining and coating material; PU forms

resistant casted seals, single use only
Resistant to oils and fats, diluted acids
Not resistant to bases

“Depending on the application.

corrosion. The liquids come in contact only with PFA (polymer similar to Teﬂon®).
The polymer is a further development of PTFE and can be processed as a typical
thermoplastic. In another type of pumps, the housing and the impeller are made
completely of plastics, accordingly to the chemical and thermal requirement, out
of PP (polypropylene) or PVDF.

GRP represents a fiber-plastic composite made of a plastic and fiberglass [16]. As
base, thermosets (e.g., polyester or epoxy resin) and thermoplastics (PA, polyamide)
are used. GRP (also called glass-fiber-reinforced, GFK) shows an excellent corrosion
resistance in aggressive environments, especially in mineral acids (Figure 16.15).
In addition, in special cases, a lining improves the chemical resistance. Therefore,
GRP is not only a suitable material at normal and moderate temperatures (up to
80 °C) for the production equipment and container in the chemical industry but also
an economical solution in comparison to stainless steel. Pure GRP is problematic
for use in the pharmaceutical, biotechnology, and cosmetic industries, because
microorganisms can penetrate into the material, unattainable for the cleaning
solutions. In these and similar applications, polished stainless steel represents the
better material.
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(b)

Figure 16.14 Two different sealless centrifu- CP Pumps). (b) Impeller and housing com-
gal pumps with magnetic drive for aggres- pletely made of plastic (Courtesy of Schmitt
sive liquids: (a) PFA-lined pump (Courtesy of centrifugal pumps).

(a) (b)

Figure 16.15 GFK storage tanks for liquids: (a) demineralized water tank PVDF/GRP and
(b) two acid tanks for 33% hydrochloric, each 1000 m? in size (Courtesy of Christen &
Laudon).

16.8
Learnings

v/ Under the operating conditions, the materials must be chemically resistant.
Mainly, the manufacturers prefer highly alloyed CrNi-stainless steels as stan-
dard material (AISI 304 and 316 grades).

For avoiding pitting and stress corrosion, molybdenum is alloyed, especially
in stainless steels with high resistance (AISI 904L = 1.4539).

Food, pharma, and biotech industries use stainless steel machinery in mirror
finish. This can be reached by mechanical polishing or electropolishing.

After the processing of stainless steel, the welds must be pickled, to achieve
the corrosion protection of the chrome.

< < <
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\/
\/

For aggressive chemicals, such as mineral acids at higher temperatures,
Ni-superalloys have proven themselves.
Stainless steel, superalloys, special metals, oxides, carbides, and vitreous
enamel can be applied on a base material as lining by thermal spraying in

multiple layers.

The chemical industry uses different plastics as linings and coatings for
equipment in steel (pumps, tubes, containers, and tanks) and in GRP (tanks

and silos).
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17
Principles of Product Design

Summary

Product Design provides an earlier market entry and improved the sale. At the
beginning of the development, a specification list is worked out for defining the
targets. The main features are the involvement of the customer and the marketing.
The development is performed from highly motivated team members with the
support of the top management.

17.1
Characteristic Features

The characteristic features (1-8) of a good product design, performed in develop-
ment projects, can be briefly described as follows:

1) Involvement of the customer
a. Industrial customers participate and interact directly in the development
projects.
b. Consumers take part indirectly, by attending as focus groups or by testing
of products in the household (HUT, home-use test).
2) Assessment of proposals for a novel product (elaborated on by the customer,
by own employees, or inspired by the competitor)
a. Feasible product ideas are evaluated according to a scoring table.
b. With positive outcome, the development starts.
3) Involvement of marketing
a. Important, large projects are managed by a team consisting of a chemist
and a chemical engineer as well as an employee in marketing.
b. For small projects, the project manager (chemist/chemical engineer) keeps
close contact with the marketing team.
4)  Support of the top management
a. The top management provides the necessary resources (personnel, money,
rooms, and equipment).

Industrial Product Design of Solids and Liquids: A Practical Guide, First Edition. Wilfried Rahse.
(© 2014 Wiley-VCH Verlag GmbH & Co. KGaA. Published 2014 by Wiley-VCH Verlag GmbH & Co. KGaA.
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b. One member of the top management steers the project and checks the
progress and the timetable from time to time.
5) Engaged project team
a. Motivated by the top management and the team leaders (core team).
b. Members take responsibility for subprojects.
6) Elaboration of a specification list
a. First, the specifications of the new product are defined. The successful
completion of a development project depends on the strict compliance of
this list. Changes lead to project delays or termination.
b. The specification list includes several parameters concerning the product
performance in the application, and for the handling and esthetics.
7) Expiration of the development
a. The core team assigns the work to different groups and experts, which is
performed inside and outside of the company, for example, in cooperation
with a customer, a raw material supplier, and machinery manufacturers.
b. The core team meets every week (or every 10 days) for closely controlling
the progress.
c. All works run parallel, from laboratory up to scale-up preparation and pilot
trials as well as the development of packaging and market research.
d. The customers can examine and evaluate the products out of the pilot plant.
e. After intensive tests in the laboratory that is responsible for these applica-
tions, the product is ready for production.
8) Speedy implementation
a. The basic design of the responsible chemical engineer serves as the basis
for adapting an existing facility or for building up a new production facility.
b. A rapid market entry leads to immediate revenue, so that possible improve-
ments in the production can be paid without any problems (speed before
accuracy).

17.2
Targeted Production of Particles and Fluids from Different Raw Materials

The kind of raw materials that must be processed for reaching the product particles
in the corresponding unit operations is shown in Figure 17.1. Each process
also includes a grinding-sieve procedure (not shown) to adjust the particle size
distribution. If necessary, an additional improvement of the shape ensues in the
spheronizer. Individual processes are described in detail from Chapters 5-8. The
product design of liquids ensues on the one hand via solid or fluid renewable
resources, as shown in Figure 17.2 with several examples. Biomass, milk, plant
parts, fruits, and vegetables as well as seeds, and others serve as starting materials
(Chapter 12). A similar view in Figure 17.3 starts predominantly with synthetic
substances and allows the representation of the broad spectrum of liquid supply
forms. Figure 17.4 shows the variants when using a liquid as starting material, and
Figure 17.5 when using a melt.
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Figure 17.1 Processes in product design for the manufacturing of tailor-made particles.
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Figure 17.2 Different types of liquids from renewable resources with examples (see also
Figures 12.2, 12.3, and 12.9).
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Raw material Unit operation Soild shape
Prilling —)( Powder )
Dropletization, (Spheres J
Melt pastillation pastilles
(inorganic/ Arbitrary Spraying
organic shape dipping ’ —)( Coating )
substances, possible
metals,
plastics) Extrusion, Fibers,
blow foils foils
Injection and Hollow
blow molding ( bodies J

Figure 17.5 Arbitrary solid shapes by solidification of melts (see also Table 9.6).

17.3
Learnings

Finally, dealing with the product design gives many excitations and leads to
innovations:

\/ Make the development of new products and processes to your passion. Do
dare to take on difficult tasks. Much can be learned and implemented quickly,
also in cooperation with colleagues and employees.

\/ Consider the processes without the usual boundaries, regardless of whether it
is mechanical or thermal process engineering, organic or inorganic chemistry
or plastics, biotechnology, or pharmaceutical.

/ Learn from other disciplines and people and from literature. This leads to

broadening of views and knowledge.

Stay in contact with all team members, especially with the marketing people.

Focus the development on the needs of your customers.

<=






List of Companies

These are the companies providing the images used in this book.

A.B.S. Silo- und Férderanlagen
GmbH

Industriepark 100

D-74706 Osterburken

Phone: +49 6291 6422-0
E-mail: info@ABS-Silos.de
Internet: www.abs-Silos.de

ATS License GmbH
Orchideenstr. 13

D-76437 Rastatt

Phone: +49 7222 988 074
E-mail: info@ats-license.com
Internet: www.ats-license.com

BAYER AG
Kaiser-Wilhelm-Allee 1
D-51368 Leverkusen, Germany
Phone: +49 214 30-1

Internet: www.bayer.com

BHS-Sonthofen GmbH

An der Eisenschmelze 47
D-87527 Sonthofen
Deutschland

Phone: +49 8321 6099-0

E-mail: info@bhs-sonthofen.de
Internet: www.bhs-sonthofen.de

BIOZYM, Kundl, Austria
(production closed 2011)

CHRISTEN & LAUDON GmbH
D-54634 Bitburg-Staffelstein
Phone: +49 6563 51-0

E-mail: info@christen-laudon.de
Internet: www.christen-laudon.de

COGNIS (now part of the BASF
Group) BASF Personal Care and
Nutrition GmbH
Rheinpromenade 1

D-40789 Monheim

Phone: +49 2173 4995-0
Internet: www.cognis.com

CP Pumpen AG

Im Briihl

CH-4800 Zofingen/Switzerland
Phone: +41 62 746 85 85
E-Mail: info@cp-pumps.com
Internet: www.cp-pumps.com

Parfiimerie DOUGLAS GmbH
Kabeler Strafle 4

D-58099 Hagen

Phone: +49 800 - 690 690 5
E-Mail: service@douglas.de
Internet: www.douglas.de
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Maschinenfabrik Gustav EIRICH
GmbH & Co KG

Walldiirner Str. 50

D-74736 Hardheim

Tel.: +49 6283 510

E-mail: eirich@eirich.de
Internet: www.eirich.de

EKATO HOLDING GmbH
P. 0. Box 1070

D-79010 Freiburg

Phone: +49 7622 29-0
E-mail: info@ekato.com
Internet. www.ekato.com

The FITZPATRICK Co. Europe:
Entrepotstraat 8

B-9100 Sint-Niklaas, Belgium
Phone: +32 3780 6200
E-mail: info@fitzpatrick.be
Internet: www.Fitzpatrick.be
Corporate Headquarters:

832 Industrial Drive
Elmhurst, IL 60126 USA
Phone: +1 630 530-3333
E-mail: info@fitzmill.com

FLEXXOLUTIONS BV

Faraday Weg 4

NL-7591 HD Denekamp

Phone: +31 541 760400

E-mail: info@flexxolutions.nl
Internet: www.flexxolutions.com

FrymaKoruma GmbH

Fischerstrasse 10

D-79395 Neuenburg

Phone: +49 7631 7067-0

E-Mail: frymakoruma
@romaco.com

Internet: www.frymakoruma.com

Hans GAAB
Ammonschénbronn 8
D-91632 Wieseth

Phone: +49 9855-567

E-mail: gaab-hans@t-online.de
Internet: www.hans-gaab.de

GEA NIRO

Mauchener Str. 5

D-79379 Miillheim

Phone: +49 7631 70539-0
E-Mail: gea-niro.info@gea.com
Internet: www.niro.com

GEA Niro Soavi

Via A. M. Da Erba Edoari 29

[-43123 Parma/Italien

Phone: +39 0521 -965411

E-mail: info.GeaNiroSoavi
@geagroup.com

Internet: www.niro-soavi.com

GEA TUCHENHAGEN GmbH

Am Industriepark 2-10

D-21514 StadtBiichen

Phone: +49 4155-49-0

E-Mail: geatuchenhagen
@gea.com

Internet: www.tuchenhagen.com

GLATT Ingenieurtechnik GmbH
Nordstrasse 12

D-99427 Weimar

Phone: +49 3643 47-0

E-mail: info@glatt-weimar.de
Internet: www.glatt.com

HENKEL AG & Co. KGaA
Henkelstrafle 67

D-40589 Diisseldorf
Phone: +49-211-797-0
Internet: www.henkel.com
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HOSOKAWA ALPINE AG
Peter-Dorfler-Str. 13-25
81699 Augsburg
Phone. +49 821 5906-0
E-mail: marketing
@alpine.hosokawa.com
Internet:
www.hosokawa-alpine.com

JACKERING Miihlen- und
Néhrmittelwerke GmbH
Vorsterhauser Weg 46
59067 Hamm

Phone: +49 2381 4220
E-mail: info@jaeckering.de
Internet: www.jaeckering.de

Amandus KAHL GmbH & Co. KG
DieselstrafRe 5 - 9

D-21465 Reinbek

Phone: +49 40 72 771 -0

E-mail:
info@amandus-kahl-group.de
Internet:
www.amandus-kahl-group.de

KORZILIUS (production closed
2013)

KURARAY Europe GmbH
Philipp-Reis-Strafle 4

D-65795 Hattersheim am Main
Phone: +49 69 305 85 300
E-Mail: info@kuraray.eu
Internet: www.kuraray.eu

List of Companies

LIHOTZKY (acquired by
HB-Feinmechanik)
HB-Feinmechanik GmbH & Co.
KG

Finsinger Str. 1

D-94526 Metten

Phone: +49 991-91 07-0

E-mail: sales@hb-fein.de
Internet: www.hb-fein.de

Gebriider LODIGE Maschinenbau
GmbH

Elsener Stralke 7 -9

D-33102 Paderborn

Phone: +49 5251 309-0

E-Mail: info@loedige.de
Internet: www.loedige.de

MENKE Industrieverpackungen
GmbH & Co. KG

Beckedorfer Bogen 7

D-21218 Seevetal

Phone: +49 410558 522-0
E-mail: info@menke-
industrieverpackungen.de
Internet: www.menke-
industrieverpackungen.de

NARA Machinery Co., Ltd.
Zweigniederlassung Europa
Europaallee 46

D-50226 Frechen

Phone: +49 2234-2776-0
E-mail: contact@nara-e.de
Internet: www.nara-e.de
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List of Companies

Erich NETZSCH GmbH & Co.
Holding KG
Gebriider-Netzsch-Strale 19
D-95100 Selb

Phone: +49 9287 75-0

E-mail: info@netzsch.com
Internet: www.netzsch.com

PALLMANN Maschinenfabrik
GmbH & Co. KG
Wolfslochstrasse 51

D-66482 Zweibriicken

Tel.: + 49 6332 802 0

E-Mail: process@pallmann.eu
Internet: www.pallmann.eu

PFEIFER & LANGEN GmbH &
Co. KG

Aachener Strafle 1042 a
D-50858 Koln

Phone: +49 221 4980 - 0

E-mail: info@pfeifer-langen.de
Internet: www.pfeifer-langen.com

PLASOTEC

Griinauer Fenn 42,

D-14712 Rathenow

Phone: +49 33855198 97 -0
E-mail: info@plasotec.de
Internet: www.plasotec.de

A. POHLI GmbH & Co. KG
Holker Feld 10 - 12
D-42279 Wuppertal
Phone: +49 202 648 24 - 0
E-Mail: info@pohli.de
Internet: www.pohli.de

POLIGRAT GmbH
Valentin-Linhof-Strasse 19
D-81829 Miinchen

Phone: +49 89 42778-0
E-mail: info@poligrat.de
Internet: www.poligrat.de

QVF® DE DIETRICH Process

Systems GmbH
Hattenbergstr.36
D-55122 Mainz

Phone: +49 6131 9704 -0
E-mail: info@qvf.de
Internet: www.qvf.de

Alfred RITTER GmbH & Co. KG
Alfred-Ritter-Str. 25

D-71111 Waldenbuch
Phone: +49-7157-97 0
E-Mail: info@ritter-sport.de
Internet: www.ritter-sport.de

SAMSUNG

Samsung Electronics GmbH
Am Kronberger Hang 6
D-65824 Schwalbach / Ts
Internet: www.samsung.com

SANDVIK Holding GmbH
Heerdter Landstrasse 243
D-40549 Diisseldorf
Phone: +49 211 5027-0
Internet: www.sandvik.de
Headquarters: Sandvik AB
Kungsbron 1

SE-101 30 Stockholm
Phone: +46 8 456 11 00

SCHMITT-Kreiselpumpen GmbH

& Co. KG

D-76262 Ettlingen
PO-box: Postfach 842
Tel: +49 7243-5453-0

E-mail: info@schmitt-pumpen.de

Internet:
www.schmitt-pumpen.de
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SGL CARBON SE
Séhnleinstrasse 8

D-65201 Wiesbaden

Phone: +49 611 6029-0
E-mail: cpc@sglgroup.com
Internet: www.sglgroup.com

SIEDENTOP GmbH

Neckarstr. 9

D-38120 Braunschweig

Phone: +49 531 889393-0

E-mail: siedentop@top-beizen.de
Internet: www.top-beizen.de

TANTEC GmbH

Rodenbacher Chaussee 6
Gebiude: 801 / TGZ

D-63457 Hanau

Phone: +49 6181 90669-0
E-Mail: info@tantec-group.com
Internet: www.tantec-group.com

List of Companies

Apollo VREDESTEIN GmbH
Rheinstrafle 103

D-56173 Vallendar

Phone: +49 261 807 6600
E-mail: customer.de
@apollovredestein.com
Internet: www.vredestein.com
Headquarters: P.O. Box 27
NL-7500 AA Enschede
Netherlands
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