Edited by @ WILEY-VCH
Thierry Meyer, Jos Keurentjes

Handbook of Polymer
Reaction Engineering

Volume 2




Handbook of Polymer Reaction Engineering

Edited by
Thierry Meyer, Jos Keurentjes

Volume 2

WILEY-
VCH

WILEY-VCH Verlag GmbH & Co. KGaA



Editors

Dr. Thierry Meyer

Swiss Federal Institute of Technology
Institute of Process Science

EPFL. ISP-GPM

1015 Lausanne

Switzerland

Prof. Jos T. F. Keurentjes

Process Development Group
Eindhoven University of Technology
P.O. Box 513

5600 MB Eindhoven

The Netherlands

q 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 Cataloging-in-Publication
Data: A catalogue record for this book is
available from the British Library

Bibliographic information published by
Die Deutsche Bibliothek

Die Deutsche Bibliothek lists this publica-
tion in the Deutsche Nationalbibliografie;
detailed bibliographic data is available in
the Internet at ¢http://dnb.ddb.de).

© 2005 WILEY-VCH Verlag GmbH & Co.
KGaA, Weinheim

All rights reserved (including those of
translation into other languages). No part of
this book may be reproduced in any form —
nor transmitted or translated into 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.

Printed in the Federal Republic of Germany
Printed on acid-free paper

Composition  Asco Typesetters, Hong Kong
Printing  betz-druck gmbh, Darmstadt
Bookbinding Litges & Dopf Buchbinderei
GmbH, Heppenheim

ISBN-13 978-3-527-31014-2
ISBN-10 3-527-31014-2



Handbook of Polymer
Reaction Engineering
Volume 2

Edited by
Th. Meyer, J. Keurentjes



Further Titles of Interest

E. S. Wilks (Ed.)

Industrial Polymers Handbook

Products, Processes, Applications

2000
ISBN 3-527-30260-3

H.-G. Elias (Ed.)

Macromolecules
Vols. 1-4

2005
ISBN 3-527-31172-6, 3-527-31173-4, 3-527-31174-2,
3-527-31175-0

M. F. Kemmere, Th. Meyer (Eds.)

Supercritical Carbon Dioxide

in Polymer Reaction Engineering

2005
ISBN 3-527-31092-4

M. Xanthos (Ed.)
Functional Fillers for Plastics

2005
ISBN 3-527-31054-1

R. C. Advincula, W. ). Brittain, K. C. Caster, J. Rihe (Eds.)
Polymer Brushes

2004
ISBN 3-527-31033-9

H.-G. Elias (Ed.)
An Introduction to Plastics

Second, Completely Revised Edition
2003
ISBN 3-527-29602-6



Foreword

A principal difference between science and engineering is intent. Science is used
to bring understanding and order to a specific object of study — to build a body of
knowledge with truth and observable laws. Engineering is more applied and prac-
tical, focused on using and exploiting scientific understanding and scientific prin-
ciples to make products to benefit mankind. A polymer reaction engineer seeks the
applied and practical as the title implies, but the path to success is most often
through polymer science. This truth is steeped in history — there are many exam-
ples of polymeric products commercialized without adequate understanding of the
chemistry and physics of the underlying polymerization. Polymer reaction engi-
neers, faced with detriments in process safety, product quality or product cost, be-
come the driving force behind many polymer science developments. As such, poly-
mer reaction engineering is more a collaboration of polymer science and reaction
engineering. A collaboration where polymer reaction engineers develop a firm un-
derstanding of the many aspects of polymer chemistry and physics to successfully
apply chemical engineering principles to new product developments. Only through
the integration of science and engineering are such products realized.

This handbook is a testimony to this melding of polymer science and chemical
engineering that defines polymer reaction engineering. Thierry Meyer and Jos
Keurentjes have compiled a strong list of contributors with an even balance from
academia and industry. The text offers a comprehensive view of polymer reaction
engineering. The text starts with an overview describing the important integration
of science and engineering in polymer reaction engineering and ends with recent
and potential breakthrough developments in polymer processing. The middle
chapters are divided into three sections. The first section is devoted to the science
and chemistry of the major types of polymerization. Included are step and chain
growth polymerizations with chapters devoted specifically to several different chain
growth methods. The central section of the middle chapters is dedicated to poly-
mer reaction engineering tools and methods. The very important topics of safety
and process control are detailed and help frame the conditions through which suc-
cessful scale-ups are achieved. The last section of the middle chapters is focused on
the physics and physical nature of formed polymers including their physical and
mechanical structure. In these chapters, many of the processes that modify poly-
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mers through man-made and natural change are discussed. The details of polymer
end use are also presented.

This tome represents the first published handbook on polymer reaction engi-
neering and should be well received in academia and industry. Polymer reaction
engineering became recognized as a separate engineering discipline in the 1970’s.
It is well past due that such a handbook be published. The broad scope and depth
of coverage should make it an important reference for years to come.

Michael C. Grady, ScD
Senior Engineering Associate
DuPont

Philadelphia, Pennsylvania



Preface

Freshly started as chairman and secretary of the Working Party on Polymer Reac-
tion Engineering it never crossed our mind to edit a book on this subject. This
changed when Wiley-VCH asked if the working party would be able to provide a
translation of the Handbuch der Technischen Polymerchemie, written in 1993 by
Adolf Echte. We decided to do so, but not exactly. Very rapidly we were convinced
that we needed a completely new book, covering the field of polymer reaction engi-
neering in a modern, broad and multidisciplinary approach. Many of the working
party members directly agreed to participate, others needed somewhat stronger
persuasion techniques, and for some chapters we hired authors from other in-
stitutions. In June 2003 we had completed the list of contributors, coming from
Europe, Canada and the USA. Now, roughly one year later, the new handbook is
there.

The quality an edited book like this very much depends on the quality of the in-
dividual contributions. It has been a great pleasure for us to see that all authors
have taken their writing jobs very seriously. With these contributions, we are sure
that this book represents the state of the art in polymer reaction engineering. It
is intended to attract equally readers that are new in the field as well as readers
that may be considered expert in some of the topics but want to broaden their
knowledge. We are convinced that the multidisciplinary and synergetic approach
presented in this book may act as an eye-opener for research and development ac-
tivities going on in strongly related areas. We hope the reader will take advantage
of this approach, where the references given in the various chapters may be a start-
ing point for further reading.

Reading books, you often read the preface as well. We have seen numerous ex-
amples from which the frustration is quite obvious. Of course things may not al-
ways work out the way you plan, that has also been the case for this book. Maybe
we were just lucky, but we have greatly enjoyed doing this. Editing this book has
also been a starting point for the editors to become friends, including Swiss cheese
fondue and Dutch “Friese nagelkaastaart” in a friendly home setting. From that
perspective also Francine and Maartje have had their part both of the workload
but also of the fun of all this.

Finally, we would like to thank Karin Sora and Renate Doetzer from Wiley-VCH

XXIX
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for their help with the editing process. They really know to find the balance be-

tween waiting and pushing in order not to diverge too far from the schedule.

Lausanne & Eindhoven, fall 2004
Thierry Meyer & Jos Keurentjes



List of Contributors

P. Aarnoutse

Polymer-Analysis Group

Department of Chemical Engineering
(ITS)

Faculty of Science, University of
Amsterdam

Nieuwe Achtergracht 166

1018 WV Amsterdam

The Netherlands

Dr. U. S. Agarwal

Polymer Technology Group
Department of Chemical Engineering
and Chemistry

Eindhoven University of Technology
P.O. Box 513

5600 MB Eindhoven

The Netherlands

Prof. J. M. Asua

The University of the Basque Country
Institute for Polymer Materials
(POLYMAT)

Paseo Manuel Lardizabal 3

20018 Donostia-San Sebastian

Spain

Dr. R. Bachmann
Bayer AG
ZT-TE-SVT
51368 Leverkusen
Germany

Prof. M. J. Barandiaran

The University of the Basque Country
Institute for Polymer Materials
(POLYMAT)

Manuel Lardizabal, 3

20018 Donostia-San Sebastian

Spain

Dr. C. W. M. Bastiaansen
Eindhoven University of Technology
Den Dolech 2

5600 MB Eindhoven

The Netherlands

Prof. D. J. Broer

Philips Research Laboratories
Prof. Holstlaan 4

5656 AA Eindhoven

The Netherlands

and

Eindhoven University of Technology
Den Dolech 2

5600 MB Eindhoven

The Netherlands

and

Dutch Polymer Institute (DPI)
P.O. Box 902

5600 AX Eindhoven

The Netherlands

XXXI



XXX11

List of Contributors

Polymer Technology

Department of Chemical Engineering

and Chemistry

Eindhoven University of Technology

P.O. Box 513
5600 MB Eindhoven
The Netherlands

Prof. B. W. Brooks
Loughborough University
Department of Chemical
Engineering
Loughborough
Leicestershire, LE11 3TU
United Kingdom

Dr. A. Butté

Swiss Federal Institute of
Technology

Zurich, ETHZ

Institut fiir Chemie- und
Bioingenieurwissenschafften
Gruppe Morbidelli

ETH Hoenggerberg/HCI F135
8093 Zurich

Switzerland

Dr. J. P. Congalidis

E.I. du Pont de Nemours and
Company

DuPont Central Research and
Development

Experimental Station
Wilmington, DE 19880

USA

Dr. M. R. P. F. N. Costa
Faculty of Engineering
University of Porto

Rua Roberto Frias, s/n
4200-465 Porto
Portugal

Prof. J. C. de la Cal

The University of the Basque Country

Institute for Polymer Materials
(POLYMAT)

Paseo Manuel Lardizabal, 3
20018 Donostia-San Sebastian
Spain

Dr. A. J. de Koning
DSM Research
Oude Postbaan 1
6167 RG Geleen
The Netherlands

Dr. T. W. de Loos
Delft University of Technology
Faculty of Applied Sciences

Department Chemical Technology

Julianalaan 136
2628 BL Delft
The Netherlands

C. de Witz

Philips Research Laboratories
Prof. Holstlaan 4

5656 AA Eindhoven

The Netherlands

Dr. L. J. Evers

DSM Melamine
Oude Postbaan 1
6167 RG Geleen
The Netherlands

Dr. A. Hofland

DSM Coating Resins
Ceintuurbaan 5
8022 AW Zwolle
The Netherlands

Dr. K.-D. Hungenberg
BASF AG

Polymer Technology. B1
67056 Ludwigshafen
Germany



Prof. R. A. Hutchinson

Department of Chemical Engineering
Queen’s University

Dupuis Hall, 19 Division St.
Kingston, Ontario K7M 2G9

Canada

Dr. P. D. Iedema

Department of Chemical Engineering
University of Amsterdam

Nieuwe Achtergracht 166

1018 WV Amsterdam

The Netherlands

Dr. J. F. G. A. Jansen
DSM Research
Oude Postbaan 1
6167 RG Geleen

The Netherlands

Dr. J. A. Juijn
Research Institute
Department QRI
P.O. Box 9600
6800 TC Arnheim
The Netherlands

Dr. M. F. Kemmere

Process Development Group
Department of Chemical Engineering
and Chemistry

Eindhoven University of Technology
P.O. Box 513

5600 MB Eindhoven

The Netherlands

Prof. J. T. F. Keurentjes

Process Development Group
Eindhoven University of Technology
P.O. Box 513

5600 MB Eindhoven

The Netherlands

List of Contributors

N. H. Kolhapure

DuPont Engineering Research and
Technology

1007 N. Market St.

Wilmington, DE 19898-0001

USA

Prof. J. R. Leiza

The University of the Basque Country
Institute for Polymer Materials
(POLYMAT)

Paseo Manuel Lardizabal 3

20018 Donostia-San Sebastian

Spain

J. Mattheij

DSM Melamine
Oude Postbaan 1
6167 RG Geleen
The Netherlands

Dr. T. Meyer

Swiss Federal Institute of Technology
Institute of Process Science

EPFL, ISP-GPM

1015 Lausanne

Switzerland

L. J. Molhoek

DSM Coating Resins
Ceintuurbaan 5
8022 AW Zwolle
The Netherlands

Prof. M. Morbidelli

Swiss Federal Institute of Technology
Zurich, ETHZ

Institut fiir Chemie- und
Bioingenieurwissenschaften

Gruppe Morbidelli

ETH Hoenggerberg/HCI F135

8093 Zurich

Switzerland

XXX



XXXIV

List of Contributors

Prof. E. B. Nauman

The Isermann Department of Chemical
and Biological Engineering

Rensselaer Polytechnic Institute

Troy, NY 12180

USA

Dr. Q. T. Nguyen

Laboratory of Polymers (LP)
Ecole Polytechnique Fédérale
de Lausanne

1015 Lausanne

Switzerland

J. C. Plummer

Laboratory of Composite and Polymer
Technology (LTC)

Ecole Polytechnique Fédérale

de Lausanne

1015 Lausanne

Switzerland

Dr. J. R. Richards

E. I. du pont de Nemours and Company
DuPont Engineering and Research
Technology

Experimental Station

Wilmington, DE 19880

USA

Dr. C. Sanchez

Eindhoven University of Technology
Den Dolech 2

5600 MB Eindhoven

The Netherlands

and

Dutch Polymer Institute (DPI)
P.O. Box 902

5600 AX Eindhoven

The Netherlands

Prof. P. J. Schoenmakers
Polymer-Analysis Group

Department of Chemical Engineering
(ITS)

Faculty of Science, University of
Amsterdam

Nieuwe Achtergracht 166

1018 WV Amsterdam

The Netherlands

Prof. L. C. Simon

Department of Chemical Engineering
University of Waterloo

200 University Avenue West
Waterloo, Ontario N2L 3G1

Canada

Prof. J. B. P. Soares

Department of Chemical Engineering
University of Waterloo

200 University Avenue West
Waterloo, Ontario N2L 3G1

Canada

Prof. F. Stoessel

Swiss Institute for the Promotion of
Safety and Security

Chemical Process Safety Consulting
Klybeckstrasse 141

WKL-32.322

4002 Basel

Switzerland

Prof. G. Storti

Swiss Federal Institute of Technology
Zurich, ETHZ

Institut fiir Chemie- und
Bioingenieurwissenschaften

Gruppe Morbidelli

ETH Hoenggerberg/HCI F125

8093 Zurich

Switzerland



Prof. R. A. T .M. van Benthem
Coating Technology

Department of Chemical Engineering
and Chemistry

Eindhoven University of Technology
P.O. Box 513

5600 MB Eindhoven

The Netherlands

List of Contributors

Dr. M. van Duin
DSM Research

Oude Postbaan 1
6167 RG Geleen
The Netherlands

XXXV



Contents

Volume 1

1.1
1.2
1.3
1.4
1.5
1.5.1
1.5.2
1.6
1.7

2.1

2:2

2.2.1
2.2.2
2.2.3
224
2.2.5
2.2.6
2.3

2.3.1

Foreword V
Preface  XXIX
List of Contributors ~ XXX]

Polymer Reaction Engineering, an Integrated Approach 1
Th. Meyer and J. T. F. Keurentjes

Polymer Materials 1

A Short History of Polymer Reaction Engineering 4
The Position of Polymer Reaction Engineering 5
Toward Integrated Polymer Reaction Engineering 7
The Disciplines in Polymer Reaction Engineering 9
Polymerization Mechanisms 11

Fundamental and Engineering Sciences 12

The Future: Product-inspired Polymer Reaction Engineering 14
Concluding Remarks 15

References 15

Polymer Thermodynamics 17

Theodoor W. de Loos

Introduction 17

Thermodynamics and Phase Behavior of Polymer Solutions 18
Thermodynamic Principles of Phase Equilibria 18

Fugacity and Activity 18

Equilibrium Conditions 20

Low-pressure Vapor-Liquid Equilibria 21

Flory—Huggins Theory and Liquid-Liquid Equilibria 21
High-pressure Liquid—Liquid and Vapor-Liquid Equilibria 25
Activity Coefficient Models 29

Flory—Huggins Theory 30

vil



viil

Contents

232
233
234
2.4
2.4.1
2.4.2
2421
2422
2423
2424
2425
2.5

31

3.1..1
3.1.2
3.13

3.14
3.1.5
3.1.6
3.1.7
3.1.8
3.2
3.2.1
322
3.2.3
3.3
331
33.1.1
3.3.1.2
3.3.13
3.3.14
3.3.1.5
3.3.1.6
3.3.1.7
3.3.2
3.3.2.1
3322
3.3.23
3.33

Hansen Solubility Parameters 32
Correlation of Solvent Activities 34
Group Contribution Models 35

Equation of State Models 39

The Sanchez—Lacombe Lattice Fluid Theory 40
Statistical Associating-fluid Theory 44
SAFT and PC-SAFT Hard Chain Term 44
SAFT Dispersion Term 45

The PC-SAFT Dispersion Term 46

SAFT and PC-SAFT Applications 47
Extension to Copolymers 48

Conclusions 50

Notation 52

References 54

Polycondensation 57

Mdrio Rui P. F. N. Costa and Rolf Bachmann

Basic Concepts 57

A Brief History 57

Molecular Weight Growth and Carothers’ Equation 59

The Principle of Equal Reactivity and the Prediction of the Evolution of
Functional Group Concentrations 62

Effect of Reaction Media on Equilibrium and Rate Parameters 62
Polycondensation Reactions with Substitution Effects 64
Exchange Reactions 66

Ring-forming Reactions 67

Modeling of Polymerization Schemes 68

Mass Transfer Issues in Polycondensations 69

Removal of Volatile By-products 69

Solid-state Polycondensation 80

Interfacial Polycondensation 82

Polycondensation Processes in Detail 85

Polyesters 85

Structure and Production Processes 85

Acid-catalyzed Esterification and Alcoholysis 86

Catalysis by Metallic Compounds 87

Side Reactions in Aromatic Polyester Production 89

Side Reactions in the Formation of Unsaturated Polyesters 90
Modeling of Processes of Aromatic Polyester Production 91
Modeling of Processes for Unsaturated Polyester Production 92
Polycarbonates 93

General Introduction 93

Interfacial Polycondensation 94

Melt Transesterification 96

Polyamides 98



3.3.31
3.3.3.2
3.3.33
3334
334

3.3.4.1
3.34.2
3343
3.3.5
3.3.6
3.4
3.4.1
3.4.2

343
344
3.4.5

4.1
4.2

4.3
431
43.1.1
4.3.1.2
43.1.3
4.3.2
4.3.2.1
4.3.2.2
4.3.23
433
4.4
4.4.1
4411
4.4.1.2
4413
442
4.4.2.1
4.4.2.2
443
4.43.1

Contents

Introduction 98

Kinetic Modeling 98

Nonoxidative Thermal Degradation Reactions 100

Process Modeling 101

Polymerizations with Formaldehyde: Amino Resins (Urea and
Melamine) and Phenolics 102

Formaldehyde Solutions in Water 102

Amino Resins 102

Phenolic Resins 107

Epoxy Resins 108

Polyurethanes and Polyureas 109

Modeling of Complex Polycondensation Reactions 113
Overview 113

Description of Reactions in Polycondensations of Several Monomers
with Substitution Effects 113

Equilibrium Polycondensations with Several Monomers 117
Kinetic Modeling of Irreversible Polycondensations 129
Kinetic Modeling of Linear Reversible Polycondensations 133
Notation 136

References 144

Free-radical Polymerization: Homogeneous 153
Robin A. Hutchinson

FRP Properties and Applications 153

Chain Initiation 154

Polymerization Mechanisms and Kinetics 156
Homopolymerization 157

Basic Mechanisms 157

Kinetic Coefficients 161

Additional Mechanisms 169
Copolymerization 179

Basic Mechanisms 179

Kinetic Coefficients 183

Additional Mechanisms 187
Diffusion-controlled Reactions 190

Polymer Reaction Engineering 193

Types of Industrial Reactors 195

Batch Processes 195

Semi-batch Processes 196

Continuous Processes 196

Mathematical Modeling of FRP Kinetics 197
Method of Moments 198

Modeling of Distributions 201

Reactor Modeling 203

Batch Polymerization 204

IX



