Edited by ) WILEY-VCH
Maartje F. Kemmere, Thierry Meyer

Supercritical
Carbon: Dioxide

in Polymer Reaction Engineering




Supercritical Carbon Dioxide
in Polymer Reaction Engineering

Edited by
Maartje F. Kemmere and Thierry Meyer

WILEY-
VCH

WILEY-VCH Verlag GmbH & Co. KGaA



Editors:

Dr. ir. Maartje F. Kemmere

Process Development Group
Department of Chemical Engineering
and Chemistry

Eindhoven University of Technology
PO Box 513

5600 MB Eindhoven

The Netherlands

MER Dr. Thierry Meyer

Swiss Federal Institute of Technology
Institute of Chemical Science & Engineering
EPFL, ISIC-GPM

Station 6

1015 Lausanne

Switzerland

This book was carefully produced. Nevertheless,
editors, authors and publisher do not warrant the
information contained therein to be free of errors.
Readers are advised to keep in mind that state-
ments, 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.

Die Deutsche Bibliothek — CIP Cataloguing-in-
Publication Data: A catalogue record for this
publication is available from Die Deutsche
Bibliothek

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

All rights reserved (including those of translation
in 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 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.

Composition K+V Fotosatz GmbH, Beerfelden
Printing betz-druck GmbH, Darmstadt
Bookbinding Litges & Dopf Buchbinderei GmbH,
Heppenheim

Printed in the Federal Republic of Germany

Printed on acid-free and chlorine-free paper

ISBN-13: 978-3-527-31092-0
ISBN-10: 3-527-31092-4



Supercritical Carbon Dioxide

Edited by
Maartje F. Kemmere and Thierry Meyer



Further Titles of Interest:

Thierry Meyer, Jos Keurentjes (Eds.)

Handbook of Polymer Reaction Engineering

2005
ISBN 3-527-31014-2

Philipp G. Jessop, Walter Leitner (Eds.)

Chemical Synthesis Using Supercritical Fluids

1999
ISBN 3-527-29605-0

Peter Wasserscheid, Thomas Welton (Eds.)

lonic Liquids in Synthesis

2002
ISBN 3-527-30515-7

Boy Cornils, Wolfgang A. Herrmann, Istvan T. Horvath, Walter Leitner,
Stefan Mecking, Héléne Olivier-Bourbigou, Dieter Vogt (Eds.)

Multiphase Homogeneous Catalysis

2005
ISBN 3-527-30721-4

Koichi Tanaka

Solvent-free Organic Synthesis

2003
ISBN 3-527-30612-9



Foreword

Supercritical fluid technology encompasses a very broad field, which includes
various reaction, separation, and material formation processes that utilize a
fluid at a temperature greater than its critical temperature and a pressure great-
er than its critical pressure. Supercritical fluids generally are compressed gases,
which combine properties of gases and liquids in a chemically interesting man-
ner. Supercritical fluids have physicochemical properties in between a liquid
and a gas. They can have a liquid-like density and no surface tension while in-
teracting with solid surfaces. They can have gas-like low viscosity and high dif-
fusivity and, like a liquid, can easily dissolve many chemicals and polymers.

When Professor Thomas Andrews reported the measurement of the critical
properties of carbon dioxide as part of his 1876 Bakerian Lecture “On the Gas-
eous State of Matter”, he probably could not have envisaged that this important
industrial gas would also become very popular in supercritical fluid technology.
In fact carbon dioxide’s popularity stems from the fact that it is nontoxic and
nonflammable, it has a near ambient critical temperature of 31.1°C, and that it
is the second least expensive solvent after water. The most widespread use of
supercritical carbon dioxide has been in Supercritical Fluid Extraction processes
for the food and pharmaceutical industries with several large extraction units in
operation in the United States and in Europe for decaffeinating coffee and tea
and extracting flavors and essential oils from hops, spices, and herbs. Other ap-
plications have been reported in recrystallization of pharmaceuticals, purifica-
tion of surfactants, cleaning and degreasing of products in the fabrication of
printed circuit boards, and as a substitute for organic diluents in spray painting
and coating processes.

The potential of supercritical carbon dioxide in polymer processes has been
recently a focus of research and development both in academia and in industry.
The main driver behind this effort is the chemical industry’s pursuit of sustain-
able growth strategies, which aim to reduce the environmental footprint of exist-
ing or new polymer processes. The objective of the research and development
effort has been to demonstrate whether carbon dioxide can be applied as an en-
vironmentally friendly substitute for many halogenated and other organic sol-
vents used in polymer processes thereby reducing atmospheric pollution and
eliminating solvent residues in products. Supercritical carbon dioxide could be
most advantageously applied in developing improved polymer processes and
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products when environmental compliance pressures would require a process
change, when regulatory requirements could require changes in product purity,
and when improved products in terms of performance can result from substi-
tuting the traditional solvent with carbon dioxide.

This book edited by Professors M. Kemmere and Th. Meyer provides both
academic researchers and industrial practitioners a thorough overview of the
state of the art of the application of supercritical carbon dioxide in polymer pro-
cesses by carefully balancing the exposition of recent research results and
emerging commercial applications with the discussion of the special challenges
and needs of this exciting new technology. Written mainly by prominent Ameri-
can and European academic researchers in the field, the book is comprised of
three parts, which focus on the fundamentals aspects of this technology (ther-
modynamics, transport phenomena, and polymerization kinetics), and its appli-
cation in polymerization reactions (including dispersion and emulsion systems
as well as fluoropolymers synthesis) and polymer processing operations (includ-
ing extrusion and reduction of residual monomer).

We hope that the publication of this book, which will surely become a stan-
dard reference in the field, will spur the interest in further exploring the poten-
tial of supercritical carbon dioxide applications in polymer technology both in
terms of fundamental understanding of the relevant physico-chemical phenom-
ena and in advancing the state of the design and commercialization of environ-
mentally friendly polymer processes producing products with unique perfor-
mance characteristics.

June, 2005 Harold L. Snyder
Y,
Technology Director
DuPont Fluoroproducts

John P. Congalidis
Senior Research Planning Associate
DuPont Central Research and Development

John R. Richards
Senior Research Associate
DuPont Engineering Research and Technology

E.I. du Pont de Nemours and Company
Wilmington, Delaware 19880, USA



Preface

The idea of producing a book on the application of supercritical carbon dioxide
in polymer processes was born on a fine November evening in Barcelona dur-
ing the meeting of the European Working Party on Polymer Reaction Engineer-
ing in 2002. As the idea still seemed reasonable the next morning, we decided
to put words into action, and two years later the book was complete. From the
outset, we were determined to give the manuscript a chemical engineering fo-
cus because of the increasing number of supercritical polymer processes on the
verge of industrial application.

Our aim has been to present a state-of-the-art overview of polymer processes
in high-pressure carbon dioxide using a multidisciplinary and synergetic
approach that starts from fundamentals, goes through polymerization processes,
and ends with post-processing. The contributors to this book are internationally
recognized experts from different fields of CO,-based polymer processes from
Europe and the United States. We would like to express our gratitude to all the
authors for the high quality of every contribution, and we are convinced that
this compilation will become a reference book in the field.

Editing a book has resulted in strong links between Eindhoven and Lausanne,
enabling us to adopt the good habits of both countries. In particular, the happy
evenings spent with Francine, Jos, Morgane, and Quentin were a real pleasure,
not only due to the presence of “tarte A la créme”, “stroopwafels’, “créme bru-
lée”, and too many chocolates, but also by the sealing of a strong friendship.
This home support and understanding, also when we were traveling, certainly
facilitated the editing process by introducing fun and fresh air into a hard job.

Furthermore, many thanks are due to our collaborators in the Process Devel-
opment Group in Eindhoven and the Polymer Reaction Engineering Group in
Lausanne for their creativeness and enthusiasm in the field of polymer science
in supercritical carbon dioxide. Finally, we would like to thank Karin Sora and
her team from Wiley-VCH for their great help in producing this book.

Eindhoven and Lausanne, July 2005 Maartje F. Kemmere
Thierry Meyer
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