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About the Cover

The surface of this 760 micrometer (0.76 mm) diameter hollow
sphere consists of a monolayer of 7.9 micrometer monodisperse poly-
styrene particles. These particles had flocculated onto a nitrogen bubble
that formed during a seeded emulsion polymerization experiment aboard
the space shuttle orbiter Challenger (STS 7, June 1983). The principal
investigator of these National Aeronautics and Space Administration
sponsored experiments was the late Professor John W. Vanderhoff in
whose memory this book is dedicated. Original scanning electron micro-
graph by Olga L. Shaffer, Emulsion Polymers Institute, Lehigh Uni-
versity.
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Foreword

The ACS Symposium Series was first published in 1974 to provide a
mechanism for publishing symposia quickly in book form. The purpose
of the series is to publish timely, comprehensive books developed from
ACS sponsored symposia based on current scientific research. Occasion-
ally, books are developed from symposia sponsored by other organiza-
tions when the topic is of keen interest to the chemistry audience.

Before agreeing to publish a book, the proposed table of contents is
reviewed for appropriate and comprehensive coverage and for interest to
the audience. Some papers may be excluded to better focus the book;
others may be added to provide comprehensiveness. When appropriate,
overview or introductory chapters are added. Drafts of chapters are peer-
reviewed prior to final acceptance or rejection, and manuscripts are
prepared in camera-ready format.

As arule, only original research papers and original review papers are
included in the volumes. Verbatim reproductions of previously published
papers are not accepted.
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Preface

The diversity of research in polymer colloids continues to grow.
Although the subject may seem narrow to those on the outside, it is
witnessed by those of us inside as being rich in variety as can be seen by a
glance at the chapter titles in this symposium book. It is an expanding field
that can scarcely be contained in a single phrase or book.

This book is based on the Polymer Colloids Symposium held at
Lehigh University, June 19-21, 2000, as part of the 74™ Colloid and Sur-
face Science Symposium. The former was organized to honor the memory
of one of the leading figures in polymer colloids.

John William Vanderhoff was a man of diverse interests. He had two
careers: the first at the Dow Chemical Company, where he spent 20 years;
then moving in 1970 to his second at Lehigh University, where he spent the
remainder of his career until retiring with emeritus status in 1998. He was
cofounder of the Emulsion Polymers Institute at Lehigh and director of the
National Printing Ink Research Institute. He coauthored more than 200
papers, and held 12 United States and 30 foreign patents. Among many
notable accomplishments, he was principal investigator for a joint univer-
sity—National Aeronautics and Space Administration (NASA) research
program, which in 1982 produced the first commercial product to be made
in space: 10 micrometer monodisperse polystyrene latex particles. As a
result of this work, he was named a corecipient of the 1984 Inventor of the
Year Award given by NASA. Besides his pioneering work of developing
monodisperse latexes, other areas of notable accomplishment are in latex
characterization, kinetics and mechanism of emulsion polymerization, com-
petitive growth, inverse emulsion polymerization, and film formation and
drying. His formidable memory and wide-ranging interests were exhibited
in his discourse on many subjects in and out of the field of polymer
colloids. John Vanderhoff touched the lives of many, particularly the
professors, postdoctorates, students, and colleagues with whom he inter-
acted. He will be remembered for his prolific research ideas, congeniality,
and humor. He is missed by all of us.

This book contains a wide variety of chapters ranging from the aca-
demic to the practical. Although most chapters originate in academic labs,
the majority are oriented toward industrial interests. The continuing move
toward environmentally responsible products is largely responsible for this.
Many types of latexes are represented: homopolymers, copolymers, and
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natural polymers, those made with reactive surfactants and polymeric
stabilizers, surface modified, hybrids, and blends. Processes vary from
batch to semicontinuous, free radical, and controlled free radical, disper-
sion, and suspension. Kinetics, on-line monitoring, and control are repre-
sented as well.

During the past five years, more than the usual number of books have
appeared with similar subject matter. This is evidence for the continuing
growth in this field and the need to “keep-up” is part of the reason for this
acceleration in published works. This book provides a snapshot of this field
at this moment in time and should be valuable to those scientists and
engineers engaged in polymer colloid research.

We would like to thank all those participating in this publication: the
authors for their prompt response to the demands of publication deadlines
and especially the unnamed reviewers whose constructive comments and
criticism helped to better shape the presented work.

Eric S. Daniels
E. David Sudol
Mohamed S. El-Aasser

Emulsion Polymers Institute
Tacocca Hall

111 Research Drive

Lehigh University
Bethlehem, PA 18015-4732
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Chapter 1

Overview of Polymer Colloids: Preparation,
Characterization, and Applications

Eric S. Daniels, E. David Sudol, and Mohamed S. El-Aasser

Emulsion Polymers Institute and Department of Chemical Engineering,
Lehigh University, Bethlehem, PA 18015-4732

Polymer colloids represent a complex heterogeneous system,
and in many ways, the preparation of these materials is still
very much an art. The application areas for polymer colloids
are diverse, including their use as binders in non-woven fabrics
and paper coatings, in synthetic rubbers, in interior and
exterior paints, in adhesives, as impact modifiers in toughened
plastics, as catalytic supports, in a number of medical
diagnostic areas, as rheology modifiers, and many others.
Interest in this area has been spurred by environmental
considerations and governmental actions to switch from
solvent-based to water-borne systems as well as the large
number of scientific challenges that remain. This chapter
presents an overview of the preparation, characterization, and
applications of polymer colloids, as well as giving an idea of
some of the future directions, advances, and challenges in this
growing field.

A polymer colloid is usually defined as a dispersion of submicron polymer
particles in a liquid (typically aqueous) medium. Research in this field has been
very active for a number of years, but many scientific and practical challenges
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remain to be addressed. The high degree of interest in polymer colloids is
evidenced by a large number of publications, books, review articles, and
symposia that have been held on this topic in the past several years (/-9). This
chapter is divided into three sections which present a general overview of the
field of polymer colloids. The first section details many of the diverse
heterogeneous polymerization processes that are used to prepare latexes (in both
aqueous and non-aqueous media) and describes the role of the various
formulation components utilized in these systems. The second section
summarizes some of the key characterization techniques which are employed to
quantify the colloidal, molecular, and macroscopic properties of polymer
colloids. The third section describes some of the interesting application areas for
latexes.

Preparation of Polymer Colloids

A wide variety of processes are used to prepare polymer colloids. The most
often utilized method is emulsion polymerization whereby a monomer(s) is
polymerized via a free radical polymerization process in an aqueous medium in
the presence of a stabilizer system. A dispersion of polymer particles in an
aqueous environment (latex) results from this process. The latex can be used in
this form in coatings applications (e.g., paints, paper coatings, carpet backing
binders, etc.) or they can be separated from the medium and processed to form a
bulk polymeric material for use in a number of applications (e.g., in high impact
plastics).

Emulsion polymerization -involves a complex heterogeneous chemical
reaction. The formulation and process parameters strongly impact the
characteristics of the resulting polymer particles. Formulation variables include:
the types and amounts of the monomers used in the polymerization (principal
monomers, functional monomers, crosslinkers), the type and concentration of the
initiator (thermal or redox, water-soluble or oil-soluble), and the type and
concentration of surfactant or stabilizer (anionic, nonionic, cationic, zwitterionic,
polymeric, or protective colloid). In addition, small quantities of rheological
modifiers, chain transfer agents, buffers, biocides and fungicides, antioxidants,
and UV absorbers may be added (/0).

Even though they are typically present in low concentrations in an emulsion
polymerization, surfactants play a critical role in controlling the resulting particle
morphology, particle size, and colloidal stability. However, surfactants may
cause problems in films prepared from a latex in terms of increasing the water
sensitivity of the film, migration to the surface of the film, which can cause
unwanted alterations in the appearance of the coating (e.g., blushing) or
migration to the polymer/substrate interface where adhesion of the latex coating
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could be adversely affected by the presence of the surfactant. For these reasons,
there has been a great deal of interest in the use of polymerizable surfactants in
emulsion polymerization where the surfactant would be chemically bound to the
latex particles to ensure colloidal stability, while not being able to migrate during
film formation thereby alleviating the problems mentioned above (11-14).

Process variables may include the type and configuration of the reactor, the
polymerization process (batch, semi-continuous, continuous, shot-growth,
seeded), the feed strategy (of monomer(s), initiator, surfactant), the type of
impeller (e.g., fluidfoil, Rushton turbine, paddle) and agitation rate, and
temperature. The situation is even more complex since many of these variables
interact with one another to influence the final product.

Mechanisms of particle nucleation in emulsion polymerization may include
micellar, homogeneous, droplet, or combinations of these mechanisms. The type
of mechanism is dependent on the water solubilities of the monomers used in the
polymerization, the type of initiator, the type, concentration, and partitioning of
the surfactant used in the formulation, and the state of the monomer dispersion
(droplet size and stability) at the polymerization temperature. The rate of the
polymerization is critical; these polymerizations are exothermic and a reactor
must be able to safely remove the heat of reaction; the rate is controlled by the
polymerization temperature, initiator and surfactant concentrations (influencing
the number of particles that are generated), among other factors. The polymer
particle size and size distribution will depend on these same variables; narrow
distributions are achieved when all the particles are all nucleated in a relatively
short time and then grow uniformly.

Thermodynamics plays many roles in an emulsion polymerization. The
extent of phase compatibility between the different monomer and polymer
components present during the polymerization, as well as the various interfacial
tensions at the interphases present in the polymerizing system (e.g.,
polymer/polymer; polymer/aqueous phase) will all influence the final particle
morphology. Many types of morphologies are possible, ranging from a “true”
core/shell structure to asymmetric particles (raspberry-like, acorn-like, inverted
core/shell) (15-17). Particle morphology also depends on polymer
hydrophilicity/hydrophobicity, polarity, initiator type and concentration, the type
and concentration of surfactant, and the core/shell ratio. In addition to carefully
balancing these parameters to obtain a desired particle morphology, the
formulator also may adjust the monomer/initiator/surfactant feed strategies as
well as use compatibilizing agents (18) to achieve the morphology of interest

The modeling, monitoring and control of the emulsion polymerization
process are of critical importance and are challenging. A number of
mathematical models have been developed to describe the complex kinetics of
the emulsion polymerization process (19); however, one stumbling block which
still represents a great challenge in this field, is the determination and selection
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of accurate kinetic rate constants; unfortunately, these values can vary widely in
magnitude depending on the particular investigator and the experimental system.
This makes the quantitative prediction of reaction kinetics difficult and is system
dependent. Tools for characterizing the kinetics and mechanism of an emulsion
polymerization reaction include the determination of the rate of polymerization
by gravimetry, dilatometry, or reaction calorimetry. In particular, reaction
calorimetry, which relates the heat of reaction to the polymerization rate, is a
powerful and sensitive tool that may be used to obtain detailed kinetic data not
obtainable by other means (20, 21). Samples may also be withdrawn from a
reactor during the course of polymerization to determine the evolution in particle
size, particle number, and particle morphology.

Once a model has been established, control of the process becomes
important, and strategies to control a desired property of the latex (e.g., polymer
composition, particle size and size evolution, or molecular weight) are important
(22, 23). Related to this is the challenge of robust on-line monitoring and real-
time control of the polymerization process and formulation variables and the
development of precise on-line sensors that can feed back information into the
process to control the desired property (24, 25). Many challenges still remain in
this area such as the need to quickly and accurately measure and analyze an on-
line dependent response (such as particle size or polymer composition) which
can be fed back into the control strategy and adjust a formulation or process
variable in time for the response to be controlled so as to achieve the desired
outcome.

There are several other polymerization processes which are used to prepare
submicron-size polymer colloids. Two important variations are the
microemulsion and miniemulsion polymerization processes. These processes
differ primarily in terms of the dispersed phase (i.e., monomer) droplet size and
stabilization system. Microemulsions are translucent, with droplet sizes less than
0.1 um, employ high emulsifier concentrations (15 to 30 %), typically utilize a
short chain alcohol (< 5 carbons) as a costabilizer, and are thermodynamically
stable. Miniemulsions are opaque (as are conventional emulsions), with droplet
sizes between 0.05 to 0.5 um (vs. > 1 um for conventional emulsions), utilize
emulsifier concentrations (0.5 to 5 %) similar to conventional emulsions (1-3%),
and also employ a highly water-insoluble, low molecular weight costabilizer
(unlike conventional emulsions) such as a long chain alkane (e.g., hexadecane)
or long chain alcohol (e.g., cetyl alcohol) (= 12 carbons). Miniemulsions are
stable over a period of time from hours to months compared to conventional
(macroemulsions) emulsions which are only stable for short times (seconds or
minutes). Polymerization of microemulsions results in the formation of small
particles (ca. 50 nm), the disadvantage being the presence of a high
concentration of surfactant in this system (26). The utilization and importance of
the miniemulsion polymerization process has been growing since its discovery
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around 1970, as evidenced by a large number of publications describing various
aspects and applications of this technology (27-31). Another advantage of this
process is that it allows one to prepare “artificial latexes” comprised of
polymers, e.g., epoxies or polyurethanes, which cannot be prepared by a free
radical process. This is accomplished via a direct miniemulsification procedure
whereby the polymer is first dissolved in a solvent, and this mixture is added to
an aqueous surfactant solution, subjected to high shear to create submicron
droplets containing the polymer, and then the solvent is removed, thus creating a
latex. A costabilizer is also used in this process to achieve the small droplet size.

Another area of intensive research interest over the past few years has been
the controlled (living) free radical polymerization processes in which one can
control the molecular weight, achieve a narrow molecular weight distribution,
and obtain desired end groups (32). Three different approaches have been
developed: stable free radical polymerization (SFRP), atom transfer radical
polymerization (ATRP), and reversible addition-fragmentation chain transfer
polymerization (RAFT). These processes differ in the type of initiation system
which is utilized. One of the research challenges has been to utilize these
controlled free radical approaches in water-borne systems rather than in bulk; a
great deal of research effort has been (and still is being) devoted to determining
the appropriate reaction conditions to achieve this goal (33-35). The promise of
advanced materials has yet to be realized by this process.

Non-aqueous dispersions can be prepared by inverse emulsion,
microemulsion and miniemulsion polymerization. Polyacrylamide is a well-
known water-soluble polymer made by these processes. Non-aqueous media are
also being used in preparing hydrophobic polymer particles via dispersion
polymerization. These reactions start with a homogeneous system comprised of
monomer, solvent, stabilizer, and initiator. With polymerization, the polymer
particles precipitate out, forming particles stabilized by some form of steric
stabilizer (e.g., block copolymer, homopolymer, graft copolymer). The medium
can be polar or non-polar. Alcohol media have been used advantageously to
prepare uniform particles in the 1 to 5 um size range in a one-step process (36).
An important recent variant of this process is the use of supercritical fluids (such
as CO,) as the dispersion medium instead of utilizing a conventional solvent in
an attempt to develop a “green” environmentally-friendly polymerization
process. Much research has been devoted to development of this type of
dispersion polymerization system (37, 38); disadvantages of the process include
the need to carry out the polymerization at high pressures requiring specialized
polymerization equipment to carry out the reactions.
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Characterization of Polymer Colloids

There are many techniques which are commonly used to characterize
polymer colloids including those used to quantify the kinetics of the
polymerization (e.g., conversion and polymerization rate), the colloidal
properties (e.g., particle size, particle morphology), molecular properties related
to the polymer itself (e.g., composition, molecular weight), and macroscopic
properties of the final materials prepared from the polymer colloids themselves
(e.g., mechanical behavior) (39).

Methods used to quantify and monitor the reaction kinetics were described
in the previous section (e.g., following the conversion of monomer to polymer;
the evolution in particle number with reaction time, etc.). Some key properties
related to the colloidal nature of the dispersions include the solids content, the
colloidal stability (e.g., coagulum level), and surface charge of the polymer
colloid (40), the particle size and particle size distribution (measured using
techniques such as dynamic light scattering (DLS), capillary hydrodynamic
fractionation (CHDF), and electron microscopy (both transmission (TEM) and
scanning (SEM)) (41). Other important properties include particle morphology
(electron microscopy with a variety of staining agents, as well as via NMR (42)),
and the rheology (related to particle-particle interactions) (43) of the dispersion
(an interesting new optical tweezers technique to measure microviscosity in the
environment surrounding a colloidal particle(s) is described by Ou-Yang) (44).
Molecular properties of the (co)polymer include the polymer composition (e.g.,
sequence distributions) (quantified by FTIR, NMR, SANS, etc.), the thermal
properties of the polymer, such as its glass transition temperature (Tg) or
crystalline melting temperature (T,) (measured by differential scanning
calorimetry; DSC), or molecular weight and molecular weight distribution
(measured by gel permeation chromatography (GPC), viscometry or
osmometry). Macroscopic properties of materials derived from the polymer
colloids would include their mechanical behavior (measured by tensile testing or
dynamic mechanical spectroscopy), chemical (e.g., solvent resistance) and
environmental resistance (e.g., to UV, water, humidity, block resistance, etc.),
appearance, and toughness, among other factors. A great deal of information is
available in the literature describing the transformation of a polymer colloid to a
final cohesive material (e.g., film formation studies from latexes) (45, 46) which
is beyond the scope of this chapter.

Applications of Polymer Colloids

There are many diverse areas where polymer colloids are utilized (47)
ranging from coatings applications in paints (48), as a binder for paper coatings
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(49), in tire manufacturing (50), as toughening agents in rubber-toughened
plastics (5I), in pressure sensitive adhesives (52), to their use in medical
diagnostics (53). Many industrial coatings applications still utilize solvent-based
formulations and there is considerable environmental pressure to reduce VOC
levels while still maintaining the desirable properties that are often obtained with
solvent-based coatings. The use of latex blends with two different polymer
compositions (e.g., one with a film-forming composition and one with a high
modulus polymer composition) is an attractive strategy to achieve this goal while
obtaining synergies in the final coatings properties (54). There is also a
continuous need for the development of new types of bulk materials with unique
properties. These may be prepared by custom designing new types of polymer
colloid composites and hybrids by controlling the polymer morphology and
polymer compositions (55-57).

Another exciting and rapidly growing application area is the development of
latexes with a wide variety of functional moieties present on the surface (58)
which can be utilized to attach a wide number of biological ligands such as
enzymes (59), antibodies (60), DNA fragments (61), etc., to the surface for a
large number of medical diagnostic applications. The use of particles which may
be radiolabeled (62) or tagged with fluorescent dyes (63) is also finding use in
flow cytometry applications (64) and in the development of fluorescently-tagged
micro-bioarrays where many diagnostic tests can be carried out simultaneously
utilizing each polymer colloid particle as a unique reaction site for a specific
bioreaction (e.g., antigen-antibody reaction) on individual color-encoded
particles. In addition, the use of “smart” polymer colloids, where changes in
structure can be triggered by environmental stimuli are increasingly being
employed in this bioapplications area (65).

Finally, research in the self-assembly and ordering of monodisperse latexes
into arrays and as templates is also growing rapidly for use in photonics, catalyst
supports, and storage device applications. For example, monodisperse polymer
particles can be laid down into an ordered array and the interstitial space filled
with colloidal metal particles (66-68); the monodisperse polymer particles are
then dissolved away, leaving a porous metallic substrate with well-defined pore
sizes. Monodisperse polymer colloid templates have also been studied as a
spacer layer in liquid crystal displays (69).
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Chapter 2

Colloidal Stability Analysis of a Core—Shell
Emulsion Polymerization

E. C. Kostansek

Rohm and Haas Company, 727 Norristown Road, P.O. Box 904,
Spring House, PA 19477

During the course of emulsion polymerization reactions many
parameters which affect colloidal stability are varying
significantly. This is especially true of core/shell systems such
as the one discussed in this paper. In order to identify potential
colloidal stability problem areas in the process, we took
periodic samples from full-scale production emulsion
polymerization reactions and measured/analyzed both latex
and process parameters. Latex parameters included particle
size, zeta potential, surface acid, surface hydrophobicity, and
surfactant coverage. Process parameters included viscosity,
agitation (shear rate), solids, and pH. Shear stability was
measured and also calculated from DLVO theory with, and
without, hydrophobic attraction energies. The results indicated
a problem area in the process in terms of shear stability and
possible gel formation and coagulation in the hydrophobic
second stage of the process. Hydrophobic interactions
appeared to be very important during that stage of the reaction
based on the shear stability calculations and surfactant
coverage data. This is the first time that such a detailed
colloidal analysis of a commercial emulsion polymerization
process has been reported in the literature.
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Emulsion polymerizations are dynamic, colloidally complicated processes
where colloidal parameters are changing continuously during the entire course of
the reaction. This is especially true for core/shell latexes where the surface and
bulk compositions change dramatically from stage to stage. Successive stages
can have quite different hydrophobicities, glass transition temperatures, and
morphologies. Because of these changes, colloidal stability of the latex particles
can vary significantly from stage to stage. This can be manifested by poor
mechanical stability, coagulation, and gel formation. Often it is difficult to solve
stability problems because end-use performance limits the options for stabilizing
the latex. For example, increased surfactant levels can sometimes improve
colloidal stability, but might lead to increased foaming or decreased adhesion
and water resistance in the final application. Often a combination of chemical
and process changes is needed to solve the problem.

Because latex systems are colloidally complex, it can be difficult to
ascertain the root causes of instability during the reaction. This makes it very
challenging to do troubleshooting. Given this situation, we decided to thoroughly
analyze all stages of a core/shell emulsion polymerization process which has
demonstrated instability problems. The magnitude and practical importance of
the problem is evident when one has to remove 10,000 gal. of coagulated latex
from a kettle and start over! In order to accomplish our study, we took actual
production samples of latex from all of the important points in the process and
analyzed them for the most critical colloidal parameters. To our knowledge, this
is first time in the literature that this has been attempted. The methods and results
have been used to identify the causes of instability and should be applicable to
other latex systems in general.

Experimental
Latex System

The latex system we studied was a seeded core/shell three-stage emulsion
polymerization reaction containing the monomers methyl methacrylate (MMA),
n-butyl acrylate (BA), and styrene (Sty). The seed, Stage I, and Stage III
monomers were primarily MMA. Stage II was a crosslinked BA/Sty copolymer.
The surfactant was sodium dodecylbenzenesulfonate (SDBS). Three 10,000 gal.
batches were sampled at strategic points in the reaction and analyzed as
described in the following sections. In this paper we will concentrate mainly on
the results at the ends of each of the three stages. Results were very consistent
from batch to batch and we report here the average values for the three batches.
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Latex Variables

The latex variables studied were particle size, zeta potential, surfactant
coverage, surfactant surface area at saturation, surface acid, and shear stability.
Particle size was measured using a Brookhaven BI-90 instrument and
electophoretic mobility was measured using a Malvern ZetaSizer III. Zeta
potentials were calculated from the mobilities using the method of O’Brien and
White (). Surfactant coverage and surface area at saturation were determined
by SDBS surfactant titration using a Wilhelmy plate tensiometer. Shear stability
was measured using a Rheometrics DMA instrument with a cone and plate
configuration.

Process Variables

Process variables studied were pH, temperature, polymer solids, viscosity,
residual monomer, and shear rate of mixing. Polymer solids were determined
gravimetrically and viscosity was measured using a Brookfield viscometer.
Temperature and residual monomer were measured, but will not be discussed in
this paper. The maximum shear rate the latex particles were subjected to was
estimated based on agitator design and tip speed.

Results and Discussion
Particle Size, Solids, and Viscosity

The polymer solids, particle size, pH, and viscosity of the latex at various
points in the polymerization reaction are listed in Table I. Solids ranged from
7.3% to 50%, particle size grew from the 105 nm seed to the 289 nm final
product, and pH stayed in a narrow range between 5.7 and 6.8 during the
reaction. Viscosity increased from the initial value of 3 cps to a maximum of 73
cps in Stage III to 42 cps for the final product. As mentioned previously, most of
the remaining discussion will concentrate on the parameters associated with the
three major stages of the polymerization.

Zeta Potential

Zeta potentials for the three reaction stages are shown in Figure 1.
Measurement conditions were chosen to match actual reaction conditions as
closely as possible. Zeta potential changed very little during the course of the
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reaction. This would suggest that colloidal stability should be similar at all stages
of the reaction. Unfortunately, our experience with this process tells us that this
is not the case, so other parameters such as surface acid, surfactant coverage, and
surface hydrophobicity needed to be explored to search for the causes of
instability.

Table I. Selected Latex Parameters at Different Reaction Stages

Reaction Stage % Solids Particle pH Viscosity
Diameter

Seed (MMA) 7.3 105 6.8 3

I (MMA) 333 206 6.5 6

I (BA/Sty) 45.6 294 5.7 39

I (MMA) 50.7 296 6.2 73

Final 50.0 289 6.0 42

Note: Solids in weight %, particle size in nm, and viscosity in cps.
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Figure 1. Latex zeta potential as a function of reaction stage.

Surface Acid

It is well known that surface acid can help stabilize latex particles (2-4).
Even though we did not purposely add acidic monomer to this reaction, we
measured surface acid in case some had formed through hydrolysis. Figure 2
shows the surface acid, expressed as %#MAA based on polymer, as a function of
reaction stage. There is indeed measurable surface acid which peaks at Stage II,
but it is a small amount which probably contributes minimally to the stability.
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Figure 2. Latex surface acid (as MAA) as a function of reaction stage.

Surfactant Coverage and Surface Hydrophobicity

One of the critical parameters for latex stability is surfactant coverage. The
useful thing about this measurement is that you derive both the % coverage of
the surfactant and the surface area each surfactant molecule occupies at
saturation. The first number gives an indication of the colloidal stability which
has been designed into the process and the second number gives a quantitative
measure of the surface hydrophobicity of the latex.

Latex particle surface hydrophobicity can be estimated using the surfactant
titration results to calculate the surface area occupied by each surfactant
molecule at saturation. The more hydrophobic a surface, the more surfactant will
pack onto it, thus the smaller the surface area per molecule. We have found that
100% PMMA is hydrophilic and yields a value in the range of 130-140
A%/SDBS, whereas 100% PBA is relatively hydrophobic and yields values in the
range of 25-35 A%SDBS. For this process we found values, shown in Figure 3,
demonstrating that Stage II is very hydrophobic and Stage III does not fully
“cover” Stage II, so Stage III is more hydrophobic than Stage I.

Surfactant coverage in each stage is shown in Figure 4. From previous work
(5) we know that hydrophilic surfaces such as PMMA require very low
surfactant coverage to achieve mechanical stability. Even 20% coverage can be
adequate. By this criterion Stage I is adequately stabilized and Stage III may be
adequately stabilized. On the other hand, hydrophobic surfaces such as PBA or
PSty often require surfactant coverage greater than 50% to achieve good
stability. Clearly, the 14% surfactant coverage in Stage II is a potential problem.
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Figure 3. Area each SDBS surfactant molecule occupies on the latex surface
saturated with SDBS. Area is expressed as A’ per molecule.
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Figure 4. SDBS surfactant coverage of the latex as a function of reaction stage.
Coverage is expressed as % of saturation as determined by
surfactant titration.

Measured Shear Stability

One way of assessing the colloidal stability of latexes is to evaluate their
mechanical stability using shear stability testing. For each stage of the reaction
we measured the viscosity of the latex as a function of shear rate. Latexes
generally demonstrate a reduced viscosity with increasing shear rate. If the latex
becomes mechanically unstable and coagulates, then this is manifested by an
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increase in viscosity at the critical shear rate. Figure 5 shows the shear stability
curves for the samples from Stage I hold, Stage II monomer feed, and Stage II
hold (in duplicate, for reproducibility). Stage I is shear stable up to 4000 s, the
limit of the measurement. By contrast, Stage II becomes shear unstable at the
very low shear rate of 80 s™'. Shear instability at 400 s is even evident during
the monomer feed to Stage II. The maximum estimated shear rate in the reaction
kettle in this stage is 260 s, so there is a potential process problem as Stage I
feed proceeds toward completion.

Figure 6 shows the shear stability for Stage III hold and the final latex.
Clearly, these are shear stable up to 3000 sec™', the limit of the measurement.
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Figure 5. Latex viscosity as a function of shear rate for Stage I, Stage II
monomer feed, and Stage 11 hold (in duplicate). Shear instability is evident for
Stage Il feed and hold.

Calculated Shear Stability

Particles are stable to mechanical shear if their interparticle potential energy,
Vi, €xceeds the shear energy they are subjected to (6). This relationship can be
expressed as Vi / kT > 4ny a® / kT, where k is the Boltzmann constant, T is
temperature, 1) is the viscosity, a is the particle radius, and ¥ is the shear rate.
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The right side of this expression is known as the Peclet number. Based on an
estimated maximum shear rate in the reactor, the Peclet number was calculated
to be between 30 kT and 40 kT during all of the reaction stages. Based on
standard DLVO calculations (7) using the measured particle size, zeta potential,
etc., the interparticle potential energy barrier during all of the stages was
between 150 kT and 200 kT. According to these calculations, the particles should
be extremely stable throughout the reaction, yet Stage II is obviously much less
stable and prone to gel problems. This is shown in Figure 7, where the measured
and classically calculated critical shear rates are compared.
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Figure 6. Latex viscosity as a function of shear rate for Stage IlI and final latex
product. These are shear stable.

The major difference between Stage II and the other stages appears to be the
increased hydrophobicity of the particle surface. In earlier work (5), we found
that the hydrophobic attraction energy, V;, can be estimated from the particle size
and the % surfactant coverage on the particle. By adding V; to the classical
DLVO calculations, a new estimate of the shear stability can be calculated and it
predicts poor shear stability for Stage II particles, as shown in Figure 8.
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Figure 7. Calculated critical shear rate as a function of reaction stage using
classical DLVO parameters. Stage I and Stage IlI actual measured critical
shear rates are minimum limit values due to instrumental limitations.
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Figure 8. Calculated critical shear rate as a function of reaction stage using

classical DLVO parameters plus hydrophobic attraction energy. Stage I and

Stage 11l actual measured critical shear rates are minimum limit values due to
instrumental limitations.

This good agreement with experimental results, in combination with our
previous experience with such systems, suggests that hydrophobic interactions
can play a significant role in process problems of coagulation and gel formation.

Conclusions

Emulsion polymerization reactions involve significant changes in colloidal
properties during the course of the reaction. When both hydrophilic and
hydrophobic stages are involved, classical DLVO colloid stability calculations
may not necessarily identify unstable systems or their causes. A combination of
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techniques is usually necessary to identify the root cause of colloidal instability
during an emulsion polymerization reaction. Sampling and analyzing an
emulsion polymerization reaction at several critical points can be very useful for
troubleshooting and optimization. In the core/shell emulsion polymerization
process analyzed in this paper, insufficient stabilization of the very hydrophobic
Stage II was the cause of the process problems. An obvious approach to the
problem is to increase the SDBS surfactant in Stage II to increase stability.
Although this will work in principle, in practice the increased surfactant in the
final product causes product performance problems. Fortunately, the colloidal
analysis gave us some other options to pursue. These included adjustment of pH,
agitation speed and agitator design, temperature, solids, and monomer feed
conditions. Therefore, we have found detailed colloidal analysis of processes to
be a useful approach to solving process problems which are often difficult to
solve by more empirical methods.
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Chapter 3

Particle Aggregation in Polymer Latexes

Laboratorium fiir Technische Chemie, ETH Ziirich, Universitiitstrasse 6,

CH-8092 Ziirich, Switzerland

Our aim is the fundamental effort to rationalize aggregation
behavior of polymer latexes as a function of processing
conditions and to formulate a unified approach to modeling
particle size distribution in industrially relevant systems. This
approach should result in quantitative and predictive
engineering models indicating how one should manipulate
operating conditions of polymerization reactors in order to
achieve desired particle size distributions. We use population
balance equations to model the time evolution of the particle
size distribution in polymer latexes. The main challenge in
using the population balance equations for quantitative
description of aggregating systems is the determination of
aggregation rate constants for a given composition,
temperature, and flow conditions in the vessel. Colloidal
interactions together with flow conditions and temperature
determine the kinetics of particle aggregation. Although these
factors are often coupled with each other in industrial
conditions, we analyze them separately to achieve a proper
physical description. We show examples of both experimental
and modeling work on the characterization of polymer latex
particles and their aggregation under a variety of conditions.
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Modeling of the time evolution of particle size distributions in dispersions
requires the use of population balance equations (/). For example, in the case of
a batch emulsion polymerization reactor the appropriate population balance
equation can be written as:

+ —
ot av

CACDI (g(v,t)f(v,t))=-;—jK(v—v,v',t)f(v—v',t)f(v',t)dv'—
3 . )
J‘K(v,v',t)f(v,t)f(v',t)dv'+lb (v)

where f(v,?) is the density distribution of particles of volume v at time t. The first
term on the left-hand side represents the accumulation and the second term
represents growth due to polymerization, where g(v,f) is the volume growth rate
of a particle with volume v. The first two terms on the right-hand side account
for particle aggregation and the last term accounts for nucleation (for details of
this equation see (/)). The smallest - primary or nucleus - particle in the system
has the volume v,. Strategies for efficient solution of the population balance
equation are available (2) once the matrix of aggregation rate constants, K (the
collision kernel) is known.

Aggregation Rate Constants

The main challenge in using the population balance equations for
quantitative description of aggregating systems is the determination of good
aggregation rate constants K. They can generally be expressed as a product of
collision frequency B and collision efficiency W™/, K =B/W. Let us start from
two well-known limiting cases for rapid aggregation without any repulsive
barrier (3) introduced by Smoluchowski in 1917 that are especially relevant for
polymer latexes:

1. Movement of an individual particle with collision radius a° is due to
Brownian motion with the corresponding diffusion coefficient D. This
case is known as the perikinetic limit and the collision frequency is
B =47 (a,°+a,")(D,+D,).

2. Particles are carried by the fluid in a simple shear flow (a linear velocity
profile with the uniform velocity gradient or shear rate G). This case is
known as the orthokinetic limit with the collision frequency P =
4G(a\ +ay") /3.
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In the case of spherical particles one can use the Stokes-Einstein
relationship, D = kT/6mua,, between the diffusion coefficient, D, and the
hydrodynamic radius, ay. Further, if the hydrodynamic radius is equal to the
collision radius, we get for the perikinetic collision frequency Bper=
(2kT/3u)(a1+a2)2/(a1az). This is only weakly dependent on the particle size,
while the orthokinetic collision frequency is strongly size dependent: Bomo =
4G(a1+a2)3/3. For a polymer latex swollen with monomer, as is the case during
emulsion polymerization, it is reasonable to assume that two fluid colliding
particles coalesce and their aggregate is again a sphere. For two equal size
particles, the collision frequency in the perikinetic regime is p = 8k7/3pu = 1.23 x
10"7 m’/s in water at 25 °C, regardless of the particle size. In contrast, the
orthokinetic collision frequency increases with the third power of particle size.
Hence particles larger than a crossover size a* = (KT/APG)'"” corresponding to
Bperi =Pormo undergo predominantly the flow driven aggregation. For a typical
value of mean shear rate in a stirred vessel, G = 100 s'l, we get this crossover at
the particle diameter of 2a* = 0.45 um.

The collision efficiency is the inverse of the stability ratio, W, related to the
interparticle interaction energy, Wy (3). It was first introduced by Fuchs in 1934
and later corrected for the viscous resistance (4):

exp(y(r)/kT) .

3 03
G(r,\)r

W =(a, +a,) ]:

a,ta,

Factor G(r,A) accounts for the viscous resistance caused by squeezing of fluid
between two approaching solid surfaces and it is a function of the particle size
ratio, A= ay/a,. Appropriate expressions for solid and liquid interfaces are
available (5).

While this is an appropriate approach for perikinetic conditions, in the case
of particles carried by fluid flow, one has to account for the disturbance of fluid
streamlines induced by the particles themselves. Resulting effects on aggregation
rates have been previously modeled by numerous authors using trajectory
analysis, but this was shown not to be a correct approach in the presence of
Brownian diffusion (5). This simplified approach has not been satisfactory for
proper understanding and predictive description of the kinetics of aggregation.
We have previously suggested using a rigorous quantitative description of the
relative particle motion in order to derive more realistic aggregation rate
constants for emulsion polymerization systems (6), where both Brownian
diffusion and fluid dynamics, always in the presence of interparticle interactions,
determine these rate constants. We have shown that the additivity rule (i.e., a
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simple linear combination of the two limiting expressions for K in the perikinetic
and orthokinetic regimes, respectively) cannot be used for slowly aggregating
systems (for more details see the last section).

Another important aspect of obtaining a realistic aggregation kernel in high
shear turbulent flows is accounting for aggregate breakup. When an aggregate
grows above the Kolmogorov scale of turbulent eddies (typically on the order of
50-100 pm), it is subject to turbulent stresses that can cause aggregate breakup
and obviously affect the particle size distribution. We do not expand on this
issue here; for further details see (3).

Interactions between Latex Particles

Our fundamental interest is to rationalize the aggregation behavior of latexes
as a function of operating conditions. Let us now focus on relating the charging
behavior of surfactant-stabilized polymer particles to the basic characteristics of
a starting latex, such as: particle size and volume fraction, bulk solution
concentrations of surfactant, initiator and salt. Surface charge density in turn
determines the strength of electrostatic colloidal interaction between particles.
Colloidal interactions together with flow conditions and temperature determine
the kinetics of particle aggregation. All these factors are often coupled with each
other in industrial conditions, but we would like to analyze them separately to
achieve a proper physical description, which would then allow describing their
dependencies correctly.

Colloidal particles are subject to forces due to interparticle interaction
energy . The interaction energy can be attributed to various sources. The most
important interparticle forces and their origins are:

1. Born forces are repulsive forces always operating at atomic length
scale. They occur when two atoms or molecules are in close contact so
that their electron clouds overlap.

2. Forces arising from the electromagnetic fluctuations of matter; called
van der Waals forces, are always operating and attractive when two
particles of the same material are considered.

3. Electrostatic forces arising from the interaction between ionic diffuse
layer surrounding the colloidal particles. The ionic diffuse layer is
balancing the particle surface charge, which is due to ions adsorbed or
bound to the surface. When two particles are equally charged, this force
is always repulsive.

4. Other forces: steric, hydration, hydrophobic, etc. We do not expand on
this topic here; see (7) for further discussion.
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The total energy of interparticle interaction, v, is expressed as the sum of
the respective contributions listed above. In the case of spherical symmetry for
the interaction force, as expected for spherical latex particles, y varies in the
radial direction only. Then it can be expressed as a function of dimensionless
center-to-center distance, & = r/a, where a is the arithmetic mean of radii of
interacting particles, a; and a,, and r is their center-to-center distance. At close
contact between two particles, the interparticle forces are balancing each other at
the point of the primary minimum of interaction energy. Born repulsion increases
very steeply for smaller separations and decays rapidly for larger ones. If the
aggregation of particles in the primary minimum can be considered to be
irreversible for practical purposes at £ = 2, the Born repulsion is appropriately
described by the hard core approximation (Wpem = 0 at & > 2, Yoy = +o at § <
2) to ensure that solid particles do not penetrate each other. Combining the Born
hard core repulsion with the attractive van der Waals and repulsive electrostatic
interactions, Y(§) = Wu(E)+Wiep(§), results in the framework of the classical
DLVO theory introduced by Landau, Derjaguin, Verwey and Overbeek in the
1940’s (7).

van der Waals Attractive Interaction

The attractive potential energy of interaction, Y, can be calculated
assuming that intermolecular van der Waals forces are pairwise additive and
integrating over the interior volume of two interacting particles. The result for
two spheres was obtained by Hamaker in 1937 and in a dimensionless form
(scaled by kT) it can be expressed as (3):

Ha| 8\ 1 1 g2 -4
Ve (§) = —— + +In| =——
att 6 (1+}~)2 §2 _4 §2 _4A2 gz __4A2

3

where Ha is the dimensionless Hamaker constant (scaled by 7T) and
A = (1-A)/(1+X). We do not consider retardation effects (8) which are important
over larger distances than those usually relevant to calculation of a stability ratio,
W, for aggregation kinetics.

Electrostatic Repulsive Interaction

Electrical diffuse layer interactions can be thought of in terms of two
limiting regimes, where either the surface potential, @, or the surface charge
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density, o, remains constant. If particles approach each other sufficiently slowly,
electrostatic equilibrium can be maintained by redistribution of the surface
charge, and hence the surface potential remains constant. However, in the other
limiting case, during the time scale of a Brownian encounter, the diffusion of
ions necessary to maintain electrostatic equilibrium is not fast enough so that
particles approach each other with constant surface charge rather than constant
surface potential. Situations intermediate between these two limiting cases can
be modeled using the charge regulation regime taking into account shifting ionic
equilibria during the particle approach (9). Note that the surfaces of the polymer
particles are assumed to be smooth and the surface charge is assumed to be
homogeneously distributed. It is useful to consider two limiting cases of constant
surface potential and constant surface charge.

Linear theory suitable for small surface potentials (® < kT/e) is based on the
Debye-Hiickel approximation (linearization of Poisson-Boltzmann equation) to
calculate the exact repulsive interaction energy for two flat plates. Then one can
use the Derjaguin formula (8) to calculate the corresponding interaction between
spheres at separations small compared to their radius (h <<1) by expanding the
potential as a series in powers of 1/ka (so that it is required that ka is large, cf.
(8)). For the case of constant surface potential this approach was used by Hogg,
Healy and Fiirstenau (10):

A 2
Voo (€) = 27N g Ha ————(1+ @7 ) x
? . (1+l)2( )

20 n 1+exp{-«xa(§-2)}
1+0> | 1-exp{-xa(£-2)}

+1n(1-exp{-2xa(£-2)})

where ® = @,/®, is the ratio of particle surface potentials, Ha = A/T is the
dimensionless Hamaker constant and Ny = ea®,”/A expresses the importance of
the repulsive forces relative to the attractive ones (/). As surface potentials
become larger, the linear theory becomes progressively less accurate compared
to the full solution of the non-linear Poisson-Boltzmann equation. For example,
Oshima and Kondo (/2) developed a more accurate approximation of the non-
linear potential energy of interaction for the case of equal spheres (again, it is
required that & <<1 and xa >>1). In the limit of ® << k7/e we recover the linear
formula (eqn. 4).

For the case of constant surface charge, an expression similar to that for the
constant potential case (eqn. 6) was derived. However, while the constant
potential expression is accurate as the gap h = &-2 diminishes, the constant
charge expression leads to infinite surface potentials for h approaching zero and
thus the Debye-Hiickel approximation becomes inaccurate. Therefore for the
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case of the constant surface charge such an expression is not suitable for
calculation of a stability ratio for aggregation kinetics. Instead, one can use a
method recently introduced by Oshima (13) based on analytical approximations
for the potential energy of interaction between two flat plates accurate at short
distances (kah <2). The potential energy of interaction between two equal
spheres is then computed by numerical integration of the Derjaguin formula,
avoiding expansions in powers of 1/ka and thus resulting divergence of the
interaction energy at zero surface-to-surface separation. For further details see
3).

Example: Modeling Emulsion Polymerization of Vinyl Chloride

The population balance equation model for the emulsion polymerization of
vinyl chloride was presented (/4), accounting for a detailed kinetic scheme of
polymerization and interparticle interactions including the van der Waals
attractive term (eqn. 3) and the electrostatic repulsion term (eqn. 4). Effects of
particle aggregation in the perikinetic regime during emulsion polymerization
were analyzed. It was shown that aggregation plays an important role in the
emulsion polymerization process, since it not only modifies the particle size
distribution, but also affects the conversion history. In Figure 1 we show the time
evolution of conversion during the emulsion polymerization of vinyl chloride
calculated with: (a) no aggregation; (b) ®, =40 mV, I = 20 mM; and (c) ®, =40
mV, I = 50 mM, where @, is the particle surface potential and I is the ionic
strength (eqn. 8). In Figure 2 we show the corresponding final particle size
distributions.

Parametric analysis also showed that only a large addition of salt may cause
a significant variation in aggregation behavior, while the effect of surface
potential even by a few percent causes variation over many orders of magnitude
in colloidal stability. This result helps to explain the poor agreement between
experimentally-measured doublet formation rates and classical perikinetic
regime theory in the presence of the electrostatic repulsion (18).

Characterization of Surfactant Stabilized Latex Particles
Surfactant Adsorption Isotherm

Sodium dodecyl sulfate (SDS) in a latex is partitioned between the surface
of the polymer particles and the aqueous phase. The overall mass balance for

SDS in the latex dispersion can therefore be written as Csi = C;w+SyY, Where
C;.o 1s the total concentration of SDS in the latex dispersion, expressed in moles
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Figure 1. Conversion during emulsion polymerization of vinyl chloride.
Calculations with: no aggregation (dashed line); ®,=40 mV, I=20 mM (solid
line); ® =40 mV, I=50 mM (dot-dashed line).
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Figure 2. Final particle size distribution for emulsion polymerization of vinyl
chloride. Calculations with: no aggregation (dashed line); ®,=40 mV, 1=20
mM (solid line); ® ;=40 mV, I=50 mM (dot-dashed line).
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per unit volume of aqueous phase. C;,, is the SDS concentration in the aqueous
phase, S;, is the particle surface area per unit volume of the aqueous phase, and Y
is the concentration of SDS on the surface of the polymer particles (mol/m?).

To determine the surfactant adsorption isotherm, the aqueous phase SDS
concentration was measured (15) using ion chromatography at different values of
the total SDS concentration in the system. The experimental adsorption isotherm
was very well described with a Langmuir expression:

6.4x107 C,

S,W

T1+15x10° C )

W

Y

Our data also agree well with recently published data for the adsorption of SDS
from water on polystyrene layers (/6). In a typical polystyrene latex with a solid
weight fraction of about 15% and the average particle diameter of 0.1 wm, only
about 2% of the SDS remains in the aqueous phase.

Surface Charge and Ionic Diffuse Layer

Electrostatic charges on the surface of colloidal polymer particles are partly
due to ionic end groups of the polymer chains (because of the initiator used
during emulsion polymerization) but the main contribution is due the dissociated
groups of surfactant molecules adsorbed on the particle surface. The surfactant
molecules have a nonpolar tail that is in close contact with the polymer particle
surface and an ionic head, which prefers the aqueous side. The adsorption of
surfactant molecules results in a dissociable surface group density, 6, calculated
as Oy = Y Na, where ¥y is the surfactant surface concentration (mol/m?) on the
polymer particle. The calculation of y will be discussed later. A certain amount
of surfactant counterions does not dissociate and their surface density is ©;.
Consequently, the net surface charge density 6 equals 6o~ ;. The distribution
of charge immobilized near the surface can be also modeled in more detail using
Stern layer models of varying complexity in conjunction with appropriate
counterion adsorption isotherms (17).

The interplay between energy and entropy of counterions free to move in the
aqueous phase together with the requirement of macroscopic electrical neutrality
implies the presence of a diffuse layer around each particle. The potential energy
of repulsion, Y, for a pair of particles is due to electrostatic repulsion when
these diffuse layers overlap. The surface electrostatic potential, ®, is needed to
calculate the potential energy of repulsion for the pair of particles. The surface
charge density can be related to surface electrostatic potential using an
appropriate model describing the diffuse layer.
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For the case of 1-1 electrolytes we can use the Gouy-Chapman model where

the (non-linear) Poisson-Boltzmann equation is solved for the potential in the
diffuse layer around a spherical particle:

c=8kTK 2sinh e_(I)_ +itanh _e}z_ (6)
2kT | xa

e 4kT

This equation gives the surface charge density within 5% of an accurate
numerical solution of the Poisson-Boltzmann equation for any value of surface
potential @ and xa > 0.5 (8). Here a is the radius of the particle and « (inverse of
the Debye decay length) is given by:

2¢°N, I
€= \1 T @

where the ionic strength, I, is calculated as:

_1 2

Cix being the bulk concentration of ions of type i. N, is the Avogadro number, e

is the charge of an electron, and € is the electric permittivity of the aqueous
phase.

Example: Coalescence in Surfactant-Stabilized Latexes

Brownian aggregation kernel was developed for latexes stabilized by
adsorbed emulsifier with detailed physico-chemical description of the diffuse
layer, including the Stern layer and dissociation equilibrium of emulsifier ionic
groups at the particle. The Stern layer model accounts for the adsorption of
counterions on the ionic groups of the emulsifier. The counterion adsorption
equilibrium was described using a Langmuir expression (15).

Aggregation behavior of poly(vinyl acetate) seed latexes swollen with the
monomer was studied at various operating conditions (particle size, ionic
strength, stirring rate, and geometry) (/8). For typical operating conditions used
in this study (reactor volume 1-2 L, stirring rates 400-1400 rpm, various
impellers) it was observed that fluid dynamics did not significantly affect particle
aggregation (Figure 3). This indicates that local shear rates were not high enough
to reach the orthokinetic regime, so that perikinetic aggregation was dominant.
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Figure 3. Particle number concentration in swollen poly(vinyl acetate) latex 30
minutes after salt addition. Symbols show experimental data for various stirring
conditions. Line shows model prediction for perikinetic regime.
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This is in agreement with theoretical calculations (6) for thin diffuse layers,
which was the case under the operating conditions examined.

The equilibrium constant of the Langmuir isotherm for the counterion
adsorption on the ionic groups of the emulsifier was estimated by fitting the
experimental data for the particle size evolution of a particular latex at a
particular salt concentration. Using this kernel, the aggregation of poly(vinyl
acetate) particles was modeled with the population balance equation in good
agreement with the experimental data covering a range of operating conditions in
terms of particle size, salt concentration, and fluid stirring. In Figure 3 we show
the particle number concentration in swollen poly(vinyl acetate) latex at 30
minutes after the salt addition, when the particle size and number reaches a
plateau, i.e. changes very slowly at the timescale considered. It can be seen that
there is little impact from different stirring conditions represented by various
symbols in Figure 3, where the solid line shows the model prediction for
perikinetic regime.

Effect of Fluid Motion: Two Particle Aggregation Model

As mentioned above, the evolution of the particle size distribution in an
aggregating dispersion can be described using population balance equations with
an appropriate aggregation kernel, whose reliability is determined by the adopted
particle aggregation model. In the classical approach by Smoluchowski, later
modified to account for interparticle interactions, the aggregation rate constants
for spherical particles are given for two limiting regimes: diffusion driven
(perikinetic) and simple shear flow driven (orthokinetic). Effects of fluid flow on
particle aggregation below the turbulent eddy scale were previously modeled
using trajectory analysis. However, these simplified approaches have not been
satisfactory for proper understanding and description of aggregation phenomena
.

We used the convection-diffusion equation describing the relative motion
of a pair of particles embedded in a turbulent eddy inside a well mixed vessel to
derive more realistic particle aggregation rate constants (6). This equation, also
called the pair probability equation, constitutes a rigorous and comprehensive
mathematical model of particle aggregation. It accounts for the three main
mechanisms underlying particle aggregation:

1. Brownian diffusion,
2. particle-particle interactions,
3. convection by fluid flow.

In Polymer Colloids; Daniels, E., et al.;
ACS Symposium Series; American Chemical Society: Washington, DC, 2001.



Publication Date: November 6, 2001 | doi: 10.1021/bk-2002-0801.ch003

July 17, 2012 | http://pubs.acs.org

36

The evaluation of local flux contributions from the first two mechanisms was the
same as discussed earlier. The pair probability equation accounting for all these
mechanisms of particle transport was solved numerically and the aggregation
rate coefficient for each pair of colliding particles was obtained as a function of
particle sizes, turbulence intensity, emulsifier coverage and ionic strength.

Through the model, a series of parametric calculations was performed to
investigate the effect of various operating parameters of interest in applications
such as particle size, ionic strength, and mixing intensity on the aggregation rate
constant. In all cases it was found that the results of the rigorous mode! approach
the limits of perikinetic and orthokinetic aggregation, as described by simpler
models previously developed in the literature, for very small and very large
values of the Peclet number, respectively. For fast aggregating systems, we have
shown that the diffusive and convective contributions to the aggregation rate are
independent, so that the additivity assumption for the fluxes can be used to
calculate the overall aggregation rate for intermediate values of the extension
rate. However, in general, only the rigorous model results are appropriate for
intermediate values. Systems undergoing slow aggregation in the presence of
repulsive barrier exhibit a strong non-linear coupling between convection and
diffusion, which causes both the flux additivity assumption and the trajectory
analysis to fail. In Figure 4 we show the aggregation rate constant vs. shear rate
E for slow aggregation (@ = 100 nm, A= 1, Ng = 2.39, ®= 1, xa = 104)
calculated from the rigorous model compared to the sum of perikinetic and
orthokinetic contributions (underprediction in intermediate regime) and to the
flux from trajectory analysis plus diffusive contribution (overprediction in
intermediate regime). An extent of coupling between convection and diffusion is
determined by the thickness of electrical double layer. As can be seen in Figure
5, a dependence of the aggregation rate constant on the Peclet number
Pe=Ea2/Do, where Dy is the particle mutual diffusion coefficient, is sensitively
dependent on the thickness of the electrical double layer.

To apply this model to simulate aggregation under experimental conditions,
population balance equations are employed, along with an effective approach to
its numerical solution. A code implementing the aggregation model discussed
above in the population balance was developed. Its numerical solution was
achieved by the discretization method proposed by Ramkrishna (2). The
resulting model was used to simulate the behavior under reaction conditions. The
population balance model was modified by adding nucleation and growth terms.
A comprehensive kinetic scheme was considered to describe the polymerization
reaction both in aqueous and particle phase. Along with standard reactions such
as initiation, propagation and terminations, different branching mechanisms have
been included to allow the simulation of systems with nonlinear polymer chains.
The calculated conversion and molecular weight distribution compared well with
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Figure 4. Aggregation rate constant for slow aggregation of spherical particles
in extensional flow. Sum of perikinetic and orthokinetic contributions: solid
line; Trajectory analysis plus diffusive contribution: dashed line; Rigorous

model: symbols.

10715

10" ..

107"
10"8»

B (m® sec™)

102

102'L

0.01

0.1 1 10 100 1000
Peclet number

Figure 5. Aggregation rate constant for particles with the same stability ratio
but different thickness of the electrical double layer. (a) x =83 nm, (b) x =9.6

nm, (¢) x =2.3 nm.
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the experimental one for the emulsion polymerization of vinyl chloride in
semibatch (19).

Conclusions

We used population balance equations to model the time evolution of the
particle size distribution in polymer latexes. The main challenge in using the
population balance equations for quantitative description of aggregating systems
is the determination of aggregation rate constants for a given composition,
temperature, and flow conditions in the vessel. Colloidal interactions together
with flow conditions and temperature determine the kinetics of particle
aggregation. Although these factors are often coupled with each other in
industrial conditions, we analyzed them separately to achieve a proper physical
description. This allowed us to rationalize the aggregation behavior of polymer
latexes as a function of processing conditions and to suggest an approach to
modeling particle size distribution in industrially relevant systems. This
approach should lead to quantitative and predictive engineering models
indicating how one should manipulate operating conditions of polymerization
reactors in order to achieve desired particle size distributions.
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Chapter 4

in Solution by Microrheology
L. A. Hough and H. D. Ou-Yang

Department of Physics, Lehigh University, 16 Memorial Drive East,
Bethlehem, PA 18015

In this study, the technique of oscillating optical tweezers is
used to determine the storage and loss moduli of a transient
polymer network in the vicinity of a silica particle. The
motivation for this study arises from the recent interests in the
differences between the microrheology and macrorheology of
polymer and biopolymer systems. One difference comes from
interactions between the probe particle surface and the
polymer media. To study the effects of surface interactions, we
use a polymer with hydrophobic end groups and a hydrophilic
backbone, probed by silica particles. Although the qualitative
behavior is similar between microrheology and bulk rheology
measurements, the differences are significant. Specifically, the
plateau modulus of the polymer solution measured by the
optical tweezers is significantly smaller than that measured by
conventional bulk rheology techniques. The relaxation time,
however, is measured to be significantly longer than that
measured by conventional techniques. To our knowledge,
there is not a theory that predicts the rheological behavior of
polymer media including surface interactions.
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Most polymer solutions exhibit interesting flow properties that are quite
different from the flow of simple liquids. Much of these unusual flow behaviors
originate from the viscoelastic nature of these polymer materials. Viscoelastic
materials store and dissipate energy in relative amounts in response to
mechanical stress applied at different rates. When oscillatory shear stress is
applied to viscoelastic materials, the resulting strain is composed of an in-phase
and an out-of-phase part. The in-phase elastic response is determined by the
storage modulus, G'(w), and the out-of-phase viscous response is determined by
the loss modulus, G"(w).

Many of the recent advances in rheology are based on the understanding of
the relationship between material structural and dynamic properties and the
mechanical response function, or the viscoelasticity, of the material. Rheology
makes it possible to gain useful information about the polymer structure and the
dynamic change of the structural changes under imposed stress by measuring the
storage and loss moduli, even though it is not always possible to visualize the
polymer structures directly.

Traditionally, the storage and loss moduli are determined with a
macroscopic mechanical rheometer. In this case, measured quantities reflect a
spatial average over the length scale of the sample, usually on the order of a few
millimeters. Recently, new microrheology methods have been developed which
determine the storage and loss moduli from the thermal, or forced motion of
individual colloidal probe particles (I-4). Microrheology differs from
conventional macroscopic rheology in that it probes the local viscoelastic
properties in the vicinity of a colloidal probe particle with length scales
comparable to the length scale of homogeneity and a large dynamic frequency
range. Determining the local viscoelastic properties near colloidal probe
particles may prove useful in testing theories of surface-polymer interactions, as
well as theories of polymer dynamics on a microscopic scale. In this paper, the
effect due to surface interactions between a polymer solution and a colloidal
particle on the storage and loss moduli is determined by utilizing oscillating
optical tweezers.

The Forces on a Particle in an Oscillating Optical Tweezer

Optical tweezers, also known as laser traps, were first developed by Ashkin
(5). A laser trap is produced by a large electric field gradient from a strongly
focused laser beam. There are many ways to calculate the force a laser exerts on
a trapped particle. For particles comparable to, or smaller than, the wavelength
of the light of the trapping laser, the electrostatic potential approximation works
well. From the consideration of the electrostatic potential produced by a
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polarizable particle in an electrostatic field, the force on the particle from a laser
with a Gaussian intensity profile can be approximated as (6,7):

= nV( n?-n? _ R IR &
L
; +2n;

where « is a geometrical factor of the order one, n; and n, are the indices of
refraction of the solvent, and the particle respectively, V is the volume of the
particle, c is the speed of light, R is the radius of the laser beam at 1/e” of the
intensity at the axis, Iy is the laser intensity, and r is the distance between the
centers of the particle and the laser trap. For small displacements r<<R, the force
follows Hooke’s law with a spring constant k. Since the wavelength of the laser
is on the order of a micron, this is a good approximation for the micron-sized
particles used in this study.

Equation of Motion of a Particle Trapped in an Oscillating Tweezer in a
Neat Liquid

If a particle in an optical tweezer is allowed to oscillate by oscillating the
tweezers via a piezo mirror, the equation of motion of the particle takes on the
following form (4,7,8):

m +6mnax+k,x =k, Ae® + f(t) @)

where m is the mass of the particle, ) is the dynamic viscosity, a is the radius of
the particle, A is the amplitude of the oscillating tweezer, @ is the angular
frequency of the oscillating tweezer, and f(¢) is the fluctuating Brownian thermal
force. In the absence of a driving force, equation 2 can be solved in frequency
space to obtain the power spectrum of a thermally fluctuating particle in a
harmonic potential (9). In our case, because of the way that the data are
acquired, only time-average position of the center of mass is relevant, such that
equation 2 has a steady-state solution:

(1) = D(@)e' @ 3)

where X (f) is measured over a time period, T >> 1/, and the amplitude and
phase shift of the response are:
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D k
d )=—= o (4a)
@=3 J(6mNaw)* + (k, —maw*)*

5(w)=tan"l% (4b)

To detect the position of the center of mass of the particle, the forward scattering
of the particle from the trapping laser itself is collected (0). In this case, the
time average position of the center of mass is given by a transformation from the
moving reference frame relative to the oscillating laser, to the stationary lab
frame. The transformation is given by:

) =% (t) - Ae™ (5a)

where, X (1) indicates the position relative to the oscillating laser. The position
can be decomposed into a measured phase, é ' (w), and displacement, d{®). The
relations between the phase and displacement relative to the oscillating reference
frame and phase and the displacement relative to the stationary lab frame are
given by:

d(@) = Jd"™*-2d"cos(8") +1 (5b)
d'siné'
o) = ik, (SC)
(@)= tan d'cosé'-1

Equation of Motion of a Particle Trapped in an Oscillating Tweezer in a
Viscoelastic Material

If the particle is placed in a viscoelastic material, rather than a purely

viscous liquid, the equation of motion of the center of mass of the particle
reduces to the form:

(-m@* +6naG’ (w) +k, )d(w)e @ =k, (6)

where G'(w) is the complex shear modulus, such that G'(w)=G {®)+iG (@), and
where the in-phase component, G{w) is the storage modulus, and the out-of-
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phase component, G"(w) is the loss modulus. If k,, is determined by fitting the
measured phase and displacement to equation 4, in a neat liquid of well-defined
frequency-independent viscosity, then G{w) and G"(®) can be determined from
the following relations (4):

vy Ko [COSE - mw’ (7a)
G(w)-6 [—d 1+ X ]
" ko sind
G (w)=%—wnsolvent (7b)
Experimental

Experimental Setup

The experimental apparatus shown in Figure 1, consists of an optical
tweezer formed by focusing an independently-steered laser beam (Spectra
Physics Millenia, A= 532 nm), using a microscope objective (Olympus
UplanApo 100x NA 1.35) in an inverted microscope (Olympus IX-70). The trap
is oscillated with a high-frequency piezo-driven mirror S224 (Physik
Instrumente). To detect the center of mass of the particle’s position, forward
scattered light is collected by the microscope condenser, CDSR, and projected to
a split photodiode, PS. The photodiode is located at the optical conjugate point
of the trap such that there is not a signal when the particle is in the center of the
laser. The signal from the photodiode is then sent to a lock-in amplifier, where
the phase shift and displacement of the center of mass of the particle’s oscillation
relative to that of the laser beam is measured.

Experimental Procedure and Results

In this study, individual 1.6 micron diameter SiO, particles (Duke
Scientific) are placed into forced harmonic motion using the method described
above. The oscillation amplitude of the laser is A=40 nm. Figures 2 and 3 show
the phase and normalized displacement of a 1.6 micron particle in water
averaged over 10 frequency sweeps. The data set so obtained is converted from
the oscillating frame to the stationary lab frame by the use of equations 5b and
Sc. Because the dynamic viscosity of water is known, 77 = 0.0092 Poise, the only
fitting parameter in equations 4a and 4b is the spring constant, k. The solid lines
are generated from equations 4a and 4b with the single fitting parameter,
kx=0.0175 dynes/cm.

In Polymer Colloids; Daniels, E., et al.;
ACS Symposium Series; American Chemical Society: Washington, DC, 2001.



Publication Date: November 6, 2001 | doi: 10.1021/bk-2002-0801.ch004

July 17, 2012 | http://pubs.acs.org

45
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Figure 1. A schematic of dual-tweezer setup. HW is a half-wave plate, ND,
neutral density filter, PBS, polarizing beam splitter, S224 is the piezo-controlled
mirror, PS, piezo power supply, DB, dichroic mirror to allow laser beam to
reflect and long wavelength illuminating light to pass. The sample is located
immediately to the right of the objective lens OBJ. (Reproduced from reference
4. Copyright 1999 Kluwer Academic Publishers.)
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Figure 2. Phase vs. frequency data for a 1.6 micron SiO, particle in water. The
solid line is generated from equation 4b with k,=0.0175 dynes/cm.
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Figure 3. Normalized displacement vs. frequency data for a 1.6 micron SiO,
particle in water. The solid line is generated from equation 4a with k,=0.0175
dynes/cm.

If the approximate form for the force of the trap on the particle given in
equation 1 is valid, the spring constant should scale linearly with laser power.

As a test, the spring constant is determined at several different laser
intensities as shown in Figure 4. As predicted, the spring constant varies linearly
with the laser power.
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Figure 4. Laser power vs. spring constant as determined by measuring the
phase and displacement of a 1.6 micron SiO, particle in water.

After the calibration of the spring constant, the method is applied to a
solution containing a transient polymer network. A 1.5% solution of hexadecyl-
terminated polyethylene oxide (MW=31000 g/mol, Union Carbide) in water, is
used as the viscoelastic material (Z1-15). This polymer forms a network of
bridged micelles in solution, and the viscoelastic moduli are known to obey the
Maxwell model (11,15,14). The single relaxation time is known to be the
lifetime of the hydrophobes in the micelle (12). With the presence of colloidal
particles in the solution, the hydrophobic end-groups of the polymer absorb
strongly onto hydrophobic surfaces, and weakly charged backbones of the
polymer absorb weakly onto hydrophilic surfaces. Because silica has a
hydrophilic surface, the storage and loss moduli measured near the silica particle
should be affected by adsorption.

Figures 5 and 6 are the normalized displacement and phase shift of a 1.6
micron SiO, particle in the polymer solution when the reference trap power is
1.4 W, averaged over 10 runs. There is little variation of the phase shift and the
displacement from particle to particle.

From the data shown in Figures 6 and 7, the storage and loss moduli are
determined by equations 7a and 7b, and shown in Figure 7. The white data
points correspond to the loss modulus, G"(@), whereas the dark data points
correspond to the storage modulus G'(@). The circles indicate data obtained by
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Figure 6. Phase vs. frequency of a 1.6 micron SiO, particle in a
1.5% polymer solution.
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the optical tweezers, the boxes are data obtained by a conventional rheometer.
After averaging the data over several particles, the plateau modulus is
determined to be G_ =83+14dynes/cm’ and the relaxation time is determined to
be 7 =0.164+.04s. The data obtained from the conventional rheometer indicate
a plateau modulus of G_ =600 dymes/cm2 and a relaxation time of 7=0.06s.
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Figure 7. G' or G" vs. frequency for a 1.5% polymer solution. The white data
points correspond to the loss modulus, G"(w), whereas the dark data points
correspond to the storage modulus G(w). The circles indicate data obtained by
the optical tweezers, the boxes are data obtained by a conventional rheometer.

Recently, theorists have predicted that the rheological properties near a
colloidal particle differ from bulk rheological properties (16). However, there is
not a specific theory that relates the microscopic structure of the polymer
network, in the vicinity of a probe particle, in the presence of absorption, to the
dynamic response of the network. In absence of a complete theory, some
qualitative observations can be made. Specifically, a smaller plateau modulus
indicates a smaller number of polymer junctions per volume in the probed area,
while the longer relaxation time is due to the longer lifetime of hydrophobes in a
micelle (/2). While these results may indicate a concentration gradient in the
vicinity of the particle as indicated by the smaller plateau modulus, further tests
in which the concentration and molecular weight are varied are needed to
confirm this hypothesis. The results from the optical tweezers have been
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confirmed qualitatively by another microrheology technique, Diffusing Wave
Spectroscopy (data not show) (/).

Conclusions

Using a micron-size particle as a probe, we find that the dynamic moduli are
quite different than those measured by a conventional macroscopic rheometer.
The differences in both the plateau modulus and the relaxation time are most
likely due to the interactions between the probe particle surface and the polymer
network. The weak adsorption of the polymer onto the probing particle appears
to produce a lower polymer bridging density as indicated by the lower plateau
modulus. However, the resident lifetime of the hydrophobes in each junction
appears to increase as indicated by the longer relaxation time.

In order to detect the effect of local polymer structures and dynamics, we
have developed a method to probe the rheology in the microscopic environment
in the vicinity of a silica probe particle. Since this technique does not depend on
thermal motion, a range of non-thermal and high shear experiments are possible.
This technique has the potential to probe localized structures at various length
scales in homogeneity in a variety of polymer and colloid systems.
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Chapter 5

The Role of “Free Charge” in the Deposition of Latex
Particles onto Pulp Fibers

B. Alince!, J. Kinkal'?, F. Bednar'®, and T. G. M. van de Ven'

'Pulp and Paper Research Centre, McGill University, 3420 University Street,
Montreal, QC H3A 2A7, Canada
*Visiting student from the Institute of Chemical Technology, Prague, Czech Republic
3Visiting student from the Slovak Technical University, Bratislava, Slovakia

Electrostatic  interactions between latex particles and
oppositely charged surfaces can be affected by the “free
charge” of a latex which represents the ionic compounds
formed during polymerization or present as emulsifiers and
which do not become an integral part of the latex particles. It
is demonstrated that a cationic latex does not deposit on
anionic fibers suspended in water until an excess of “free
charge” is eliminated. This can be achieved by introducing an
oppositely-charged polyelectrolyte capable of forming a
neutral complex with the “free charge”. Another possibility is
to remove the “free charge” from the latex before its
application using fibers as a scavenger.

The properties of a quasi-random assembly of fibers, such as paper, are
modified by introducing a polymer. Often the purpose is to improve mechanical
behavior and resistance to water by replacing the natural interfiber bonds with
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polymer bonds and changing the characteristic nature of the fiber surface. In this
role the polymer will be most effective when covering the fibers uniformly which
can be achieved by treating the fibers before being formed into a sheet.

A most convenient way of incorporating hydrophobic polymer into a
sheet of paper appears to be an addition of latex to fibers suspended in water.
Provided that the latex and the fibers are oppositely charged, the latex particles
will deposit on the fibers due to electrostatic attraction. Since fibers in water are
negatively charged, the latex particles must be positively charged. Alternatively
the fibers can be treated with cationic polyelectrolyte to provide them with
positive charge in order to attract the negatively-charged anionic latex. Upon
forming a sheet from such latex-covered fibers, dewatering and drying, the latex
particles will coalesce into a film on the fiber surface.

To achieve a uniform coverage of fiber it is important that the repulsion
between latex particles, which are driven to the fibers by electrostatic attraction,
is strong enough to prevent their homocoagulation. The result is then a
monolayer of discrete particles covering the fiber surface. Although it is possible
to introduce anionic latex into anionic fibers by using cationic retention aids, the
uniformity will suffer. The cationic polyelectrolyte flocculates the latex which
then deposits in the form of aggregates. Thus the efficiency will decrease and for
full fiber coverage considerably more latex will be required.

The first attempts using cationic latexes failed because the latex did not deposit
on the anionic fibers. The reason appears to be that a wrong type of latex was used
with the charge orginating from cationic emulsifiers. Because these are physically
adsorbed on the latex particles they may, in the presence of fibers, desorb and transfer
to the fiber without taking the particle along. It was therefore concluded that the
charge must be an integral part of the latex particles. This can be achieved by using
cationic comonomer and/or cationic initator. Such latexes, prepared in the absence of
emulsifiers and cleaned by flash evaporation, behaved as expected. They deposit on
clean fibers forming a monolayer of discrete particles. Moreover, the laboratory
handsheets formed from such fibers had much improved mechanical properties and
were water repellent (/-4).

However, when commercial and experimental cationic latexes, obtained
from a variety of sources, were investigated, their behavior was rather erratic.
Some would deposit up to a limited amount, some would deposit in tap or
contaminated water, but not in deionized water. Such experience could lead to a
premature dismissal of the whole idea and could cast doubts concerning the
applicability of the basic rules of colloidal interactions. The intention here is to
point out several factors that are responsible for the observed behavior and
which have to be taken into account when dealing with realistic systems rather
than a well-defined model system in the laboratory.

In Polymer Colloids; Daniels, E., et al.;
ACS Symposium Series; American Chemical Society: Washington, DC, 2001.



Publication Date: November 6, 2001 | doi: 10.1021/bk-2002-0801.ch005

July 17, 2012 | http://pubs.acs.org

54
Experimental
Materials

Softwood bleached kraft fibers were washed several time to remove fines. The
latexes were either commercial or experimental supplied by several producers. The
model latex was prepared in our laboratory in the absence of emulsifier.

Methods
Latex Deposition on Fibers

In general, a suspension of one gram of fibers in S00 mL water was kept under
slow (80 rpm) paddle stirring, and an appropriate amount of latex was added. A
sample of supernatant was withdrawn by a syringe equipped with a filter tip to
exclude fibers. Light transmittance of the sample was converted to concentration
using the established linear relationship between log transmittance and concentration.
The difference between the amounts of latex added and that found in the supernatant
is taken as the amount deposited on fibers. The kinetics of deposition was determined
by taking samples in timed intervals starting 15 seconds after the latex addition.

Colloidal Stability

The rate of destabilization was measured using a Photometric Dispersion
Analyser PDA 2000 (Rank Brothers, Cambridge, UK). The principle of PDA is based
on detecting the change in size that takes place when particles aggregate due to loss of
stability. The stability is expressed as a stability ratio W=k;/ k; where k; is a given rate,
and k; is the fast rate.

Charge

The electrophoretic mobility of particles was determined using a Mark II
microelectrophoretic apparatus (Rank Brothers, Cambridge, UK) equipped with a flat
cell.
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Results and Discussion

Deposition of Model Cationic Latex on Pulp Fibers

Poly(styrene-co-butadiene) latexes, prepared in the absence of emulsifiers, using
cationic comonomer diethylaminoethyl methacrylate (DEAEMA), and subjected to
flash evaporation, deposit on clean fibers suspended in distilled water. The deposition
is driven by electrostatic attraction between positively-charged latex and negatively-
charged fibers. The charge of both (expressed as electrophoretic mobility) as a
function of pH is shown in Figure 1. In Figure 2 an example of deposition at neutral
pH is shown as a function of time for different latex additions. The rate of deposition
increases with increased latex addition which is expected because of the increased
frequency of collisions between latex particles and fibers. The maximum deposition
of 140 mg latex per gram of fiber indicates a monolayer coverage of the fiber surface
by closely-packed latex particles, considering that the size of this latex is 255 nm in
diameter and the available surface of one gram of fibers is around 1 m”. A micrograph
in Figure 3 shows that this is indeed so.

Electrophoretic Mobility . 10° [m2s™.V]

Figure 1. Electrophoretic mobility as a function of pH for anionic fibers and a
particular cationic latex.
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Figure 2. Deposition of clean cationic latex on fibers suspended in water
measured for different latex addition as a function of time. One gram fiber +
latex/500 mL.

Figure 3. Deposition of latex particles on pulp fibers as observed by SEM.
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Effect of Cationic “Free Charge”

“Free charge” represents the ionic compounds formed during polymerization or
present as emulsifiers and which do not become an integral part of the latex particles.
By adsorbing on fiber they make it less attractive to latex and depending on their
concentration, they may prevent deposition completely. A typical example is in Figure
4 where the deposition of a commercial type of acrylic cationic latex, measured as a
function of time, is shown for different latex additions. At low latex addition and
consequently also low “free charge” content, all the latex deposits (up to ~ 30 mg/g).
However, with increased latex addition, the extent of latex deposition decreases and
finally at 100 mg latex addition there is enough “free charge” available to adsorb on
the fibers to prevent practically any deposition.
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pH =6.5 Latex
addition
[mg]
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Figure 4. Deposition of commercial cationic latexes on fibers suspended in
water measured for different latex additions as a function of time. The
experimental points are omitted for the sake of clarity. Square root of time is
used to emphasize the initial deposition. One gram fiber + latex/500 mL.

Another aspect, the delayed onset of deposition, seen in Figure 4, is
also of interest. The process of “free charge” adsorption is apparently faster than
the deposition on latex particles. The free charge initially adsorbs on the external
surface of the fibers but with time it moves inside the fiber wall, and thus the
original surface charge of fiber is restored. Obviously, with increasing content of
free charge this process will take longer and consequently the onset of deposition
will be more delayed.
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Elimination of Cationic “Free Charge”

For the purpose of eliminating the detrimental effects of “free charge”
on latex deposition several possibilities can be envisaged. One of them is to
consume the “free charge” by introducing an oppositely-charged polyelectrolyte
thus forming a neutral complex. An example is shown in Figure 5. Cationic latex
does not deposit because of an excess of “free charge”. Addition of anionic
sulfonated kraft lignin (SKL) before the latex is added results in increased
deposition. However, overcharging the system with anionic compounds (100 mg
SKL/g latex) also causes a reversal of the latex charge and consequently no
deposition.

In order to evaluate the content of “free charge” and thus to determine the
appropriate addition of oppositely-charged polyelectrolyte, the knowledge of
latex stability and charge as a function of the polyelectrolyte addition is useful.
In Figure 6 the stability and charge of cationic latex is shown as a function of
SKL addition. The stability ratio W is the ratio of the rate of fast destabilization
and the given rate. This means that for W=1 (log W=0) the system is unstable and
for W=oo it is stable (within a given period of time). W>1 means the system
destabilizes, but at a slower rate. As can be seen, the latex behaves as expected
in a system that is electrostatically stabilized; i.e., fast coagulation takes place at
charge neutralization. What is important for our purpose is the amount of SKL
required to reach this point. If more of the SKL is needed, that indicates that
more cationic charge (both free and that associated with the latex) is present. The
determined amount of SKL then provides guidance for the required SKL
addition to eliminate the “free charge”.
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Figure 5. Deposition of commercial latex in the presence of sulfonated kraft
lignin. One gram fiber + 100 mg latex/500 mL.
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Figure 6. Stability and electrophoretic mobility of commercial latex at pH 6.5 as
a function of sulfonated kraft lignin addition. Log W=c0 — colloidaly stable.
Log W=0 — fast coagulation.

A comparison of Figure 5 and Figure 6 shows that in the absence of SKL the
latex is stable and positively charged, but does not deposit likely due to an
excess of “free charge”. Addition of 50 mg SKL per gram latex into a system
composed of one gram fiber and 100 mg latex results in deposition. The latex is
still stable and positively charged as seen in Figure 6. At a SKL addition of 70
mg per gram the latex coagulates because the SKL eliminates both the “free
charge” and the latex charge (Figure 6). The coagulated latex still deposits
(Figure 5) but to a lesser extent and at a faster rate. This is in accordance with
the theoretical prediction that the rate increases with increasing size. However,
due to coagulation, the latex deposits in the form of aggregates as seen in Figure
7 instead of discrete particles as shown in Figure 3. Because of their large size,
the aggregates in the mixed system are susceptible to hydrodynamic forces which
interfere with their tendency to deposit, and thus, the extent of deposition
decreases. Increasing SKL addition to 100 mg per gram latex results in stable,

In Polymer Colloids; Daniels, E., et al.;
ACS Symposium Series; American Chemical Society: Washington, DC, 2001.



Publication Date: November 6, 2001 | doi: 10.1021/bk-2002-0801.ch005

July 17, 2012 | http://pubs.acs.org

60

but negatively-charged latex (Figure 6) which does not deposit as seen in Figure
5.

Figure 7. Deposition of latex aggregates on fibers as observed by SEM.

It must be realized that the optimum SKL addition would differ depending
on pH. The degree of dissociation of both the cationic groups and the anionic
groups is pH dependent, and as a result, with increasing pH, the cationic charge
decreases, while the anionic charge increases. Since the formation of a neutral
complex between oppositely-charged polyelectrolytes is essentially a
stoichiometric interaction between ionic groups, less anionic material will be
required to neutralize the cationic “free charge” at higher pH. This also means
that the amount of SKL needed to destabilize the cationic latex will decrease
with increasing pH as shown in Figure 8. At pH 2 one gram of latex is
destabilized by 120 mg SKL while at pH 10 only 40 mg is necessary.
Consequently to induce deposition of a given latex at low pH more SKL is
required, while at high pH less SKL is needed.

The fact that the cationic charge decreases with increasing pH also means
that the detrimental effect of “free charge” becomes less pronounced. It also
helps that the anionic charge of fibers increases as shown in Figure 1.
Consequently, at higher pH, more “free charge” can be tolerated and the latex
deposition at pH 10 might proceed as shown in Figure 9. The pattern is different
from that shown in Figure 4 at pH 6.5. One problem, however, has to be
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realized. The charge of this latex at pH 10 (cf. Figure 1) might not be strong
enough to ensure latex stability, and consequently, the latex might deposit in the
form of aggregates as shown in Figure 7.
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Figure 8. Amount of sulfonated kraft lignin for inducing fast coagulation of

latex as a function of pH.
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Figure 9. Deposition of commercial cationic latex at pH 10 measured for
different latex additions as a function of time. One gram fiber + latex/500 mL.
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When the latex coagulates and thus is deposited as aggregates, its efficiency
could be seriously affected because at a given amount of introduced latex less
fiber surface is covered. This would mean that the intended purpose, i.e.,
protecting the fibers against water and replacing interfiber bonding to improve
mechanical properties, would be more difficult to achieve or else more of the
latex will be needed to match the performance of fibers covered by a monolayer
of discrete particles.

So far the need to eliminate the excess of cationic “free charge” has been
demonstrated using a particular acrylic latex with average size 200-300 nm and
Tg~20 °C. Other experimental samples from various sources behave similarly.
Two examples of poly(styrene-co-butadiene) latexes are shown in Figure 10
(120 and 230 nm and T,~20 °C). Their content of “free charge” is different as
documented by the amount of SKL required to cause destabilization and to reach
the isoelectric point shown in the upper part in Figure 10. In the absence of SKL
they deposit to a limited extent, as seen in the bottom part of Figure 10, because
of an excess of “free charge” (represented by double plus sign). The latex with
smaller particle size coagulates at SKL addition around 100 mg/g at which point
it is also deposits. At 150 mg SKL/g it becomes negatively charged and
consequently does not deposit. The larger latex particles already coagulate
around 50 mg SKL/g. Addition of 100 mg SKL/g results in reversing the charge,
thus preventing deposition.

Removal of Cationic “Free Charge” by Fibers

The problems resulting from the presence of “free charge” could be
alleviated by removing it from the latex before its application. The common
methods used for latex cleaning, like dialysis and ion-exchange resins, were not
very effective. However, the use of fiber as a scavenger for the “free charge” is
quite successful. An example of what happens is shown in Figure 11. Latex
added to fibers suspended in either tap water or deionized water does not
deposit. After 15 min of mixing, the fibers are separated by filtration and a fresh
charge of fibers is introduced. Now the latex deposits in tap water. In deionized
water the procedure must be repeated four times before the onset of considerable
deposition. The experiment indicates that the “free charge” is adsorbed by fiber
and thus is effectively removed from the latex. If so, then the stability and charge
of latex determined as a function of SKL must also change. This is shown in
Figure 12. The original latex requires about 200 mg/g to lose its charge and
coagulate in both deionized and tap water. After one step cleaning in tap water
the required amount of SKL drops to about 30 mg/g. This means that the content
of “free charge” decreased sufficiently and the latex deposits. The content of
“free charge” decreases after one step in deionized water, but still remains high
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enough to prevent deposition. Only after the fourth step does the content of “free
charge” become sufficiently low for deposition to take place. From Figure 12 it
follows that the amount of charge removed from latex by fibers (one step in tap
water and in 4 steps in distilled water) is equivalent to a charge of about 170 mg
SKL/g latex.
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Figure 10. Stability and electrophoretic mobility of cationic experimental latexes as a
Junction of sulfonated kraft lignin addition (upper). Deposition of experimental
cationic latexes in the presence of anionic sulfonated kraft lignin. One gram latex +
100 mg latex/500 mL (lower).
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Figure 11. Deposition of experimental cationic latex in deionized and tap water after
stepwise (15 min) cleaning with pulp fibers. One gram fiber per step/500 mL. Latex
addition 100 mg.
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Why the cleaning process is more effective in tap water is not quite clear but
it is often observed that a given latex deposits in tap water but not in deionized
water. It can be argued that in the presence of salt the adsorption of “free charge”
by fibers is enhanced which is a phenomenon known in polyelectrolyte
adsorption on cellulosic fibers (for low salt concentrations). However, the results
shown in Figure 13 indicate that other factors might be involved. When
deionized water was adjusted by the addition of calcium bicarbonate to the same
conductivity as tap water (260 puS/cm) the latex deposition in the second step
increased, but an additional step was needed for full deposition. The
performance of tap water was matched only at higher conductivity (500 pS/cm).
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Figure 13. Deposition of experimental cationic latex in deionized water, tap
water, and standard water after stepwise (15 min) cleaning with pulp fibers.
One gram fiber per step/500 mL. Latex addition 100 mg.

Effect of Anionic Contaminants in Process Water

In industrial processes the suspension of fibers in water is not a clean
system. For chemical fibers, no matter how well the fibers are washed after
pulping, a variety of solubles leach out. These are generally negatively charged.
In the case of fibers obtained by mechanical pulping the situation is worse
because they may not be washed at all. Recycled fibers contain additives used in
papermaking. It is therefore not surprising that the behavior of latex introduced
into such a system is affected. Since the contaminants are mostly anionic in
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nature it is the cationic latex which is particularly vulnerable. It may coagulate
and even its charge may be reversed as shown in Figs. 6, 10 and 12 where the
stability and charge of cationic latex is determined as a function of anionic
sulfonated kraft lignin. It is of interest to note, however, that the presence of
“free charge”, which is detrimental to latex deposition in a clean system becomes
actually an advantage in a contaminated one.

In a clean system anionics are added to eliminate the excess of cationic
charge and thus promote deposition. In a contaminated system the anionics are
already present. The ideal case would be if the cationic “free charge” and the
anionic contaminants will be eliminated by mutual interaction.

From the above it is apparent that in order to predict the probability of latex
deposition or to explain the absence of deposition, an investigation of the
stability and the charge of latex in a given supernatant is essential.

Effect of Anionic ‘“Free Charge”

Deposition of anionic latex takes place on fibers, the charge of which is reversed
by adsorbing cationic polyelectrolyte. An example is provided by using four
commercial polystyrene latexes of different size. In Figure 14 is shown their stability
and charge as a function of polyethylenimine (PEI) addition. The amount of PEI
required for eliminating the charge and thus causing destabilization is equivalent to
the anionic charge that is present, both the “free charge” and the latex charge. The 60
nm latex contains the most charge, an amount about equivalent to 50 mg PEl/g,
whereas, for the 200 nm latex the equivalent amount is 10 mg PEI/g and for the 400
and 750 nm latexes the amount is 5 mg PEL/g. Their deposition on fibers pretreated
with PEI and washed free of unadsorbed PEI is shown in Figure 15 as a function of
latex addition. All the latexes deposit quantitatively up to a given maximum. The
deposition decreases with increased additions apparently due to an excess of “free
charge” delivered by the latex.

It is of interest to note that, with the exception of the 750 nm latex, the
maximum deposition is close to the calculated coverage of one gram fiber (1 m?)
by a monolayer of closely-packed discrete particles — 30, 100 and 200 mg/g for
the 60, 200 and 400 nm particles. (For the 750 nm particles it will be 375 mg/g).

From the maximum deposition and the charge delivered by the latex it is
possible to evaluate the amount of anionic charge which can be present before
becoming detrimental. The data in Table 1 show that the system can tolerate the
presence of anionics up to 0.9 mg PEI equivalent per gram of fiber.

The detrimental effect of “free charge” is obvious in the case of 750 nm
latex because its maximum deposition is below the calculated full coverage of
fibers (375 mg/g). The effect of removing the anionic “free charge” by PEI-
treated fiber on latex deposition is shown in Figure 16. At the latex addition of
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500 mg per gram fiber in deionized water, about 40 mg of latex deposits in
deionized water and about 100 mg in tap water. By removing the fibers and
introducing a new charge of PEI treated fibers the deposition in tap water is
about 350 mg/g (close to full coverage of fibers). In deionized water the same
deposition is achieved after an additional step of cleaning.
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Figure 15. Deposition of commercial anionic latexes on poly(ethylenimine)-
treated fibers as a function of latex addition. One gram fiber + latex/500 mL.

Table 1. Evaluation of Tolerated Anionic Charge

Latex sample nm 60 200 400 750
Charge in PEI equiv. mg PEl/g latex 50 10 5 5
Maximum deposition mg latex/g fiber 18 90 180 190

Charge delivered by latex at mg PEl/g fiber 09 09 09 09
maximum deposition (in PEI
equiv.)
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Figure 16. Deposition of commercial anionic latex 750 nm on poly(ethylenimine)-
treated fiber in deionized and tap water after stepwise (15 min) cleaning with PEI
treated fibers. One gram fiber per step/500 mL. Latex addition 500 mg.

Conclusions

When dealing with a realistic system, the presence of “free charge” and
particularly its effect on latex-fiber electrostatic interactions must be considered.
Excess of cationic “free charge” delivered by addition of latex is detrimental to
latex deposition on fibers dispersed in water because it adsorbs on fibers and
makes them nonattractive. An excess of anionic contaminants in water also
prevents cationic latex deposition because they adsorb on latex and reverse its
charge. It is therefore necessary to determine the content of both contaminants
and “free charge” and decrease them to a level that can be tolerated.

Elimination of “free charge” can be realized by introducing an oppositely-
charged polyelectrolyte to form a neutral complex. Anionic contaminants can be
eliminated by the addition of cationic polyelectrolyte. In the ideal case the
cationic “free charge” will be neutralized by the anionics present in the process
water. This also means that the presence of “free charge” is actually beneficial in
contaminated water. The other possibility is to remove the “free charge” by using
fibers as a scavenger. However, in this case, the presence of anionics will be
detrimental and will have to be eliminated.
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Chapter 6

The Effect of Hydrophilic Nonionogenic Comonomers
on Flow Properties of Carboxylated Latexes

Jaromir Siiuparek’, Otakar Quadrat’, Jifi Horsky?, and Martin Ka%ka'

'Department of Polymeric Materials, University of Pardubice,
532 10 Pardubice, Czech Republic
*Institute of Macromolecular Chemistry, Academy of Science of the Czech Republic,
162 06 Prague, Czech Republic

Different copolymer latexes containing hydrophilic nonionic
functional groups were thickened with a model alkali-
swellable latex based on ethyl acrylate / methacrylic acid /
N,N"-methylenebisacrylamide copolymer and the thickening
efficiency was investigated. The thickening process was
closely related mainly to the volume fractions of both the
nonionic and the alkali-swellable latex particles.

Copolymer latexes containing hydroxyl or amide groups are frequently
utilized in water-borne coatings. The reactive functional groups are loci for
polymer chain crosslinking with melamine resins or with polyisocyanates.
Highly carboxylated latex copolymers that are alkali-soluble or alkali-swellable
increase the viscosity of water-borne vehicles. Copolymers comprising both
nonionogenic comonomers as they are, e.g., hydroxyethyl methacrylate or
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methacrylamide, and ionogenic acrylic or methacrylic acid are frequently used in
shell layers in core-shell particles. Steep increases in viscosity during
neutralization of such copolymer latexes is important for the vehicle rheology;
however, it also may cause difficulties in their practical application. Thus, a
good knowledge of the flow behavior of such vehicles is very important. At
present, the mechanism of such thickening processes is not fully understood. It is
assumed (I/-3) that, after neutralization of the originally acidic material,
electrostatic repulsions between ionized carboxylic groups attached to polymer
chains of the latex and thickener leads to particle swelling, which increases steric
and electrostatic particle interactions. Also bridging flocculation or volume
restricting flocculation may appear (/,2). These structural changes result in high
resistance to deformation in the flow field and, consequently, in an increase in
non-Newtonian viscosity, yield stress, and dynamic moduli of the thickened
system. Flow properties of three model latexes of copolymers containing a small
amount of acrylic acid, as well as a reactive hydrophilic monomer, either
methacrylamide (MAAm) or 2-hydroxyethyl methacrylate (HEMA) in two of the
latexes, and thickened with a model alkali-swellable thickener (AST) have been
investigated using capillary viscometry and dynamic and steady shear
measurements.

Experimental
Latex Preparation

The basic copolymer latex comprising butyl acrylate, styrene, and acrylic
acid (L-0) and the other two also with MAAm (L-M) or HEMA (L-H)
comonomers have been prepared by a non-seeded semi-continuous emulsion
copolymerization with a monomer emulsion feed. The solids content of the
prepared latexes was 50 wt%. The AST has been prepared similarly by emulsion
copolymerization of ethyl acrylate, methacrylic acid and N,N-
methylenebisacrylamide. In the case of the carboxyl-containing dispersion, the
polymerization was carried out only to a low (7 wt%) solids content to reduce
unpredictable crosslinking of particles by chain transfer. The pH of the resulting
latexes was 2-3. The emulsion polymerization procedure that was used
guaranteed a homogeneous statistical copolymer composition of latex particles
(4-6). The hydrodynamic diameter of the latex particles as measured by dynamic
light scattering (Auto-Sizer LoC, Malvern Instruments, UK) ranged between 150
and 170 nm. The copolymer compositions are given in Table 1.
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Table I. Composition of Latexes (wt%)

Monomer L-0 L-M L-H AST
Butyl acrylate 56.5 51.5 60
Styrene 415 36.5 28
Methacrylamide 10
2-hydroxyethyl methacrylate 10
Acrylic acid 2 2 2
Ethyl acrylate 82.5
Methacrylic acid 15
N,N'-methylenebisacrylamide 2.5
Materials

Technical grade monomers, ethyl acrylate, n-butyl acrylate, and acrylic acid
(Chemical Works, Sokolov, Czech Republic), styrene (Kau€uk Kralupy, Czech

Republic), 2-hydroxyethyl methacrylate, methacrylic acid and N,N-
methylenebisacrylamide = (Réhm, Darmstadt, Germany) were used.
Polymerizations were carried out in a 2.5 L stirred glass reactor under a nitrogen
atmosphere using a redox ammonium peroxodisulfate—sodium bisulfite initiating
system (for hydroxy containing samples) or ammonium peroxodisulfate alone
(for carboxylated low-solids dispersion of the thickener). Disponil AES 60
(sodium poly(ethylene glycol) alkylaryl ether sulfate, Henkel, Germany) in an
amount of 2 wt% of the active component (relative to the monomers) was used
as an emulsifier.

Sample Preparation and Viscometry

In this study we aimed at the thickening of medium-concentrated latexes (25
wt%). Thickened samples were prepared by addition of dilute aqueous ammonia
to mixtures of originally acidic latexes with the alkali-swellable dispersion to
reach the required pH, 9.2-9.3. pH measurements were carried out with a digital
pH meter (Radiometer, Copenhagen) with a combined electrode, GK 2321 C.
Viscosity measurements were performed at 25 °C with samples stabilized for one
day after adjustment of the pH.

The relative viscosity #, = n/n,, where 7 is the viscosity of latices and 7, is
that of the dispersion medium, was measured using an Ostwald capillary
viscometer. Rheological experiments were performed using a Weissenberg
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rheogoniometer (model R-16, UK) with a cone-and-plate system with a cone
diameter of 5 cm and a complementary angle of 2°.

Results and Discussion

Capillary viscometry indicated that the dependencies of viscosity of
different neutralized latexes on their particle concentration considerably differ as
is shown in Figure 1. It could be assumed that during neutralization of the
originally acid latexes the effective hydrodynamic volume of latex particles
(intrinsic viscosity [7n]) increased due to electrostatic interactions of ionized
carboxylic groups, which was manifested in an increase of the latex viscosity.
The [7] values were obtained as an intercept of the @ /In7; vs. @, plot (Figure
2) according to the Mooney equation (7)

e = exp{[n] G/(1- (P/D.))} (D

where @ is a volume fraction of unneutralized latex particles and @, is a critical
particle volume fraction corresponding to a fully occupied space.
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Figure 1. Dependence of latex viscosity, n, on the particle concentration, c;.
O=L-0, A=LM, ¥V =LH
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Figure 2. The Mooney plot. Points denoted as in Figure 1.

Similar differences in viscosity found in the original model latexes appeared
also in thickened latexes. Here, the strongest thickening effect manifested both in
the highest viscosity-latex particle concentration dependence (Figure 3) and in
the strongest pseudoplasticity of thickened latex (Figure 4) seen in the HEMA-
containing copolymer latex. The thickening efficiency of the latex with MAAm
comonomer and especially of the latex without hydrophilic groups was lower. It
is obvious that the hydrodynamic volume of the latex particles, and consequently
the latex viscosity, is considerably influenced by the presence of a hydrophilic
comonomer used (Table II).

A relation between the effective hydrodynamic volume of neutralized
particles and that of original acid particles before the neutralization can be
characterized by a volume swelling ratio, g:

g = [n/[n] ©))

where [7,] corresponds to the Einstein theoretical value of 2.5 for rigid
undeformable spheres (8).
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Figure 3. Dependence of viscosity, n, of original latexes (open points) and
latices thickened with 1 wt% of the thickener (filled points) on
particle concentration, cy. Points denoted as in Figure 1.
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Figures 1 and 3.
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Table II. The Effective Hydrodynamic Volume (Intrinsic Viscosity [7]) of
Neutralized Particles

Latex [ﬂ] q d)L* cT (DT* ¢L*+ d)T*

L-0 301 120 026 1.0 0.39 0.65
L-M 421 168 036 081 032 0.68
L-H 507 202 044 065 025 0.69
AST 44 17.6

where g is the volume swelling ratio, @_* is the volume fraction of swollen
latex particles of 25 wt% of latexes, cr and @r* are the concentrations and
volume fractions of the AST in the thickened system of viscosity # = 21.4
mPa.s (corresponding to 25 wt% of L-0 with 1 wt% of AST)

The dependence of viscosity of the thickened 25 wt% latexes on the
thickener concentration, presented in Figure 5 shows that the viscosity (21.4
mPa.s) corresponding to latex L-0 with 1 wt% of the thickener present can be
reached for latex L-M with 0.81 wt% of the thickener present and for the latex L-
H with only 0.65 wt% of the thickener (cr). These results suggest that the
intensity of the thickening process is closely related to the volume fraction of
both the latex and the thickener particles. Figure 6 shows that for the thickened
25 wt% latexes of viscosity 21.4 mPa.s, the sum of the volume fractions of the
swollen latexes (@ *) and the thickener (Pr*) (Figure 6b) with the volume
swelling ratio is nearly constant (Table II) or increases only slightly (Figure 6c).

Conclusions

In general, the thickening process depends on two main factors: (a) the
structure and number of particles present in the thickened systems, and (b) their
steric and electrostatic interactions. It is obvious that the hydrodynamic volume
of the latex particles is an important factor controlling both viscosity of the
original neutralized latexes and their thickening process and that the
hydrodynamic properties of latexes thickened with an alkali-swellable thickener
depend predominantly on the total hydrodynamic volume of the latex and the
thickener particles and not on any specific interactions of comonomers located
on the particle surface. Consequently, latexes of high hydrodynamic particle
volume require a smaller amount of the thickener to adjust the required
rheological properties of the thickened system.
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Chapter 7

Seeded Growth: Avoidance of Secondary
Particle Formation

D. S. Jayasuriya' and R. H. Ottewill®

!Johnson Polymer, 8310 16" Street, Sturtevant, WI 53177
2School of Chemistry, University of Bristol, Bristol BS8 1TS, United Kingdom

In a seeded emulsifier-free polymerization formation of a new
batch of particles (secondary nucleation) can occur in addition
to growth of the seed particles. In an earlier work an
explanation was proposed in terms of the poor colloid stability
of the nucleated particles and the probability of their
heterocoagulation with the seed particles. Hence, this
mechanism implied a dependence on the number of seed
particles present. A detailed investigation of the critical
number concentration of seeds is now reported.

Aqueous phase polymerization of styrene in the absence of emulsifier was
shown to provide a means of preparing monodisperse spherical particles in the
diameter range 0.1 to 1.0 um (/). Moreover, variation of electrolyte
concentration in emulsifier-free systems also provided a useful means of
controlling particle size.

This paper is dedicated to the Memory of John Vanderhoff, friend and colleague
for many years.

80 © 2002 American Chemical Society

In Polymer Colloids; Daniels, E., et al.;
ACS Symposium Series; American Chemical Society: Washington, DC, 2001.



Publication Date: November 6, 2001 | doi: 10.1021/bk-2002-0801.ch007

July 17, 2012 | http://pubs.acs.org

81

In earlier work a number of authors suggested that coagulation processes
played an important part in the process of particle formation in emulsion
polymerization (2,3,4,5). Basically the concept was that once nucleation
occurred to form the first nuclear particles the probability was that these would
have insufficient charged groups for the small particle sizes to be colloidally
stable (6,7,8,9). In view of the high number concentration, coagulation could
occur over a short period of time until the coagulae became large enough to
attain stability as individual colloidal particles.

Since the size of the initial stable particles controls the number
concentration of the system during the diffusional growth period then for the
same initial monomer concentration it could be anticipated that the final
diameter in the media of higher ionic strength would be larger.

Subsequently, it was shown (10) that by adding seed particles to an
emulsifier-free polymerization, larger particles, ca 1.0 to 4.0 um, could be
prepared. This concept was based on the idea that colloidal nuclear particles
heterocoagulate with the seed particles and hence provide a means of growing
the seed particles. However, it was also found necessary to maintain the number
concentration of seed particles above a certain value, i.e. a critical number
concentration, N¢. This contribution gives a more detailed evaluation of the
concept.

Experimental
Equipment for Emulsifier-free Polymerizations

All the polymerizations were carried out in a three-necked round-bottomed
Pyrex flask with a capacity of 150 cm®. A PTFE paddle stirrer (type Q-ST 7/2)
was used via the central neck; as recommended previously (/), it was placed 1
cm from the base of the flask. The second inlet of the flask was used for a
nitrogen input which passed the gas over the surface of the aqueous mixture. The
third inlet was used for a water-cooled condenser. The flask was maintained at
constant temperature, by immersion up to the neck, in a thermostatted-water
bath.

Seeded Emulsifier-free Polymerization

The seed latex dispersed in 50 cm® of water was added to the flask and
washed in with a further 50 cm® of water. This was followed by the addition of a
sodium chloride solution, 35 cm®, which was washed in with 13 cm® of water.
The stirrer and nitrogen flow were then started. After 10 minutes the stirrer was
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stopped momentarily for addition of the requisite amount of styrene. A further
20 minutes was allowed to flush oxygen from the system and to allow
temperature equilibrium at 60 °C to be attained. A known concentration of
potassium persulfate solution was added and washed in with 20 cm® of water.

After a period of 24 hours the flask was removed from the bath and then
after leaving to stand for a few minutes unreacted monomer was decanted
through a filter funnel packed with glass wool.

Preparation of Seed Latexes

All the polystyrene particles prepared for use as seed latexes were prepared
by the method previously described (I); the conditions for the preparation of a
particular seed-particle size were read from the nomograph given in that paper.
The procedure as described for seeded-growth polymerization was used with the
following modifications. The stirrer speed was changed to 350 r.p.m.. Water
(1340 cm®) was added in place of the seed dispersion followed by sodium
chloride dissolved in water (60 cm®) and a further quantity of water (30 cm®) was
used in the transfer. These latexes were listed as RB53, RB85, DSJ 2 and DSJ 3.
All latexes were cleaned by mixed-bed ion-exchange treatment and their
monomer content, surface charge density and particle size distribution
determined.

Results
Seeded Growth Polymerization

An example of polystyrene latex particles formed by an emulsifier-free
seeded-growth polymerization using the seed latex RB85 is illustrated by the
transmission electron micrograph shown in Figure 1. The latex was also
characterized by time-average angular-light-scattering with the results analyzed
using Mie theory (//) computations incorporating a zeroth order log-normal
distribution function (/2). The histogram resulting from electron microscopy is
shown in Figure 2 and compared with that from light-scattering. Electron
microscopy gave a number-average diameter of 2.19 um and light scattering a
diameter of 2.145 um.

It is clear from these results that very monodisperse polystyrene particles
with a diameter greater than 1 pm can be formed by using a seeded-growth
polymerization.
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Figure 1: Electron micrograph of polystyrene latex, A(10), from an emulsifier
free preparation using seed latex RBS5.
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Figure 2: Particle size distributions for latex A(10) from electron microscopy
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Dependence of Initial Growth Rate on Seed Particle Concentration

Light scattering measurements were used to monitor the radius of particles of
latex RB85, which were used as seed particles, in an emulsifier-free system as a
function of time at different number concentrations. The conditions used were,
initiator concentration 1.58 x 10” mol dm™, sodium chloride concentration 0.025
mol dm™, styrene 0.72 mol dm™ at a temperature of 60 °C. Results are presented in
Figure 3 in the form of particle radius as a function of time for four different
number concentrations. These data clearly indicate that the rate of increase in
particle radius, R, has a strong dependence on the seed number concentration Ng
and that as the number of seed particles increased so the initial rate of increase in
particle radius decreased.

The initial gradients obtained from Figure 3 as (dR/df),_., provide a suitable
means of making a comparison between reactions originating from the same latex
particles, since all variables were the same except Ns. Thus some results are plotted
in logarithmic form in Figure 4 as log (dR/dr),_y against log(Ns). The results gave a
linear plot which fitted the equation:

Log (dR/d1), = -1.036log(Ns) - log C (1)

with log C a constant equal to 1.33. Alternatively, this equation can be expressed in
the form:

(dR/df), = 1.0/ C[Ng] 2

indicating, that within experimental error, the initial rate of particle growth was
inversely proportional to the number of seed particles initially present in the
preparation.

Another factor noticed in previous work (/0) was that below a certain number
concentration of seeds, denoted the critical number concentration, Nc, new
particles were formed and hence secondary growth occurred in addition to the
growth of the seed particles.

Determination of the Critical Number Concentration, N¢

The objective of the investigation was to investigate the value of Ng at which
secondary particles were formed, i.e., Nc, under similar conditions of
polymerization. Consequently, an estimate was made of the number of new
particles formed as a function of the number of seed particles, Ns, in the
preparation. For example, as a function of reaction variables such as seed number
concentration, initiator concentration and ionic strength.
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Figure 3: Kinetics of growth of seed particles of RB8S5 at various values of
Ny10” dm”: ®,0.75; W, 1.35; A, 1.5; O, 4.5.
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In general, experiments were carried out over a range of Ng values and an
estimate made of the number of new particles generated, AN, at each seed
concentration. Transmission electron microscopy as used in previous work (10)
formed a convenient method of estimating this number.

Dependence of N on the Radius of Seed Particles

Figure 5 shows a plot of AN as a function of Ns for experiments carried out
usilr;g latBex DSIJ 3 as the seed particles. The value obtained for N- was 2.8 £ 0.2 x
10 dm™.

Values of N for different seed particles are given in Table I and plotted in the
form of Log(Nc) against Log(Rs) in Figure 6 with Rg the radius of the seed particle
in um. This plot shows clearly that N¢ depends on Rs” and this is confirmed by the
data given in Table I for several seed particles.

Table L. N for Various Seed Particles

Seed Latex Rs/um Nc/dm? NcR /um®
DSJ 3 0.345 2.8x 10" 3.33 x 10"
DSJ 2 0.445 1.7x 108 3.36 x 10"
RB 53 0.457 1.7 % 10" 3.33 x 10"
RB 85 0.485 1.5x 10" 3.53x 10"

Y-1" 1.040 3.5x 102 3.79 x 10"

Average = 3.50 x 10"

* SOURCE: Reproduced with permission from reference 10. Copyright 1976.

Effect of Ionic Strength and Initiator Concentration

Some results were obtained, within a limited range, of the effect of changing
ionic strength and initiator concentrations. At low initiator concentrations reactions
were very slow and at higher sodium chloride concentrations coagulation occurred.
The seed latex used was RB 85, with a styrene concentration of 0.72 mol dm?ata
temperature of 60 °C. The results are presented in Table II.
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Figure 5: Secondary growth, AN, against number concentration of added
seeds of latex DSJ 3.
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Table IL. Variation of N¢ with Ionic Strength and Initiator Concentration

Initiator 0.395 1.58 3.95 8.20
(10 mol dm™)

?1)8126) Strength Ne (10" 3 dm?)

0.119 1.85-2.0 - - -
0.474 - 1.5-1.85 - -
1.185 - - 1.85-2.0 -
2.460 <1.85 - 1.35-1.5 2.0-2.5

Within the practical limits of initiator and ionic strength the results appear to
indicate, that within experimental error, the effect on Nc was rather small.

Discussion

The experimental studies reported confirm that it is possible to prepare
monodisperse polymer colloid particles of polystyrene using a seeded-growth
emulsifier-free polymerization. The concept of a critical number concentration, N,
suggested by the work of Chung-Li et al (/0) is also substantiated. Moreover,
experiments with seed particles over a range of seed radii, Rs, indicated that for
given conditions of mmator, ionic strength, styrene concentration and temperature
the parameter, NCRS, had a constant value, i.e., the process depended on the
surface area of the seed particles. Hence, from this value the value of N¢ could be
estimated from a particular series of preparations.

In earlier work (10) it was clearly demonstrated that the rate of uptake of
styrene monomer in an aqueous phase by preformed particles was slow. Although
the Morton equation (/4) is applicable to a system in thermodynamic equilibrium
the rate of reaching equilibrium was shown to be slow (10).

The alternative mechanism suggested (/0) was that of heterocoagulation
between the preformed seed particles, with a number concentration, Ns, and
kinetically forming monomer-rich nuclear particles with a number concentration of
Ny. Hence on the basis of heterocoagulation three kinetic equations can be
considered giving for that rate of disappearance of particles,

Seed-Seed

-dNg/dt = koNs/Wiss ©)
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Nuclear-Nuclear
-dN\/dt = koNn'IWan @
Seed-Nuclear

-dNN/dt = kONNNS/WNS &)

where W is the stability ratio which is directly related to the pairwise interaction
parameter, Vi, by the integral equation (/5):

W =2 [ exp(Viy, /KT )du/(u+2)" ©)
0

with u = h/R, where h = the surface-to-surface separation of the particles and R =
the radius of the particles.

Under the conditions used, the seed particles were quite stable under the pH
and electrolyte concentrations used. Hence, the rate of coagulation of these
particles can be taken as zero.

The newly formed nuclear particles, however, were small and dependent on
the number of growing chains, their molecular mass and the number of end-groups
in the unit. Previous work has shown (8) that these will initially be colloidally
unstable and are likely to homocoagulate with themselves or heterocoagulate with
the seed particles. For conditions that Ng >> Ny then the latter is likely to be the
dominant process.

The conditions thus place emphasis on equation (5) the seed-nuclei
heterocoagulation process. Hence, unless Ni is large enough to scavenge the nuclei
as formed the nuclei will grow and form particles large enough to be colloidally
stable but of different size to the seed particles thus giving a second crop of
particles.

The term ko in equations (3) to (5) is the rate constant for a diffusion-
controlled reaction. Hence, the flux of nuclear particles towards the seed particles
will depend on the area of the seed particle available at a given moment, i.e., in the
early stages, 4mRs*N, thus emphasizing N as a critical variable.

These factors appear to confirm the suggestion that monomer is conveyed to
the seed particles by monomer swollen small unstable colloidal particles which
consequently form growth sites on the seed particle surface.

It has also proved possible to model the process in terms of the experimental
variables (16) and this will be reported in a later publication.

In Polymer Colloids; Daniels, E., et al.;
ACS Symposium Series; American Chemical Society: Washington, DC, 2001.



Publication Date: November 6, 2001 | doi: 10.1021/bk-2002-0801.ch007

July 17, 2012 | http://pubs.acs.org

92

11.
12.

13.
14.

15.
16.

References

Goodwin, J. W.; Hearn, J.; Ho, C. C.; Ottewill, R. H. Colloid Polym. Sci.
1970, 252, 464.

Goodwin, J. W.; Hearn, J.; Ho, C. C,; Ottewill, R. H. Gusnolissl. 1970, 5,
347.

Dunn, A. S; Chong, L. C. Busbalusssssl 1970, 2, 49.

Kotera, A.; Furusawa, K.; Takeda, Y. Kolloid Z. v fanlielisi 1970,
239, 6717.

Kotera, A.; Furusawa, K.; Kudo, K. Kolloid Z. u Z. Polymere, 1970,
240, 857.

Fitch, R. M.,; Tsai, S. H. Polymer Colloids (Ed. R.M. Fitch); Plenum Press:
New York, 1971, p.73 & 103.

Fitch, R M. Buitelaiusssnsd 1973, 5, 467.

Goodwin, J. W.; Ottewill, R. H.; Pelton, R.; Vianello, G.; Yates, D. E. Br.
Babuugil 1978, 10, 173.

Fitch, R. M. ninmSislisigh, Academic Press: London, 1997, 28 & 147.

. Chung-Li, Y.; Goodwin, J. W.; Ottewill, R. H. | TGN

1976, 60, 163.

Mie, G. IR, 1908, 25, 377.

Espenscheid, W. F.; Kerker, M.; Matijevic, E. inniiinnnitisms 1964, 68,
3093.

Ottewill, R. H. Polymeric Dispersions: Principles and Applications, J.M.
Asua, Ed., NATO ASI 1997, E337, 42.

Morton, M.; Kaizerman, M. W.; Altier, J. ininaligidahei. 1954, 9, 3.

Fuchs, N. Z. Physik, 1934, 28, 147.

Jayasuriya, D. S.; Ottewill, R. H. to be published.

In Polymer Colloids; Daniels, E., et al.;
ACS Symposium Series; American Chemical Society: Washington, DC, 2001.



Publication Date: November 6, 2001 | doi: 10.1021/bk-2002-0801.ch008

July 17, 2012 | http://pubs.acs.org

Chapter 8

On-Line Monitoring of Emulsion Polymerization
Klaus Tauer', Klaus Padtberg', and Carlo Dessy’

"Max Planck Institute of Colloids and Interfaces, Am Miihlenberg,
D-14476 Golm, Germany
WGE Dr. Bures GmbH & Co KG, Hauptstrasse 20, D-14624 Dallgow, Germany

On-line monitoring of changes of characteristic parameters
during emulsion polymerizations offers advantages with
respect to verifying mechanisms, controlling the process, and
tailoring product properties. Only methods are considered
which allow an in-line monitoring, i.e., methods without
sampling or by-passing. Examples are presented concerning
the application of conductivity measurements in combination
with turbidity measurements, surface tension measurements,
and FT-IR spectroscopy. Each method leads to specific results
and conclusions with respect to the mechanism, thus
underlying the importance of the combination of methods.

To be able to follow the course of a reaction is a challenge since chemical
transformations of matter have been consciously utilized. The ultimate goals of
on-line monitoring are to see in situ what is going on, to avoid sampling and off-
line analysis, to have a perfect documentation of the processes, and finally to
save time as well as money. For laboratory scale investigations, an important
additional reason is that real on-line monitoring does not disturb the reacting
system with a reaction volume ranging from a few milliliters up to a maximum of
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two liters. On-line monitoring means no off-line samples and no by-pass; in other
words, the reaction mass is unchanged and remains during the entire reaction
inside the reactor. In this sense in-line and on-line monitoring are used
interchangeably.

Besides the human senses, temperature is one of the oldest probes to follow
a chemical reaction. Consequently, reaction calorimetry has been for more than
35 years a useful tool to measure the rate of heat evolution during a reaction (I).
There have been several papers appearing over the last six years describing the
application of reaction calorimetry to investigate emulsion polymerizations (2 -
7). It is a very universal tool, but additional information or model assumptions
are needed to find a correlation to the particular reaction, as for instance a
combined hardware and software approach as described for methyl methacrylate
(MMA) and vinyl acetate (VAc) emulsion copolymerization in (8). Besides
calorimetric data such procedures require the knowledge of process models and,
where appropriate, additional data from off-line sampling (e.g., gas
chromatography) (9 - 16).

Besides reaction calorimetry, other different analytical techniques have been
used (I7, 18): density measurements of the reaction mixture (/9), the
propagation velocity of ultrasound (20, 21), conductance measurements (22),
near-infrared spectroscopy (23, 24), near-infrared Raman spectroscopy (25, 26),
NMR spectroscopy (27), fluorescence spectroscopy (28), surface tension
measurements (29), and a combination of conductivity and turbidity (30 - 32).
Most of these techniques, including reaction calorimetry, are used to detect the
monomer conversion (density measurements, ultrasound, infrared and Raman
spectroscopy, NMR spectroscopy) and thus to acquire conversion time curves.
The advantage of reaction calorimetry is that the heat flow, which is a measure
of the polymerization rate, is directly obtained and faulty numerical
differentiation can be avoided. Furthermore, the heat flow signal is a result of
processes taking place in the entire reaction volume. It reflects all events in the
reactor, presupposing that the heat transfer through the reactor jacket is quick
and does not change during the reaction. Whereas, spectroscopic probes average
only over a limited volume. Thus, in both cases, it is not automatically clear,
whether the signal represents in each case the entire reaction volume.
Consequently, reactor fouling and spatial inhomogeneities have to be avoided to
get trustworthy results from on-line monitoring.

Equation (1) can be considered as the basic relation in the case of in-line
monitoring of compartmentalized polymerizations. H is the heat flow, r, is the
rate of polymerization, M is the overall monomer concentration, ¢ is the time, Vp
is the total polymer volume, D is the average particle diameter, and N is the
particle concentration. It is assumed that the major part of the detected heat is
produced during the propagation reaction but not during the other reactions like
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initiator decomposition and physical changes (nucleation or swelling) during the
polymerization. This is experimentally confirmed for most polymerizations.

HFE’P=‘ﬂ=9V—P°‘(D3'%+N‘D2‘%—?) nH

Equation (1) leads immediately to two important conclusions. Firstly, the r,-
curve practically contains all information about the polymerization process.
Secondly, for a compartmentalized polymerization, this information can be only
extracted if an additional on-line method is applied. The second method should
preferably be a method to analyze the particle size or better, the particle size
distribution (PSD). Such a combination has been described in (12, 14) where the
latex from the reactor is passed through a sampling loop via a density meter (to
determine the monomer conversion) into a capillary hydrodynamic fractionation
apparatus (to measure the PSD).

The aim of this contribution is to describe the application of in-line methods
to investigate emulsion polymerizations. Particularly, results are presented for
the application of the combination of conductance and turbidity measurements,
to surface tension measurements, and to Fourier transform infrared (FT-IR)
spectroscopy. Special emphasis is placed on a comparison of monomers with
very different water solubilities, i.e., styrene (STY), MMA, and VAc.

Experimental
Materials

Styrene, methyl methacrylate, vinyl acetate, sodium hydroxide, ferrous
chloride, cetyl trimethyl ammonium bromide (CTAB), and potassium
peroxodisulfate (KPS) all from Sigma-Aldrich were used as received except the
monomers. E30 (from Leuna Werke) is an alkylsulfonate surfactant with an
average carbon chain length of 15. SE1030 (a gift from Th. Goldschmidt AG,
Germany) is a diblock copolymer consisting of poly(ethylene glycol) with a
molecular weight of 3000 g mol™ and polystyrene with a molecular weight of
1000 g mol™'. The monomers were distilled under reduced pressure to remove
inhibitors and stored in a refrigerator. Prior to use, the monomers were checked
regarding oligomer formation during storage by adding a drop to an excess of
methanol. Only oligomer-free monomers were used. The water was taken from a
Seral purification system (PURELAB Plus™) with a conductivity of 0.06 pScm’™
and degassed prior to use.
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Polymerizations

The reactor for simultaneous on-line conductivity and turbidity
measurement is an all Teflon™ reactor with a reaction volume of 400 mL.
Details of this equipment have been described elsewhere (30). For the
polymerization, 390 g of water and 5 g of monomer were allowed to equilibrate
in the reactor at 70 °C. The polymerization was started by injecting 10 mL of a
4.15 mM (MMA, VAc) or 20.75 mM (STY) potassium peroxodisulfate (KPS)
solution. Conductivity and turbidity values were recorded every ten seconds
before the injection of the initiator solution and every second afterwards.

On-line surface tension measurements have been carried out as described in
detail elsewhere (29) with a y-1001 apparatus (WGE Dr. Bures, Germany). For
the continuous polymerizations the reactor was equipped with an overflow lip to
adjust the reaction volume to ca. 70 mL. A monomer emulsion (2 L of water, 30
g of monomer, and variable amounts of emulsifier) and an initiator solution (4 g
of KPS in 2 L of water) were fed into the reactor with two LsmaTec® pumps
(Fluid Metering Inc., USA) with a flow rate of 1.2 mL/min. The polymerization
temperature was 70 °C. During the polymerizations approximately 1 mL of latex
was withdrawn from the reactor at certain times for particle size measurements
utilizing dynamic light scattering (NICOMP model 370, Particle Sizing Systems,
USA).

The FT-IR investigations were carried out with a Bio-Rad FTS 6000
spectrometer on an ATR ZnSe crystal with a thickness and a length of 4 mm and
80 mm, respectively. The angle of incidence is 45 ° and there are 19 reflections
in the crystal with 10 reflections on the top face. The penetration depth under
these conditions is in the mid-IR region between 250 and 400 nm. The
temperature on the ATR crystal was 30 °C for the polymerization experiments
and varied between room temperature and 60 °C for the investigation of phase
transitions. To carry out the polymerizations, a few milliliters of a saturated
aqueous MMA solution were placed on the crystal and after thermal
equilibration the reaction was started at 30 °C by adding a few drops of both a
KPS and a ferrous sulfate solution.

Results
Turbidity and Conductivity Measurements

In previous publications (30 - 32), we have shown that a combination of
turbidity and conductivity measurements is a very useful tool to investigate the
on-line emulsion polymerization of styrene initiated with KPS, either surfactant-
free or in the presence of nonionic surfactants.
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The time-dependent (¢ — polymerization time) ratio between the transmission
curve (%)) and the difference between the theoretical and the practical
conductivity curves (Ax(f) = ku(?)-Kx(f)) corresponds to the fourth power of the
change in the average particle size (D(¢)). Knowing D(?) it is now possible to
calculate the polymer concentration (C) from the specific turbidity (7(¢)/C) by
using tables of scattering functions backwards. Figure 1 clarifies this principle of
measurements schematically. Note, between the transmission and the turbidity
(7), the relation 1t = In(1%100) exists. It is obvious that the procedure depicted in
Figure 1 is a general possibility to describe the emulsion polymerization process
completely. If conductivity measurements cannot be applied, either because the
conductivity difference (Ax) is too low or Ky(f) is not known, the procedure is
nevertheless applicable if an independent on-line particle size determination is
possible. However, reliable in-line particle size measurements in stirred vessels
seem to be impossible at the moment. In the sense of on-line characterization of
emulsion polymerizations, this is a necessary field for future developments.
Examples, which allow the application of the procedure according to Figure 1
are surfactant-free emulsion polymerizations of STY, MMA, and VAc with KPS
as initiator. These monomers are considerably different regarding their water
solubilities (STY < MMA < VAc) and hence differences in the nucleation
behavior are expected (33, 34).

the principle
d .. b'd‘
conductivity (K)\+/tur |l ity (t) D(t)4 - T(t)

l Kin (1) — Kex (1)

particle size (D)
DM e
C

polymer —> conversion

concentration (C)

|

particle number (N)

Figure 1. On-line monitoring of emulsion polymerization by in-line
measurements of average particle size and turbidity.

With a model based on the classical nucleation theory, the radical
polymerization kinetics in the aqueous phase, and the Flory-Huggins theory of
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polymer solutions, the nucleation behavior of these three monomers was
simulated (35). A result of these examinations is that with increasing water
solubility of the monomer the pre-nucleation period increases and the nucleation
occurs later after the initiator injection. An extensive experimental examination
of the emulsifier-free emulsion polymerization of STY has shown that a bend in
the conductivity-time curve indicates the onset of nucleation, i.e., the time when
the first crop of particles is formed (30, 31).

A comparative examination of the three monomers has now shown that the
time when the bend in the conductivity-curve occurs correlates strongly with the
water solubility of the monomers (cf. Figure 2). Thus, the experimental findings
confirm the results of the model calculations.

Note, all results concerning particle nucleation shown here represent the
typical behavior from at least 10 repetitions of each experiment. This high
number of repetitions is necessary as the rate of nucleation is an exponential
function of the energy of activation and hence extremely influenced by small
fluctuations in the experimental conditions (temperature, composition of the
liquid phase, character and purity of interfaces, etc.).

0.10- STY
0.08 4
VAC
0.06
§ |
B 0.04 |
E
1%4
0.02 4 MMA
|
0.00
T Y T T T v T v 1
0 1000 2000 3000 4000

t[s]

Figure 2. Change of the conductivity during the initial state of surfactant-free
emulsion polymerizations; KPS injection at t = 0. The arrows indicate the onset
of nucleation. Note, that the KPS concentration in the case of STY is five times
higher than for VAc and MMA. In all cases, the x values are set to zero just after
the initiator injection.
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Besides the bend as a common feature of the conductivity-time-curves,
characteristic differences between the three monomers are obvious. Especially in
the case of VAc and STY the difference in the conductivity does not correspond
to the initiator concentrations employed. The reason for this behavior becomes
clear with a closer look at the conductivity during the thermal equilibration
period. The data depicted in Figure 3 clearly shows changes in the conductivity
during the thermal equilibration period. Not only for VAc but also for MMA, a
steady increase in the conductivity is observed, whereas the conductivity is
unchanged over the entire equilibration period for STY.

T T T ¥
0.35
] 1-monomer addition mma  70.08
0.304 2 - initiator addition .
g ™ —
> 0254 stv b—"oos
> ] / <
[ ] =
o 0.20- s
= ; 40.04 =
0.154 VAC 3
g . // Q
€ 0.10- 2 002 ©
< 1(STY) 1(VAC) 1 (MMA) \ 102 E
0.05- 1 *
] +— —2
0.00 + —, o00
L] v T ]
0 2000 4000 6000 8000
time (s)

Figure 3. Conductivity change during the entire experiments for STY, MMA and
VAc as monomers, respectively. The time between marks 1 and 2 is the thermal
equilibration period after monomer addition.

The observed increase in the conductivity clearly is the result of hydrolysis
which leads for MMA and VAc to the formation of methacrylic acid and acetic
acid, respectively. Note, that the hydrolysis for VAC is much stronger than for
MMA. The experimental verification that hydrolysis of MMA and VAc occurs
during the thermal equilibration period in pure distilled water is of considerable
importance for the particle nucleation process of monomers with hydrolyzable
bonds. The important conclusion is, that compared to monomers which are
resistant against hydrolysis, the conditions during the pre-nucleation period for
monomers with ester bonds are not predetermined alone by the recipe. The
formation of methanol/methacrylic acid and acetaldehyde/acetic acid during the
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pre-nucleation period of MMA and VAc, respectively, has a distinct influence on
the nucleation behavior. In both cases the solubility of the nucleating oligomers
as well as the interfacial tension of the nucleus to the surrounding liquid phase
are changed compared to the neat system. Note, solubility of the nucleating
species and interfacial tension of the nucleus to the surrounding liquid are two
important variables influencing the nucleation process (31, 35). These results
prove both the usefulness and the high sensitivity of conductivity measurements
for on-line investigations of emulsion polymerizations. The reactor for these
investigations has two optical windows and acts simultaneously as a cell for
transmission measurements. Note, 3(f) does not react on the hydrolysis of the
ester bonds although the optical path-length in this reactor-cell is almost 10 cm.
However, the transmission-time curves show characteristic differences between
the three monomers (cf. Figure 4). These differences are due to a different
development of particle number and particle size after the first particle
nucleation event. It is interesting to note that the transmission at a given time
decreases not only with increasing water solubility, but also with increasing rate
of hydrolysis of the monomers. The much stronger decrease in the case of STY
is additionally of course due to the higher KPS concentration leading to both
higher radical production and higher ionic strength. A closer look at the change
in the transmission in the time domain where the bend in the conductivity-time
curve occurs reveals another interesting effect. This behavior is called “jumbo”-
effect and although the transmission changes only about 1%, it is a very typical
behavior for all three monomers. The “jumbo”-effect is obviously caused by
alterations in the optical properties of the reaction system during the nucleation
period. Seemingly, the optical density of the reaction system decreases, which
could be possibly due to density fluctuations during the homogeneous nucleation
and which reflects the fact that the properties of critical nuclei can be
considerably different from those of mature latex particles. This approach is in
agreement with modern theoretical reflections on homogeneous nucleation (36,
37). Note, density fluctuations indicates both spatial regions of higher as well as
of lower density. A completely satisfying explanation of the observed effect is
not yet possible.

In summary, the above presented experimental results show that
conductivity and turbidity measurements are very useful for on-line
investigations of emulsion polymerizations. The on-line combination of both
methods is especially suited to throwing light upon the nucleation period during
the initial stage of ab initio polymerizations.
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Figure 4. Transmission change in the time domain of the bend in the
conductivity-time curve. The arrows indicate the occurrence of the bends in the
conductivity curves.

Surface Tension Measurements

Due to the use of emulsifiers in almost all technical emulsion
polymerizations, on-line surface tension measurements per se are of particular
interest. Such a technique promises both important insights regarding the
mechanism of the polymerization and possibilities to minimize the emulsifier
level, which is of special interest to improve application properties. Recently, a
modified bubble pressure technique, the so-called bubble pressure difference
(BPD) technique, has been reported which allows one to measure on-line surface
tensions even if the reactor contents are stirred (29). This technique is based on
the experimental finding that the difference between the maximum and the
minimum pressure during bubble formation correlates strongly with the surface
tension of the surrounding solution. For instance, the applicability of this
technique has been shown during surfactant synthesis and surfactant-free
emulsions polymerizations (29). Note, the method is suited to follow changes in
the surface tension rather than to measure absolute values of the surface tension.
In this sense, the values of the surface tension are considered to be apparent
values at given particular conditions (yyp). Note, that the method works
optimally with of the bubble frequency of about 0.5 s™". This indicates that the
method is in a transition state between dynamic and static measurements
although it is very likely that under the particular conditions 7, is closer to the
static than the dynamic surface tension (38, 39) especially for pure liquids and
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low molecular weight surfactant solutions. If the reactor is equipped with the
surface tension probe, which is nothing else than two capillaries with equal
immersion depth, and a temperature probe, the measurement of the temperature
dependence of the surface tension is quite easy. The result of such a
measurement for pure water is shown in Figure 5. The almost linear decrease
with increasing temperature is clear to see.
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Figure 5. Dependence of the surface tension of pure water on temperature as
measured with the BPD method.

Of course, the temperature dependence of 7,,, is influenced by the
composition of the aqueous phase and hence different values of dy,,,/dT are
determined for instance for different surfactant solutions. The data depicted in
Table I show that the BPD method is suited to distinguish clearly between
solutions of different surfactants.

Table I. Temperature Coefficient of v,,, for Different Aqueous Solutions

Surfactant dydT (mNm'grd")
E30 (alkylsulfonate) -0.2073 £ 0.016
SE1030 (block copolymer) -0.3975 +0.035
CTAB (cationic surfactant) -0.2430 £0.035
None -0.4135 +0.016

Note: The concentration was in all cases 1 g of surfactant in 200 mL of water.
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The temperature dependence of the interfacial tension is a point which is
absolutely of some meaning at least for theoretical considerations of emulsion
polymerizations where interfacial energies are used to explain experimental
results. In previous investigations of surfactant-free emulsion polymerizations, it
was shown that the BPD method is sensitive to the monomer dissolved in the
aqueous phase.

Just after the start of the polymerization with KPS, an increase in 7Y, is
observed which is caused by the consumption of the monomer in the aqueous
phase (29). The situation is different if the BPD method is used to follow
emulsion polymerizations in the presence of surfactants (cf. Figure 6).

The curves depicted in Figure 6 represent the very typical behavior as even
the two maximums in the case of VAc are reproducible. Compared to the
surfactant-free polymerizations, the increase in Y,,, takes place at much later
times and leads to much higher ¥, values. In order to clarify the reason for the
increase, the surface tension of the final latexes was checked by the Du Nouy
ring method. The values for all three systems at room temperature were about
33 mN m’'. Obviously, the increase is not caused by a decrease in the free
surfactant concentration due to adsorption. Possibly, changes in the composition
of the aqueous phase are responsible for the increase. As mentioned above, the
method works in a transition state between static and dynamic surface tension
and, thus a change in the viscosity of the aqueous phase changes Y, The
dynamic surface tension correlates directly to the viscosity of the solution (40).
Note, the viscosity of a dispersion is also higher than that of water. Whether it is
the viscosity of the dispersion or of the continuous phase which influences the
course of the surface tension, independent viscosity measurements must be
applied additionally (for instance the power input by the stirrer).

To complete the experimental data of the experiments depicted in Figure 6,
it is should be mentioned that the average particle size of the final latexes clearly
depends on the monomer. These are for STY, MMA, and VAc 9.4 nm, 15.6 nm,
and 37.5 nm, respectively.

The use of on-line surface tension measurements to investigate continuous
emulsion polymerizations is of special interest as sustained oscillations of the
surface tension in the steady state are frequently reported (41, 42). The data
plotted in Figure 7 are a proof that with the BPD method, continuous
polymerizations can be investigated. This particular experiment lasted almost a
week and the BPD equipment worked without any problems. During the run, the
surfactant concentration in the feed was decreased from 1.285 g of E30 per liter
water to 0.76 g Ly up to zero. To determine the average particle size, samples
were withdrawn from the reactor and investigated by dynamic light scattering.
The polymerization was started with a batch polymerization and after 30 minutes
the feed streams were switched on. The changes of both quantities correlate over
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the entire polymerization. A stepwise decrease in the emulsifier concentration
leads to a stepwise increase of both Y,,, and D. Figure 8 shows a magnification
of the transition range between where the emulsifier concentration was changed
(transition between A and B in Fig. 7).

MMA

STY

(mNm™)

Yapp

M T
1 10 100
time (min)

Figure 6. On-line surface tension measurements during batch emulsion
polymerizations of STY (dashed line), MMA (dotted line), and VAc (solid line).
Recipe: 70 g of water, 1.05 g of monomers, 0.175 g of E30, 0.14 g of KPS, and

70 °C. 1 — E30 addition; 2 — monomer addition; 3 — KPS addition.

The sensitivity of the BPD apparatus is high enough to follow the changes
caused by an alteration of the emulsifier concentration. In that particular case,
both the on-line and the off-line data set change in an expected manner.
However, an interesting feature, which is only detectable with an on-line
technique, is the overshoot of v,,, before the new steady state is reached. Both
records depicted in Figure 8 admit the supposition that there are correlations
between D and Y, also on smaller time-scales. However a qualified analysis is
not possible at the moment due to the differences in the quality of both data sets.
The BPD method creates huge data files as the pressure difference during the
formation and detachment of each bubble is used to calculate Y, At the
moment, it is not yet clear how it is possible to separate the inherent scatter of
the BPD method and the changes which are caused by the continuous
polymerization. Note, during investigations of continuous emulsion
polymerizations with off-line sampling, changes in the latex surface tension have
been observed also on the time-scale of minutes (42). Anyway, a decision needs
further experiments preferably in combination with another on-line method.
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Figure 7. Change of 7., and average particle size (D) during a continuous
emulsion polymerization of MMA. Recipe:70 g of water, 0.14 g of KPS, 0.16 g
of E30, 1.05 g of MMA for the batch period; (cf. experimental part for
conditions during feed period). A —2.285 g E30 /Ly, B~ 0.76 g E30/ Ly, C -

no E30.
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Figure 8. Change of Y, and D during a continuous emulsion polymerization of
MMA in the transition range when the emulsifier concentration in the feed is
reduced (from A to B, cf. Fig. 7). The arrow marks the set point where the
emulsifier concentration was lowered.
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In conclusion of this part, besides all problems the BPD method is generally
suited to measure on-line changes of the surface tension inside stirred reactors.
As the bubble pressure depends mainly on the surface tension and the viscosity
of the surrounding liquid, the combination with on-line viscosity measurements
will improve the reliability of surface tension measurements based on the
Laplace equation.

FT-IR Spectroscopy

Vibrational spectroscopy is per se sensitive to both inter- and
intramolecular interactions. It is a powerful tool in colloid sciences not only for
structure elucidation but also for the investigations of aggregation processes and
molecular transformations. FT-IR spectrometers nowadays possess high speed
data collection, great flexibility and versatility (43). Furthermore, the energy
throughput is high and the detection sensitive enough that measurements are
possible even in aqueous systems. Raman spectroscopy can be considered almost
as a common spectroscopic technique to follow closely the intensity of double
bonds during the course of a radical polymerization also in aqueous systems (17,
18, 25, 26, 44). Much fewer examples are known where FT-IR spectroscopy is
used to monitor polymerizations in an aqueous medium (23, 24). As FT-IR
spectroscopy is sensitive to molecular interactions more information should be
accessible than “only” conversion data. Figure 9 shows a FT-IR spectrum of an
aqueous MMA solution at 30 °C before the polymerization was started with a
redox initiator system KPS / ferrous sulfate.

Note, at the start of the polymerization the solution was completely
transparent but it became turbid in the course of the polymerization. During the
polymerization of this solution on the ZnSe-ATR crystal the FT-IR spectrum
changes in a very specific way as the intensity of certain bands decreases and
that of other bands increases (cf. Figure 10).

During the reaction the C-O-C - stretching vibration (1159 cm™) and the
characteristic backbone vibration (1300 cm™) strongly decreases. Only slight
decreases are observed in the regions of the CH, — wagging (941 cm™) and the
C=C- stretching (1636 cm™) vibrations. The intensities of the CH; —
deformation (1438 cm™) and of the second band in the doublet of the C-O-C —
stretching vibrations remain almost constant. Possibly the most interesting
feature is the increase in the intensity of the C=O- stretching vibration (1720
cm™), which can possibly be explained by an aggregation of PMMA-oligomers
during the nucleation period. This increase starts approximately in the middle of
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Figure 9. FT-IR spectrum of an aqueous solution saturated with MMA at 30 °C
(ZnSe-ATR crystal). A peak assignment to single vibrations is possible in the
following way: 941 cm’': CH, wagging; 1159 cm’': C-O-C stretching (doublet
with 1200 cm™); 1300 cm™: backbone; 1438 cm™: CH; deformation; 1636 cm™':
C=C stretching;1720 cm’': C=0 stretching

the reaction (cf. Figure 10). Also the data depicted in Figure 11 confirm that the
transition from a solution to a dispersion causes characteristic changes in the FT-
IR spectrum.

The spectra shown in Figure 11 were recorded in such a way that an
aqueous solution of the oligomers was placed on a ZnSe-ATR crystal at 25 °C
(spectrum A).

Then the solution on the ATR-crystal was heated. As the oligomers possess
a lower critical solution temperature in the range between 40 °C and 60 °C, the
solution turns into a dispersion (spectrum B). Finally, the dispersion was kept at
60 °C until the water was evaporated and the spectrum of the solid was recorded
after cooling to 25 °C (spectrum C).

For the nucleation period during an emulsion polymerization, the transition
from a solution to a dispersion is of special interest. The data summarized in
Figure 12 reveal that it is possible to closely follow the transition from a solution
to a dispersion by means of FT-IR spectroscopy.
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/ 1159 cm’™
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Figure 10. Change in the FT-IR spectra during the polymerization of an
aqueous MMA solution started with a persulfate — ferrous sulfate redox system
at 30 °C. The polymerization was carried out on a ZnSe-ATR crystal. The
reaction volume of about 2 ml was protected against air by a cover which
allowed purging of the space over the reaction mixture with nitrogen. 10 spectra
per second were recorded over a duration of 10 minutes. During this time the
completely transparent MMA solution was converted into a latex.

CH;
x(_CH—CHZ«)n—(':—C—(OCHZCHz)4—OH
H;
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Figure 11. FT-IR spectra of polystyrene oligomers with poly(ethylene glycol)
end groups (cf. Inserted formula where X depends on the termination mode) in
different physical states. A — solution at 25 °C; B - dispersion at 60 °C; C -~
solid at 25 °C; The spectra are dominated by the poly(ethylene glycol) block.
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The time-dependent data in Figure 12 clearly show the onset of the phase
transition. It is supposed that this is the point where the intensities of the bands at
1100 cm™ and 1720 cm™ start to increase. As the increase lasted over almost one
minute information about the kinetics of phase separations are principally
accessible.

1720cm™ 1100 cm”

absorbance

wave number

Figure 12. Change in the FT-IR spectra of polystyrene oligomers with
poly(ethylene glycol) end groups (cf. caption of Figure 11) during the transition
from a solution into a dispersion; during the duration of the experiment
(4 minutes) the temperature was raised from 30 °C to 60 °C and 5 spectra were
recorded per second.

In summary, FT-IR spectroscopy is a powerful tool to investigate emulsion
polymerization not only with respect to the monomer consumption but also
regarding particle nucleation. Fast FT-IR techniques allows the acquisition of
kinetic information about phase transitions on the time scale of milliseconds.

Conclusions

Nowadays several techniques are available which allow an on-line or in-line
monitoring of emulsions polymerizations with high accuracy and high speed.
Fast techniques offer possibilities to investigate processes with characteristic
times in the sub-second range. So it is in principle possible to closely follow the
polymerization regarding very different time scales from minutes typical for the
monomer conversion up to milliseconds for phase transitions during the
nucleation process.
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An important task for future developments is the search for combinations of
methods as there is no single universal method that allows the on-line
characterization of the whole process in the sense as depicted in Figure 1.

From the technical point of view, the future challenges are even harder as
the high solids contents of commercial emulsion polymerizations brings about
problems which can be avoided in labscale investigations at low solids. The most
important problem is obviously a fouling of the probes due to polymer
deposition at higher solids contents. It will be a matter of future investigations
whether or not radical scavengers at the walls of the probe can be applied to
avoid fouling.

But despite all difficulties and problems, compared to the present-day
situation, on-line investigations of emulsion polymerizations will enable several
benefits especially regarding production control, product quality, and scientific
understanding of the process.
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Chapter 9

Challenges in On-Line Control of Composition
and Molecular Weight Distribution of Nonlinear
Emulsion Copolymers

M. Vicente, J. R. Leiza, and J. M. Asua*

Institute for Polymer Materials (POLYMAT) and Grupo de Ingenieria Quimica,
Departamento de Quimica Aplicada, Facultad de Ciencias Quimicas, The University
of the Basque Country, Apdo. 1072, 20080, Donostia-San Sebastidn, Spain

The applicability of the control strategies developed for the
simultaneous control of copolymer composition and MWD of
linear polymers to nonlinear polymers is investigated. It was
shown that a reasonable control of both properties could be
achieved for the emulsion copolymerization of methyl
methacrylate and butyl acrylate when the process was carried
out under semi-flooded conditions. The industrial implications
of this process are discussed.

Acrylic latexes account for an important part of commercial emulsion
polymers. Many applications of these latexes require the formation of a
continuous film with high mechanical strength. Both the film formation process
and the mechanical properties of the film strongly depend on the chemical
composition and molecular weight distribution (MWD) of the polymer.
Chemical composition mainly determines the glass transition temperature (Ty) of
a copolymer (/). On the other hand, MWD affects important end-use properties
of the film such as elasticity, strength, toughness, and solvent resistance.
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Copolymer composition is the molecular property of a polymer more often
controlled using both open-loop and closed-loop control strategies (2-9). To
achieve this goal, an a priori simple, but not always easily attainable, condition
must be fulfilled: the ratio of the comonomers in the polymerization loci should
be controlled.

The control of the MWD of emulsion polymers by means of closed-loop
control strategies is a challenging subject because the feasibility of the on-line
measurement of the MWD for emulsion systems remains to be demonstrated. In
addition, the compartmentalized nature of the emulsion polymerization,
generally speaking, makes the MWD non-observable from typically available
on-line measurements (monomer conversion and temperatures). Nevertheless,
under some conditions of practical significance, the MWD of emulsion polymers
is not affected by the compartmentalization of the system. A typical example is
when chain transfer agent is used and the kinetic chain length is controlled by the
chain transfer reaction to CTA in linear polymer systems (10). For these systems,
the desired MWD may be decomposed into a series of instantaneous MWDs to
be produced at different stages of the process (I11). Each of the instantaneous
MWD:s can be obtained by adjusting the monomer/CTA ratio. This feature has
been used to produce narrow, broad, and even bimodal distributions of styrene
homopolymers (10-12) and styrene/butyl acrylate copolymers (I3).

This work explores the applicability of the mentioned approach to control
on-line the MWD of nonlinear emulsion polymers. Nonlinear polymers are
formed through several reactions including chain transfer to polymer and
propagation to terminal double bonds. A key aspect of these processes is that
they involve inactive polymer chains, namely, “dead” polymer chains that are
converted into active radicals modifying their molecular weight. This may
jeopardize the strategy of building the desired MWD from a series of well-
defined instantaneous MWDs. The simultaneous on-line control of the
copolymer composition and molecular weight distribution in the emulsion
copolymerization of methyl methacrylate and butyl acrylate was considered. This
system undergoes extensive chain transfer to polymer that yields a branched
copolymer and eventually gel (14-15).

Control Strategy

Figure 1 summarizes the control strategy used in this work. For linear
polymer systems in which the chain transfer to CTA is the main termination
event, the desired MWD can be tailored by producing a series of well-defined
MWD:s at different stages of the process, as qualitatively illustrated in Figure 2
(11). For a copolymerization system, the instantaneous number-average chain
length and the chain length distribution are given by:
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(k!‘ [M]p )

Yni = —— (1)
kycra [CTA],
W)= —_TT expli——_r-l—] @
n; X H;
where (k,, [M], )av =kpy (A], + kog (B], @)

and [A], [B],, and [CTA], are the concentrations of monomers A and B, and
CTA in the polymer particles, k,x and ks are the average propagation rate
constants of monomers A and B, k, ., is the chain transfer rate coefficient, n is

the chain length and W(n) is the instantaneous fraction of polymer of length n.
Note that equation (2) is known as the most probable distribution and it is
calculated from the Schultz-Flory distribution (/6) when the polydispersity index
(PI) is equal to two.

Copolymer composition can be simultaneously controlled by keeping the
comonomer ratio at the following value:

[B]p _ _(Cinsl - 1) + \/(Cins\ -1’ + 4r, 1z Cing
[A]p - 2Cinst rB (4)

where C,, is the desired instantaneous copolymer composition and r, and rg are

the monomer reactivity ratios.

Equations (1-4) allow the production of a linear polymer of given
composition and MWD. However, these equations have an infinite number of
solutions for [A], [Bl,, and [CTA], each one yielding a different
polymerization rate, and hence a different process time (in general, the higher the
monomer concentration the higher the polymerization rate and the shorter the
process time). On the other hand, the safety of the operation may impose some
limits on the amount of monomer in the reactor. An optimization algorithm is
used to calculate the concentration profiles of monomers and CTA (set-points in
Figure 1) that allow the maximum production of an emulsion copolymer of the
desired quality under safe conditions (/3).
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Experimental
The control strategy described above was used in an attempt to produce a
MMA/BA copolymer having a MMA/BA copolymer composition of 50/50 with

a weight-average molecular weight of 400,000 g/mol and minimum
polydispersity index (PI=2). The recipe used is shown in Table I.

Table I. Recipe used for the Production of the MMA/BA Copolymers

Run 1 Run 2

Ingredient Total Initial  Feed Total Initial  Feed
(8)  Charge  (g) (8)  Charge  (g)

(g) (g)

MMA 175 0 175 175 0 175
BA 225 0 225 225 0 225
H,0 800 760 40 800 760 40

TDM 0.4 - 0.4 0.4 - 0.4

K,S,04 1.5 1.5 - 1.0 1.0 -

NaHCO; 1.5 1.5 - 1.0 1.0 -
SLS 2 1.8 0.2 2 1.8 0.2

Three feed streams were used; the first two were neat monomers and the
third one was a preemulsion of the CTA (tert-dodecyl mercaptan) prepared by
sonication (Branson Sonifier). Technical grade monomers were used and all
chemicals were used as received. Deionized water was used throughout the
work. A reaction calorimeter (RC1, Mettler-Toledo) was used to calculate on-
line the heat of polymerization and this value was used as the input of an open-
loop observer that allows for the calculation of the unreacted concentration of
monomers and CTA in the reactor. These concentrations were compared with
optimal trajectories (set-points) of these variables calculated by means of the off-
line optimization and a nonlinear controller determined the flow rates of
monomers and CTA required to track these trajectories. A detailed description of
this system can be found elsewhere (12, 13).

Samples were withdrawn during the reaction and the monomer conversion,
copolymer composition, and MWD were determined off-line by using
gravimetry, gas chromatography (GC), and size exclusion chromatography
(SEC). The GC apparatus was a Shimadzu GC-14A fitted with a polar column
(BP20, SGE; 25 m long and 0.53 mm wide; stationary phase: polyethylene
glycol) and Flame Ionization Detector. The SEC apparatus was equipped with a
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pump (Waters 510 Milford USA), a refractometer detector (Waters 2410) and 2
columns in series (Styragel HR4, HR6; 10* and 10° A). It was operated at 30 °C,
with a flow rate of THF of 1 mL/min. Latex samples were dissolved in THF
prior to injection. The molecular weight of the samples was calculated by means
of the universal calibration technique using polystyrene standards (Polymer
Laboratorles) The Mark-Houwink constants used in this work were: Kyga = 12.2
X 10 (dL/g) appa=0.7 (17) and Kpyma = 7 X 10 (dL/g) apuma =0.71 18).

Results and Discussion

The off-line optimization was solved (assuming that chain transfer to
polymer was not significant) and the trajectories required to produce the desired
copolymer were calculated (Figure 3) and used in run 1. Figures 4a and 4b show
the cumulative copolymer composition and the number- and weight-average
molecular weights produced in run 1, respectively. It can be seen that the desired
copolymer composition was obtained, but the weight-average molecular weight,

M, , deviated from the target value, namely M, increased as the process

evolved to complete conversion. The number-average molecular weight, M,
approximately followed the target value.

- 2.0 r 0.002
E - Butyl Acrylate .‘ ;l
§ s i =@ Methyl Methacrylate .’ 100015 E
£ F ==M==CTA b g
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£ » ] :
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Figure 3. Optimal trajectories for the total amounts of monomers and CTA used
in run 1 to produce a copolymer of MMA/BA of 50/50 composition, =400,000

M, and PI=2.
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Figure 4. Evolution of the cumulative copolymer composition (referred to MMA,
Figure 4a) and cumulative average molecular weights(Figure 4b) produced in
run 1. Legend: desired values (——) and experimental results (®, &, 0).

Run 1 proceeded under rather starved conditions (Figure 5). Under these
circumstances, this polymerization system is prone to suffer intermolecular chain
transfer to polymer (/4,15). This process made the inactive polymer chains
become active, reentering into the polymerization and increasing their molecular
weight. The number-average molecular weight was not affected by the process
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because the total number of polymer chains was not affected by intermolecular
chain transfer to polymer.

1.0 Iy
r o o
i e ®* °
08 - b o)
£ [ ® o
4 .l o o © o o ©
2 06 |
z i
o -
U -
w
30.4_—
¥
2 r
8 [
§ 02
= L
000 v v v v b v b
0.0 0.2 0.4 0.6 0.8 1.0

Overall Conversion

Figure 5. Evolution of the instantaneous conversions for runs 1 (®) and 2. (O).
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Figure 6. Optimal trajectories for the total amounts of monomers and CTA used
in run 2.

Intermolecular chain transfer to polymer increases as monomer conversion
increases. Therefore, a way to reduce the importance of this process is to work
under semi-flooded conditions, namely at lower instantaneous monomer
conversions. New optimal trajectories for both monomers and CTA were
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calculated relaxing the constraint on the maximum amount of monomer in the
reactor, namely, the reactor was allowed to work under semi-flooded conditions.
The new trajectories are shown in Figure 6. This process was more rapid than
run 1 and the most reactive monomer (MMA) and the CTA were almost
completely added into the reactor for an overall conversion close to 65% in
comparison to the 90 % conversion required in run 1 (Figure 3).

Cumulative Copolymer Composition

Average Molecular Weights
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Figure 7. Evolution of the cumulative copolymer composition (referred to MMA,
Figure 7a) and cumulative average molecular weights (Figure 7b) produced in

run 2. Legend:

desired value (——) and experimental results (@, R, 0).
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Figure 5 presents the evolution of the instantaneous conversion in run 2. It
can be seen that the process proceeded under semi-flooded conditions (65%
instantaneous monomer conversion) during most of the process. This ensured a
lower concentration of polymer in the polymer particles, and hence less
probability for chain transfer to polymer and a greater chance for the control
approach to succeed. Actually, this is observed in the results presented in Figure
7. Copolymer composition was again well controlled (Figure 7a) and the weight-
average molecular weight only deviated significantly at overall conversions
higher than 70% (Figure 7b). This corresponds to the increase in instantaneous
monomer conversion during the final stages of the polymerization (Figure 5).
This is an additional proof that the extensive intermolecular chain transfer to
polymer was responsible for the deviation of the weight-average molecular
weight.

It is worth pointing out that, from an industrial point of view, the
polymerization rates achieved in run 2 may lead to situations that may exceed the
heat removal capability of the reactor, and therefore to thermal runaway
scenarios. Figure 8 shows the comparison between the heat released by the
polymerization in runs 1 and 2. It can be seen that run 2 was carried out three
times as fast as run 1.

200
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Figure 8. Evolution of the heat released by polymerization in run 1 (= = =) and
in run 2 (—).
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Therefore, care should be taken when dealing with comonomer systems that
may undergo extensive intermolecular chain transfer to polymer. Although the
approach proposed for linear polymers (/3) might work under some specific
circumstances, as those shown in run 2, a more reliable and robust strategy
should be used. Such a strategy must take into account the distinctive features
that the intermolecular chain transfer to polymer (or more generally any kinetic
mechanism leading to long chain branched polymers) introduces in the
development of the MWD. Thus, it can be easily proved that in the presence of
intermolecular chain transfer to polymer, the instantaneous number and weight-
average molecular weights are given by the following equations (I, /9):

— (km1)
X o CTAL ©

kM), ke 1}

X wi = 2
klr.CT A [CTA]p + k\r,pul [VI ]

(6)

where v| and v, are the first and second moments of the cumulative polymer

chain length distribution. From these equations it is clear that the polydispersity
index is different from two and depends on the molecular weights of the inactive
polymer. Therefore, the concept of building a given MWD by producing well-
defined instantaneous MWDs at different stages of the process (as shown in
Figure 2) does not hold. The trajectories for monomer and CTA concentrations
calculated by the approach described above (11,13) are not sufficient to ensure
the production of the desired copolymer.

A successful approach requires accounting for all the kinetic events
affecting the MWD in a significant way. Work is in progress to develop a robust
general control strategy for nonlinear emulsion polymers.

Conclusions

This paper explores the possibility of extending the control strategies
developed for simultaneous on-line control of copolymer composition and MWD
of linear polymers to nonlinear polymers. Nonlinear polymers are formed
through processes such as chain transfer to polymer and propagation involving
terminal double bonds. Using the emulsion copolymerization of methyl
methacrylate and butyl acrylate as a case study, it was shown that the present
control strategy allows a reasonable simultaneous control of both properties
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when working under semi-flooded conditions. However, the polymerization rates
reached under these conditions may lead to situations in which the heat released
by polymerization in industrial reactors cannot be removed, leading to thermal
runaways. A more generally applicable control strategy is needed to circumvent
these drawbacks.
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Chapter 10

Kinetics of Emulsion Polymerization of Styrene
in the Presence of Polyurethane Resins

L W. Cheongl, M. Nomura?, and J. H. Kim""

'Nanosphere Process and Technology Laboratory, Department of Chemical
Engineering, Yonsei University, Seoul 120-749, Korea
’Department of Material Science and Engineering, Faculty of Engineering,
Fukui University, Fukui 910-8507, Japan

The role of reactive and non-reactive polyurethane resins in
the emulsion polymerization of styrene was investigated. They
exhibited low cmc values, high internal viscosities, and high
solubilization ability for hydrophobic materials, i.e., pyrene.
Continuous nucleation and broad particle size distribution
were remarkable in the resin system, especially near and above
the cmc. The average number of radicals per particle was
below 0.5 and the parameter m in the resin system showed
higher values than the estimated values from classical micellar
nucleation theory.

In our recent work, non-reactive polyurethane resins were synthesized by
polyaddition reactions of isophorone diisocyanate (IPDI), polypropylene glycol
(1,2-PPG, MW: 750 and 2000 g/mol), and dimethylol propionic acid (DMPA).
The polyurethane resins contained carboxylic groups, DMPA, in their backbones.

Therefore, they were water-soluble or water-dispersible according to the
degree of neutralization of the carboxylic groups. The polyurethane resins
exhibited surface-active properties, such as micelle or aggregate formation,
change of surface tension, and the ability to solubilize hydrophobic materials.

126 © 2002 American Chemical Society
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Aggregate numbers of the resins were 7.2 and 6.6 for PUR-2000 and PUR-750,
respectively. The solubilization ability of the resin for pyrene increased as the
resin concentration increased, as is the case with electrolyte concentration. The
solubilization ability was much higher than that of SDS (sodium dodecyl sulfate)
at the same concentration (/). Several batch emulsion polymerizations of styrene
were conducted in the presence of the polyurethane resin. The average particle
sizes of the polystyrene latexes were very small (10 ~ 100 nm) and the size
distributions were very broad. The emulsion polymerizations of styrene using the
resins as emulsifiers showed somewhat different kinetic dependencies on the
stabilizer and initiator concentrations compared to conventional anionic
surfactants. It was found that the kinetic exponents describing the effect of the
resin and initiator concentrations on the number of particles were 0.63-0.66 and
0.38-0.39, respectively (2). For the rate of polymerization, the exponents were
lower than the values from Smith-Ewart theory. Moreover, there was no
variation between the initial and final particle size especially in the small particle
size range (5 ~ 15 nm). Broad particle size distributions and continuous
nucleation were notable in comparison with a conventional surfactant system.
This difference was mainly attributed to the hydrophobicity, relatively high
molecular weight, and high internal viscosity of the resin molecules, which
builds up a rather thick surface layer on the colloidal particle like protective
colloids.

In this work, a reactive polyurethane resin was synthesized by introducing 2-
hydroxyethyl methacrylate (HEMA) for a comparative study between the
previous non-reactive and the reactive resins. The HEMA was reacted with
NCO-terminated polyurethane prepolymer at room temperature by using
dibutyltin dilaurate as a catalyst. The reactive polyurethane resin has vinyl
groups at each end of the main chain. Thus, the resin can take part in the
polymerization reaction with styrene monomer during the emulsion
polymerization. The existence of HEMA monomer units in the resin was
confirmed by ®C NMR. The chemical structures of PUR-750 and PUR-
750HEMA are illustrated in Figure 1.

Experimental

Materials

Styrene monomer was obtained from Wako Pure Chemical Ind. (Japan) and
purified by distillation under a nitrogen atmosphere. Commercial sodium
dodecyl sulfate (SDS), potassium persulfate (KPS), and potassium bicarbonate
(KHCO;) were extra pure grade and were used without further purification.
Distilled and deionized (DI) water was used in all experiments. Two kinds of
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polyurethane resins were synthesized and used in emulsion polymerizations of
styrene. Properties of the resins are given in Table I.

%ﬁi SSSRIS|

k/" \/b\ ‘P\‘/ ‘]J\“\/ﬁ JL“\/ﬁ )L /\&
Figure 1. Simplified chemical structures of the polyurethane resins; (a )

repeating unit of PUR-750; (b) PUR-750HEMA.

Table 1. Physical Properties of the Polyurethane Resins

Property PUR- 750Type ofReﬁrtl/R- 750HEMA
M, (g/mol) 5600 5700
M, (g/mol) 11000 7000
PDI(M,/M,) 2.05 1.23
AV’ (mg KOH/g PUR) 47.4 48.7
cmc? (mM in water) 0.36 0.28
N’ (-) 7.2 Not analyzed

1. Acid value (AV) was measured by titration method.

2. Critical micelle concentration (cmc) was measured by surface tension.

3. Aggregation number was measured by pyrene fluorescence method (excitation and
emission wavelengths were 345 and 380 nm).

Emulsion Polymerization

Emulsion polymerizations were carried out in a double-jacketed 1L glass
reactor, equipped with a mechanical stirrer, a thermometer, a reflux condenser, a
temperature controller, an initiator funnel, and a nitrogen inlet. The basic recipe
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for emulsion polymerization in the presence of the resin is given in Table II. The
reactor was charged first with the desired amount of PUR solution (5 wt% solids
content), styrene, KHCO3, and DI water. The calculated amount of KPS solution
was added into the initiator funnel. A highly pure nitrogen gas was used to purge
the reactor for 20 min to remove dissolved oxygen in the reaction mixture. The
polymerization was initiated by dripping in the initiator solution, which had been
deoxygenated with the nitrogen gas. The reaction temperature was adjusted at 60
+ 1 °C in a thermostated water bath. The stirring rate was kept at 400 rpm.

Table II. Basic Recipe for Emulsion Polymerization of Styrene Using the

Polyurethane Resins
Components Amount (g) wt% (base material)
Styrene 20.000 5.7 (total wt.)
Polyurethane Resin’ 0.100 ~ 5.000 0.5 ~ 25.0 (monomer wt.)
KPS 0.020 ~ 0.200 0.1 ~ 1.0 (monomer wt.)
KHCO;? 0.007 ~ 0.070
DI water 328.000

1. The resins were dissolved in water using appropriate sodium hydroxide before the
polymerization and degree of neutralization was fixed at 100%.
2. Same molar concentration of buffer as KPS.

Latex Characterization

The monomer conversion was determined by gravimetry using a 100 ppm
hydroquinone in methanol solution as a short-stop agent. 6-8 g latex samples
obtained from the reaction vessel were immediately quenched with 4-5 drops of
the short-stop solution and cooled after a predetermined time of polymerization.
Particle size and distribution of the latexes were analyzed by electron
microscopy (H-600A, Hitachi, Japan) and dynamic light scattering (Photal DLS-
7000, Otsuka Electronics, Japan) at 25 °C. Diluted samples were measured in the
dynamic scattering mode. Average particle sizes were calculated by counting
over 500 particles in the TEM photos. The number of particles was calculated
from the monomer conversion and the average particle size obtained from the
electron micrographs as follows:

_ 6m0Xp

P =

— 1
Top ()
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where N, is the number of particles in the system, D., the volume-average
diameter, X, fractional conversion, m,, amount of monomer with respect to the
aqueous phase, and pj, the density of polymer. The rate of polymerization can be
expressed by the following equation:

v =kpﬁ[M]p N, @)
P NA

where, 7 is the average number of radicals per particle, [M],, concentration of
styrene monomer in the polymer particles, and N, Avogadro’s constant. The
propagation rate coefficient was obtained using the following equation (3):

k, =1x10"% L mol's™! exp(~32,510J mol"'/RT) (3)

The maximum rate of polymerization (R; max) Was calculated from the slopes
of conversion as a function of time from 0.2 to 0.4 fractional monomer
conversion. Subsequently, the number of particles was calculated in the period of
constant polymerization rate. The monomer concentration in the polymer, [M],,
is a function of monomer conversion, Xp. In Interval II, it was assumed that [M],
was constant at 5.5 mol/L polymer. The n was obtained using eq. (2).
Parameters related to 7 were calculated by the semi-empirical equation
introduced by Nomura (4). In the calculation, aqueous phase termination of free
radicals was assumed to be negligible. Thus, the following equation can be used:

'2 1] 0.5 L} L 0'5
7=05 {(a'+i) +2(a'+i}} —(a'+i) +(0.25+-°‘—] L@
m m m 2 2

where, a’=p v, /k,N,and m=kv,/k,. p, is the rate of radical production
per unit volume of water and was approximately given by p, =2 fk,[1,], . v, is

the volume of a particle, ki, the rate constant of mutual termination of radicals in
the particles, and ki, the rate constant of desorption of radicals from a particle
(5). The decomposition rate coefficient (6) was expressed as follows:

fky =96x10'5s™ exp(—143,250/RT) %)
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Results and Discussion

In all experiments, the two polyurethane resins given in Table I, PUR-750
and PUR-750HEMA, were used. The existence of -COOH groups from DMPA
and unsaturated carbon bonds from HEMA were confirmed by *C NMR spectra.
No peaks indicating a side reaction between carboxyl and isocyanate groups
(amide bond peak) were detected in the spectra. As seen in Table II, the
appropriate amount of DI water was used for maintaining a constant initiator
concentration, and total solid content. Subsequently, the total solid contents of
all the emulsion latexes were about 5.7 wt%.

Particle Size and Particle Size Distribution

Figure 2 shows TEM photos of polystyrene latexes prepared in the presence
of the reactive polyurethane resins (PUR-750HEMA) after the completion of
polymerization. Variation in the resin concentration ranged from below to above
the cmc. The cmces of PUR-750 and PUR-750HEMA were measured as 0.36 and
0.28 mM in water, respectively. Figures 2 (e) and (f) represent latexes prepared
at the resin concentrations below the cmc, 0.133 and 0.053 mM in water. The
volume-average particle sizes ranged from 30 to 120 nm depending on the
concentration of the resin.

Above the cmc, the particle size distribution was very broad; however, the
distribution became narrower as the resin concentration decreased. In addition, a
large number of small particles were freshly nucleated up to high fractional
conversions (< 0.8) as were observed in the TEM photos. Below the cmc, the
particle size distribution was narrow and the PDI was smaller than 1.1. In this
case, few freshly-nucleated small particles were detected. In this paper the
particle size distributions of the polystyrene latexes prepared using PUR-750
(non-reactive type resin) are not illustrated, however, the distributions showed
similar trends.

In both cases, the particle size distributions were very broad and continuous
nucleation was observed especially near and above the cmc. Continuous
nucleation was explained by the characteristics of the polyurethane resins. The
polyurethane resin demonstrated a superior solubilization ability for hydrophobic
materials and they have relatively high molecular weight“and high internal
viscosity in comparison with conventional short chain surfactants. Therefore, a
few high molecular weight polyurethane resins can form an aggregate in the
aqueous phase both above and below the cmc since the resins have relatively
broad molecular weight distribution as well. The aggregate can be a locus of
polymerization, as well as act as a polyelectrolyte. The molecular weight and
acid number can significantly affect the formation of aggregates and the surface
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(a) (b)

(©) (d

(e) ()

Figure 2. TEM photos of final polystyrene latexes prepared using the PUR-
750HEMA with different concentrations; (a) 25 wt%; (b) 15 wt%; (c) 10 wt%;
(d) 5 wt%; (e) 1.25 wt% ; (f) 0.5 wt% based on monomer; bar = 100 nm,
magnification =30K.
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active properties. It was difficult to make aggregates or micelles to produce new
particles for the resins having high acid numbers and relatively low molecular
weights and they showed somewhat different kinetic behavior (7, 8).

Rate of Polymerization and Final Number of Particle

Figure 3 (a) shows the relationship between the rate of polymerization,
Rpmax, and resin concentration. The dependencies, estimated from the slope of
Ist-order regressions, were 0.48 and 0.34 for PUR-750HEMA and PUR-750,
respectively. According to the micellar nucleation theory, the exponent should be
0.6. In the case of the reactive resin, PUR-750HEMA, the exponent was higher
than that of PUR-750. These results can be explained by the high polymerization
rate of HEMA monomer and the irreversible adsorption behavior of the PUR-
750HEMA resin. It was found that all the polymerization data was located on the
same linear line regardless of the existence of the cmc. This result suggested that
the nucleation mechanisms below and above the cmc should be the same. From
the slopes, it can be suggested that the aggregates formed by a few high
molecular weight resins could be a polymerization locus in emulsion
polymerization due to its high solubilization ability and high internal viscosity.
However, it cannot be concluded that the particle nucleation follows a specific
nucleation theory due to insufficiency of influential evidence concerning the
particle nucleation. In the case of the effect of initiator concentration on Rp, max in
Figure 3 (b), the exponents showed a similar trend considering the classical
micellar nucleation theory.

Figure 4 shows the final number of particles with the variation of resin and
initiator concentrations. The exponents from the slopes were 0.78 and 0.69 for
PUR-750HEMA and PUR-750, respectively. The final number of particles in
PUR-750HEMA was relatively higher than that of PUR-750. These high
exponent values have been observed often in homogeneous nucleation systems.
In this work, however, these high values were due to the characteristics of the
resin molecules as mentioned above. Moreover, from the slopes in Figure 4 (b),
it was found that the exponent for the dependence of particle number on initiator
concentration was higher in the case of PUR-750HEMA than that of PUR-750.
This tendency can be explained by the role of unsaturated carbon bond in PUR-
750HEMA. All through the reaction, secondary particles were nucleated
continuously; however, PUR-750HEMA reacted with styrene monomer and it
could be chemically anchored onto a freshly nucleated particle. In comparison
with PUR-750HEMA, PUR-750 resin molecules could adsorb to stabilize
preexisting growing particles rather than adsorbing to the freshly nucleated
precursor particle.
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Figure 3. (a) Rate of polymerization (R, ac) versus initial resin concentration;
round symbols: PUR750-HEMA; square symbols: PUR-750; (b) rate of
polymerization versus initial initiator concentration; round symbols: PUR750-
HEMA; square symbols: PUR-750.
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Figure 4. (a) Final number of particles versus initial resin concentration; round
symbosl: PUR750-HEMA; square symbols: PUR-750; (b) final number of
particles versus initial initiator concentration; round symbols: PUR750-HEMA;
square symbols: PUR-750.
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Average Number of Radicals per Particle

Figure 5 shows average number of radicals per particle, 7 , as a function of
the parameter, &’ The 7 values for both resins were below 0.5. The parameter
m showed higher values than estimated from conventional styrene/SDS emulsion
systems. m has been reported as 1x10™ in a polystyrene/SDS latex system with
62 nm volume-average particle size. For some water-soluble monomers, such as
vinyl chloride and vinyl acetate, m has been reported as 2x107 from the results
of Ugelstad and Nomura (9). In this work, the high value of m was because of
the unique properties of polyurethane resins. High m values implied that the
radical loss process was dominant during the emulsion polymerization. The
radical loss could occur by radical desorption due to the chain transfer reaction
to resin molecules as well as styrene monomer. Especially, the transfer reaction
to the resin leads to grafting reaction with the monomer or to termination by
another radical entering from water phase. In fact, a grafting portion of the
monomer was observed at 40% based on the total monomer according to our
unpublished results. As mentioned above, chain-transferred resin molecules
desorb from the growing particles and might be terminated in the aqueous phase.
Radical desorption was significant especially in PUR-750, non-reactive resin
system. According to the micellar nucleation theory, R,max should be directly

proportional to Nj,. In this resin system, Ry mix Was proportional to Ny and
N,* for PUR-7S0HEMA and PUR-750, respectively.

Surface Tension Analysis

Figure 6 shows the surface tensions for resin solutions only and the
polystyrene latexes prepared using these resins. PUR-7S0HEMA showed better
surface activity than that of PUR-750. In the case of the polystyrene latexes, the
surface tension of PUR-750HEMA was much higher in comparison with that of
PUR-750. From these results, it was concluded that PUR-750 (non-reactive
resin) desorbed from the growing polymer particles during the polymerization;
therefore, the surface tension value was low. At a higher concentration of the
resin, a large number of the resin molecules existed in the aqueous phase.
Consequently, the rate of continuous nucleation increased due to the free resin
molecules or aggregates of the molecules.
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Figure 5. The average number of radicals per particle as a function of the
parameter o (aqueous phase termination is negligible, Y = 0); round symbols:
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Conclusions

Polymeric or polymerizable surfactants are usually tailor-made and
subsequently they exhibit unique properties as seen in many recent publications.
In this work, the polyurethane resins showed a different behavior in comparison
with those of conventional styrene/short-chain surfactant systems. Discrepancies
in the power dependency of the polymerization rate and the final number of
particles on the resin or initiator concentration was illustrated and explained by
the typical properties of the resins, such as relatively high molecular weight and
broad molecular weight distribution, high internal viscosity, and superior
solubilization ability for hydrophobic materials. It was concluded that the low 7
and high value of m were due to radical loss process which was dominant all
through the reaction.
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Chapter 11

Living Free Radical Miniemulsion Polymerization
of Styrene

Gaofeng Pan, E. David Sudol, Victoria L. Dimonie,
and Mohamed S. El-Aasser*

Emulsion Polymers Institute and Department of Chemical Engineering,
Lehigh University, Bethlehem, PA 18015

TEMPO-terminated oligomers of polystyrene (TTOPS) have
been investigated as a macro-initiator to initiate the
miniemulsion polymerization of styrene at 125 °C. Deviations
from the ideal chain extension reaction were found. These
deviations may be the result of newly generated thermal free
radicals and/or low molecular weight dead polymer chains.
The number of polymer chains was calculated and found to
increase with conversion. Molecular weights and molecular
weight distributions were studied as a function of conversion.
A low molecular weight dead polymer population was found in
the distribution of polymers obtained from a miniemulsion
polymerization initiated with TTOPS-7050 (i.e., M, = 7050
g/mol). Significant improvements in the molecular weight
distributions and numbers of polymer chains were achieved by
using TTOPS-1500, a lower molecular weight (1500 g/mol)
macro-initiator. A bulk polymerization using TTOPS-1500
was carried out for comparison. The resulting polymer had a
narrower molecular weight distribution than that obtained by
miniemulsion polymerization.
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Emulsion polymerization has developed into a widely used process for the
production of synthetic polymeric materials. Miniemulsions are submicron
dispersions of one liquid in another immiscible, continuous liquid phase (7).
Miniemulsions are prepared by an emulsification process using a combination of
an ionic surfactant and a costabilizer such as a long chain alkane or fatty alcohol.
In miniemulsion polymerization, monomer is the dispersed material, and water is
the continuous phase. Monomer droplets can range in size from 50 to 500 nm in
diameter and the distributions are typically broad. Polymerization is carried out
in the stable submicron monomer droplets.

Living polymerizations are characterized by controlled molecular weights,
desired end groups, and narrow molecular weight distributions. An ideal living
polymerization reaction does not have any termination or transfer reactions.
Until recently, living polymerizations were limited to ionic polymerizations. In
free radical polymerization, it is not easy to avoid the bimolecular termination
reaction between two active free radicals. Recently, several approaches were
found to control free radical polymerization giving them features of living
polymerizations. Living/controlled free radical polymerizations are usually
divided into three categories: stable free radical polymerization (SFRP), atom
transfer radical polymerization (ATRP), and reversible addition-fragmentation
chain transfer polymerization (RAFT) (2). SFRP in bulk systems has been
thoroughly studied (3-9). However, comparatively little has been reported using
this technique in emulsion polymerization (/0-13), or dispersion polymerization
(14). This research focuses on the application of the stable free radical
polymerization technique in miniemulsion polymerizations. The stable free
radical used in this research is 2,2,6,6-tetramethylpiperidinyl-1-oxy (TEMPO).
High temperature is needed for the decomposition reaction of the alkoxyamine to
generate active free radicals. Usually the temperature is over 110 °C. While
using a beta-phosphonylated nitroxide instead of TEMPO as the stable free
radical, a living free radical miniemulsion polymerization has been reported at
temperature below 100 °C (15).

Instead of using TEMPO/benzoyl peroxide (BPO) as initiator as most often
reported in the literature, TEMPO-terminated oligomers of polystyrene (TTOPS)
are used as the initiator. The purpose of using TTOPS as initiator is to simplify
the system for studying the kinetics and mechanism of the polymerization.
Because the initiation efficiency of benzoyl peroxide is not easily determined
here, it is difficult to control the number of polymer chains in this system. By
using TTOPS as the initiator, the initial number of chains can be specified and
the molecular weights are readily estimated by assuming that the monomer adds
only to these TTOPS chains. In addition, TEMPO is water-soluble and will
partition between the water and monomer phases in the heterogeneous
miniemulsion system, while TTOPS is a short chain polymer that has no water
solubility. Therefore, the TEMPO will be initially restricted to the droplet phase.
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Experimental

TEMPO-terminated oligomers of polystyrene (TTOPS) were prepared by
bulk polymerization of styrene in the presence of benzoyl peroxide (BPO) (0.09
mol/dm®) and TEMPO (0.108 mol/dm®). The reactants were pre-heated for 1
hour at 90 °C followed by polymerization at 125 °C. Polymer was retrieved by
precipitation in an excess of methanol, and purified by 3 dissolution/
precipitation cycles using toluene and methanol, respectively. When preparing
TTOPS-7050, the styrene monomer was first cleaned by passing it over activated
alumina to remove the inhibitor. The yield was 71% and the number-average
molecular weight measured by gel permeation chromatography was 7050 g/mol
(TTOPS-7050) with a polydispersity index (M,/M,) of 1.24. For preparing
TTOPS-1500, the styrene was freshly distilled. The TEMPO/BPO ratio was
increased to 2.1/1 and the reactant mixture was degassed by 3 freeze-thaw cycles
to remove O,. Bulk polymerization at 125 °C was protected by nitrogen. The
polymerization was stopped at a low conversion (17%). The number-average
molecular weight was 1500 g/mol (TTOPS-1500) with a polydispersity index of
1.14

The recipe for the miniemulsion polymerization is given in Table I
DOWFAX 8390 (disulfonated alkyl diphenyl oxide sodium salt; Dow Chemical
Co.), an anionic surface active agent, was used as the emulsifier. Hexadecane
(Aldrich) was used as the costabilizer. TTOPS-7050 and hexadecane were pre-
dissolved in the styrene prior to emulsification. To prepare the miniemulsion, the
reaction mixture was either sonified using a Branson sonifier for 10 minutes with
stirring at a power output setting of 8 and a duty cycle of 50%, or sonified for 1
minute at a power output of 7 and a duty cycle of 50%, and then passed 10 times
through the Microfluidizer (Model 110T, Microfluidics, Inc.). After degassing
the miniemulsion, the polymerization was carried out in a high-pressure
polymerization bottle placed in an oil bath operated at a controlled temperature
of 125 + 5 °C. The polymerization mixture was stirred with a magnetic bar at
500 rpm. Samples were removed from the bottle for analysis by needle and
syringe. The conversions were measured gravimetrically and confirmed by gas
chromatography (HP 5890A). Molecular weight distributions were measured by
gel permeation chromatography (Waters, Styragel columns HR3, HR4, HR6;
Model 410 differential refractometer). Particle size distributions of the latexes
were measured by both transmission election microscopy (TEM, Phillips 400)
and capillary hydrodynamic fractionation (CHDF, Model 1100, Matec Applied
Sciences).
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Table 1. Recipe for Living Free Radical Miniemulsion Polymerization

Ingredient Weight (g) Concentration
Water Phase
Deionized Water 65.0
Dowfax 8390 1.04 25mM*?
Oil Phase
Styrene 15.6
Hexadecane 1.47 100 mM?
TTOPS Varied

* based on water phase, [hexadecane}/[Dowfax] = 4:1 mole ratio
Total final solids ~20% (based on 100% conversion)

Results and Discussion

Because of the relatively slow initiation and fast propagation rates in free
radical polymerization, high molecular weight polymers are formed from the
beginning of conventional free radical polymerizations, and the molecular
weight does not vary significantly until high conversion is achieved. However, in
living polymerizations, the molecular weight increases linearly with conversion,
an important difference. In this research, miniemulsion polymerizations initiated
with different concentrations of the macro-initiator TTOPS-7050 were carried
out. It was found that when the TTOPS-7050 concentration was varied from
2.5% to 20% (3.55 mM to 28 mM), the molecular weights increased linearly
with conversion in all cases over much of the polymerizations (Figure 1). This
linear increase extended up to 80% conversion in all cases except the
polymerization initiated with the lowest TTOPS-7050 concentration (2.5% or
3.55 mM), where the linear increase was only up to 40% conversion. When these
conversions were exceeded, the molecular weights became lower than that
expected for a linear increase. For a given conversion in the linear region,
increasing molecular weights were found for decreasing TTOPS concentrations
as expected since the molecular weight is inversely proportional to the initiator
concentration.

As mentioned in the introduction, one advantage of using TTOPS as the
macro-initiator is the possibility of tracking the number of polymer chains in the
system. In ideal chain extension experiments, all TTOPS chains are living
(capped by TEMPO and have the ability to propagate to a longer chain) and no
new chains are generated during the polymerization. Figure 2 shows the
comparison between the theoretical (ideal) molecular weights (lines) and the
experimental data. All experimental values are lower than expected theoretically.
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These deviations could be caused by an increasing number of polymer chains in
the system resulting from the thermal generation of new free radicals and/or a
population of lower molecular weight dead polymers resulting from termination
reactions.

100000
©2.5% TTOPS
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60000 -
g
2 40000
=
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0 L] L] L] L] L]

0 20 40 60 80 100
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Figure 1. Number-average molecular weight as a function of conversion for
miniemulsion polymerizations of styrene carried out with different TTOPS-7050
concentrations ranging from 2.5% to 20%; T,= 125 °C.

Although the presence of the stable TEMPO free radical greatly limits the
termination reaction, it cannot be eliminated. When irreversible termination
occurs, dead polymer chains form, and dead chains, by definition, cannot grow
to higher molecular weights. If there is a certain amount of low molecular weight
dead polymer present in the system, which is not included in the number of
chains estimated by the number of TTOPS molecules (i.e., there are extra
polymer chains in the system), the number-average molecular weight will be
reduced significantly.

The number of polymer chains can be calculated from the conversion and
the number-average molecular weight. Figure 3 shows the evolution of the
number of polymer chains with conversion for the system employing 20%
TTOPS-7050. Although there is scatter in the data, it is clear that the number of
polymer chains increased with increasing conversion. At the high polymerization
temperature (125 °C), the styrene monomer molecules react with each other and
generate free radicals (16, 17). These newly-generated free radicals will initiate
new polymer chains other than the chains introduced by TTOPS and therefore,
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the actual number of polymer chains in the system can not remain constant and
will increase with time.
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Figure 2. Experimental and theoretical number-average molecular weight as a
Jfunction of conversion for miniemulsion polymerizations of styrene carried out
with different TTOPS-7050 concentrations ranging from 2.5% to 20%;
T,= 125 °C.
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Figure 3. Number of polymer chains as a function of conversion for the
miniemulsion polymerization of styrene initiated with 20% TTOPS-7050;
T,=125°C.
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If there is a population of low molecular weight dead polymer chains in the
system, it can be found as a stationary peak in the evolution of the molecular
weight distribution curves with conversion. Figure 4 shows the evolution of the
molecular weight distribution with conversion in the 20% TTOPS-7050 reaction.
The main peak of the molecular weight distribution is shown moving to higher
molecular weights with increasing conversion, while a small stationary peak
remains behind with a molecular weight around 7000 g/mol. These results
confirm that low molecular weight dead polymers are present in this system,
which lowers the number-average molecular weights to below the ideal
(theoretical) values.

45%
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Relative Number of Chains

0 20000 40000 60000 80000 100000
Molecular Weight (g/mol)

Figure 4. Evolution of molecular weight distribution with conversion in the
styrene miniemulsion polymerization initiated with 20% TTOPS-7050;
T,=125°C.

Since high temperature is required for the alkoxyamine decomposition
reaction, it is not possible to avoid generating thermal free radicals. Since the
low molecular weight dead polymers have a molecular weight similar to the
TTOPS-7050, these may originate with the TTOPS-7050 initially added to the
system. That is, dead polymer may have already been present in the TTOPS-
7050. In an attempt to reduce or eliminate this possibility, a new batch of
TTOPS, TTOPS-1500, was synthesized under more rigorous experimental
conditions as described in the experimental section. The TTOPS-1500 was used
instead of TTOPS-7050 in miniemulsion chain extension experiments. Figure 5
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shows the number-average molecular weights measured by GPC and the
calculated number of polymer chains compared with theoretical values based on
ideal chain extension. The experimental values are close to the corresponding
theoretical ones up to 60% conversion. When the conversion increases beyond
60%, the molecular weight becomes lower than the theoretical value. The
number of polymer chains is also close to the theoretical value (i.e., the number
of TTOPS chains) at low conversions. However, since the generation of thermal
radicals cannot be avoided, it increases slightly with conversion during the
polymerization. When conversion exceeded 60%, the deviation became obvious.
The evolution of the molecular weight distribution with conversion is shown in
Figure 6. No stationary peak was found in this case. The molecular weight
polydispersity index (PDI, M,/M,) is shown in Figure 7 as a function of
conversion. All PDI are in the range of 1.1 ~ 1.5, except at 12% conversion.
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Figure 5. Evolution of number-average molecular weight and the number of
polymer chains with conversion for the miniemulsion polymerization of styrene
initiated with 2.5% TTOPS-1500; T,= 125 °C.

The corresponding bulk polymerization using TTOPS-1500 was carried out
for comparison to the miniemulsion polymerization. Similar results were found
for the evolution of the number-average molecular weight and the number of
polymer chains with conversion. The molecular weight distribution of the
polymer obtained by bulk polymerization is narrower than that obtained from the
miniemulsion polymerization. The PDIs for the bulk polymers are shown in
Figure 7. All values are in the range of 1.1 ~ 1.3 and are lower than that of the
miniemulsion polymerization system as expected. The molecular weight
distribution curves of the bulk polymers at different conversions are given in
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Figure 8. Compared with the molecular weight distribution curves of the
polymers obtained from the miniemulsion polymerization, the distributions are
significantly sharper.
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Figure 6. Evolution of molecular weight distribution with conversion in the
miniemulsion polymerization initiated with 2.5% TTOPS-1500; T, = 125 °C.
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Figure 7. Molecular weight polydispersities of polymers obtained from
miniemulsion and bulk polymerizations of styrene initiated with 2.5%
TTOPS-1500.
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A shoulder, with a molecular weight in the range of 10,000 — 20,000 g/mol
can be found in the molecular weight distribution curves at higher conversions
for both the miniemulsion and bulk polymers. This shoulder is much smaller in
the bulk polymers than in the miniemulsion polymers. These shoulders indicate
that a certain amount of low molecular weight polymers become significant at
higher conversions. These could be terminated polymer chains with low
molecular weight (dead chains) and/or new polymer chains initiated by thermal
radicals (living chains). The heterogeneous nature of the miniemulsion system
may be the main reason that the miniemulsion polymers having a larger shoulder
than the bulk polymers. Although styrene is a much better solvent for TEMPO
than water, TEMPO radicals will partition between the phases in a miniemulsion.
When TTOPS is used as the macro-initiator, TEMPO molecules are initially
restricted in the droplet phase as they are bound to the TTOPS, which is not
water-soluble. However, when the temperature is raised, TEMPO radicals
dissociate from the polymer/oligomer chains, and thus have a chance to exit the
droplet/particle and enter the water phase. This can lower the TEMPO
concentration in the monomer/polymer phase, resulting in less control of the
active free radicals and more deviations from ideal living polymerization.
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Figure 8. Evolution of molecular weight distribution with conversion in the bulk
polymerization of styrene initiated with 2.5% TTOPS-1500; T,= 125 °C.

Another possible contribution to the larger low molecular weight shoulder
of the miniemulsion polymers is the continuous nucleation that occurs during the
miniemulsion polymerization. It was found that the number of particles increases
with increasing conversion up to 90% conversion (Figure 9). Since the TTOPS is
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water-insoluble, there are no TTOPS chains in the newly nucleated particles.
Therefore, the polymer chains in these new particles must be initiated by thermal
radicals and are expected to be shorter than those living chains grown from the
TTOPS. The newly initiated polymer chains having low molecular weights are
particularly significant at higher conversions compared with other chains having
about 500 or more monomer units (molecular weight larger than 50,000 g/mol).
Although no TTOPS is present in the newly nucleated particles, it can be found
from the molecular weight distribution curve that few polymer chains have a
molecular weight larger than 200,000 g/mol. This indicates that the
polymerization in these newly nucleated particles is still well-controlled by
TEMPO. As mentioned before, TEMPO will partition between the aqueous and
organic phases. Therefore, the TEMPO radicals in the aqueous phase diffuse to
the new particles to control the polymerization.

1.0E+19

8.0E+18 A

6.0E+18 4

4.0E+18 4

2.0E+18 4

Number of Particles/Liter Latex

0.0E+00 v T T T
0 20 40 60 80 100
Conversion (%)

Figure 9. Evolution of number of particles with conversion in the styrene
miniemulsion polymerization initiated with TTOPS-1500; T, = 125°C.

Conclusions

Two different molecular weight TTOPS (TTOPS-7050, TTOPS-1500) were
synthesized and used successfully as macro-initiators to initiate miniemulsion
polymerizations of styrene. The effect of varying TTOPS-7050 concentration
was studied. In each case, the number-average molecular weight was found to
increase linearly up to a certain conversion after which it deviated from linearity.
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Higher TTOPS concentrations resulted in lower molecular weights at the same
conversion. By assuming ideal chain extension conditions, the theoretical
molecular weights were calculated for comparison. Experimentally measured
molecular weights of the polymers obtained from miniemulsion polymerizations
initiated by TTOPS-7050 were lower than the corresponding theoretical values.
The number of polymer chains increased with conversion. A stationary peak,
which indicates a population of dead polymer chains, was found in the molecular
weight distribution curves of polymers obtained from polymerizations initiated
with TTOPS-7050. Using TTOPS-1500, the stationary peak did not appear and
significantly more ideal molecular weights and number of polymer chains were
obtained. Compared to the bulk polymer initiated by TTOPS-1500, the
miniemulsion polymers had broader distributions and a more significant low
molecular weight shoulder. These results are considered to be caused by the
partitioning of TEMPO radicals between the phases.
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Chapter 12

Dispersed Condensation Polymerization
in Supercritical Fluids

K. N. Lee, H. J. Lee, J. Y. Lee, Y. J. Suh, and J. H. Kim*

Nanosphere Process and Technology Laboratory, Department of Chemical

Engineering, Yonsei University, Seoul 120-749, Korea

It was an objective of the present paper to describe the
development of condensation polymers in the form of
microspheres using a new method which is capable of avoiding
the existing process which requires very high temperature and
vacuum to allow the removal of the condensate molecule from
the polymer melt. The removal of the condensate molecule is
facilitated by the ability of supercritical CO, to act as a
plasticizing agent for the polymer phase. In this approach,
phenolic (P) /furfural (F) /alcohol mixtures were dispersed in
supercritical CO,. The solubility of alcohol in supercritical
CO, varied with the temperature and pressure of the system.
As the process conditions were varied, P/F gel particles could
be successfully prepared. The reactants were heated to 80 °C
to form the gel particles. The alcohol in the P/F gel particles
was continuously exchanged with supercritical CO, at 40 °C,
after which they were supercritically dried. PDMS was used as
the stabilizer in this system. The spherical polymer particles
were isolated by simply venting the supercritical CO, from the
reaction mixture. SEM analysis showed that the product
consisted of spheres in the micrometer size range.
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In Polymer Colloids; Daniels, E., et al.;
ACS Symposium Series; American Chemical Society: Washington, DC, 2001.



Publication Date: November 6, 2001 | doi: 10.1021/bk-2002-0801.ch012

July 17, 2012 | http://pubs.acs.org

153

Organic aerogels have continuous porosity, an ultrafine cell/pore size (< 50
nm), high surface area (400-1000 m%g), and a solid matrix composed of
interconnected colloidal-like particles or polymeric chains with characteristic
diameters of 10 nm (/). This ultrastructure and the low Z (atomic number)
composition are responsible for the unique optical, thermal, electrical, and
acoustic properties of organic aerogels (2-5).

The aqueous polycondensation of resorcinol with formaldehyde (R/F) (1,6)
and melamine with formaldehyde (M/F)(/) are two proven synthetic routes for
the formation of organic aerogels. The synthetic processes used to prepare these
aerogels were carried out in two steps: (a) polymerization in a glass reactor at
80 °C, under atmospheric conditions and acetone exchange, which replaces
alcohol within the organic gel with acetone (compatible with CO,), and (b)
solvent exchange in a high-pressure vessel by addition of CO, (6). The processes
were so complicated that the process time was very long. We have found a new
process to circumvent the energy-saving concerns about the synthetic route for
organic aerogels by preparing these technologically important organic aerogels
in one-step. Figure 1 shows a schematic diagram of the principal reactions for
phenolic novolac with furfural (P/F) under conditions used in this study.
Phenolic/furfural (P/F) aerogels have a major advantage over previous organic
aerogels: the P/F mixtures have the ability to be formed directly in an organic
solvent (i.e., alcohol) that is compatible with supercritical CO,, and therefore,
the synthetic process of a P/F aerogel is simpler than that of other organic
aerogels because the acetone exchange prior to supercritical drying has been
eliminated (7,8). The primary differences between the process for producing new
P/F aerogel microspheres and the prior process for producing R/F aerogel
microspheres are shown in Figure 2.

Herein, we describe the use of supercritical CO, as a continuous phase for
the manufacture (and processing) of organic aerogels. The environmental
supercritical CO,-based reaction removes the need to wash the resultants and
excludes the solvent (9,10). This paper focuses on the design of a direct process
for producing P/F aerogel microspheres in supercritical CO, by sol-emulsion-gel
polymerization (/1-14) which is much more suitable for handling and which can
be used in a variety of applications. In the sol-emulsion-gel method, droplets are
dispersed and stabilized in a continuous medium by addition of an appropriate
stabilizer, which forms a stable organic gel microspheres consisting of a
dispersion phase in supercritical CO, continuous phase (/5). The emulsion
droplets serve as microreactors during gelation (/6). P/F gel microspheres
produced by sol-emulsion-gel polymerization are usually stabilized by a “steric”
mechanism as compared with an electrostatic mechanism that is common to
colloidal stabilization in aqueous environments (I7-19). The P/F gel
microspheres were exchanged into supercritical CO, several times, after which it
was supercritically dried. This procedure allows for the synthesis of organic

In Polymer Colloids; Daniels, E., et al.;
ACS Symposium Series; American Chemical Society: Washington, DC, 2001.



Publication Date: November 6, 2001 | doi: 10.1021/bk-2002-0801.ch012

July 17, 2012 | http://pubs.acs.org

154

aerogels in the form of micrometer-sized microspheres with high surface area by
a direct method. In this paper, we focus on the process of synthesizing P/F
aerogel microspheres in supercritical CO, by sol-emulsion-gel polymerization. A
direct process of organic aerogel microspheres, based on the P/F reaction, has
many advantages such as: (1) an environmentally friendly supercritical CO,-
based reaction is used, (2) the sol-emulsion-gel reaction, and (3) the possibility
of modifying P/F gel microspheres to P/F aerogel microspheres simply by
varying the temperature and pressure of the system. The following experiments
were carried out to investigate the properties of P/F aerogel microspheres.

Experimental
Synthesis

Phenolic novolac (Kangnam Chemical Co., M, = 800 g/mol), furfural
(Acros Organics), p-toluenesulfonic acid (Junsei Chemical Co.), heptyl alcohol
(Junsei Chemical Co.), and PDMS (polydimethylsiloxane, Dow Corning Co., M,
= 10,000 g/mol) were used as received. Phenolic novolac and furfural were
mixed and p-toluenesulfonic acid was added as an acid catalyst. Alcohol was
added in order to adjust the overall reactant concentration. CO,-soluble PDMS

—J» caocHoH
b P
( ) P P C.H,OO!I-I
P crodon + crodion —— 0+ Ho
CH,OCH
(©) :

|
_.’ c‘)-{,oalm»c.t-l,oa-m————c‘moo?»,c.w 2

P

-l

(d) ;

c.H,ocT |P
o — c‘H,octl-c + C,H0CHO
|

c‘H,ocI P

Phenolic novolac Furfural

Figure 1. P/F gelation mechanisms: (a) addition polymerization, (b) and (c)
condensation polymerization, and (d) disproportionation termination.
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Conducted in a glass reactor at 80 °C for
24 hours

Conducted in a glass reactor for a week

Conducted in a high-pressure vessel at 12
°C and 1200 psi several times

Conducted in a high-pressure vessel at 40

°C and 1500 psi for 2 hours and vented
supercritical COz for 1 hour

Conducted in a high-pressure reactor at 80

) °C and 1200 psi for 24 hours

Conducted in a high-pressure vessel at 40
°C and 1800 psi several times

Conducted in a high-pressure vessel at 40
°C and 1800 psi for 2 hours and vented
with supercritical CO; for 1 hour

Figure 2. Synthetic process for organic aerogel microspheres: (a) existing
process for R/F aerogel microspheres, (b) new one-step process for P/F aerogel
microspheres.
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was used to disperse P/F alcohol solution in supercritical CO,. As shown in
Table I, a set of experiments was carried out to assess the effects of solids
content and P/C weight ratio on particle size and particle size distribution of P/F
aerogel microspheres. In a typical sol-emulsion-gel polymerization reaction of
P/F mixture, phenolic novolac, furfural, p-toluenesulfonic acid, alcohol, and
PDMS were put into a 100 mL high-pressure reaction vessel. The cell was
purged with nitrogen for ~ 10 min and then filled with CO,. The cell was heated
to 80 °C and the pressure was increased to 1200 psi (CO, density = 0.1678
g/mL). The polymerization was continued under these conditions for 24 h. The
emulsion was stirred with 6-blade turbine impeller in the stirring rate of 300
rev/min. The reaction cell was fitted with two sapphire windows 2 cm in
diameter and 1 cm thick. At the end of the polymerization, the cell was cooled to
40 °C. But the pressure was increased to 1800 psi (CO, density = 0.7305 g/mL)
by the addition of more CO, (conducted by pressure generator). The overall
experiment proceeded by a one-step process. The solubility of alcohol in
supercritical CO, varies with temperature and pressure of the system. As a result,
the solubility of heptyl alcohol in supercritical CO, at 80 °C and 1200 psi was so
low that the polymerization was conducted heterogeneously. After the sol-
emulsion-gel polymerization, the solubility change of heptyl alcohol in
supercritical CO, causes the heptyl alcohol to be miscible with the supercritical
CO, at 40 °C and 1800 psi (Figure 3) (20). The solvent in the crosslinked gels is
extracted in the transition state and supercritical drying step. The solvent in the
gel was exchanged into supercritical CO,, after which it was supercritical dried.
The heptyl alcohol including PDMS in this step is eliminated by venting of the
supercritical CO,. As the process conditions were varied, P/F aerogel
microspheres were successfully prepared. The overall experimental procedure
for a direct process is shown in Figure 4.

Characterization

An essential requirement for experimental investigation of P/F aerogel
microspheres is the accurate measurement of the time dependence of conversion.
The gravimetric method was carried out in this study. Processed P/F aerogel
microspheres were withdrawn from the high-pressure vessel after constant time,
then dried at vacuum oven (40 °C), and weighed. Scanning electron microscopy
(SEM) and nitrogen adsorption measurements showed that the P/F aerogel
microspheres synthesized in supercritical CO, by the one-step process were
identical to the R/F aerogel microspheres made in VOCs. The average particle
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size and size distribution were quantified from SEM micrographs using an Escan
4000 image analysis system. In this technique, the SEM image was converted to
a binary image, which was then processed to separate all particles at the set
detection level of gray shades, while preserving their sizes. The computer then
calculated eight different chords (or diameters) from each aerogel by a
dilation/erosion procedure. From these chords, a mean diameter for each aerogel
microsphere was calculated. The mean diameter for each aerogel microsphere
visible on the micrograph was calculated. Specific BET surface area and pore
size distribution of P/F aerogel microspheres is evaluated by BET (Brunauer-
Emmett-Teller) from nitrogen adsorption isotherms at 78 K.

Table I. Recipe and Characterization for P/F Aerogel Microspheres used in

this Study
’ Components Soits M S
T s T ) W
(@) (8) (3) (o) [wt®]
A 152 152 031 300 20 10 0 215 7S
B 27 221 046 283 20 15 0 338 635
c 3.03 303 081 267 20 20 0355 59
D 453 453 093 n!3 20 30 0 31 53
E 30 00015 154 20 2 20 75
F 30 00030 M1 20 2 10 451
G 30 300060 144 20 20 5 539

"The polymerization was continued at 80 °C and 1200 psi for 24 hours. The supercritical
CO; exchange was conducted at 40 °C and 1800 psi over 10 times.

? p-Toluene sulfonic acid

3 Poly(dimethylsiloxane) is based on the dispersion phase (phenolic novolac + furfural +
p-toluenesulfonic acid + heptyl alcohol).
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Results and Discussion
Synthesis of P/F Aerogel Microsphere

In this study, a synthetic process for organic aerogels based upon the P/F
reaction was discovered. The process has many advantages as follows. First, the
environmentally-friendly supercritical CO,-based reaction removes the need to
wash the resultant and to exclude the solvent. Second, P/F gel microspheres were
produced by a sol-emulsion-gel technique. Third, the resultant P/F gel particles
were modified to P/F aerogel microspheres simply by varying the temperature
and pressure of the system owing to temperature-dependent, pressure-dependent
solubility of P/F alcohol solution to supercritical CO,. Micron-sized P/F aerogel
microspheres were successfully produced by a direct process. The conversion-
time behavior for P/F aerogel microspheres is shown in Figure 5. The P/F
reaction was monitored through weighing free furfural as a function of reaction
time using gravimetry. The conversion of the reaction increased sharply during
the initial 3 hours of the reaction. The conversion at 3 hrs shows that
approximately 50 % of the original furfural has been consumed, and it probably
represents the point at which the majority of the P/F “clusters” have been
formed. The reaction then depends primarily upon the crosslinking of these
“clusters” to form a gel. The latter reaction would be expected to be slow, and
the rate-determining step for gelation.

70
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Figure 5. Conversion of P/F microsphere aerogel vs. reaction time.
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Particle Size and Particle Size Distribution.

Figure 6 shows SEM micrographs of P/F aerogel microspheres at different
solids contents. SEM examination showed no significant differences in the
spherical morphology of the P/F aerogel microspheres as the solids content was
varied in the range of 10 wt% to 30 wt% (runs A ~ D). Figure 6 and Table I
reveal that the particle size range of the P/F aerogel microspheres is 1-6 um in
diameter. The particle size was found to increase with increasing the solids
content at a constant stabilizer content.

Figure 6. SEM micrographs of P/F aerogel microspheres at different solids
contents: (a) run A, 10 wt%, (b) run B, 15 wt%, (c) run C, 20 wt%, and (d) run
D, 30 wt%.

At a solids content of 10 wt% (run A), the surfaces of the particles were not
smooth owing to the presence of a few small dents, which may have been created
by partial melting of the sample under the electron microscope beam. As the
solids content was increased to more than 10 wt%, the surfaces of the particles
appeared to be smooth. In the present gelation process, the stabilizer prevented
the formation of deformed spheres by controlling the sol-supercritical CO,
interfacial tension (21-23). CO,-soluble PDMS was used to stabilize a sol-
emulsion-gel polymerization in supercritical CO, (24-25). In the absence of
PDMS, no P/F aerogel microsphere formation was found. Although a relatively
small amount of PDMS considerably increased the yield of the P/F aerogel
microspheres obtained, larger amounts of PDMS were necessary to adequately
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stabilize the sol-emulsion-gel polymerization of P/F in supercritical CO,. It was
assured that PDMS was effective in stabilizing the sol-emulsion-gel
polymerization of P/F in supercritical CO,.

Surface Area

As shown in Figure 7(a) and Table I, the surface area of the P/F aerogel
microspheres increased as the [phenolic]/[catalyst] P/C weight ratio was
lowered. The surface areas for P/F aerogel microspheres (runs E ~ G) were 375,
451, and 539 m%g, respectively. The P/C weight ratio is the dominant factor
which affects the surface area. Under high catalyst conditions (i.e., run G;
P/C=5), the interconnected particles have diameters of 10-50 nm and are joined
together with large necks. From these data, P/F aerogel microspheres can be
explained in terms of the better interparticle connections in the ‘polymeric’
aerogel microspheres as compared with the ‘colloidal’ aerogel microspheres.
This relationship suggests that there are differences in the size, distribution,
interpenetration, and chemical linkage of the P/F ‘clusters’ depending upon
reaction conditions (7).

Figure 7(b) and Table I show the surface area of P/F aerogel microspheres
as a function of solids content. The surface area of P/F aerogel microspheres
decreased as the solids content increased. The surface areas for 10 wt% through
30 wt% (runs A ~ D) were 775, 635, 579, and 539 mZ/g, respectively. Obviously,
the density is the main parameter that determines the surface area. These data
imply that there are subtle differences in the morphologies of P/F aerogel
microspheres. As shown in Figure 8, P/F aerogel microspheres possess a ‘string
of pearls’ morphology (26). Five typical features can be identified: (a) a
mesopore that spans the distance between chains of interconnected particles, (b)
a micropore sandwiched between particles, (c) an individual particle, (d)
micropores within the particles, and (e) a neck region between contiguous
particles.

Inner Structure

The aerogel microspheres have been described as ‘polymeric’ (under high
catalyst conditions) and ‘colloidal’ (under low catalyst conditions), respectively.
As a result of removal of the solvent by evaporation, large capillary forces at the
liquid-vapor interface cause the aerogel microspheres to shrink. The surface area
of the P/F aerogels increased as the shrinkage level was higher. The amount of
shrinkage was dependent upon the catalyst level used to prepare the P/F aerogel
microspheres. The small interconnected particle size of the aerogel microspheres
necessitates high catalyst conditions.
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Figure 8. Schematic diagram showing the features of the P/F aerogel
microstructure as a function of the bulk density.
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Characteristics of the polymeric aerogel microspheres include substantial
shrinkage during supercritical drying, small interconnected particle size, and
high surface area. In contrast, the colloidal aerogel microspheres exhibit little
shrinkage upon supercritical drying, a relatively large interconnected particle
size and lower surface area (6). Figure 9 (run G) shows SEM micrographs of P/F
aerogel microspheres (Figure 9a) and their fractured surfaces (Figure 9b and 9c).
This figure shows a morphology of ‘polymeric’ aerogel microspheres with the
high catalyst loading and a morphology common to all of the formulations,
namely an open-celled structure with continuous porosity and cell sizes less than
100 nm. The P/F ‘polymeric’ aerogel microspheres have an interconnected
particle structure in the range of 10 ~ 50 nm in diameter. Intuitively, these data
can be explained in terms of the better interparticle connections in the polymeric
aerogel microspheres as compared with the colloidal aerogel microspheres. This
structure is analogous to that reported for R/F aerogel microspheres produced
with a base catalyst (6).

Figure 9. SEM micrographs (run G) of P/F aerogel microspheres (X 5000, a)
and their fractured surfaces (X 20,000, b and X 100,000, c).

Figure 10 shows the pore size distribution (PSD) of P/F aerogel
microspheres. PSD is presented as dV/dR plots so that the integrated area under
the plot directly corresponds to the pore volume. In this expression dV is the
change of volume and dR is the change of radius of P/F aerogel microspheres.
The pore size of P/F aerogel microspheres is predominantly about 10 nm, which
are responsible for much of the surface area.
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Figure 10. Pore size distribution of the P/F aerogel microspheres.

Conclusions

Micrometer-sized P/F aerogel microspheres were produced in supercritical
CO, medium by the sol-emulsion-gel technique that is capable of altering the
existing process. The process of preparing organic aerogel microspheres based
on the P/F reaction represents an advance in organic aerogel microspheres
because of: (1) environmental supercritical CO,-based reaction, (2) the sol-
emulsion-gel polymerization, (3) the possibility of modifying P/F gel
microspheres to P/F aerogel microspheres simply by varying the temperature and
pressure of the system, and (4) the sol-emulsion-gel polymerization and
subsequent supercritical drying in one-step process that is an excellent
alternative to the existing process. PDMS stabilizer was used to disperse the P/F
solution in supercritical CO,. PDMS was effective in stabilizing the sol-
emulsion-gel polymerization of P/F in supercritical CO,. Spherical morphology
of P/F aerogel microspheres was confirmed by SEM. P/F aerogel microspheres
have average particle sizes in the range of 1-6 um. The average particle size
increased with increasing solids content. Under the conditions used here, we
have prepared P/F aerogel microspheres with high surface area (400-700 m?/g)
similar to other organic aerogels. In this system, It is possible to synthesize
aerogel microspheres derived from multifunctional organic monomers in a
heterogeneous fashion in supercritical CO,.
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Improving Latex Performance by Using Polymerizable
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Latexes with superior properties were produced by using a
new alkenyl-functional polymerizable surfactant (surfmer).
These latexes have a better freeze-thaw stability, and form
films with less water absorption and lower vapor and water
permeability. These improvements were due to the chemical
bonding of the surfmer to the polymer that minimized its
migration. Results obtained by using a mathematical model
show that the reactivity ratio of the monomer with respect to
the surfmer is the key parameter for an adequate incorporation
of the surfmer and such a value should be between 1 and 5.

Surfactants play a crucial role in the production of emulsion polymers. They
are very important for the nucleation of latex particles, emulsification of the
monomers and stabilization of the polymer particles during the polymerization
and shelf life of the product. However, they can also have an adverse effect
during application. For example, when the latex is coated at high application
speeds the surfactant may desorb and cause destabilization, and when mixed
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with pigments in paints the surfactant may migrate to the pigments destabilizing
the latex particles. The presence of the surfactant can also have adverse effects
on the film properties, as the surfactant may migrate through the film to the film-
air interface affecting gloss and to the film-substrate interface reducing adhesion.
Also it can concentrate in pockets increasing the percolation by water. In
polymer recovery by coagulation the surfactants can have negative effects, for
example, in waste-water treatment.

These drawbacks are due to the mobility of the surfactant molecules during
the film formation process. Therefore, a promising way to reduce the negative
effects of surfactants is to use polymerizable surfactants (surfmers). A surfmer is
a surfactant with a polymerizable double bond in its structure. Upon
polymerization, these compounds become bound covalently to the polymer
material so that desorption from the polymer particle and migration through the
polymer film is impeded.

Surfmers have attracted much attention in both open (I-14) and patent (15-
20) literature as improvements in product quality by using surfmers have been
reported (/6-31). Asua and Schoonbrood (32) have recently reviewed the
publications concerning the use of surfmers in heterophase polymerization in
terms of the mechanisms relevant in the process. The authors concluded that
there is no general formula for a conventional emulsifier that works well in every
system and gave general guidelines to choose or design a specific surfmer and to
apply it in an appropriate way. In particular, they proposed that the reactivity
ratio of the surfmer with respect to the monomers should be close to zero to
avoid surfmer homopolymerization, and the reactivity ratios of the monomers
with respect to the surfmer should be between 0.5 and 10 to avoid early
polymerization of the surfmer, which would otherwise result in burying of the
surfmer, and to achieve a high degree of incorporation at the end of the process.
The authors stressed that these were rough guidelines because other factors may
affect the observed reactivity.

This paper addresses two important aspects of surfmer technology. The first
one deals with latex performance improvements achieved using a new nonionic
surfmer. The second is related to the choice of the reactive group of the surfmer.

Improvement of Latex Performance

The performance of latexes prepared using a new alkenyl-functional
nonionic surfmer (Maxemul 5011, Unigema) was compared with that of the
latexes prepared with the same monomers but stabilized with conventional nonyl
phenol ethoxylated nonionic surfactants (NP20 and NP30).
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50 wt% solids vinyl acetate / butyl acrylate (85/15 by weight) latexes were
prepared through semicontinuous emulsion copolymerization with both
Maxemul 5011 and NP20 using the recipe given in Table I. The latexes were
subjected to freeze-thaw cycles (-20 °C, 11 hrs / 1 hr heating, 23 °C, 11 hrs, 1 hr
cooling). It was found that the latexes prepared with Maxemul 5011 resisted 5
freeze-thaw cycles whereas those prepared with NP20 failed after 2 cycles. A
possible reason for the superior performance of the latex stabilized with the
surfmer is that during the freezing process as ice crystals are formed, the
polymer particles are restricted in a smaller volume, and hence they are in close
contact. The pressure created by the ice forces the interpenetration of the hairy
layers formed by the surfactant covering the polymer particles. The
interpenetration of the hairy layers increases the energy of the system causing the
repulsion of the polymer particles, and hence maintaining their stability.
However under conditions occurring during the freezing process, the pressure
created by the ice may be sufficient to displace the conventional surfactant along
the surface of the particles, leaving uncovered zones that are closer to other
particles. This results in particle coagulation. When the latex is stabilized by the
polymerizable surfmer, the surfmer cannot be displaced along the particle
surface because it is bound to the polymer. Therefore, no parts of the polymer
particle are left unprotected and the particles remain stable.

Table I. Formulation Used to Prepare the Vinyl Acetate / Butyl

Acrylate Latexes®

Initial charge Water 99.30
VAc/BA 12.50
KPS 0.63
K,CO, 0.25
Nonionic surfactant / Maxemul 5011 12.51

Pre-emulsion Water 268.97
VAc/BA 437.50
Maxemul 5011 18.93

Initiator stream KPS 1.80
K,CO, 1.80
Water 120.00

Mop-up Water 25.00
t-BHP 0.45
SFS 0.36

* All amounts are in grams
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Films with a wet thickness of 200 um were cast from these latexes on
polyester and allowed to dry for 7 days at 21°C and 50% relative humidity
(R.H.). The films were compared for water absorption upon immersion in water.
Figure 1 shows that the film cast from the latex stabilized with Maxemul 5011
showed much better water resistance than that cast from the latex containing the
conventional emulsifier. The difference increased with the time of immersion in
water. The higher water sensitivity showed by the film stabilized with the
conventional emulsifier may be due to the migration of the emulsifier during the
film formation that results in both channels through which the water can
percolate and segregated pockets of emulsifier where water can accumulate.

80
70 1~ [ ]
60 [~

50 |-
40 |- o
30 ©

20 |

W ater absorption (wt%)
o

10 -
0 | 1 I | | | |

Time (days)

Figure 1. Water absorption of the vinyl acetate / butyl acrylate copolymer films.
(O) Maxemul 5011; (@) NP20

50 wt% solids methyl methacrylate / butyl acrylate (50/50 by weight) latexes
were prepared by semicontinuous emulsion copolymerization using the recipe
given in Table II. Both Maxemul 5011 and NP30 were used in these
polymerizations. Films from these latexes were cast onto a glass surface and kept
at room temperature overnight. The films were observed by atomic force
microscopy (AFM, NanoScope IIla), working in contact mode. Figure 2 presents
the AFM micrographs of the film produced from the latex stabilized with NP30.
The untreated film (Figure 2a) shows the presence of large amounts of surfactant
that migrated to the film-air interface during the film formation. This emulsifier
disappeared when the film was rinsed with water (Figure 2b). Figure 3 shows the
AFM micrographs of the film cast from the latex stabilized by Maxemul 5011.
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No evidence of surfactant migration was observed in the untreated film (Figure
3a) and no significant differences were found after rinsing with water (Figure
3b).

Table II. Formulation Used to Prepare the Methyl Methacrylate / Butyl
Acrylate Latexes®

SEED Water 1485.01
MMA 68.91
BuA 68.91
AA 1.76
KPS 6.00
NaHCO, 0.90
Anionic surfactant 17.16

SEEDED POLYMERIZATION

Initial Charge Seed 156.50
Water 59.27
MMA 11.28
BuA 11.28
KPS 0.056
Nonionic Surfactant / Maxemul 5011 0.67

Feed 1 MMA 212.71
BuA 212.71
AA 8.98

Feed 2 KPS 0.91
Nonionic surfactant / Maxemul 5011 12.79
Water 143.75

Feed 3 Water 100.00
Na28205 0.69

* All amounts are in grams

The methyl methacrylate/butyl acrylate copolymer films were also compared
for vapor and liquid water permeability. In order to measure the vapor
permeablhty, the films were used to close a small chamber (the lower part is
about 2 cm’, while the whole system is about 4 cm®) containing 1.2 cm® of water.
The chamber was placed on a balance and the loss of weight due to vapor
diffusion through the film was recorded. Data were normalized by means of the
following equation:

WvTR =—BXL g 64x10 1)

A(l-RH)

where WVTR represents the water or vapor transmission rate (g mm/m? day), B
is the slope of the weight loss vs time curve, L the film thickness, and A the area
of the cell.
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Figure 2. AFM micrographs of the film produced from methyl methacrylate /
butyl acrylate latex stabilized with NP30. (a) untreated film; (b) film rinsed with
water.
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Figure 3. AFM micrographs of the film produced from methyl methacrylate /
butyl acrylate latex stabilized with Maxemul 5011. (a) untreated film; (b) film
rinsed with water.
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Each measurement was carried out three times and the data were found to be
reproducible within 10%. The main source of error in these kinds of experiments
is related to the thickness of the films.

Table III. Permeability of MMA/BuA Films

Surfactant WVTR VIR
NP30 17.21 183.50
Maxemul 5011 14.12 34.31

Film permeability by liquid water (WTR) was determined in a similar way,
but placing the chamber upside down, maintaining the film in direct contact with
the water. In this system, the loss of weight was due to the evaporation at the
external surface of the film of the water that diffused through the film. Table III
shows that both vapor and liquid water permeability were higher for the film cast
from the latex stabilized by the conventional surfactant, the difference being
enormous for the liquid water permeability. The formation of percolation
channels and segregated surfactant pockets is the reason for the higher liquid and
vapor permeability of the film containing the conventional surfactant. It is worth
pointing out that a high water penetration is a serious drawback for using these
latexes for exterior paints because they will not protect the substrate.

Choice of the Reactive Group of the Surfmer

In the previous section it has been shown that the use of surfmers can lead to
latexes of superior performance. The advantages of these latexes are related to
the fact that the surfmer is bound to the polymer, namely to its lack of mobility.
However, the lack of mobility may be a serious drawback during the
polymerization process. Thus, if the surfmer reacts early in the process it may
become buried inside the polymer particle as the polymer particle grows. Ideally,
the surfmer should not react early in the process to avoid being buried, but
complete incorporation into the polymer at the end of the process is desired (32).
The key parameter controlling the polymerization of the surfmer is its intrinsic
reactivity. Asua and Schoonbrood (32) gave a rough guideline for the reactivity
ratios of the surfmer and monomers (rS ~0and 05<r s < 10). This guideline
was mostly based on scattered experimental results and tﬁlere are indications that
they may not be accurate (33). In order to check the recommended values for the
reactivity ratios, a mathematical model was developed for emulsion
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polymerization involving surfmers. The model incorporates the following
mechanisms:

i)
ii)

iii)

iv)

V)

The surfmer adsorbs on the surface of the polymer particles according
to an adsorption equilibrium isotherm.

The surfmer polymerizes in an outer shell of thickness 51, that is a
parameter of the model.

Due to particle growth, the polymerized surfmer may become buried.
The polymerized surfmer may resist burying by migrating towards the
particle surface. The driving force for this migration is the water affinity
of the hydrophilic part of the surfmer. Viscous drag is the resistance to
migration. The relative rates of particle growth and surfmer migration
determine the fate of the polymerized surfmer. These considerations are
accounted for in the model by considering that the surfmer does not
migrate but that all of the polymerized surfmer located in an outer shell
of thickness §_ is active in stabilizing the polymer particles. A small
value of 62 (in the range of 0.5 nm) means that the polymerized surfmer
does not migrate towards the surface. On the other hand, a value in the
range of 5 nm represents an important migration.

Stability is provided by both the adsorbed unreacted surfmer and by the
polymerized surfmer located in an outer shell of thickness §,.

A radial concentration profile may exist in the polymer particle due to
the surface anchoring effect (34,35).

Table IV. Parameters of the Model

dpeeq= 40 nm ky=7x10"" cm® mol ™ s
6;=2 nm ko= 6.5x10° cm® mol ! 5™
62= 0.5 nm rp= 0.75

m= 1624 Nni= 0.2

my= 480 kp”=2.75x105 cm’ mol! s
k.= 1x10° cm® mol* s k2= 5x10° cm® mol ™ s
ko= 8x10* s kpss= 1x10* cm® mol 57!
k=1x10°s™

Figure 4 presents the monomer and surfmer conversions predicted by the
model when surfmer and monomer reactivity ratios were varied (the values of
the parameters of the model are given in Table IV). It can be seen that the
reactivity ratios did not affect monomer conversion. On the other hand, surfmer
conversion was only moderately affected by the reactivity ratios of the surfmer
with respect to the monomers, namely, it is unlikely to find two adjacent surfmer
molecules in the same chain. The key parameter affecting surfmer conversion is
the reactivity ratio of the monomers with respect to the surfmer. Figure 4 shows
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that the range of reactivity ratios proposed by Asua and Schoonbrood (32) is too
broad because r,, = 10 resulted in a poor incorporation of the surfmer into the
polymer chains and = 0.5 yielded early incorporation of the surfmer, and
likely buried surfmer.%slgure 4 suggests that the monomer reactivity ratio should
be between 1 and 5. It is worth pointing out that other aspects such as surface
properties of the surfmer and particle size also affect surfmer conversion (36).

Conversion

0 50 100 150 200 250
Time (min)

Conversion

0 50 100 150 200 250

Time (min)

Figure 4. Effect of reactivity ratios on monomer and surfmer conversion.
(a) rSM=0.001;( b) rSM=0.5.
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Conclusions

In the foregoing it has been shown that latexes with superior properties can
be produced by using a new alkenyl-functional nonionic surfmer. These latexes
have a better freeze-thaw stability and form films with less water absorption and
lower vapor and liquid water permeability. The films prepared from latexes
stabilized with the surfmer showed no trace of surfactant migration whereas
those obtained from the latex stabilized by the conventional surfactant presented
large aggregates of surfactant at the film-air interface. The choice of the reactive
group of the surfmer was investigated by using a mathematical model for the
process. It was found that, for small values of r_ , the reactivity ratio of the
monomer with respect to the surfmer is the key parameter for an adequate
incorporation of the surfmer. A monomer reactivity ratio between 1 and 5 gives
the best results.
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Chapter 14

Characterization of Latexes Synthesized Using
a Reactive Surfactant and Its Polymeric Counterpart

Xiaoru Wang, E. David Sudol, and Mohamed S. El-Aasser*

Emuilsion Polymers Institute and Department of Chemical Engineering,
Lehigh University, Bethlehem, PA 18015

Emulsion polymerizations of styrene using the reactive
surfactant TREM LF-40, and its polymeric counterpart,
poly(TREM), have been previously investigated regarding the
extent of bonding of the surfactants on the surface of the
polymer particles. In this paper, additional characterization of
these latexes was performed. The aqueous phase was found to
contain oligomers of TREM LF-40 and copolymers of TREM
LF-40 with styrene. A substantial amount of buried surfactant
was also found. Characterization of the molecular weights of
the final latex polymers revealed a decrease in M, with
increasing TREM LF-40, indicating that a significant amount
of chain transfer to TREM LF-40 occurred during the
reactions. The hydrophobicity of the latex films was increased
by incorporation of these surfactants. AFM examination
showed that the TREM LF-40 and poly(TREM) surfactants
remained primarily on the polymer particles both before and
after cleaning the latexes. These characterization results are
consistent with the mechanism of the emulsion polymerization
as proposed based on the kinetic studies.
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Emulsion polymerization is an important technique for synthesizing various
industrial-based polymers used in coatings and paints, adhesives, toners, inks,
drug delivery and other applications (/). Surfactants play major roles in the
particle nucleation and growth stages of an emulsion polymerization, having
direct impact on the latex particle size, size distribution and polymerization rate.
Some variations on the conventional emulsion polymerization process include
the replacement of conventional surfactants by functional monomers, such as
acrylic acid, sodium styrene sulfonate, acrylamide, and the use of polymeric and
reactive surfactants. Polymeric surfactants, such as block copolymers, can be
adsorbed and/or grafted on the particle surface. Reactive surfactants can be
classified as: (1) surfactants with an initiating moiety (inisurfs); (2) surfactants
with a moiety capable of chain transfer (transurfs); or (3) surfactants with a
group capable of copolymerization (surfmers). Reactive surfactants can be
chemically bound to the particles and thus increase the stability of the latex,
decrease the foaming of the latex, and increase the water resistance of the latex
film by preventing surfactant migration during film formation or on exposure to
water. Reactive surfactants and polymeric surfactants have recently been widely
used and studied in emulsion polymerization due to these significant advantages.
The kinetics and mechanism of emulsion polymerization of styrene using the
reactive surfactant TREM LF-40 and its polymeric counterpart, poly(TREM),
have been studied (2-8). The results revealed significant differences between a
conventional surfactant (SLS) and the reactive surfactant and its polymeric
counterpart. Deviations from Smith-Ewart kinetics (case 2) (9) were attributed to
the chemical reactions involving the surfactant. Using poly(TREM), particle
nucleation in the emulsion polymerization of styrene was dominated by
homogeneous nucleation with only a small component attributed to micellar
nucleation. This was in contrast to polymerizations with the conventional (/0-
12) and the monomeric surfactants, which both were characterized by substantial
amounts of micellar nucleation along with homogeneous nucleation (8). Further
detailed characterization of the latexes is reported in this paper.

Experimental

Materials

Styrene (Aldrich) was washed with a 10 wt% aqueous NaOH (Fisher
Scientific) solution and deionized water, and purified by distillation under
vacuum prior to use. Buffer (NaHCO;, Aldrich) and initiator (Na,S,05, FMC
Corporation) were analytical grades. TREM LF-40 (Cognis Corp.) was used as
received. A monodisperse polystyrene seed latex (92 nm, LS 1039E, Dow
Chemical Company) was used both before and after cleaning. Ion-exchange
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resins (AG 1-X4, AG 50W-X4, 20~50 mesh, Bio-Rad Laboratories) were used
to clean the latexes (/3). HPLC grade THF (Mallinckrodt Baker) was used in
the GPC and titration experiments. Deionized (DI) water was used throughout.

Synthesis of TREM LF-40 Homopolymer

The homopolymer of TREM LF-40, poly(TREM), was prepared via
solution polymerization using sodium persulfate (Na,S,0s) as initiator. The
reaction was carried out at 60 °C for 12 hrs followed by 9 hrs at 90 °C, using the
recipe containing 7.8 wt% TREM LF-40, 10 mM NaHCO;, and 16 mM Na,S,04
in DI water (360 g). The resulting polymer had a number-average molecular
weight of 6000 + 300 g/mol (estimated by vapor pressure osmometry, VPO)
indicating an average of 14 mers per chain. This poly(TREM) was used without
further purification.

Synthesis of the Latexes

Emulsion polymerizations were carried out in the Mettler RC1 reaction
calorimeter equipped with a one liter medium pressure reactor (MP10), a pitched
blade impeller, and baffle (/0). The reactor was first charged with 420.0 g of
water, buffer (NaHCOs3, 4 — 10 mM), and surfactant (20 — 50 mM), followed by
218.4 g of styrene monomer. The reactor was flushed with nitrogen (Zero grade,
Airgas/JWS Technologies Inc.) for about 20 minutes and sealed. After the
temperature was ramped to the reaction temperature (7, = 60 °C), the initiator
(Na,S,05) solution (4 — 10 mM) was added to start the reaction. When the
reaction was completed (conversion > 95%), an aqueous solution (1 wt%) of
hydroquinone (Aldrich) was added to the latex. The final latexes were stored at
room temperature.

Incorporation of the Surfactants

The characterization of the latex particles for the presence of strong acid
groups derived from the surfactant and initiator fragments was carried out by
desorption (serum replacement) and ion-exchange/conductometric titration (/4).
The desorption method was used to estimate the amount of surfactant
incorporated into the particles both on the surface and buried inside. This was
done by measuring the amount of surfactant not bound to the particles. DI water
was continuously flushed through a serum replacement cell containing a sample
of latex until the water flowing out of the cell had the same conductivity as the
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DI water. The concentration of the surfactant in the effluent (assumed to be the
only significant component) was determined by gravimetry (1% error). The
amount of incorporated surfactant was calculated by subtracting the amount of
the surfactant in the effluent from the initial amount of surfactant used to prepare
the latex. To determine the amount of surfactant chemically bound to the surface
of the particles, the latex cleaned by serum replacement was ion-exchanged and
titrated conductometrically.

The ion-exchange resins (both cationic and anionic, in their OH  and H'
forms, respectively) were separately washed with DI water until the wash water
had the same conductivity as DI water. The resins were then mixed (1:1 wt ratio)
and washed again. The latexes were diluted to 5 wt% solids and then cleaned
using the mixed bed resins employing a 1:1 weight ratio of latex polymer to
resin. The latexes and mixed bed resins were mixed together for two hours and
then the resins were removed by filtration. Ion-exchange was repeated until two
successive ion-exchange cycles resulted in the same latex conductivity. The
cleaned latexes (~1 g polymer) were then titrated with 0.02 N NaOH (Fisher
Scientific) and the conductivity monitored. The amount of strong acid groups
was calculated from the end-point (change in slope), which represents the
amount of chemically-bound surfactant, plus a minor amount of SO, from the
initiator fragments (<1%), on the surface of the polymer particles.

The possible burial of the surfactant within the polymer particles was first
examined by dissolving the latex in 10 times its volume of dioxane/water (95:5),
and then ion-exchanging three times. However, this treatment resulted in the
precipitation of the polystyrene. An alternative method was devised in which the
ion-exchanged polystyrene latex particles were first swollen by adding THF (20
wt% based on the polymer). Then an excess of NaOH was added to this latex,
which could then diffuse into the particles. Afterwards, a back titration (0.02 N
HCI) was performed to measure the amount of strong acid present in the latex.
This procedure was further modified whereby the same cleaned PS latex
containing THF was ion-exchanged with mixed bed resins to replace ions
exposed by the swelling procedure. Conductometric titration to determine the
quantity of the buried plus surface groups was then carried out. The amount of
strong acid groups was calculated from the titration, which represents the amount
of chemically-bound surfactant on the surface and inside the particles, plus a
negligible amount due to the initiator fragments.

Molecular Weights

The latex was dried at room temperature and then dissolved in THF. The
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polymer solution (1 wt%) was then filtered through a 0.45 um filter before
injection into the gel permeation chromatography instrument (GPC, Millipore-
Waters). The number-average molecular weight (M,), weight-average molecular
weight (M,), and polydispersity index (PDI) were obtained from the
chromatograms based on a calibration using polystyrene standards (Polymer
Laboratories, Ltd.).

Serum Phase Analysis

Filtration and ultracentrifugation were used as two separate means to
separate the serum phase. FTIR (Mattson Sirius Model 100 FTIR
spectrophotometer) and NMR (Bruker spectrometer) were used to qualitatively
study the composition of the non-volatile components of the aqueous phase of
the serum. Ultracentrifugation was carried out at 30,000 rpm and 4 °C for 7
hours using a Beckman L50 ultracentrifuge with swinging buckets. In the FTIR
spectrum of TREM LF-40, the characteristic peak, corresponding to the S-O
stretch of the sulfonate salt is at v = 1052 cm’, and the peak at v = 927 cm™ was
used to identify the C=C component in TREM LF-40. For styrene, the
characteristic peaks are at v = 3000, 3022, 3060, 3080, and 3100 cm’.

Film Characterization

Two continuous (coalesced) films were formed in aluminum pans for each
latex sample. The first film was formed at 180 °C (T, PS = 104 °C), while the
second film was formed at room temperature after lowering the T, by swelling
the latex with 10 wt% toluene (based on polymer).

The hydrophilicity of the films was characterized by measuring the contact
angle (advancing) of DI water on the surface of the films before and after
equilibrium, using a computerized goniometer. Both the film/air and the
film/substrate surfaces were examined. Data were obtained before (as soon as the
water droplet was placed on the surface) and after equilibrium (1 minute) was
established for a water droplet placed on the surface.

The film surface morphology of the latexes dried at room temperature (i.e.,
not coalesced) was examined using an atomic force microscope (AFM) (Park
Scientific Instruments, BioProbe Electronics Module).
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Results and Discussion
Chemical Incorporation of TREM LF-40 and Poly(TREM)

As reported in detail elsewhere (6-8) the results obtained by ion-exchange/
conductometric titration showed that for the polystyrene latexes prepared with
increasing TREM LF-40 concentration, the amount of chemically-bound
surfactant (grams TREM LF-40 per gram polystyrene) increased, while the
fraction bound to the polymer particles decreased. At the same time, the particle
size decreased with increasing surfactant concentration, as expected. The
characterization results also showed that both the chemically-bound surfactant
and the fraction incorporated were larger as measured by serum replacement
(e.g., 30 mM [TREM LF-40] and 8 mM [I], 62 wt%) than the comparable results
obtained by ion-exchange/conductometric titration (35 wt%). This indicated that
among the chemically-bound surfactant, some had to be buried inside the
particles (i.e., inaccessible in the titrations). Also, the results showed that with
increasing initiator concentration, both the amount and fraction of the TREM
LF-40 incorporated increased significantly. Again, the particle size decreased
with increasing initiator concentration as expected. It was concluded that the
most obvious way to increase the amount of chemically-bound TREM LF-40
was to decrease the surfactant concentration and to increase the initiator
concentration.

Although the two measurements described above should by mass balance
give the amount of buried surfactant (e.g., 27% in the preceding example), a
more direct measurement was sought to confirm this. In order to determine the
amount of buried surfactant, THF was used to partially swell the particles as
described in the experimental section. For the same latex (30 mM [TREM LF-
40}, 8 mM [I}), it was found that after swelling with THF (without the second
ion-exchange step) and carrying out the conductometric titration, 40% of the
surfactant remained in the latex. This is about the same value as obtained by
difference based on the serum phase analysis (38%). This method apparently
failed to reveal any buried groups because the counterions to the buried groups
had not been replaced with H' in the initial ion-exchange treatment. When the
THF-swollen latex was subsequently ion-exchanged a second time and then
titrated, it was found that 60% of the surfactant was bound to the polymer
particles. These results indicate that about 20% of the surfactant was buried
inside the particles. This buried fraction may be the result of the partitioning of
the TREM LF-40 surfactant into the styrene monomer including the monomer-
swollen particles, followed by its copolymerization there. It could also result
from homogeneous/coagulative nucleation, which is also considered to occur in
this system (6).
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The combination of all the above results can be used to quantitatively
explain the unusual kinetics of the emulsion polymerization of styrene using
TREM LF-40 as the surfactant (8). The lack of the one-to-one relationship found
between R, and N, (R, < N, %47y is proposed to be caused by a combination of
the following: (1) copolymerization between TREM LF-40 and styrene; (2)
chain transfer to TREM LF-40 during the polymerization of styrene; and (3)
possibly reduced radical entry into the particles because of the existence of a
“hairy” layer formed by the polymeric surfactant (formed in situ), poly(TREM)
or poly(TREM-co-styrene), on the surface of the particles.

In the case where poly(TREM) was used as the surfactant, however,
significantly higher amounts of the surfactant were bound to the latexes (e.g., 30
mM [poly(TREM)] and 8 mM [I], 83% by serum replacement and 76% by ion-
exchange/conductometric titration) (6). As for the TREM LF-40 system, the
increasing poly(TREM) concentration lead to a decreasing particle size,
increasing amounts of bound surfactant (g/g) but a decreasing fraction bound to
the polymer particles. With increasing initiator concentration (decreasing
particle size), both the amount incorporated and the bound fraction of the
poly(TREM) increased significantly. The exact mechanism by which the
poly(TREM) becomes bound to the polymer particles is not known; however,
grafting of polystyrene onto the poly(TREM) is considered to be likely. Some
entrapment is also possible through the homogeneous/coagulative nucleation
process. Another possible contribution is some irreversible adsorption of the
longer polymeric surfactant chains through multiple anchoring sites. The
possibility or extent of these was not determined, however.

Serum Phase Analysis of Latex

To gain an additional understanding of what is happening in these emulsion
polymerizations, the serum phase of the latexes was analyzed. The purpose of
this analysis was to determine the fate of the surfactant that is not chemically
bound to the particles as it exists in the serum phase. The TREM LF-40 that was
not chemically bound to the surface or inside the particles could either be
adsorbed on the surface of the polymer particles or remain free in the aqueous
phase as monomer, homopolymer or copolymer oligomers. To investigate the
chemical structure of this material, the first step was to separate it from the latex
and then apply FTIR or NMR to analyze it.

The serum was collected by two means; ultracentrifugation of the latex and
filtration via a serum replacement cell. For the serum decanted after
ultracentrifugation, both surfactant and styrene were found from their
characteristic peaks in the FTIR and NMR spectra. In the FTIR spectrum, only a
small C=C peak could be seen representing unreacted TREM LF-40 (927 cm™).
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This implies that most of the TREM LF-40 present in the serum is in the form of
homopolymer or copolymer oligomers. However, no definite conclusion can be
drawn from these results regarding the presence of the styrene peaks. This is
because these peaks could be due to the presence of not only water-soluble
copolymer of styrene and TREM LF-40 but also small polystyrene particles.
These were confirmed by analyzing the serum by dynamic light scattering
(DLS) (Nicomp Submicron Particle Sizer, Model 370), which indicated the
presence of particles on the order of 30 nm in diameter. Therefore,
ultracentrifugation was not a suitable method for separating the water-soluble
components from the PS latex.

For the samples separated using filtration, no small particles were found in
the serum phase (by DLS). FTIR spectra of the sera of the same two samples are
given in Figure 1. The top figure shows that the main component in the serum
phase is the surfactant, which is represented by the peak at 1052 cm™. The C=C
group, indicative of unreacted TREM LF-40, can hardly be seen by the peak at
927 cm’ (as compared to the spectrum of TREM LF-40 itself (not shown)),
indicating that most of the TREM LF-40 had polymerized. For comparison, the
spectrum of the serum extracted from the latex prepared with poly(TREM) is
also given (bottom), showing a strong peak at 1052 cm™ and no peak at 927
cm™'. There is some trace of styrene as indicated by the peaks at 3000 — 3100
cm’'; however, the amount is small. These results show that besides the chemical
incorporation of TREM LF-40 into the polymer particles, TREM LF-40 forms
either homopolymer (mainly) and copolymer oligomers, or remains as unreacted
monomer, being adsorbed on the particles in equilibrium with that in the aqueous
phase.

AFM was also used to examine the dried serum phase separated by serum
replacement from the latex synthesized using 30 mM TREM LF-40 and 5 mM
Na,S,05. No small polymer particles were noted, which agrees with the DLS
data. There were some aggregates, however, representing the water-soluble
components (i.e., TREM LF-40 monomer, homopolymer or copolymer
oligomers of the surfactant).

Molecular Weights

As indicated above, both the reactive surfactant, TREM LF-40, and its
polymeric counterpart, poly(TREM), were found to be irreversibly bound to the
polymer particles in significant quantities (30 wt% — 60 wt%). TREM LF-40 is
incorporated due to its ability to react (copolymerize, chain transfer) during the
emulsion polymerization. As mentioned previously, grafting of styrene onto the
poly(TREM) is considered at least partially responsible for its bound component.
Besides this, it seems likely that there is irreversible adsorption of some of the
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Figure 1. FTIR spectra of the serum phase of the latexes separated by serum
replacement, (top) 30 mM [TREM LF-40], 5 mM [I]; (bottom) 30 mM
[poly(TREM)], 5 mM [1].

polymeric surfactant (higher molecular weights) on the particle surfaces.
However, during emulsion polymerization using TREM LF-40, the relative
contributions of copolymerization and chain transfer to the chemical bonding of
the surfactant to the particles remains unknown. It would, therefore, be of
interest to determine the quantities of TREM LF-40 that are consumed by
copolymerization and chain transfer, respectively. To further investigate the
likelihood of these mechanisms occurring in the emulsion polymerization, the
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molecular weights of some of the latexes synthesized using TREM LF-40 and
poly(TREM) were measured by GPC.

First, the molecular weights and the particle sizes (or the particle numbers)
of the polystyrene latexes synthesized using TREM LF-40 are compared to those
prepared using poly(TREM). The results are reported in Figure 2 and Table L.
Three TREM LF-40 and poly(TREM) concentrations are represented along with
three initiator concentrations (4, 5, 8 mM Na,S,05) for TREM LF-40 and one (5
mM) for comparison used with poly(TREM). First, it can be seen that the
number-average molecular weight (M,) decreased with increasing concentration
of TREM LF-40 while it increased with increasing poly(TREM). The latter is the
more usual behavior in emulsion polymerization. As expected, M, also decreased
with increasing initiator concentration. In addition, higher molecular weights
were obtained using TREM LF-40 compared to poly(TREM) at the same
initiator and surfactant concentrations. These results can be partially explained
by the smaller particle size or larger particle number (other conditions being the
same) obtained with the reactive surfactant. A larger number of particles being
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Figure 2. Number-average molecular weight of polystyrene latexes as a
function of the surfactant (TREM LF-40 or poly(TREM)) and initiator
concentrations; note: poly(TREM) concentration based on the monomeric

TREM LF-40 molecular weight.
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grown under conditions with the same radical production rate as compared to a
system with a smaller number of particles, will result in a lower radical entry rate
per particle, which, in turn, results in higher molecular weight chains
(termination being less frequent).

From the theory of free radical polymerization, the molecular weight follows
equations (1) and (2) (/5). The Smith-Ewart theory for a classical emulsion
polymerization system, such as styrene, predicts the dependencies given in
equation (3):

_L=£+CM+CS~[E+CI—LI—]— O]
X, R M]  [M]
L YR S i @)
X, kM] M] k&, [M]

X, = K[M][I]"*°[E]* 3)

Table I. Molecular Weight and Particle Size Data for Latexes Synthesized
Using TREM LF-40 and Poly(TREM)

Latex M, PDI D, (m) Np_ gx 108

Surfactant  [I]mM [E]lmM  (g/mol) dm” H;0)
20 1250000 292 885 129
TREM LF-40 4 mM 30 1,198,700 2.88 84.0 1.52
40 963300 329 812 1.68
20 1,093,230 2.72 89.0 1.27
TREMLF-40 5mM 30 973,000 275 840 1.52
40 951,000 2.85 77.6 1.92
20 943200 273 831 157
TREMLF-40 8mM 30 929712 282 767 1.99
40 870100 310 734 227
20 722,000 291 96.4 1.00
PolyTREM) 5mM 30 755000 3.19 888 128
40 783,000 3.03 86.9 1.37
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where X, is the average degree of polymerization, R is the initiation rate, Ry is
the polymerization rate, Cy is the chain transfer constant to monomer, Cs is the
chain transfer constant to chain transfer agent, which is TREM LF-40 in this
case, [S] and [M] are the concentrations of chain transfer agent and monomer,
respectively, Cj is the chain transfer constant to initiator, %; is the termination rate
constant of polymerization, k, is the propagation rate constant, k4 is the
decomposition constant of the initiator, [I] is the initiator concentration, [E] is
the surfactant concentration, and K is a constant. With increasing surfactant
concentration, all other conditions being constant, the latex molecular weight is,
therefore, expected to increase when no chain transfer to the surfactant occurs.
The resulting molecular weights of the latexes prepared using poly(TREM)
(Figure 2) show the expected results. Even though grafting reactions to
poly(TREM) are expected to occur during emulsion polymerization, the effect
on the molecular weight of the latex is small. This is probably due to both the
small amount of poly(TREM) that was used (only 1/14 the molar amount of
TREM LF-40), and the incorporation of the poly(TREM) by entrapment and
irreversible adsorption on the polymer particles. In contrast to these results, the
latexes prepared using TREM LF-40 have a decreasing molecular weight with
increasing surfactant concentration. Based on eq (3), the molecular weight is
expected to increase with increasing surfactant concentration. However, if the
surfactant also acts as a chain transfer agent, the molecular weight can decrease
with increasing TREM LF-40 concentration. Finally, the molecular weight
depends on the relative weighting of these opposing effects. Chain transfer to
TREM LF-40 apparently increases with its increasing concentration and this is
likely to be brought about by the increased surface area generated, which acts as
the major site for the chain transfer. As would normally be expected, the
molecular weight (M,) decreased with increasing initiator concentration using
TREM LF-40 as shown in Figure 2.

The dependencies of the molecular weight (M;) on the surfactant
concentration (M, o [EJ) were estimated for both TREM LF-40 and
poly(TREM) from the above data and are summarized in Table II. The
dependence for the poly(TREM) system (0.2) is much lower than the classical
theory (0.6). One possible reason is the grafting reaction to poly(TREM) that
occurs during the emulsion polymerization of styrene. Increased chain transfer to
polymer (i.e., poly(TREM)) could cause the molecular weight to increase to a
lesser extent with increasing [E] leading to the lower dependence. Another
reason is the lower dependence of R, and N, on [E] in the emulsion
polymerization of styrene (R, « [E]*® and N, « [E]"? for [I] = 5 mM) compared
to the classical theory (0.6), which can lead to a lower dependence of M, on [E].
In addition, the effect of the adsorbed polymer layer on the entry of free radicals
(i.e., possible reduction) could also play a role here.
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Table II. Dependencies of Molecular Weight on Surfactant Concentration
for Latexes Synthesized Using TREM LF-40 and Poly(TREM)

Reaction Dependencies

(M, < [E]")
TREM LF-40 (20 — 30 mM), [I] =4 mM -0.36
TREM LF-40 (20 — 30 mM), [I] = 5 mM -021
TREM LF-40 (20 — 30 mM), [I] = 8 mM -0.11
Poly(TREM) (20 — 30 mM), [I] =5 mM +0.20

The dependencies of M, on [E] for the TREM LF-40 system are negative as
expected. The absolute values of these dependencies decreased with increasing
initiator concentration. This was attributed to the increasing role of
copolymerization during the emulsion polymerization relative to chain transfer.

Film Formation and Contact Angles

Films were prepared to obtain information regarding the migration of
surfactant during the film formation process. For a polystyrene (PS) latex, the
film formation temperature needs to be high owing to the high T, (104 °C). The
films were, therefore, formed at 180 °C in an oven. As an alternative, the latexes
were first swollen with 10% toluene (based on the polymer) to reduce the T, and
then dried at room temperature. Both methods produced clear, smooth, and
continuous films.

Several latexes were cast into films: (1) cleaned PS latex (monodisperse, 92
nm, LS 1039E, Dow Chemical Co.); (2) PS latex synthesized using TREM LF-
40; (3) PS latex synthesized using poly(TREM); (4) cleaned PS latex (1) blended
with TREM LF-40; and (5) cleaned PS latex (1) blended with poly(TREM). If
there is no surfactant migration during film formation, the film surface will be
relatively hydrophobic and a water droplet will remain on the film surface with a
high contact angle. However, if surfactant migration to the film surface occurs
during the film formation process, the surface will be relatively hydrophilic and a
water droplet will spread on the film with a low contact angle.

The results of the contact angle measurements on the various films are given
in Table III. Each film has two surfaces: film/air and film/substrate (i.e.,
aluminum pan). The contact angles on both surfaces of the films were tested. In
general, the contact angle was greater on the film/substrate surface for the films
prepared at 180 °C while little difference is seen for the films prepared from the
swollen latexes. In addition, the contact angles were slightly smaller when the
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measurement was made after one minute of equilibration (a*) as compared to the
immediate result (b*).

Table III. Contact Angles of Water on Polystyrene Latex Films

Film formed from toluene-

Film formed at 180 °C swollen latex at 25°C

Latex film/air film/substrate  film/air film/substrate
b*  a* b* a* b* a* b* a*
Cleaned PS 73 68 82 79 100 86 98 85
PS (TREM LF-40
30 mM) 42 41 46 45 72 65 73 64
PS + TREM
(blend, 30 mM) <5 <5 <5 <5 <5 <5 <5 <5
PS (poly(TREM)'
30 mM) 70 63 80 75 93 84 91 86

PS + poly(TREM)'
(blend, 30 mM) 19 17 22 19 23 20 21 20

note: error on measurements range from % 1° to + 3°

b* immediate measurement

a* after one minute

! based on monomeric TREM LF-40; actual concentration obtained by dividing by 14

The contact angle is expected to be the largest for the film cast from the
cleaned PS latex because of the absence of any surfactant. In contrast, the
contact angle is expected to be the smallest for the latex synthesized using a
conventional surfactant such as SLS (which would be similar to the cleaned PS
latex blended with TREM LF-40), due to the surfactant migration to the surface
of the film. The results in Table III are in agreement with these expectations. As
a reference, a literature value of 91° is reported for the contact angle of water on
polystyrene (16). This value is higher than that reported for the cleaned PS (73°).
This is considered to be due to the initiator fragments of (SO4") present on PS
chains in the latex, which are hydrophilic. By comparing the contact angles of
the films cast from latexes prepared using 30 mM TREM LF-40 (42°) or
poly(TREM) (70°) to those where equivalent amounts were added to the cleaned
PS latex, it can be seen that little surfactant migration occurred in the former as
indicated by the relatively high contact angles. The high contact angle on the PS
latex film synthesized using poly(TREM) can be partially explained by the high
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contact angle on poly(TREM) itself (16°); while the contact angle on TREM LF-
40 is very low (< 5°). The film prepared from the cleaned PS latex blended with
poly(TREM) had a larger contact angle (21°) than poly(TREM), which could
indicate that some of the poly(TREM) is irreversibly adsorbed on the polymer
particles.

These contact angle measurements provide additional evidence of
incorporation of both the reactive surfactant TREM LF-40 and poly(TREM)
during the emulsion polymerizations. The results are consistent with the previous
surface characterization results of the latexes (6), which showed that 30 — 60
wt% of the TREM LF-40 and 70 — 90 wt% of the poly(TREM) were
permanently bound to the polymer particles. Comparing the results for the films
prepared by the two methods, at 180 °C and from toluene-swollen latexes at
room temperature, the latter have higher contact angles. This could be caused by
some residual toluene being present in the glassy polymer film or by some
surface reconstruction occurring during the film formation process whereby
hydrophilic groups are oriented away from the film/air interface. Despite these
differences, the trends are the same. Overall, these results provide corroborating
evidence for the binding of the surfactants to latex particles and support the
mechanistic explanations given for the emulsion polymerizations using reactive
and polymeric surfactants as discussed elsewhere (6).

AFM

The room temperature dried latexes (opaque, white, and friable) were
examined by AFM to determine any difference in surface morphology. Three
different latexes were studied before and after cleaning by ion-exchange: (1) the
latex synthesized using 30 mM TREM LF-40 (5 mM Na,S,0s); (2) the latex
synthesized using 30 mM poly(TREM) (5 mM Na,S,05), and (3) a
monodisperse polystyrene latex (92 nm diameter, LS 1039E, Dow Chemical
Co.). Although the specific surfactant content of the Dow latex is not known, it is
expected to have been prepared using a conventional anionic surfactant. The
AFM images of these latexes are shown in Figure 3. It can be seen that the Dow
latex is readily cleaned of its surfactant content as no surfactant appears between
the particles after ion-exchange. This was also indicated by the contact angle
results. However, both latexes prepared with TREM LF-40 and poly(TREM)
show that surfactant is present on their surfaces both before and after the
cleaning process. This is further evidence of the irreversible incorporation of
these surfactants onto the surface of the particles, whether it is by chemical
reaction (copolymerization and chain transfer for TREM LF-40; grafting of
poly(TREM)) or irreversible adsorption (poly(TREM-co-styrene) or poly
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Figure 3. AFM images of: conventional polystyrene (PS) latex (left); (2) PS
latex synthesized using TREM LF-40 (30 mM [E], 5 mM [I]) (middle); and (3)
PS latex synthesized using poly(TREM) (30 mM [E], 5 mM [I]) (right); before

(top) and after (bottom) cleaning by ion-exchange.

(TREM)). These results are consistent with all of the proceeding characterization
results.

Conclusions

In the present work, additional characterization of the latexes synthesized
using TREM LF-40 and poly(TREM) was performed to gain a further
understanding of the emulsion polymerizations performed using these
surfactants. The molecular weight of the latexes increased with increasing
poly(TREM) concentration, while the molecular weight decreased with
increasing TREM LF-40 concentration. This opposite behavior for TREM LF-40
is considered to be caused by the chain transfer to TREM LF-40, which is
consistent with its Cg value (111x10™) (8) and the characterization of the latex in
terms of the amount of chemical incorporation (30 — 60 wt%). The serum
replacement method was found to be a better method to separate the serum phase
from the latex particles than ultracentrifugation. The latter technique could not
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separate the smallest polymer particles from the serum phase. The serum phase
analysis of the latex showed it to be mainly comprised of surfactant
homopolymer or copolymer oligomers containing a trace of styrene.

Both coalesced and non-coalesced films were prepared from the latexes and
examined by contact angle and AFM, respectively. Contact angles showed that
the film prepared from the latex containing an adsorbed-only surfactant (PS
blended with TREM LF-40) had the smallest contact angle, i.e., the greatest
hydrophilicity of the film surface. The film cast from the latex prepared with the
reactive surfactant (TREM LF-40) had a much higher contact angle, which was
still higher for the latex prepared using poly(TREM), indicating increased
hydrophobicity of the film surface. AFM images showed that the conventional
surfactant was found between the particles in the dried latex, and could be
completely removed by ion-exchange. The reactive surfactant was found on the
polymer particle surface, and much remained on the particle surface even after
cleaning, indicating that it is chemically bound to the particles. The polymeric
surfactant was also found on the particle surface and much remained after the
cleaning process. This is attributed to grafting and/or irreversible adsorption of
poly(TREM) on the particles. These studies indicate that the envisioned
advantages of employing a reactive surfactant in emulsion polymerizations are
achievable.
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Chapter 15

Stabilization Mechanisms in Vinyl Acetate Emulsion
Polymerization Stabilized by Poly(vinyl alcohol)

St. Carra', L. Malcovati’, A. Sliepcevichz, G. Storti’, and S. Carra’®
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Universitiitstrasse 6, CH-8092, Ziirich, Switzerland

Stabilization mechanisms in vinyl acetate emulsion
polymerization protected by poly(vinyl alcohol) were studied
by combining kinetics and rheology. A series of
polymerizations was performed using different types of
poly(vinyl alcohol), in order to validate a kinetic model that
was then used to predict the set of microscopic properties that
might determine the flow behavior of the latex. Rheology was,
then interpreted by describing the dispersion as being formed by
fractal aggregates of particles, generated by bridging flocculation
mechanisms. Furthermore equilibrium flocculation was modeled
through an analytical theory based on the Percus-Yevick
solution of the sticky-hard sphere potential, where the adhesive
energy between the particles and the protective colloid was
used as the only adaptive parameter. An estimate of the
adhesive energy was also derived from the flow curves of the
dispersions, evaluating the force required for particle
desegregation that is a function of the critical shear stress for
shear thinning. Also an interpretation of the evolution of the
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viscosity of the system during the course of the polymerization
was proposed.

Poly(vinyl alcohol) (PVA) is widely used as a protective colloid for vinyl
acetate (VAc) emulsion polymerization, particularly in the production of latexes
for adhesive applications, where PVA is capable of imparting desirable
properties such as superior water and heat resistance, improved stability in a
formulation, better high shear behavior and robust stability over long periods of
time at high solids contents. PVA is also an effective viscosity builder. At the
same time, PVA plays a critical role in emulsion polymerization mechanisms
since it partakes in grafting reactions with VAc. PVA influences both particle
nucleation and stabilization in a way that is not completely understood yet, but
that certainly has a major impact on most application properties of poly(vinyl
acetate) (PVAc) latexes. At the same time the effect of PVA is often scarcely
controllable since its industrial grades often present wide variations in scatter of
macromolecular  properties, particularly stereoregularity, intermolecular
distribution of acetyl content, degree of blockiness, broadness of molecular
weight distribution, and frequency of long-chain and short-chain branching (/)
This extreme variability also manifests itself in the scientific literature where it is
impossible to find any agreement among researchers about the power law
dependence of the rate of polymerization, R,, and the number of particles, N, on
the emulsifier and initiator concentration, demonstrating, if nothing else, that the
effects of PVA are erratic. Experiments and theory support a homogeneous/
coagulative mechanism, similar to the one suggested for ionically-stabilized
systems, and a detailed description has been recently proposed (2). The
formation of PVA pseudo-micelles and grafting onto PVA can alter the kinetics,
and also radical mobility (absorption into/desorption from polymer particles) can
be reduced by the formation of a thick stabilizer layer at the particle surface (3).

The use of a protective colloid also evidently influences stabilization
mechanisms and many fundamental application properties of the latex, mostly
those that have been listed as the most enticing traits of PVA-stabilized
dispersions. A convenient operative strategy to approach the problem could be
represented by the combination of kinetic and rheological investigations of the
system. Kinetic data can be interpreted by a mechanistic detailed model also
capable of predicting the set of microscopic properties that determine the flow
behavior of the latex. The rheology of a latex is not only a fundamental
application property by itself, but it also carries the fingerprints of the
microstructure of the dispersion and of the forces acting between the particles.
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Theory
Kinetic Model

In order to simulate the reaction process, we developed a mathematical
model and validated it by comparison with experimental data. The kinetics of the
emulsion polymerization of VAc in the presence of PVA has been analyzed by
different authors (4). The model developed in the present paper can be somehow
considered a simplification of the detailed model proposed by [3]. In the next
paragraphs, after a short account of the main underlying assumptions, the
equations of the model are briefly summarized.

Model Assumptions

(a) Supposing that no micelles are formed even at large stabilizer
concentrations, a homogeneous nucleation mechanism has been considered. A
polymer chain growing in the aqueous phase is considered to become insoluble
above a certain critical chain length, j... When active or terminated chains with a
length larger than this critical value are formed, they aggregate to form unstable
nuclei, N*, which by subsequent coagulation could form stable, mature particles,
N,. The difference between these two particle types is in terms of stability, the
nuclei being extremely unstable and forming the stable particles by coagulation.
(b) The adsorption of PVA on the particle surface is effectively described as an
“incorporation” of the stabilizer by the growing particle. Since a kind of polymer
network is likely to be formed in aqueous solution at the PVA concentrations
used in the recipes, this incorporation could be considered as an effective
approach to simulate the stabilizer adsorption in this highly concentrated system.
Moreover, the grafting reactions are not accounted for and it is assumed that the
incorporated stabilizer is irreversibly linked to the particle surface in the form of
a compact surface layer of pure PVA. (c) The quasi-steady-state assumption
(QSSA) is applied to active and terminated species both in the aqueous and
particle phases. Moreover, only the desorption of active radicals of unit length
only is considered, i.e., the monomeric radicals just formed by chain transfer to
monomer. Concerning radical entry, chains of any length between 1 and j; are
assumed to be captured by the particles, thus considering all chains to have
enough hydrophobic character independent of their degree of polymerization. (d)
The reactor is assumed perfectly mixed and isothermal.
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Kinetic Scheme

A classical set of reactions is considered, including initiation by thermal
decomposition of the initiating species (potassium persulfate, I; rate constant
ks), propagation (kp), chain transfer to monomer (kg) and bimolecular
termination (k). Apart from initiation, confined to the aqueous solution, all these
reactions take place in both aqueous and particle phases. In addition to these
standard reactions, the interphase transport by radical entry (k) and desorption
(kges) are also included, based on the following rate laws:

entry rate: p =k Ry N, M

K
desorption rate (5) : k,,, = k.M P m
o TRYM

@3
In the desorption rate law a value 8 =1 was assumed, corresponding to the limit
where all desorbed radicals react in the aqueous phase.

The entry rate is effectively described as a first order rate with respect to the
active chain concentration in the aqueous phase, Ry, thus neglecting any
dependence on the particle size. The desorption rate proposed by Nomura (6)
was used, with M, being the monomer concentration in a particle and K, defined
as12D,, /[mdlf (1+2Dy, /mD,)], m being the partition coefficient of the

monomer between the particle and aqueous phases, Dw and D, the diffusion
coefficients of the same species in the aqueous and particle phases.

Constitutive Equations. The material balances of the various species are
reported below separately for each phase.

Aqueous Solution.

Initiator and Initiating Radicals:

dI
a2} = _kdlz; I. — 2fkd12 (3)

dt

Active and terminated chains:

.k Mtk

W, =

des;ﬂvp /NA
kM, +k R +kN,

)

In Polymer Colloids; Daniels, E., et al.;
ACS Symposium Series; American Chemical Society: Washington, DC, 2001.



Publication Date: November 6, 2001 | doi: 10.1021/bk-2002-0801.ch015

July 17, 2012 | http://pubs.acs.org

202

n-1
k M
R = s Ry, (1<n<j,) 5)
k,My +kRy +kN,
kYN Ry R
P, =——— 2 R R (N=n/2or(n-1/2) (6)
' kN,

where R’y , and Pw,, indicate the concentrations of active and terminated chains
of length n, respectively, f the initiator efficiency, My the monomer
concentration in aqueous phase, I° the concentration of the initiating radicals, n
the average number of active chains per particle and N, the particle
concentration. Using the previous expressions, the rate of nuclei formation, Rn,
is evaluated as:

Jee=V i
Rn=kMyRy,,  +k > Y Ry.Ry, (i=j./20r(j,+1)/2) (7)

i=l n=je,-1

Polymer Particles

Nuclei and Particle Number

dN * B dN, B
——=RaN,-BN*-Z2N*N; —L=22N] 8
ar - RnNa=h 2 e Tg T ®

where the coagulation coefficients between two nuclei 3, and between a nucleus
and a particle, B, are evaluated using the well-known Smoluchowsky
expression:

B[ kT 107 R (S B
B = [ m] /32-3[%,1]( +.,)(,*+,p] ©)

where W; is the so-called Fuchs stability ratio (a value of one indicates no barrier
to interparticle coagulation, whose rate becomes diffusion limited), 1 indicates
the viscosity of the suspending medium, and r*, rp the radii of a nucleus and a
particle respectively.
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Polymer Volume
dVP“I _ ENP M Wm

a M, (10)
p

MW,, being the molecular weight of the monomer and p, and density of the
polymer. From the polymer volume, the overall particle volume is readily
evaluated as V, =V, /(1-¢,), where ¢y, is the volume fraction of the monomer

inside the particles, defined as M MW, /p, , with p, being the density of the

monomer. From these values, the particle size is readily estimated assuming
spherical shape. The monomer partitioning between the aqueous and particle
phase is described in terms of oversimplified, linear laws, with the corresponding
partition coefficient, m, equal to the ratio between the monomer solubility in the
aqueous phase, M*y, and that in the polymer phase, M*,. Note that equilibrium
conditions are always assumed all along the reaction, thus neglecting any mass
transport resistance for the monomer. The calculation of the growth rate of the
particles by equation (10) requires the average number of active chains that was
calculated from the analytical solution of the steady-state equations of Smith and
Ewart (7).

Poly(vinyl alcohol) distribution. According to the model assumption (b), the
amount of stabilizer in the particle surface layer, A, is calculated associating the
following two equations

3
Au=A=AVy+AYV, AV, =a*55=[" AV, an

where A; indicates the PVA concentration in phase i and A* is the concentration
of the alcohol in the surface layer (assumed equal to the molar density of the
pure component) and § the corresponding thickness.

Rheology

In general, a successful emulsion polymerization is subordinate to an
effective stabilization of colloidal-sized particles in a continuous phase. The
emulsifier adsorbs onto the surface of the particles to form a layer that prevents
coagulation. Stabilization through a protective colloid clearly requires a good
solvent for the stabilizer and a repulsion of sufficiently long range to mask the
dispersion forces, i.e., a minimum layer thickness. The most effective polymeric
stabilizers are amphipathic block, comb or graft copolymers (8). Random

In Polymer Colloids; Daniels, E., et al.;
ACS Symposium Series; American Chemical Society: Washington, DC, 2001.



Publication Date: November 6, 2001 | doi: 10.1021/bk-2002-0801.ch015

July 17, 2012 | http://pubs.acs.org

204

copolymers are usually less effective stabilizers than block copolymers. Direct
grafting to the particle is particularly effective but it requires a chemistry specific
to the particle; PVA is particularly suited to the emulsion polymerization of vinyl
acetate since both the stabilizer and the latex particles contain pVAc. PVA
usually used in emulsion polymerization recipes is partially hydrolyzed, with an
82% degree of hydrolysis, but its degree of blockiness might vary. Hydrophobic
pVAc blocks anchor the polymer onto the particle surface, while hydrophilic
PVA blocks impart steric stability. Extensive evidence supports grafting as a
primary mean of attachment in PVA-stabilized emulsion polymerization, but
adsorption can also be important. A lattice model provides the basic picture to
predict layer structures of adsorbed polymers (9, 10) and forces and potentials
between surfaces (11, 12, 13). According to this approach surfaces sparsely
loaded with adsorbing polymer in a theta solvent at restricted equilibrium
potentials exhibit an attraction that begins near 2R,, reaching a minimum at
0.5Rg, where R, is the radius of gyration of the polymer. This case roughly
corresponds to irreversible bridging that occurs when colloidal particles covered
with adsorbed polymer layers are added to a suspension consisting of uncovered
particles, inducing flocculation through the long loops extending from the
covered to the bare particles (/4). If more polymer is added to the surface, the
attractive minimum diminishes and becomes longer range, until the interaction
becomes purely repulsive. This case corresponds to what is called steric
stabilization. At extremely high surface coverage, adsorption sites are scarce and
hydrophobic groups extend into the water phase. Under these conditions
bridging can occur through the lateral interactions between the hydrophobic
groups (or blocks) extending from different particles in order to reduce the
surface energy (15).

The nature and type of interparticle potentials depend on the thermodynamic
interactions among three constituents, polymer, solvent and the particle surface.
All three interaction regimes are possible in principle in PVA-stabilized latexes,
depending on a series of factors, particularly: (1) the latex solids content; (2)
pVAc particle size and particle size distribution; (3) the molecular characteristics
of PVA; (4) the total quantity of PVA used in the recipe, its grafted, adsorbed
fractions and the amount that remains free in the water phase; and (5)
temperature.

Although the forces between particles are attractive in the first and third
regime, the lifetime of a particle bond is very different in the two cases. In
bridging flocculation induced by polymer adsorption, polymer bridges are not
broken down by thermal energy, while associations between hydrophobic groups
in the water phase are constantly forming, breaking, and reforming in a quiescent
state causing a reversible flocculation that may well be an equilibrium
phenomenon. A detailed and direct investigation of the nature and magnitude of
interaction mechanisms in PVA-stabilized emulsion polymerization is extremely
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difficult given the multiplicity of factors that influence them and the quantity of
sources of uncertainty that might affect them. Most methods for latex
characterization can offer information on the nature of the particles and of the
polymers they are made of, but they do not provide us with any direct
appreciation about the way particles interact. In these conditions it is probably
wise to infer the fluid structure and interaction mechanisms from rheological
measurements, rather than the other way around.

The rheological behavior of polymerically-stabilized dispersions has been
the subject of much interest and work in recent years and in fact the literature
abounds with examples displaying a phenomenology that is often unusual and
complex. In general the shear viscosity of a polymer colloid depends on
hydrodynamic, Brownian, and direct particle interactions. A grafted layer of
thickness & increases the effective size of a colloidal particle. In a purely steric
regime these dispersions behave as non-Newtonian fluids with low and high-
shear limiting relative viscosities 77, and 7., and a dimensionless critical shear
stress equal to r,0/kT, O, being the shear stress at which thinning arises that

depends on the effective volume fraction ¢, = (1 +6/r, )3 ¢ . The flow behavior

of flocculated suspensions shows more peculiar and diverse characteristics. For
attractions that are not too strong, the dispersion remains a fluid at rest and
exhibits a steady shear viscosity with low and high shear Newtonian plateaus.
The former increases exponentially with the strength of attraction (/6), while the
latter remains comparable to that of hard spheres. The normalized viscosity
(1/110) superimpose if plotted against the shear stress ¢ scaled on the strength €
and the range A of the interparticle attraction for particles of radius r, as

rpzAc /s (17). Otsubo obtained a significant mass of experimental results on

flocculating systems in the three regimes (18).

The mechanisms of floc growth has attracted much interest in recent years.
Experimental studies by light scattering (19) show that the radius ag of a cluster
containing S particles scales as a power law with S: ag/a=S P Growth has

been explained in terms of diffusion and sticking. Because of wide variation in
the kinetics, the geometrical aspect of the flocs is very complicated. Many
numerical simulations and experiments suggest that aggregates behave as fractals
on a scale larger than the primary particle size (20). The development of
predictive models of dispersion microstructure is a challenging issue, but
qualitative trends have been identified (27): (i) the thermodynamic tendency to
flocculate depends on the solvent-particle and particle-particle interactions; (ii)
aggregates growing far from equilibrium satisfy the “diffusion-limited” model
that generates open fractal structures. On the other side, if particle sticking is not
irreversible, instead, flocs develop into more compact structures, compatible
with the “reaction-limited” model. The structure of fractals is defined in terms of
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a fractal dimension, D, typically in the range of 2.0 - 2.2 for the “reaction-
limited” model, and close to 1.75 for the “diffusion-limited” model; (iii) flocs
disintegrate into their component particles under shear flow when the shear stress
o is sufficiently large (22). The value of this critical shear stress reflects the
magnitude of the attractive interparticle energy. This leads to a strong shear-
thinning behavior. Vice versa flocs can form at low shear due to increased
collision frequency between the particles, leading to shear thickening. Flocs may
or may not reform after the external perturbation is removed. The breakdown of
flocs held together by weak interparticle forces is usually more reversible than
the destruction of flocs held together by strong attractions; (iv) As a floc grows
its porosity increases and the volume fraction of solids in a floc, ¢s, containing S

particles decreases with increasing S: ¢ = (ag /a)D S35 -3)/D . The volume

fraction of solution flocs encompass hence increases. Once the volume fraction
occupied by the flocs fills the entire system, the flocs connect together to form a
percolating network. This corresponds to gelation and it occurs when the floc
size S reaches a value S* such that the volume fraction in the floc equals the
volume fraction of particles in solution, corresponding to the condition:
S* = ¢—D/(3—D) )

Several authors have recently proposed microrheological models accounting
for fractal aggregation. Many have suggested use of a universal expression for
the relative viscosity, 7,, as a function of ¢, the solid volume fraction, and ¢*, the
critical volume fraction relative to the transition threshold between the fluid and
the solid state. This can be extended to aggregated dispersions simply assuming
for ¢* the maximum packing fraction of cluster, that varies with the solid volume

fraction. Bicerano et al. (2/) proposed the following general expression for
dispersion viscosity:

. =.’M=(1-i,)_ 1-0.4[1* +0.34(i,) (12)
1. ¢ ¢ ¢

and showed that the effects of fractal aggregation can be incorporated in
equation (12) if the reducing volume fraction variable ¢* is modified
appropriately in order to account for the effectiveness of the aggregate to screen
its interior from hydrodynamic interactions. Russel and Sperry (23) proposed a

value for ¢* equal to ¢S ") where @mp is the maximum packing fraction in

the absence of aggregation (typically 0.64 for monodisperse spheres).
Aggregates with a radius above the maximum stable size are destroyed by shear
stresses, breaking up into approximately equal parts or individual particles are
split off small clusters one by one. The radius and shape of particles, the energy
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of links and both the type and strength of flow influence cluster break-up (24)
Experimental work (25, 26) and computer simulations (27) suggest that the
equilibrium radius Rg(o) of an isolated fractal cluster decreases with increasing
shear stress, 7, in the form of a power law without dependence on the mean

particle density in the aggregate as R, (0)/r, =1+(c */c)" , where the value of

the exponent m depends mainly on the reversibility of cluster deformation under
the action of external stresses, while the characteristic shear stress, o*, can be
related to the surface adhesive energy, I, since o*=1T / A

One of the simplest ways of modeling flocculation and network formation in
a colloidal dispersion containing polymer is to schematize it as a binary mixture
of large spheres, representing the colloidal particles, and small spheres,
representing polymer molecules (28). This system can be described employing
an analytical theory based on a reliable statistical description of the liquid state
such as the Percus-Yevick solution of the so-called “sticky-hard sphere” model.
Considering a binary system consisting of a mixture of large particles of
diameter d, and small spheres of diameter dg and assuming that the “like”
interactions A-A and B-B follow the simple hard-potential form:

o (r<d;)
u,-,-(r)={0 (>d) (13)

while the “unlike” pairs A-B interact through a sticky hard-sphere potential:

(14)

1 r>d,y

where k is the Boltzmann’s constant, T is the temperature, & is the Dirac delta
function, d,, =(d, +dy)/2 is the unlike hard-sphere diameter, and T, is 2

parameter whose reciprocal is a measure of the strength of the stickiness of the
A-B interaction. This schematization will allow us to describe the formation of
clusters of particles by bridging induced by PVA, where the strength of sticking
is an effect of the interaction caused by grafting/adsorption of PVA on polymer
particles. Since the objective here is to describe “reversible bridging”, where
hydrophobic groups from the polymer chains associate in the water phase to
flocculate the particles, a model accounting also for B-B physical association
would better capture the physics of the phenomenon, but its analytical solution
would be much more complicated. In any case it is the A-B interaction that is
discriminating for the formation of the bridge and that characterizes the
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specificity of the alcohol and of the reaction since it is a function of complex

adsorption phenomena that are both physical and chemical in nature.

Based on the solution of the Percus-Yevick integral for the system described
by equations (13) and (14), an expression for the average cluster size S has been
derived:

S =[xy (1+ 0 Apgd 5 d2g ) + x5 (1 + §, Apgdyd?d2s)? 1D (15)

where
D=1-,05(Arydis /dyds)’ (16)
xa and xg are the mole fractions of A and B, while ¢, and ¢y are the volume

fractions defined by ¢, =np,d; /6 where p; is the number density of species i.
The coefficient A,p is related to Tap by:

Kl
Arn —m amn
where:
—_ 1 3§dAdB gdAB
1= + ) K, =
(1-9) 2(1-¢)' d, T o2(1-9)
=2yt gog 4, (18)

The theory described by equations (15)-(18) has been used in the literature
to model clustering and gelation in binary systems (29). An important result
resides in the circumstance that weak attractions can also lead to the formation of
network structures (28).

Experimental
A series of pVAc latexes was synthesized via PVA-stabilized emulsion

polymerization with different recipes and characterized by measuring
conversion, particle size, free PVA content, and viscosity. Latexes were
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produced in a batch process, in a 3 liter glass reactor, equipped with stirrer,
reflux condenser, sampling device and inlet systems for nitrogen and reactants.
The reactor was operated automatically, using in-house developed software.
PVA solutions, prepared the day before the polymerization, were charged into
the reactor and heated up to the polymerization temperature. The reactor was
then purged for some time with N, to eliminate O,. Afterwards, the monomer
and the initiator solution were fed to start the polymerization. The
polymerization recipe was: 1800 g of water, 0.5 g of potassium persulfate, 100 to
240 g of VAc, 48 to 120 g of PVA, a temperature of 60 °C and a reaction time
between 1.5 and 4 hours. The monomer manufactured by BP, was used as
received. Different commercial types of PVA were employed in order to verify
and study their effects on the rheological behavior of the latex. In this paper we,
will refer to the results obtained using three different types of PVAs, all with a
degree of hydrolysis equal to 88%: Airvol 823, manufactured by Air Products,
with a molecular weight around 72,000 g/mol; Erkol, same characteristics as
Airvol; Fluka 100 that, unlike the first two, is a laboratory reactant, not used for
industrial reactions, and has a higher molecular weight, around 100,000 g/mol.
An index of blockiness of the various PVAs was determined by colorimetry of
the complex formed with iodine. Samples were prepared by mixing 3 mL of a
1% by weight PVA solution, 6 ml of a N/1000 I solution and 21 ml of distilled
water. At the same time a reference was prepared by mixing 6 ml of the same I,
and 24 ml of distilled water. The absorbance of the sample was then measured at
490 nm on a JASCO 7800 spectrophotometer. The absorbance measured in this
way is also called the “iodine index”, and it increases with blockiness, and it was
higher for Erkol, equal to 1.04, than for Fluka (0.559) and Airvol (0.509).

The amounts of free PVA in the final latex, the fraction of PVA that was not
adsorbed onto the polymer particles and was still free in the water phase, were
measured by colorimetry of the complex with boric acid and iodine. Prior to the
analysis, a reference adsorbance/concentration curve had been constructed by
preparing solutions at different PVA contents. Latex samples were
ultracentrifuged in order to separate the particles from the serum. The particles
take with them the adsorbed PVA, while the free fraction remains in the water
phase. The adsorbance of the serum is then measured and compared to the values
reported on the reference curve to estimate the amount of free PVA.

Particle size of the latexes was measured by light scattering, using a Coulter
N4. Viscosity measurements were performed both on a Haake Viscotester VTS5,
using a type R spindle, and on a stress-controlled rheometer by Rheometrics,
with a cone and plate set up, applying shear rates between 0.025 and 10°s,

Adsorbed layer thickness, 8 was determined estimating the difference
between hydrodynamic radii of PVA-coated and bare pVAc particles. Coated
particles were produced by PVA adsorption onto bare particles, performed by
equilibrating dilute mixtures of polymer and latex overnight. Bare particles were
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obtained by producing monodisperse pVAc latexes by sodium lauryl sulfate-
stabilized emulsion polymerization and then cleaning the latex by dialysis.
During the course of the polymerization on-line measurements of the torque
on the stirrer motor were acquired, providing indications on the variations of
viscosity in the emulsion over the course of the reaction. Often the viscosity, 7,
is assumed proportional to the torque T as T = knw. k is a characteristic constant
of the stirrer and @ is the radial velocity, but this, in principle, is a crude
approximation since it neglects second-order hydrodynamic interactions and the
fact that the fluid is actually heavily perturbed by the action of the stirrer, and
does not even maintain a flat surface. However, a calibration performed on
different aqueous solutions of PVA confirmed that the linear approximation is
acceptable. The obvious, and important, limitation when polymerizations are
performed resides in the fact that latexes, unlike PVA solutions, are heavily non-
Newtonian. For this reason, torque measurements can only provide an indication
on the flow characteristics of emulsions over the course of the polymerization.

Results

Kinetic Model

The validation of the kinetic model was performed by comparing
predictions and experiments for a large set of batch reactions in the range of
recipes described in the last section, using the three PVAs. A huge number of
physico-chemical parameters is involved. To assure a modeling tool with
reasonable reliability, a special effort was made to evaluate most of the
parameters independently, while minimizing the number of those evaluated by
fitting the reaction experiments. The values of most model parameters are
summarized in Table I, along with the corresponding literature source. Only two
have been evaluated by fitting, the Fuchs’ stability ratios W, and W,, whose
values are reported in Table II. The same values were obtained for Airvol and
Fluka, but a considerable variation was necessary to simulate Erkol-stabilized
polymerizations.

A data-simulation comparison is shown in Figure 1 for a recipe with 240 g
of VAc and 48 g of PVA Airvol, in terms of conversion and particle diameter,
showing a good agreement. In particular, the continuous growth in particle
number is well described, thanks to the homogeneous nucleation mechanism,
which remains operative all along the polymerization. It is also worth mentioning
that the calculated 7 remains well below 0.5 for most of the reaction, due to the
relevance of desorption in VAc emulsion polymerization. A satisfactory
agreement between theory and experiments was also found for Airvol and Erkol-
stabilized polymerizations, although the results are not shown here for the sake
of brevity. As reported in Table II, the values of the adaptive parameters W; and
W, had to be changed significantly in order to simulate the polymerizations
stabilized by PVA Erkol. This seems to indicate that this stabilizer is much less
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Parameter Numeric Value Ref.
k, (propagation constant) 3.53x10° [1/mol/s] 30)
ki (chain transfer to monomer) 2.1 [I/mol/s] 3n
k, (termination) 9.37x107 [I/mol/s] (32)
k; (initiation K,S,0s) 5.35x10°° [1/s] 33)
k. (entry) 2x107% [1/s] 39
D, (particle diffusion) 1107 [cm¥s) (32)
D,, (water diffusion) 1.86x10°° [cm?s] (35)
Ap* (saturation solubility in the particle) 8.95 [mol/l] 35
Ay * (saturation solubility in water) 0.33 [mol/l] 35

Table II. Values Assumed for the Adaptive Parameters W; and W,

Parameter Airvol Erkol Fluka
W, 6 E+09 6 E+13 2.5 E+11
W, 2 E+06 6.25 E+06 2.E+06
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effective in particle nucleation as indicated by the smaller values of the
coagulation rate constants that could be ascribed to a low homogeneity of this
PVA, resulting in a smaller water solubility and reduced emulsifier action.

Rheology

We measured the latex viscosity at the end of every reaction. Figure 2
displays data for a series of polymerizations performed with constant amount and
type of PVA (72 g of Airvol) and increasing amounts of VAc, reported as a
function of the solid volume fraction, calculated from the final conversion.

The graph shows that, even though the average particle diameter remains
relatively constant in the different reactions, the relative viscosity increases very
much with increasing solids content. As a reference, we report in the graph also
the theoretical curve calculated using the classical hard-sphere equation as

developed by Batchelor (36), n=n (1+2.5¢eff +6.2¢:ff), that describes

sufficiently well the rheological behavior of “sterically-stabilized” particles, with
a sufficiently thin (& <<d) surface layer (37), that predicts viscosity much lower
than those actually measured, hence demonstrating that, in PVA-stabilized
latexes, rhelogical behaviour is completely different from that of suspensions of
hard-spheres. In these calculations, and in those that will follow, the viscosity of
the continuous phase, 7, was estimated using an empirical equation

M. =Mu,o (T)exp(Afyy, ), derived performing viscosity measurements on PVA

solutions. A is essentially a function only of the molecular weight of PVA. The
volume fraction of PVA, @pys, was calculated from the moles of free PVA, A,,
as estimated by the model in equation (11), being @pys = A, /Ppya -

Figure 3 shows, for latexes stabilized by Erkol and Airvol, a graph where S,
the average cluster dimension, is represented as a function of ¢pys. Experimental
data have been estimated using equation (12) on the basis of experimental
viscosity measurements, using a value of D equal to 2, a hypothesis justified by
the fact that flocs here are probably reversible and their growth is of the
“reaction limited” type. Continuous curves are calculated using equations (15)-
(18), taking for d, the average particle diameteras calculated from the kinetic
model, and for dp the radius of gyration of PVA as estimated from solution
viscosity (da = 6dy for Erkol, da = 5dj for Airvol). The only adaptive parameter
in these calculations is (Tap)” assumed equal to 2 for Erkol and to 2.5 for Airvol.
The sticky hard sphere potential is attractive at extremely short range that can be
corrected introducing a square-well potential defining a square well width W and

a square well depth & In this case it is (29): 75y = 4{1 - [W3 —(W?* =1exp(e /kT)]}.
Assuming W = 1.1, one calculates € = kT for both Airvol and Erkol.
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Figure 2. Relative viscosity and average particle diameter vs. solid volume

fraction for a series of latexes produced with constant concentration and type of
PVA (72 g of Airvol). The figure also shows (*) hard-sphere relative viscosity.
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Figure 3. S vs. PVA volume fraction for the series of polymerizations: (*)
stabilized by Erkol, (x) stabilized by Airvol 823.
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Figure 4. Rheograms (1 vs. G) for a series of latexes stabilized by Airvol;
(*) = 120 g of VAc, 72 g of PVA; (x) = 240/72, (+) = 240/96,(0) = 240/120.
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Figure 4 shows the rheograms (717 vs. o) for a series of latexes stabilized by
Airvol. The samples always display a Newtonian plateau followed by a shear-
thinning region (unfortunately we have not been able yet to verify the existence
of a high-shear plateau, 7..). The critical shear stress is approximately constant in
the different latexes (around 1 - 2 Pa) from which it is possible to estimate a I'=
5x10°® N/m, that corresponds again to an energy on the order of kT.

A last problem tackled in this paper consists of the prediction of the
variation of the viscosity of the latex over the course of the polymerization. As
explained in the experimental section, only a rough indication of the viscosity
during the process is available, through torque measurements. A typical torque
vs. time curve is shown in Figure 5 for a polymerization stabilized by 100 g of
PVA Fluka, where also three values of viscosity measured off-line on samples
withdrawn from the reactor are reported.

A prediction of viscosity vs. time can be attempted by using the kinetic and
rheological models together. In particular, Dickinson’s model (15)-(18) can be
used to predict S at intermediate conversions adopting the values of @4, @5, xa, Xp
predicted by the kinetic model as a function of time. Figure 6 shows the
predictions obtained in this way for three reactions with different quantities of
Airvol. Indeed, a peak at the end of Interval II is forecast, due in this case to the
effect of the swollen particle diameter. The model is very sensitive to the particle
diameter, and in fact it even overestimates the peak, since values of S above ca.
60 surpass the gelation threshold that corresponds to the occurence of a yield
stress, a circumstance that is not likely at such low solid contents.

Conclusions

An approach combining kinetic and rheological modeling was proven useful
to understand and interpret stabilization mechanisms in VAc emulsion
polymerization stabilized by PVA. The kinetic model was capable of predicting
vs. time the fundamental microstructural properties of the latex, particularly the
evolution of the average particle diameter, the partition of PVA among the
adsorbed/grafted and the “free” fraction. These properties can be used in a
model describing the flow behavior of the dispersion. Stabilization mechanisms
play a crucial role here, since they determine interparticle potentials that, in these
systems, depend on the thermodynamic interactions among solvent, protective
colloid, and particle surface. Describing the dispersion as reversibly flocculated
by bridging, an hypothesis compatible with the relative concentrations of
particles and polymer, we combined an expression for the shear viscosity of a
flocculated system with an analytical theory based on a reliable schematization
of the liquid state to obtain a model that is a function of the solids content, of the
polymer volume fraction, of the average particle diameter, and of the radius of
gyration of the polymer, and that contains a single adaptive parameter, indicative
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Figure 6. Predicted average cluster size vs. time for three different quantities of
PVA Airvol (-) =40g,(--)=60g,(+-)=72g.
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of the strength of the interaction between the polymer and the particle. The
interpretation was further verified from the flow curves of the latex that provide
another means to evaluate the energy content of the interactions in flocculated
systems. The model was also proved to be capable of predicting, at least
qualitatively, the typical behavior of viscosity vs. over the course of emulsion
polymerization that always displays a maximum at intermediate conversions.
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Chapter 16

Modeling of Young’s Modulus of Latex Blend
Films as a Function of the Carboxyl Group
Concentration on the Latex Particles

Jiansheng Tang, Eric S. Daniels, Victoria L. Dimonie, Andrew Klein,
and Mohamed S. El-Aasser

Emulsion Polymers Institute and Department of Chemical Engineering,
Lehigh University, 111 Research Drive, Bethlehem, PA 18015

The mechanical behavior of polystyrene [PS]/poly(n-butyl
methacrylate-co-n-butyl acrylate) [P(BMA/BA)] latex blend
films have been modeled using modified Nielsen and
Takayanagi equations which correlate Young’s modulus to the
volume fraction of the PS phase (both unmodified and
modified with carboxyl functional groups). Carboxyl groups
were incorporated into the PS latex particles in order to alter
their surface properties. It was found that the presence of
carboxyl groups on the PS latex particles enhanced the
Young’s modulus of these films. This enhancement in
mechanical properties resulted from the formation of hydrogen
bonds between the carboxyl groups on the PS particles and the
carbonyl groups in the P(BMA/BA) matrix. The predicted
moduli that were obtained using a proposed equivalent high T,
interphase volume model match the experimental data well.

A high Ty/low T, latex blend film provides an excellent example of a two-
phase system with one continuous phase and one dispersed phase. The
mechanical properties of these composite materials are determined by the
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properties of the components, the shape of the filler phase, the morphology of
the system, the nature of the interface between the phases, and the composition
of each component. Research on the prediction of the mechanical properties of
two-phase mixtures using theoretical models began long ago (I-7). However, the
theoretical models that were developed in this area are still incomplete. The main
parameters which were considered in the majority of these predictive models are
the mechanical properties of the component materials and the composition of the
two-phase mixtures. As latex blending has been found to be a good strategy to
eliminate volatile organic compounds (VOC’s) from polymer -coatings,
theoretical predictions of the mechanical properties of latex blend films are
demanded. Thus, research in this area has been triggered. Again, the quantitative
predictions up to now have focused on the volume fraction of the filler particles
in latex blend films (8-10), although some qualitative or semi-quantitative
approaches have been developed which consider the interfacial properties (/1-
14).

In this paper, Young’s moduli of PS/P(BMA/BA) latex blend films were
examined with an emphasis on the surface properties of the latex particles, which
were altered by the inclusion of carboxyl groups. Polystyrene latex particles
served as the high T, component, while poly(n-butyl methacrylate-co-n-butyl
acrylate) latex particles represented the low T, component in the two-phase
material. An approach has been developed to quantitatively predict the Young’s
modulus of the PS/P(BMA/BA) latex blend films taking into account the surface
concentration of the carboxyl groups that were present in the PS latex particles,
while keeping all other variables such as the phase volume ratio and particle size
unchanged.

Experimental
Materials

n-Butyl methacrylate (BMA), n-butyl acrylate (BA), styrene (St), and
methacrylic acid (MAA) monomers (Aldrich; reagent grade) were purified by
passing them through columns filled with an appropriate inhibitor removal
packing material (Aldrich). Sodium dodecyl sulfate (SDS; Fisher Scientific;
reagent grade) and potassium persulfate (KPS; Aldrich; reagent grade) were used
as received. Carboxylated and non-carboxylated PS and non-carboxylated
P(BMA/BA) model latex particles were synthesized, cleaned, and characterized
according to the methods published earlier (15). Table I shows the
characteristics of the latex particles that were used in this study.
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Preparation of Latex Films

Films were cast from latex blends consisting of cleaned PS and P(BMA/BA)
latex particles (vol% PS varied from 0 to 60%) to eliminate any possible
influence of water-soluble oligomers, surfactant, or other additives on the
properties of the resulting films. An initial solids content of 6 wt% was utilized
and the latex blends were dried under controlled conditions (temperature = 22 +
0.5 °C; relative humidity = 50 + 0.5%) on poly(vinyl fluoride) films (Tedlar;
DuPont) for ten days. The thickness of these films ranged from 0.20 to 0.25 mm.

Table L. Characteristics of the High T, and Low T, Latex Particles

P(BMA Polystyrene (PS)
/BA)

D, (nm)* 1229 1231 1232 125.8 128.8 1275 125.8 1253
D,, (nm)® 126.2 1274 1266 1275 1302 1298 129.6 128.6
PDI° 1.027 1.035 1.028 1.014 1.011 1.018 1.030 1.026

Wt%

MAA 0.0 00 085 182 3.13 4.67 534 6.10
d

?;;;0‘{ 0.0 0.0 7.6 129 191 297 430 658

T, (°C) 0 105 105 105 105 105 105 105

* Number-average diameter

® Weight-average diameter

¢ Polydispersity index (= D,/D,)

¢ The particle surface area covered by carboxyl groups, choosing the cross-sectional area
of each carboxyl group as 9 A? based on a theoretical calculation (16)

© Statistical copolymer consisting of 75 wt% BMA and 25 wt% BA

Tensile Testing

The latex blend films were cut into dumbbell-shaped specimens according
to ASTM Standard D1708-96 and tensile tests were carried out using an Instron
Universal Testing Machine (Model 5567) with a crosshead speed of 200
mm/min. A 500 N load cell was used in all experiments. Young’s moduli were
calculated based on the initial portion of the stress-strain curves. At least five
specimens were tested for each film and the results were averaged.
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Results and Discussion

Influence of the Volume Concentration of High T, PS Latex Particles on
Young’s Modulus

Young’s modulus is one of the most important physical properties of a
material. Probably the most widely used method to determine Young’s modulus
is the tensile stress-strain test (I7, 18). Young’s modulus is represented by the
initial slope of the stress vs. strain curve. Similar to the yield strength (19), the
Young’s modulus of the PS/P(BMA/BA) latex blend films increased as the
volume concentration of the PS particles increased (Figure 1). Many equations
have been proposed to predict the Young’s modulus of two-phase mixtures with
one continuous phase and one dispersed phase as the volume fraction of the high
T, phase changes (I/-7, 20-23). However, each of the numerous equations
describes a specific two-phase mixture system. Nielsen proposed a more
generalized equation to predict the elastic modulus of many two-phase
composite materials (24,25). The theory used to predict the modulus as a
function of the volume fraction of the dispersed phase on the composite
materials in which the dispersed phase is the high T, component is described by
equations 1, 2, and 3.

200 7
180 { e Non-carboxylated PS ¢
160 {1 o Carboxylated PS

¢
E:E
04 o &
20 F——
0 5 101520 25303540 45 50 55 60 65
Vol% PS in PS/P(BMA/BA) blends

Young's modulus (MPa)
8

Figure 1. Young’s modulus vs. the volume concentration of high T, latex
particles in PS/P(BMA/BA) latex blend films: (o): neither PS nor P(BMA/BA)
particles contain carboxyl groups; (0): carboxyl group coverage on the PS
particles = 12.9%, no carboxyl groups present on P(BMA/BA) latex particles.
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where E is the modulus of the composite material, E; and E, are the moduli of
the continuous phase and the dispersed phase, respectively, ¢, is the volume
fraction of the dispersed phase, ¢y, is the maximum packing fraction of the high
T, dispersed phase, A and B are constants, and y is the factor that enables one to
use a reduced concentration scale to take into account the existence of the
maximum packing fraction of the particles.

The constant A takes into account such factors as the geometry of the filler
phase and Poisson’s ratio of the matrix in the two-phase system (25). The value
of A varies for different two-phase systems. Based on the experimental data
plotted in Figure 1, the constant A for the PS/P(BMA/BA) latex blend films can
be obtained by fitting the experimental data (non-carboxylated latex blend films
shown in Figure 1) into Nielsen’s equations. The fitted A value for this system is
0.39 if ¢y is chosen as 0.60. By applying the fitted constant A into Nielsen’s
equations (equations 1 to 3), and calculating the modulus of the non-
carboxylated PS/P(BMA/BA) latex blend films, the theoretical curve fit the
experimental data very well except for the point at 60 vol% PS. At this point, the
high T, PS phase in the PS/P(BMA/BA) latex blend film is no longer a separate
phase (i.e., above the critical pigment volume concentration, CPVC, or the PS
particles contact each other; see next paragraph) and the equations can not be
applied (Figure 2) (19). Table II shows the values used for this calculation.

The reason for choosing ¢, = 0.60 is based on the determination of the
CPVC for this system (/9). The CPVC of the non-carboxylated PS/P(BMA/BA)
latex blend system is between 50 and 60 vol% PS latex particles, which implies
that the maximum packing fraction of the PS particles would be close to the
upper limit of this range. Table III shows some of the ¢, values which were
derived from calculations of the maximum packing fraction of spherical particles
for different types of packing (25). By comparing the CPVC results and the
value given for ¢y, in Table III, it is reasonable to assume that the packing type of
the non-carboxylated PS latex particles in the PS/P(BMA/BA) latex blend films
is body-centered cubic or random-loose packed at their maximum packing state.
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Table II. Parameter Values used for the Calculation of the Theoretical
Moduli of PS/P(BMA/BA) Latex Blend Films

Parameter E, E, O A D, T

Value 27.02MPa® 3200 MPa® _ 0.60 0.39 125nm _ 0.13

* Measured by Instron Testing Machine using the pure P(BMA/BA) latex films
® Value from literature (26)

S

220 1 ® Experimental data

Theoretical curve

52 &8

120 -

Young's modulus (MPa)
88

20 T T 1 T T T 1 T T T T T T
0 5 10 15 20 25 30 35 40 45 50 55 60 65
Vol% PS in PS/P(BMA/BA) blends

Figure 2. Young’s modulus vs. the volume concentration of PS latex particles in
PS/P(BMA/BA) latex blend films: neither high T, PS nor low T, P(BMA/BA)
latex particles were carboxylated; the theoretical curve was calculated using

equations 1, 2 and 3.
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Table III. Maximum Packing Fractions (¢y,) for Spherical Particles (25)

Type of Packing O
Hexagonal close packing 0.74
Face-centered cubic packing 0.74
Body-centered cubic packing 0.60
Simple cubic packing 0.52
Random close packing 0.64
Random loose packing 0.60

Influence of Carboxyl Groups on the PS Latex Particles on Young’s
Modulus

Young’s modulus as a function of vol% PS was also plotted in Figure 1 for
the PS/P(BMA/BA) latex blend films containing carboxylated PS latex particles.
It was found that the modulus of the carboxylated latex blend film is higher than
that of the non-carboxylated latex blend films if they have the same vol% PS,
indicating that the modulus of the carboxylated PS/P(BMA/BA) latex blend film
is higher than the value predicted by Nielsen’s equation. This occurs because this
equation does not consider the surface properties of the latex particles which are
altered by the presence of the carboxyl groups. Thus, a modification of this
equation is necessary to take the surface properties of the particles into
consideration.

As discussed previously (19), the presence of the carboxyl groups on the PS
latex particles increased the yield strength of the latex blend films resulting from
the formation of hydrogen bonds between the carboxyl groups on the PS
particles and the carbonyl groups present in the copolymer matrix. However, all
the moduli were measured before the yield point was reached. Thus, the
enhanced interfacial adhesion may not be the most important factor which
increases the Young’s modulus. The modulus may be enhanced by another
mechanism. The mechanism proposed here is the formation of an equivalent high
T, interphase. This interphase is formed between the PS particles and the
P(BMA/BA) copolymer matrix because of the formation of hydrogen bonds,
which is illustrated in Figure 3. The carboxyl groups present on the PS latex
particles form hydrogen bonds with the carbonyl groups that are in the
P(BMA/BA) copolymer matrix. Domains resulting from the formation of the
hydrogen bonds would be formed around each PS particle (Figure 3A). In each
of the domains, the P(BBMA/BA) molecular chains are “cross-linked” by these
hydrogen bonds, resulting in a higher modulus than that of the P(BMA/BA)
copolymer matrix. These domains may serve as high T fillers and increase the
Young’s modulus of the PS/P(BMA/BA) latex blend films. To simplify the
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Figure 3. Schematic representations of: (A) high T, domain resulting from the
formation of hydrogen bonds between the carboxyl groups on the PS particle
and the carbonyl groups in the P(BMA/BA) copolymer matrix; and (B) an
equivalent high T, interphase which forms between the PS latex particles and
the P(BMA/BA) copolymer matrix resulting from the formation of hydrogen
bonds.
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calculation, an equivalent volume of each of the domains (v) is defined as the
volume of the PS phase that contributes to the increase in the Young’s modulus
of the latex blend films the same as each of the domains. Then, the total
equivalent volume of the domains around each of the PS latex particles (Zv) can
be expressed as equation 4 (Figure 3B):

v =v. 5 Jcoon 4)
Acoon "N

where S is the surface area of each PS particle, Ocooy is the fraction of the PS
particle surface area covered by carboxyl groups, dcoon is the cross-sectional
area of each carboxyl group (which is 9 A? from the literature (16)), and # is the
average number of carboxyl groups in each of these domains.

Equation 5 defines another parameter 7. The total volume of the equivalent
high T, interphase in the entire PS/P(BMA/BA) latex blend film (AV>) can then
be calculated using equation 6.

T=—Y _ )
n-Acoon

6)
AV, =T -S-Ocoon 'Np,higth

where N pign T, is the total number of PS particles present in the latex blend film.
T is a coefficient which could be assumed to be a constant because the larger the
number of carboxyl groups present in each of these domains, the larger the
equivalent volume of this domain (v).

S and Nypign 1 can be expressed by equations 7 and 8, respectively.
Substituting these values into equation 6 results in equation 9.

S=nr-D? Q)
6.V,

phighTy ~ 7 D§ ®

4V, =——6'T'Gl‘)‘°°“ Y2 ©)

where D, is the volume-average diameter of the PS particles and V, is the
volume of the PS phase.
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Now the increased volume fraction of the high T, phase (including the
equivalent high T, interphase) of the latex blend films can be calculated by
equation 10:

% D, 10)

v

+_V,+AV, 6-T-0
¢, =22 2=(1+ COOH )%

where V is the total volume of the latex blend.

From the assumption that an equivalent high T, interphase is formed
because of the formation of hydrogen bonds between the high T, PS particle and
the low T, P(BMA/BA) copolymer matrix, the actual volume fraction of the PS
phase in the latex blend films consisting of carboxylated PS particles should be
¢, instead of ¢@. Thus, to model the modulus of the carboxylated
PS/P(BMA/BA) latex blend films, ¢ in equations 1 and 3 should be substituted
by ¢’; in equation 10, yielding equation 11. By fitting equation 11 to the
experimental data for the carboxylated latex blend films plotted in Figure 1, the
coefficient T can be calculated for each experimental point (Table IV). Table IV
shows that T is basically constant, indicating that the assumption of a constant
ratio between the equivalent volume of each of the domains and the average
number of carboxyl groups present in the same domain is reasonable. The
averaged T value, which is 0.13, is used as the constant in equation 11. The
prediction of the modulus by equation 11 using the values given in Table II is
also very good (Figure 4).

E,/E, -1 6To,
1+A| =202 1+ COOH
B 7 (EZ/E,+AI D, }”

-EIII_ E,/E -1 1+ 1-¢n l+6TGCOOH 1+6T°'c00H b n
E,/E +A 9a b, J* D, [|*

Table IV. Determination of the T Value in Equation 11

& 0.00 0.10 0.20 0.30 0.35 0.40 0.50
E 27.02 3195 4035 53.00 66.80 84.82 189.90
T - 0.124 0.171 0.104 0.142 _ 0.122 0.093

Averaged T=0.13
Ocoon = 13 (%); D, = 125 nm; E; = 27.02 MPa; E, = 3200 MPa; A = 0.39; ¢,, = 0.60
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Figure 4. Young’s modulus vs. the volume concentration of PS latex particles in
PS/P(BMA/BA) latex blend films; the carboxyl group coverage on the PS
particles = 12.9%; no carboxyl groups are present on the P(BMA/BA) latex
particles; the theoretical curve was calculated using equation 11.

The results shown in Figure 1 demonstrate that the presence of the carboxyl
groups on the high T, PS latex particles significantly influence the modulus of
the latex blend film. Thus, further experiments are needed to investigate the
influence of the carboxyl groups on the modulus over a larger range. Figure 5
and Table V show these results. A general trend is noted in which the modulus
first increased as the carboxyl group coverage on the PS latex particles
increased. However, this was followed by a sudden drop in the modulus between
12.9% and 19.1% carboxyl group coverage on the PS particles. The predicted
curve obtained from equation 11 (theoretical curve 1; Figure 6) shows that it
matches the experimental data very well at or before the point where there is
12.9% carboxyl group coverage on the PS latex particles (Figure 6). However,
the experimental data obtained after this point show large deviations from the
theoretical curve 1. The investigation of the film morphology and surface
properties described in earlier publications (19, 27) also showed sudden changes
in the morphology and surface properties of the latex blend films after the point
where the surface carboxyl group coverage on the PS latex particles was 12.9%.
These findings suggest that there should be a change in the type of packing of the
PS particles after this point. As discussed above, the maximum packing of the PS
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particles would be a body-centered cubic type, yielding ¢, value of 0.60.
However, after the point of 12.9% surface carboxyl group coverage, the presence
of the carboxyl groups on the surface of the PS particles at a high concentration
makes it possible to form hydrogen bonds between the carboxyl groups on
different PS particles (i.e., interparticle hydrogen bonding). The interparticle
hydrogen bonding brings about a driving force among the PS latex particles, and
allows them to pack more tightly. This would allow PS particles to pack in a
hexagonal-close packed array. Thus, it would be a good approximation to choose
®m as 0.74 in equation 11 to model the modulus of the PS/P(BMA/BA) latex
blend films when the carboxyl group coverage on the PS particle is higher than
12.9%. Theoretical curve 2 in Figure 6 is calculated using equation 11 and
setting ¢, = 0.74. It is noted that the accuracy of the prediction by theoretical
curve 2 is acceptable for most of the experimental points. It may be concluded
that the Young’s moduli of the PS/P(BMA/BA) latex blend films could be
modeled using equation 11 at different carboxyl group coverage on the PS latex
particles by choosing ¢y, = 0.60 when the carboxyl group coverage is not more
than 12.9% and ¢, = 0.74 when the carboxyl group coverage is higher than
12.9%.

90

Modulus (MPa)
s 3 8
o

e
o

W
[=]
!

30 1 1 T S
0 10 20 30 40 S0 60 70
COOH coverage on PS particles (%)

T T

Figure 5. Young’s modulus vs. the carboxyl group coverage on the PS latex
particles in PS/P(BMA/BA) latex blend films: volume fraction of PS, ¢, = 0.35;
no carboxyl groups on the P(BMA/BA) latex particles (see Table V for raw
data).
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Table V. Raw Data of Young’s Modulus vs. Carboxyl Group Coverage on
the PS Latex Particles in PS/P(BMA/BA) Latex Blend Films

Ocoon (%) Young’s modulus (MPa) Standard deviation (MPa)
0.0 58.00 2.09
7.6 63.03 1.80
12.9 66.84 1.57
19.1 58.82 3.30
29.7 70.01 1.85
43.0 71.03 2.60
65.8 84.44 1.66

volume fraction of PS, ¢, = 0.35; no carboxyl groups on the P(BBMA/BA) latex particles

Modulus (MPa)

120

110 -

8

®  Experimental data

Theoretical curve 1

— — — —Theoretical curve 2

10 20 30 40

50 60 70

COOH coverage on PS particles (%)

Figure 6. Young’s modulus vs. the carboxyl group coverage on the PS latex
particles in PS/P(BMA/BA) latex blend films: volume fraction of PS, ¢, = 0.35;
no carboxyl groups on the P(BMA/BA) latex particles; the theoretical curves
were calculated using equation 11 using the values listed in Table II except for
Om Which is 0.60 for curve 1 and 0.74 for curve 2; T = 0.13.
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Modification of the Takayanagi Equation using the T Constant

The model that predicts Young’s modulus of the PS/P(BMA/BA) latex
blend films considering the carboxyl group coverage on the PS particles can also
be derived by modifying the Takayanagi model. The schematic diagram shown
in Figure 7 illustrates the Takayanagi model used for composite materials in
which the dispersed phase is the high T, (plastic) component and the continuous
phase is the copolymer matrix (rubber) (28,29). The Young’s modulus of the
composite materials (E) is given by equation 12.

9 1-9Y
E=).(—E—-+—E—) +(1-2)E, (12)

2 1

where E; and E, are the Young’s moduli of the copolymer matrix and the
dispersed high T, phase, respectively; the multiplication of ¢ and A represents
the volume fraction of the high T, plastic phase, ¢,, which can be expressed by
equation 13.

PA=9¢, (13)

For each ¢,, ¢, and A, specific numerical values are needed to solve
equation 12. Instead of arbitrarily assuming the ratio of @ to A, it is better to
define ¢ = aA (assume a is a constant) and to determine the constant a using the
experimental data presented in Figure 1 (non-carboxylated latex blend films).
The constant a was statistically fitted as 1.52 for the PS/P(BMA/BA) latex blend
films. At this ratio of ¢ to A (¢ = 1.524), the Takayanagi model fits the
experimental data well (Figure 8).

This model allows one to evaluate the mechanism by which the carboxyl
groups present on the PS particles enhance the Young’s modulus by increasing
the equivalent volume fraction of the high T, phase. If this mechanism is correct,
¢, in equation 13 should be replaced by ¢’,, which is expressed by equation 10
for the latex blend films with carboxyl groups present on the PS particles,
leading to equation 14.

A=4;/1.52 ¢ =152, (14)

Substituting ¢ and A in equation 12 with equations 10 and 14 yields a modified
Takayanagi equation (equation 15) which considers both the volume fraction and
the carboxyl group coverage on the PS particles.
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Figure 7. Schematic diagram of the Takayanagi model used for composite
materials in which the dispersed phase is the high T, (plastic) component and
continuous phase is the low T, copolymer matrix (rubber): the quantities A and
@ are used to calculate volume fractions: QA = ¢,; ¢, is the volume fraction of
the high T, phase.
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Figure 8. Young’s modulus vs. the volume concentration of high T, PS particles
in the PS/P(BMA/BA) latex blend films: neither the PS, nor P(BMA/MA) latex
particles were carboxylated; The Takayanagi curve was calculated using
equations 12 and 13 and choosing ¢ = 1.52A.
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If the T value obtained from the modified Nielsen equation (equation 11)
can also be applied to the modified Takayanagi equation to fit the experimental
data of the latex blend films with carboxyl groups present on the PS particles, it
would offer strong evidence to support the proposed mechanism. Figure 9
confirms this postulation. By using the same T constant (0.13) obtained from the
modified Nielsen equation, the theoretical values calculated from the modified
Takayanagi equation match the experimental data very well.

Conclusions

The presence of carboxyl groups on the PS latex particles in the
PS/P(BMA/BA) latex blend films significantly enhances the Young’s modulus
of the latex blend films. The carboxyl groups present on the PS latex particles
could form hydrogen bonds with the carbonyl groups present in the P(BMA/BA)
copolymer matrix or with the carboxyl groups on adjacent PS particles

220
A Experimental
180 (carboxylated)
Theoretical
140 A (carboxylated)

g

Young's modulus (MPa)

3

0 10 20 30 40 50 60
Vol% PS in PS/P(BMA/BA) blends

Figure 9. Young’s modulus vs. volume concentration of the PS latex particles in

PS/P(BMA/BA) latex blend films: carboxyl group coverage on the PS particles

= 12.9%; no carboxyl groups present on the low T, P(BMA/BA) latex particles;

the theoretical curve was plotted using equation 15 by choosing T = 0.13 (D, =
125 nm; Ey = 27 MPa; E, =3200 MPa).
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(interparticle hydrogen bonding). The formation of hydrogen bonds between the
carboxyl groups on the PS particles and the carbonyl groups in the copolymer
matrix increase the equivalent high T, volume of the interphase between the high
Tg and low T, phases, which is the reason why Young’s modulus is improved in
the presence of carboxyl groups. It was found that the carboxyl groups present
on the PS latex particles at a low concentration (< 13% coverage) primarily form
hydrogen bonds with the carbonyl groups present in the P(BBMA/BA) copolymer
matrix. This kind of hydrogen bonding results in a random- or body-centered
cubic packing of the PS particles in their maximum packing state. When the
carboxyl groups were present on the PS latex particles at a high concentration (>
13% coverage), hydrogen bonds between the carboxyl groups on adjacent PS
particles may form. The formation of the interparticle hydrogen bonds induces
an attractive force among the PS particles, resulting in tighter packing
(hexagonal) of the PS particles at their maximum packing state. A model was
proposed based on Nielsen’s equation by considering the surface characteristics
of the latex particles in predicting the modulus of the PS/P(BMA/BA) latex
blend films for different carboxyl group coverages on the PS particles. The
predicted moduli match the experimental data closely. The mechanism of an
equivalent volume of the high T, interphase can also be used to modify the
Takayanagi equation, yielding another equation which predicts the Young's
modulus of the PS/P(BMA/BA) latex blend films as a function of the carboxyl
group concentration on the PS particle surface. The predicted moduli by the
modified Takayanagi equation also match the experimental data very well,
indicating that the proposed mechanism of the equivalent volume of the high T,
interphase is reasonable.
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Chapter 17

Morphology and Adhesive Force of Natural Rubber
Latex Films by Atomic Force Microscopy
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Commercial natural rubber latex concentrate is used almost
exclusively in the production of rubber-dipped goods, the bulk
of which is in the form of gloves. When a ‘former’ is dipped
into the latex, a latex film is formed after the water evaporates
and the particles come into contact and fuse together. Any
factors that hinder good film formation of the latex would
adversely affect the film morphology and hence its application
as a barrier material. In view of its low glass transition
temperature, natural rubber (NR) latex film is soft and tacky
and cannot be used as a glove in its native form. Vulcanization
and chemical modification by chlorination of the film surface
are additional process steps in glove manufacturing that enable
NR latex film to become finally donnable. Basically these
processes reduce the surface friction and improve the lubricity
of the film surface. A clear understanding of the nature of the
surface of the latex film in relation to its performance is
pivotal in ensuring product quality. The adhesive force of
various NR latex films such as powdered, vulcanized,
chlorinated, and polymer-coated was determined from the
force-distance curves using atomic force microscopy (AFM)
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and compared with those of synthetic polymers and
commercial glove samples. Distinctive adhesive forces
between the AFM probe tip and these materials allow them to
be distinguished from one another. Results indicate that the
magnitude of the pull-off force is strongly influenced by
surface inhomogeneity and topography of the film. The
behavior of the pull-off forces agrees with interpretation based
on current understanding of this phenomenon. The technique is
well-suited for assessing the structure-performance relation of
gloves.

Natural rubber (NR) latex, like its counterpart synthetic latex, is a stable
colloidal dispersion containing dispersed latex particles in an aqueous phase.
Fresh NR latex from the Hevea brasilensis tree contains about 4-5% of non-
rubber, made up by proteins (1.0%), carbohydrates (1.0%) and lipids (1.6%) (1).
The fresh latex, containing only 30 — 35 % rubber, putrefies within hours after
leaving the tree and auto-coagulates. Technically-specified commercial latex
concentrate, at a solids content of ca. 60% rubber, is produced from the fresh
latex by preservation and centrifugation. The latex particles in commercial NR
latex concentrate are stabilized by an adsorbed layer of mainly long-chain fatty
acid soaps (the hydrolysis products of phospholipids), polypeptides, and proteins
(2). Commercial ammoniated NR latex concentrate finds extensive use in the
production of rubber-dipped goods, mainly in the manufacture of medical
examination gloves. The necessary condition of such application is the formation
of a continuous film with the appropriate mechanical strength.

An inherent difference between the synthetic and NR latexes is that NR
latex contains a host of non-rubbers that originate from the tree as mentioned
above. The bulk of these non-rubber materials are removed by centrifugation
during the concentration process in the production of commercial latex
concentrates. Some residue plant proteins and lipid materials are, however,
tenaciously bound to the rubber particles and become incorporated into the film
when the latex dries. Thus, in the manufacturing of NR rubber gloves, it is
necessary to extract the latex film by leaching it with water at an elevated
temperature to remove the remaining residue proteins and processing chemicals
(3). The actual amount of residual non-rubbers remaining after leaching really
depends on the vigor of the leaching process employed. The evaporation of
water during drying of the film has aided the migration of these non-rubbers to
the latex film surface. Our recent work (4) on the visualization of the latex film
surface by atomic force microscopy (AFM) has shown very clearly the exudation
and accumulation of these materials at the film surface during the film formation
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process. Some of the lipids are known to be natural accelerators and natural
antioxidants. They are beneficial to the final products. However, rubber proteins
may cause an allergic reaction in certain sensitized users. The actual amount of
residual proteins on the surface after leaching may be minute (non-rubbers in the
original commercial latex concentrate are ca 1.0 % (5)), and therefore difficult to
quantify as such, but their effect on the quality of the final product is significant
and cannot be easily ignored. Various leaching steps are thus essential stages in
glove manufacturing to ensure that the glove meets thé stringent standards set by
the regulatory body for medical devices. For example, the lowest acceptable
water-extractable residue proteins as determined by the current ASTM D5712
test method is limited to 50 ug/g of glove (6). Reports and excellent monographs
on the properties of these NR proteins and lipids are available (7-10). The effect
of these substances on the colloid stability of the NR latex has been reported by
us previously (2).

Apart from the presence of non-rubbers, one other difference between
synthetic and NR latex is that the particle size of the NR latex varies widely
whereas, the synthetic latex particles are more monodisperse and the particle size
is also smaller. When these water-based latexes are spread on a substrate, a latex
film is formed after the water evaporates and the particles come into contact. A
mechanically continuous homogeneous film will result via flattening of the latex
particles concurrently with inter-particle diffusion of polymer chains if the film is
at a temperature above the glass transition temperature (T,) of the latex particles
(11,12). In the case of NR, since the T, (-63.6 °C) is low, a continuous latex film
is formed which is soft and tacky. This renders NR latex films useless and
unsuitable in its native form as a barrier material in glove manufacturing. In
practice, vulcanization of the latex increases the hardness as well as the tensile
strength of the latex film. In particular, pre-vulcanization of NR latex in
combination with leaching of the film was found to result in an increase in the
modulus and tensile strength of the film (/3). This was attributed to an increase
in integration of the film following the removal of the non-rubbers from the
original latex particle surface. The AFM results on the morphology of
prevulcanized latex film surfaces lend further support to the occurrence of inter-
particle diffusion of polymer chains during gradual coalescence of the film-
forming process (/4). In addition, chemical modification by chlorination of the
film surface would increase both the surface hardness and roughness. Both of
these modifications result in reduced surface tackiness and hence better donning
of the glove. Recent results (/5) on solution chlorination of NR latex films have
confirmed that chlorination increased the hydrophilicity and reduced the surface
tackiness of the film. Chlorination was accompanied by cracking and hardening
of the film surface. Cross-linking reactions brought about by the chlorine on the
rubber molecules also contributed to a hardening of the film surface. This results
in a lowering of the adhesive force and surface friction of the latex film against
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another surface. This clearly demonstrates that chemical modification of the film
surface, or more drastically, the modification of the latex itself, to meet
performance requirements is usually required of NR latex films.

While natural rubber is well suited for the tire tread and footwear industries
in view of its high surface coefficient of friction, this property is a distinct
disadvantage for its use as sheeting, liners, and wipers. Similarly, the necessary
application requirement of a glove is good donnability where a low surface tack
and sliding friction of the glove surface is essential. This is related to the
lubricity of the film surface against another surface, in the case of gloves, the
human skin. A common method used to reduce surface friction and tack is by
the use of solid lubricant such as talc or corn starch. This solution, as employed
in powdered gloves, is at best semi-permanent, as the lubricating particles are
easily removed from the surface during service. This is deemed unsatisfactory, in
particular, for a surgeon's glove which has tight regulatory requirements.

Chemical modification of bulk rubber vulcanizates such as wiper blades and
belting to reduce surface tack using aqueous chlorination have been reported by
Noakes (/6). Results of simple friction tests on halogenated rubber sheets by
acidified hypochlorite solution were given by Roberts and Brackley (/7-19) and
Romberg (20). Basically, chlorination roughens and hardens the rubber surface,
and thus reduces the effective areas of contact between the surfaces, leading to a
decrease in frictional resistance of the rubber surface. The chlorination process is
simple but beset with poor reproducibility and accompanied by possible
deterioration in physical properties, in particular, for rubber gloves which are
thinner and more flexible compared to other rubber vulcanizates. In addition,
major concerns are health and safety hazards associated with the process. Any
improvement resulting in a safer and more environmentally-friendly production
process would be most beneficial to the glove industry. An entirely different
approach in surface friction reduction is by coating the glove surface with a low
friction polymeric material. For example, surgeon's gloves coated with a
proprietary material known as biogel are available in the market. This new
approach depends on the availability of suitable materials that can adhere well to
the latex film surface without flaking during service. Various commercial
polymeric materials of the polyurethane type are currently being investigated
also, with a view to eventually replace chlorination.

Surface chlorination studies (/6-19) on bulk rubber vulcanizates in the
literature were confined mainly to physical property changes such as the surface
coefficient of friction. The surface morphology and extent of surface
chlorination had not been fully established. Recently, a systematic study (15) of
the effect of aqueous chlorination on surface morphology and compositional
changes of thin rubber latex films confirms the simultaneous occurrence of
surface hardening and roughening. Chlorinated and oxygenated species were
found on the film surface following chemical reactions of the double bonds of
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the rubber molecules with chlorine and the hydrophilicity of the chemically-
modified surface improved after chlorination. The thickness of the chlorinated
layer on the film surface was less than 10 pm. We have now extended the
investigation to include the correlation between the extent of chlorination with
the adhesive force of the film surface as measured by AFM. It is hoped that such
information together with similar measurement on some commercial glove
samples could shed some light on the relationship between film morphology and
the performance of rubber latex gloves.

Experimental

Thin latex films (about 36 pum thick) of ammoniated latex concentrate were
prepared by dipping a newly-cleaved mica surface into the latex and the
deposited gel was allowed to dry at room temperature for at least an hour before
observation. NR latex films (0.3 mm thick) were surface chlorinated in acidified
aqueous hypochlorite solution as described previously (/5). These films were
prepared in the absence of any vulcanizing agents. Thin films prepared from
prevulcanized latex after maturation for 8 days were post-vulcanized according
to reported procedures (/4). The morphology of the latex films deposited on the
mica surface was observed in a Leica S440 scanning electron microscope (SEM)
after sputter-coating with a very thin layer of gold. Images were acquired at a
probe current of 500 pA and voltage of 10 kV. Commercially-available
powdered and chemically-treated NR latex gloves were used as received. A
small test piece of the cut glove was held unstretched with the donning side
facing upward on the AFM sample holder by double-sided tape. For comparison,
latex films of polystyrene (PS) and poly(methyl methacrylate) latexes (PMMA)
were also investigated (21).

The spring constant of a 200 um long and 36 um wide V-shaped Si;Nj4
cantilever was measured according to method developed by Cleveland et al.
(22). Atomized tungsten spheres with a wide size distribution were used as the
test masses (23). The sphere was positioned exactly near the end of the
cantilever on the same side of the integrated tip. Resonant frequencies were
measured from the split-photodiode response on a Nanoscope III AFM (Digital
Instruments). The size of the attached sphere was determined using the SEM.

Force-distance measurements were performed in ambient air (~ 28 °C) using
a scanning probe microscope (Nanoscope III Multimode AFM, Digital
Instruments). A single SizN, cantilever was used to acquire the force-distance
curves of all the samples within a given series to ensure that the spring constant
and tip radius are the same between samples. On the average, about 50 force-
distance curves acquired at different locations over a 5 im x 5 m scan area on
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the sample surface were recorded and the average pull-off force for the polymer
determined.

Results and Discussion

Since its development in the 1980s (24), AFM has seen tremendous
expansion and extension of its operation to cover diverse areas of applications.
Perhaps the most notable extension of AFM capabilities so far is the realization
that lateral forces between the AFM probe and the sample could be measured
too. Thus, in addition to topographical imaging, the scanning force microscope
(SFM) can measure the very small force between the probe and the sample
surface to provide unique localized chemical and nanomechanical information
about the sample surface. Using the force-distance curve, the surface force,
adhesion, friction and elasticity could be measured directly which are dependent
on the probe, contact surface and the surrounding medium (25). Microscopic
adhesion and friction affect a wide variety of surface phenomena and the SFM
offers a new tool to study these important parameters. This technique is
particularly suited for polymer systems because of its ability to characterize the
surface structure, morphology, and surface properties from nano to millimeter
scales. For example, the adhesive forces between a series of polymer film
surfaces and chemically well-defined SFM probe tips have been investigated and
found to depend strongly on the chemical nature of both probe and sample
surfaces (26). The link between surface chemical nature, friction, and adhesion
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