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INTRODUCTION

The high points of 1991 were the completion of doctoral dissertations by two
students who are listed below. This work was started under a previous grant. A
summary of the research, a list of publications and presentations, and plans for year
two comprise the remainder of this report.
DEGREES GRANTED

Ph.D. -

David M. Lange, "Emulsion Polymerization with Functional Monomers in
Continuous Reactors," School of Chemical Engineering, Georgia Institute
of Technology (1991). Dr. Lange is currently employed by Ameripol
Sympol Co. in Port Neches, Texas.

Ph.D. - Cheryl Matthews Gilmore, "Particle Nucleation and Growth in a
Polymerically Stabilized Emulsion Polymerization System," School of
Chemical Engineering, Georgia Institute of Technology (1991). Dr. Gilmore
is a part-time postdoctoral student with Prof. Schork (Ga. Tech) and a fulltime mother to two children who were born during her doctoral studies.
RESEARCH SUMMARIES
Emulsion Copolymerization with Functional Monomers: Emulsion
polymerization is a heterogeneous process with an aqueous continuous phase. The
reaction mechanisms and kinetics in a copolymerization system become more
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complicated when one monomer has significant solubility in water. Emulsion
copolymerization reactions with styrene and carboxylic acid monomers (acrylic and
methacrylic) were carried out in batch and continuous reactor systems with and
without latex seed particles. Experimental work included measurement of the
phase distributions of the various recipe ingredients as well as polymerization rates
and product characteristics — particle concentrations and size distributions.
The data were analyzed with the aid of mechanism-based reactor models -batch and continuous. The results clearly demonstrated that the acid monomers
increase the transport of free radicals out of the monomer-swollen polymer particles
which are the major sites for the polymerization reactions. The responsible
mechanisms are chain transfer to the hydrophilic acid monomer followed by
diffusion of the monomer radical into the continuous aqueous phase. In seeded
systems this results in a reduction in polymerization rate because of a decrease in
the average number of free radicals in the polymer particles. Polymerization rates
often increase in unseeded systems because the acid monomers help to stabilize
more particles.
The results of this work include a range of experimental data, tuned reactor
models and fundamental parameters related to phase thermodynamics and reaction
mechanisms. Additional work is being focused on the nature of the copolymer
molecules which are partially formed in each of the two phases.
Poly(Vinyl Alcohol)-Stabilized Emulsion Polymerization of Vinyl Acetate:

Emulsion polymerization reactions with polymeric stabilizers are commercially
important (e.g., PVOH-stabilized VAc systems) but not nearly as well understood as
the more common systems which utilize anionic surfactants. First, stabilization
with polymers is more complex. Second, chain transfer reactions involving the
stabilizing polymer molecules can generate a complex molecular mix.
The major focus of this work was to model the PVOH (actually partially
hydrolyzed PVAc 88% hydrolyzed to OH)-stabilized emulsion polymerization of
vinyl acetate -- an important commercial process. Model components included
nucleation via grafting with the dissolved PVOH as well as via propagation
reactions in the aqueous phase (homogeneous nucleation). Flocculation and
particle growth components were also included.
The model parameters were tuned with new experimental data and literature
results. The major conclusion was that grafting to the PVOH is not a major particle
nucleation mechanism as is commonly believed. Most grafting of PVAc onto
PVOH occurs after the particles are formed and the PVOH is associated with the
surfaces of these particles.
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PAPERS AND PRESENTATIONS
Published (Attached):

"Kinetics of Emulsion Copolymerization with Acrylic Acids," G.L. Shod and G.W.
Poehlein, J. Appl. Polym. Sci., 42:5, 1213-1238 (1991).
"Solution and Emulsion Polymerization with Partially Neutralized Methacrylic
Acid," G.L. Shoaf and G.W. Poehlein, I. Appl. Polym. Sci., 42:5, 1239-1258 (1991).
"Kinetic Analysis of Seeded Emulsion Polymerization of Vinyl Acetate," D.M.
Lange, G.W. Poehlein, S. Hayashi, A. Komatsu and T. Hirai, J. Polym. Sci„ Part A,
Poly. Chem., a 785-792 (1991).
"Emulsion Polymerization and Latex Technology: Past Achievements and Future
Directions," G.W. Poehlein, Chapter One, 5(3) (Sept 1991). — Chapter One is an
AIChE publication with papers aimed at students. Hence, this is not a research
publication.
Accepted:

"Characterization of Styrene-Carboxylic Acid Monomer Emulsion
Copolymerization," D.M. Lange and G.W. Poehlein, Polym. Reaction Engr.
"Modeling of Styrene-Carboxylic Acid Monomer Emulsion Copolymerization in a
Series of Seed-Fed Continuous Stirred-Tank Reactors," D.M. Lange and G.W.
Poehlein, Polym. Reaction Engr.
Prepared But Not Yet Reviewed:

"Modeling Poly(Vinyl Alcohol)-Stabilized Vinyl Acetate Emulsion Polymerization
I. - Theory," C.M. Gilmore, G.W. Poehlein and F.J. Schork (1992).
"Modeling Poly(Vinyl Alcohol)-Stabilized Vinyl Acetate Emulsion Polymerization
II. - Comparison with Experiments," C.M. Gilmore, G.W. Poehlein and F.J. Schork
(1992).
Presentations:

"Emulsion Polymerization and Copolymerization in Continuous Reactor Systems,"
Preprint and invited paper, International Symposium on Polymeric Microspheres,
Fukui, Japan (October 1991).
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"Emulsion Polymerization Mechanisms and Kinetics," Short courses at Lehigh
University (June 1991) and Davos, Switzerland (Aug. 1991) and at Lord Corporation,
Cary, NC (Dec. 1991).
"Emulsion Polymerization Reaction Engineering," Short courses at Lehigh
University (June 1991) and Davos, Switzerland (Aug. 1991).
"Continuous Reactors in Emulsion Polymerization," Invited presentation at
meeting of North Carolina Chapter of ACS Polymer Division, Raleigh, NC (Dec.
1991).
RESEARCH PROGRESS AND PLANS

Present research and plans for the next year are primarily focused on
developing a better understanding of reaction details in heterogenous free-radical
polymerization systems. Emulsion and dispersion systems will be studied. Specific
areas of study include:
•

The formation of blocky copolymers in emulsion and dispersion
polymerization. Molecules formed in these systems can be
initiated in one phase and complete the growth process in a second
phase. We are interested in the nature of the blocky molecules
formed.

•

Particle growth in dispersion polymerization can occur via
reactions within the particles or by deposition of material formed
in the continuous phase. Experiments will be used in conjunction
with models to quantify particle growth phenomena.

Preliminary experiments have been carried out to study NMR spectra and
composition of polymers formed from styrene and carboxylic acid monomers in
bulk (low conversion) and emulsion polymerization. Work with mathematical
models for these copolymerization systems has also been started.
STAFF

Dr. G. W. Poehlein, Principal Investigator
Dr. Shouting Wang, Postdoctoral Fellow
Mr. Pei-Hua Yang, Ph.D. Candidate (ChE)
Mr. Syed Ahmed, Ph.D. Candidate (ChE)
Mr. Ravindra Kshirsagar, M.S. Candidate (ChE)
Additional support from Georgia Institute of Technology, Dow Chemical Co.
and GenCorp has helped to expand the NSF-funded program.
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Kinetics of Emulsion Copolymerization with Acrylic Acids
GLENN L SHOAF and GARY W. POEHLEIN*
School of Chemical Engineering, Georgia institute of Technology, Atlanta, Georgia 30332-0100

SYNOPSIS

A kinetic model is presented that describes the reaction behavior of emulsion copolymerization systems where significant polymerization occurs in both the particle and aqueous
phases. Equations for predicting aqueous-phase free-radical concentrations and aqueousphase and particle-phase reaction rates are developed. A method for estimating the radical
entry rate coefficient is also presented. The model is applied to two seeded carhoxylated
emulsion copolymerization systems, acrylic acid-styrene and methacrylic acid-styrene. Both
experimental and predicted results reveal that the reaction behavior is greatly affected by
the type of acid monomer, partition of monomer between the various phases, and locus of
polymerization. The mechanism for the acrylic acid-styrene system is more complicated
than that for the methacrylic acid-styrene system. Evidence suggests that the primary
reaction locus in the acrylic acid-styrene system shifts from the particles to the aqueous
phase after the hydrophobic monomer, styrene, has been consumed.

INTRODUCTION
Conventional emulsion polymer systems employ
monomers that are relatively water insoluble such
as styrene. The primary reaction locus is inside the
polymer particles and aqueous-phase polymerization
is usually negligible. Many industrial reaction systems, however, employ one or more monomers that
have significant water solubility. The concentration
and reaction of these monomers in the aqueous
phase may be significant, and conventional emulsion
polymerization kinetics do not apply to these systems.
Carboxylated copolymer latexes comprise an increasingly important class of industrial emulsion
polymer systems involving water-soluble monomers.
They are used widely for the production of paper
coatings, textile coatings, and adhesives. Carboxylic
acid monomers are often completely soluble in water.
However, they will still distribute to varying extents
into the organic phase depending on their relative
hydrophobicity. Significant amounts of polymerization can occur in both the particle and aqueous
phases.

* To whom correspondence should he addressed.
Journal of Applied Polymer Science, Vol. 42, 1213-1237 (1991)
CCC 0021 -8995/91 /051213 -23$04.00
© 1991 John Wiley & Sons, Inc.

Copolymerization Studies of Hydrophobic
Monomers (i.e., Styrene) with Carboxylic
Acid Monomers

Potentiometric and conductometric titration studies
of copolymer latex systems containing acid monomers copolymerized with a more hydrophobic
monomer such as styrene have been performed by
a variety of workers including Fordyce and Ham, 1
2 Ceska, 34 Sakota and Okaya, 5 Vijayendran,'Muroi,
Egusa and Makuuchi, 7 and Gasper and Tan.' Most
of these studies were aimed at determining the distribution of the acid groups between the aqueous
phase, particle surface, and particle interior and the
effects of these distributions on the rate of polymerization, particle stability, and particle generation.
The most frequently studied acid monomers copolymerized with styrene ( or other hydrophobic
monomers) are itaconic acid ( IA ), acrylic acid (AA)),
and methacrylic acid ( MAA ), listed in order of increasing hydrophobic nature. The amount of acid
found buried inside the particle core increases with
hydrophobicity of the monomer. Hydrophobic
monomers diffuse into the particle, polymerize, and
become a part of the particle core more easily than
hydrophilic monomers. Hydrophilic acid monomers
such as IA must be carried to the particle surface by
oligomeric radicals that have polymerized in the
1213
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aqueous phase.' Very little IA monomer normally becomes incorporated within the particle core. The
concentration of IA in the free aqueous phase is,
therefore, greater than MAA when equal amounts
are charged. The incorporation of AA into the particle
core is intermediate between IA and MAA.2' 9
Ceska copolymerized IA, AA, and MAA with styrene in separate reactions. Copolymerization rates
were found to increase with the presence of carboxylic monomers in the order IA < AA < MAA.''' The
rate increased as the hydrophobicity of the monomer
increased. The increase in overall reaction rate with
hydrophobicity of the acid monomer may be related
to two factors. First, the more hydrophobic acid
monomers may become incorporated earlier in the
reaction and thus stabilize a greater number of particles. Second, the more hydrophobic acid monomer
partitions to a greater extent into the particles where
the reaction rate is fastest.
Seeded reactions were utilized in this study in
order to study the kinetics of carboxylated styrene
emulsion systems without the complicated particle
nucleation phenomena. A constant particle number
was maintained by using a large concentration of
seed particles to capture oligomers before significant
secondary nucleation could occur. Small amounts of
surfactant were used to stabilize existing particles
while minimizing the chances for further particle
nucleation. Examination of reaction samples with a
transmission electron microscope revealed no signs
of secondary nucleation under the conditions used
in this study.

THEORY
Emulsion Copolymerization Kinetics
The basic initiation and propagation reactions for
copolymerization of two monomers, MA and MB, are
shown below.
Initiator decomposition
kd
I —> 2R *
Monomer initiation
k,A
R * + MA, MA* ,
h‘B
R* + MB, -4" MI,
R* + impurities

inactive product

Propagation
kpAA

MA,
* + MA,

*

M A)+1
kpAB

MA*, + MB,

*

M14 +1
kpBA

M

B+
*
MA,

*

M AJ-,1
kpBB

MB,
* + M B,

*

M B, ,,

Monomer chain transfer

MAk +

ktrAA

MA,

M Ak +

MA
*1

-AB

M Ak +

MAk

MB* I

ktrBA

MBk +

MA,

mL

MB, --)" MBk + MB,

,

+

1W/3k + M A,

kta3/3

Termination
*

ktAA

MA* + MA,
* ktAB

M B„

M A* ,

M

+

* kthB

dead polymer
dead polymer
dead polymer

j refers to the number of monomer units of either
type A or B in the oligomeric chain, whereas the A
or B refers only to the type of monomer unit at the
end of the chain.
It is unlikely that initiator radicals will be found
inside the particles since they are most likely to react
before entering a polymer particle. The chain transfer reactions are most important in the particle
phase since the formation of single monomer radicals may lead to the exit or "desorption" of radicals
from the particles. The rate of entry and exit of free
radicals significantly affects the concentration of
radicals in the particles and in the aqueous phase
and thus the rates of reaction in each phase.
Nomura et al.' developed rate equations for
emulsion copolymerization inside the polymer particles. Eqs. (1) , ( 2 ) , and ( 3 ) give the reaction rates
for monomer A, monomer B, and total monomer,
respectively.

RpA = —dMA /dt
kpAA[MALNA • kpBA[MA[pNB• (1)
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RpB

RpB = - dMB/ dt
= kPBBEMBIPNB* kpAB[MBLNA*

[A/(1 +

(2)

(kpBA[MAL kpBB[MBL)ntNp
NA

(8)

Rpm, = RpA + RpB

(3)
where

where NA * and NB* are the number of particles per
volume of water containing A and B radicals, respectively. Note that eqs. ( 1) and ( 2 ) do not include
polymerization in the aqueous phase.
Nomura et al.' used eq. ( 4 ) to express the composition of copolymer formed in the particles.
dMA _ EMA]p(rA[MAL + [MBlp)

dMB [MB]p(rB[MBip + [MAL)

(5)

They then defined an average number of respective radicals per particle.
n-A = NA./NT, n B = NB* /NT, rir =

INT

and

= ( NA* + NB* +

tin k pAA rB [MB jp
ri A kpBB

rA

(9 )

[MAL

Aqueous-Phase Free-Radical Concentration in
Emulsion Copolymerization Systems

( 4)

They also assumed that the change in concentration
of A* and B* radicals with time is slow when compared to the time scale of the complete reaction.
Hence,
kpBA[MA1NB* = kpAB[MB1 NA*

A

Emulsion copolymerization, which includes at least
one monomer with a high degree of water solubility,
probably involves a significant amount of reaction
in the aqueous phase. A kinetic model of emulsion
copolymerization for these types of systems requires
that the concentration of free radicals in the aqueous
phase be known. A useful expression for obtaining
the aqueous-phase free-radical concentration developed in collaboration with Mead' can be derived
by the following method.
Reactions affecting all aqueous-phase radical
species are listed in Table I. Corresponding rate
expressions are also shown. An expression for the
rate of change of initiator free-radical species can
be written as follows:

NI*)/NT

where N1 * is the number of particles containing an
initiator radical.
The number of initiator radicals is relatively
small, and when water-soluble initiators are used,
these radicals are not likely to enter the hydrophobic
polymer particles so that

d[I *1
= rate of formation by decomposition of -12
dt
— rate of monomer initiation
— rate of termination with other I* radicals
— rate of termination with oligomer radicals
— rate of capture by particles

n- t = nA + riB + n7 = n A + rtiB

(6 )

+ rate of desorption from particles

rti may be calculated using a procedure developed by

— rate of capture by monomer droplets

Ugelstad and Hansen 11 that involves the method of
continuous fractions.
After various algebraic manipulations, copolymerization rates can be written.

— rate of capture by micelles

Rp A

1 1 /( 1 + A)1(kpAAEMAlp + kpARIMBlp)ritNp
NA

(7)

Due to the high concentration of monomer relative to the concentration of initiator radicals, it is
unlikely that termination between two initiator
radicals will occur. The initiator free radical is very
reactive and has a short lifetime. Therefore, the third
and last four terms of the previous expression may
be neglected. The resulting expression is given by
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Table I Reactions Affecting Aqueous-Phase-Radical Species
1.
2a.

• decomposition
• monomer initiation

2b.
3.
4a.

• deactivation
• termination

4c.

I*

/2

fqA k,wiA
+

ktwiB

- k °A"

R;cp

2/. ki[1-2]

Rip = hies, [A iwt/ * 1

RIB = klB[B isvf / * 1

f )hd[12]
R 1s,11 = 2k,„1111 *12

Rdeae = 2(1 -

/

R te„„, = 2kt,IA[R;][1 *1

I-

R term = 2ktv.is[BiTl[I *]

R i*A-1A

RpAA

=

=

kpAA IR;A] [AL,

5b.

R + B„„ - kr'n > Rj+1B

5c.

11 .7B + A, - k"A

R j*+ I A

RpHA

5d.

Rig +

B,. - kPBB

Rj*+1B

RpBB = kpBB [Rig 11

6a.

• capture of init.

pi

P - kc7

/*

= kpAA1R7A1 [Blw RpAB

kpBA FR j131 lw

[B]w

k aNp [I *1

6b.

and oligomer radi-

R

P kcjA -0

Rep = kcjANpf Rj*A

6c.

cals by particles

P ► 1)13̀
p;4 - kae., i I*
p

Ra.3 = heiBNp [R;i3

7a.

• desorption of

7b.

radicals from

p

7c.

particles

p 44 _ kdesH

8a.
8b.

9a.

keleaA

oligomer radicals

+ Rig

p

RriesA = kde,A(Npfi/NA)

R

P

Rri.s = kdegii(Npri/NA)

D - k`r"

9b.

radicals by

+D-

9c.

droplets

+ 1) - kd3B

10a. • capture of
10b.

radicals by

10c.

micelles

1* +

]2
Rterm=

k "'"

/*

Rterm =

ktu"

R
• capture of

Rdesi = hdesi(Npi /NA)

R i*A

+ R IA - k'-"A -4- ();±;

• termination of

8c.

dt

R1A.

I* +I* - k `wil

*

• propagation

Rd =

-

I * + B, - kui
RIB .
/ * + impurities dead prod

4b.

5a.

d[I*]

2/
I * + A„ - kIA
/2

- kmd

Rterm2h-tvaisiRi3' j 2

P'E;i3
flu

+ - "k" PMA
Rig + Me - km `B

2 f kd[1 2 ] - 2kIA[A]w[I * ]

+ 2km [B],,,[I* - 2kt,I[Rtot] [I* ] ( 10)
A balance on the monomer radicals ( j = 1 ) is
given below.

ReDI=hN[/

PDI

i

PMB

Ram = keDANDIR:A1
R eDB = heDBND B ]
Rnici - kMCINMCI *]
RMCA = hMCANMC[Rj*A
RMCB

=

kMCBNMC[RB J

Capture by monomer droplets is usually negligible, and if the surfactant level is kept below its critical micelle concentration, micelles will not be present in the system. Applying the assumption that the
identity of a radical A* or B* is independent of chain
length gives

Ri
d[RN
dt

RtA

= rate of initiation of monomer molecules

- rate of formation of j = 2 mers

RtB

(12 )

- rate of termination with initiator radicals
- rate of termination with oligomer radicals
- rate of capture by particles
- rate of capture by drops, micelles
+ rate of desorption from particles

A u, is a term introduced by Nomura that assumes
that the probability of a radical ending with an A*
or B* unit is independent of chain length, and that
the rate of change in the proportion of the radicals
is small over the course of the reaction period. A i,
is defined by
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A—
w

[lit]

[itiA ]

=

h AA rs
RpBB

[B]w

r A [A].

(13 )

d[Ri I
dt

[Rn

(kpAB + AwkpBB)[B]wi

The rate expression for the monomer radicals can
then be written by

IR

d[R1] = (km [A] + km[B]w)114
w

1 + A„,

A IL

kpl1A)

L

2-1 w HpBA

tCpAA

Aw

\I- Al

[ fit,

AwkpBB)[B]wi

kpA B

dt

L(PC'pAA +

j u,

t repAA + /-1,,RpB A

1+
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—2k,, j [Rn[I* — 2ktwiR7 I [Rd

[A ],,

]Np (18)

+ (kr,A,9 + AwkpB8) [Ind
where
—

[/* ] — 2kby[R]..][Rtot]
— k i [Ri dNp + kd„(Np rti I Ara )

(14 )

[ 10
I ,4]k c A + 1 14 1k jB
kr^

where the average constants and overall radical
concentration are given by the following expressions:
[R!A]ktwIA

[ R ktwIB

ktwl =

(15 )

[R Al [R B]

1
kat, —

(1 +

=

)2

(kp„AA + Awkwas + A,2,ktwas) (16)

k i AIRM kiB[RiB]

(17)

[RiA] RiB1

=

[1i5k = [R.N] + [R713 ]

(20)

The oligomers grow to a critical length beyond
which capture by particles is assumed to occur. This
critical length is denoted by j„. Therefore, the system of equations developed consists ofj„ equations.
The steady-state assumption must be applied in order to solve the j„ system of equations. The derivatives are all set to zero and the J. equations are
summed yielding
Jet

Next, a balance is written on the j-mer radicals
with j > 1.

(19)

+ [ 1: 03]

2 fkA/ 2 1 — 2ktud[Rtot] [Pr ] — 2 kt„,

-I

f Rf j[Rtt]

icr —1

d[Rj .]
dt

k„ [R7 + Ted„( NP li

Np

= rate of formation of j-mer

NA

i=i
[R7er-1]

— rate of formation of j + 1 mer

1 + Aw

— rate of termination with initiator radicals

L

t'pAA +

A w kpB A) [ A]w

+ (kpAB + A w kpBB )[B]„,] = 0 (21)

— rate of termination with oligomer radicals
— rate of capture by particles

One may then define k,., an average radical capture
constant, as was done by Ugelstad and Hansen.'

— rate of capture by drops, micelles
+ rate of desorption from particles

Again, capture by droplets and micelles is neglected relative to capture by seed particles. Desorption from latex particles is also unlikely if j is
much larger than 1. The resulting rate expression
is given by eq. (18). [Note that eq. (15 ) has been
extended to include radicals of length I.]

kr

j"-1 k cj,

J

1

(22)

and rewrite the expression for the average termination constant,
.1ct - 1

2k tu,

[R;* ][Rot] = 2 ktwrRtti 2
J=1

(23)
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A more simplified equation then follows:

2 fkd[I2] — 2 ktialRi"otl[I * 1

in an emulsion system. The rate expression is given
by

2 kt0Int1 2

(d[A] a,+ d[B]ag )
dt

Rpaq
— kNARt u d kdes( AINP arl )

hpAA[A*] auJAl aq + kpAB[A*].,[Blac,
1R7.--11
.
1 + Au, [(k_AA AwkpBA)[Alw
kpAB +

kpBB [B I te] =

+ kpBA [B*],[Al a, + kpBB [B*L ci [B]aq (27)
0

(24)

This equation is of the same form as that derived
by Ugelstad and Hansen' for homopolymerization.
Two additional assumptions can be made to simplify
this expression.
1. If seed is present, flocculation of oligomers
onto seed particles should be great enough
that few oligomer species can reach the critical chain length needed for homogeneous
nucleation of particles. Therefore, [ /=(*er _ 1 ]
should be very small ( especially compared to
[Rtot ] ), and the last term can be neglected.
2. If the initiator is very reactive (i.e., potassium
persulfate ), and if the concentration of
monomer ( s) in the aqueous phase is significant ( i.e., significantly water-soluble monomers such as carboxylic acids), [ /* ] should
be small, and the second term can also be
neglected.

A steady-state concentration is assumed for each
type of radical.
kpi3A[R*] aq [A], = ki,AB[A*],[B] aq

(28)

Steady state is also assumed for the total concentration of radicals, which normally leads to an
expression of the form
(29)

Rinitiation = Rtermination

However, as shown in the previous discussion involving an emulsion system, radical capture by latex
particles and radical desorption from latex particles
are important. Therefore, eq. (29 ) must be modified

to
Rinnintion = Rternnna on + Rcapture

Rdesorption

(30)

which leads to

Ri = 2kt,,([A*1.,+ [B* 1.0 2 + kgA*1.,
[B* ]aON, — k des (Np ri / NA )

(31)

These simplifications lead to
Rearranging and solving for the free radical concentration gives

2 f k d [12 ] — 2 kw[Rtot] 2
— k e Np [nt ] + kdas (Np ri I NA ) = 0 (25)

[A* J ag + [B*]„,, = [ IM]ac,
Application of the quadratic formula leads to a direct
solution for [R;Kot ].

11(kNO 2 + Sk tu,(R i + ki„(Npri /NA )) —
4 k,„,
(32)

1(kNp ) 2 + Sku,(k d„Np ri I Nu + 2 f ki[12 ])
— kN p

Solving for [B* l ag from eq. (28 ) yields
[B ,,,

(26)

Lc, — kpAn [A * lag [B iaq
kpBA A I aq

(33)

and substituting this result into eq. (32) and rearranging gives an expression for [A* ] ag :
Expression for Diffusion-Controlled AqueousPhase Copolymerization

The rationale used in the previous derivation of
[RL] can be used in deriving an expression for diffusion-controlled aqueous-phase copolymerization

[ A * l ag

11(kNp) 2 +
4k 0 (1 +

+ kdes Np ri / NA ) — kNp
hpAB[Blaq/ kpBA[A iaq)

(34 )
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Let r A = •TAA
k I kpAB and r B = kpBB /wit. Then substituting eqs. ( 33) and (34) into eq. (27) and rearranging leads to an expression for the rate of reaction
in the aqueous phase.

R PAaq =

kpAA + Akpna
[Rotlaq [A]aq
1+A
kpAB + AkpBB
1+

A

[R',,atl aq [B]aq
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( 43 )

( 44 )

Rpaq

V (kcNp )+
2 8h, (R i + kdes Np ri /NA ) — ke Np )
4k, a (r a [A] aq l kpAA + r B[B]aql kpl3B)
X (r A [A,g + 2 [A] aci [B] aq + rB [Bgq )

(
(35)

Separate expressions for each monomer can be
derived for the aqueous-phase copolymerization rate.
These expressions are more useful than eq. (35 ) for
calculating the aqueous-phase copolymer composition. The derivation begins with eq. (27 ). Again,
the steady-state assumption for the total concentration of free radicals and the assumption that the
identity of an A* or B* radical is independent of
chain length leads to
kpBA[B * Jag [ A aq = hpABI A * lagiBlaq

( 36 )

By definition,

A=

[B* l a
[ A *I

=

kpAB [13]
kpBA

q

aq

( 37)

[R tot [ aq = [A*],, + [/3*] a, ( 38 )
Algebraic manipulation of eqs. (37) and ( 38) lead
to expressions for [A* l aq and [B*

[B*laq

1

[Ri'ot hc,

(39)

A
= 1 + A [Rt'alaq

(40 )

1+A

Breaking eq. ( 27) into two parts leads to

RpA, = kpAA [A* ] a JA] ac, + kpBA[B * aci[ A]aq

(41 )

[A* l aci [B]aq + kpBB[B * ]aq [Blaq

( 42 )

Rpn, = kpAB

Rpta, = RpAp + Rpgp + RpA .q RpB,

( 45 )

where the equations for rate of reaction in the particles are given by eqs. (7 ) and (8 ).
Transport of Radicals Out of Particles
Transport of free radicals from polymer particles,
commonly referred to as radical desorption, is an
important phenomenon in emulsion polymerization.
The rate of transport of free radicals from particles
greatly affects the free-radical concentration in both
the particle and aqueous phases and thus affects the
rate of reaction in each phase. The transport of free
radicals to and from the particles was accounted for
by Smith and Ewart" in their original recursion
equation reproduced here.

[A l aq

The total aqueous-phase concentration is equivalent to the sum of each type of free-radical species.

[A*] a, =

The overall emulsion copolymerization model
then takes the form

Finally, substitution of eqs. ( 39) and (40 ) into
eqs. ( 41 ) and (42 ) and rearrangement yield reaction
rate expressions for the aqueous phase in terms of
measurable parameters where [nt ] a, is given by
eq., (26).

NJ pa / N + nkd„ + n(n — 1) / Vp ]
= N„ (pa l

+ (n + 1)kdesNo-i

+ (n + 2)(n + 1)(k/ Vp )N, 2 (46)

where N = N „, and N„ is the number of polymer
n=o
particles per unit volume of aqueous phase that contains n free radicals, pa is the overall rate of radical
absorption by the particles, V, is the particle volume,
kk, is a rate coefficient for radical desorption from
the particles, and kt is the radical termination constant in the particles.
Expressions for predicting the radical desorption
coefficient, kdes , for homopolymerization systems
have been developed by Ugelstad and co-workers, l',i','' and Nomura and co-workers. ]s 's Nomura
et al.' then developed expressions for predicting an
average radical desorption coefficient,
for an
emulsion copolymerization system. Nomura developed eq. ( 47) to predict the radical desorption coefficient for radical A and eq. ( 48) for radical B for
the case where aqueous-phase termination is neglected as is common with conventional relatively
water-insoluble monomer systems:

ki„,
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rAc,BAA[MAL
kdesA

+

CMI3A[MB1P

KoA , ,

rAll-WIAJp +

.7
.11 0A

rBCITZ BB [MBip
kdesB = KoB

NpAA

CMAB[

(47 )

EIVIB
MA 1/3

+ IC„Bri /kp BB ) + [MAL

rB([MB]p
KuA

r

I

( 48 )

is defined by
( 49 )

Kozi = 1 2D5 A 6 : 41 1ndAd p2

where dp is the particle diameter, 1),,,A is the diffusion
coefficient of monomer A radicals in the aqueous
phase, mdA is the partition coefficient for monomer
A radicals between the particle and water phases,
[MA*lp

( 50 )

=[

mdA

iv' A* Ju
MA*

and b'A is the ratio of water-side film mass-transfer
resistance to overall mass-transfer resistance for
monomer A radicals defined by

1

A

1+

S

( 51 )

/Inc/Appel

where D pA is the diffusion coefficient of monomer A
radicals in the polymer particles.
Nomura et al.' state that if aqueous-phase termination is not neglected ( as in the water-soluble
acid-styrene monomer systems), then eqs. (47) and
( 48 ) are modified to the form given by
KoA
kdesA

kd esB

rA

C TRAA[

M

± CinBALMBL

n- rA(JMAL + KAI kpA A) [MBlp

K

A

rBc,B,B[MB]p
rB([MB]p+

cTAB[M AIP

KoBI kp B,3 ) + [MAL

( 52 )

(53 )

An overall average radical desorption coefficient,
tides ( 1/s ) , is then calculated from

kdes

kd„
1+

kd es A
A -1B
A1+A

( 54 )

where A is defined by

A = kPAA

rB [MBip

hp. rA [MAL

( 55 )

An alternate form of the desorption coefficient,
k'd „ (cm 2 /s), which is volume independent, is shown
in
hides

= vp2/ 3 kdes

( 56 )

where Vp is the average swollen particle volume
( cm 3 ). The values of Ted. ( 1 /s ) calculated for the
styrene-carboxylic acid systems using the Nomura
et al." model are consistent with the trend of values
found for other similar monomer systems: styrene
0.02-0.05, 19' 12 styrene-methyl acrylate 0.06-1.4, 12
12 and styrene-car- styren-acloi0.26,
boxylic acid 0.1-2.0. The values increase with the
overall hydrophilicity of the monomer system.
Mead' has developed a model with analytical solutions for predicting the radical desorption coefficient in an emulsion copolymerization system that
accounts for nonuniform distribution of free radicals
within the particle. Chem' has developed a model
that accounts for nonuniform distribution of both
monomer free radicals and long-chain free radicals
inside the particles, but Chern's model requires numerical integration for calculation of the radical desorption coefficient. Results from Mead' and
Chern' reveal that the desorption coefficient increases as the diffusivity in the particle decreases
because the free radicals tend to concentrate more
at the particle surface than at the particle center
when diffusion is slow. Slow diffusion effects are
more likely to be prevalent with monomer systems
such as the acrylates and methacrylates where the
gel effect has been observed to be more significant
relative to a styrene or acid-styrene monomer system. The effects of nonuniform radical distributions
were not included in this work.
The gel effect was also included in the kinetic
model for the acid-styrene systems using a development presented by Sundberg et al.' However, the
gel effect was determined to be insignificant with
the recipes and conditions employed except at very
high conversions ( > 95%) . 22
Estimation of Radical Entry Rate Coefficients
The average radical entry rate coefficient k has been
estimated for styrene emulsion homopolymerization
by several workers with varying results. The mechanism for entry of radicals from the aqueous phase
into the polymer particles is complex. The entry rate
depends on particle surface effects, which may
change over time, rates of radical initiation, rates
of diffusion, as well as rates of radical transport from
the particles. The mechanism becomes even more
complex for copolymerization systems of monomers
with different hydrophobicities due to changing copolymer compositions and thus changing hydrophobicities of the oligomeric radicals.
Gilbert et al." and Feeney' determine the' parameter p (1 /s ), which is the rate of entry as Pre-
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sented in the classical Smith-Ewart approach. They
have developed a method for zero-one systems by
which they calculate values of pa and a desorption
term, k, from the slope and intercept of batch conversion-time data in the steady-state region where
+ ()di. a is shown to be 0 or -1. Given the
particle concentration for their system, values of p
may be converted to k ( cm 3aq / s) by

several orders of magnitude greater than the values
obtained from the work of Gilbert and Napper. 23
Hansen and Ugelstad 25 include a discussion in
which they rigorously develop expressions for a reversibility factor (U) and a factor that includes
electrostatic effects ( W'). This results in the
expression for ke :

h„ = 471-Da,Fr
NJ,

1000

(57)

where N, is the particle concentration in numbers
of particles/cmL. This calculation results in values
between 10 18 to 10' cm 3 /s for the styrene homopolymerization system depending on the particle
radius, initiator concentration, and number of particles.
Gilbert and Napper's approach is relatively simple
for it requires only batch conversion-time data for
a series of recipes, and it does not require separate
calculations to account for electrostatic repulsion or
other particle surface effects. However, it is not easily extended to copolymerizations with water-soluble
monomers because of assumptions needed to obtain
the slope and intercept of the overall conversiontime curve during the steady-state period. Their results also depend on the nature of the particle surface, which may be much different in an acid-styrene
system relative to a styrene homopolymerization
system since the acid is hydrophilic and tends to
concentrate at the particle surface. A particle surface
covered predominantly with carboxyl groups may
differ significantly from the surface of particles
without carboxylic acid present in the system, and
the nature of this surface may change as the copolymer composition changes throughout the course of
the reaction.
Hansen and Ugelstad 25 present a more common
approach to radical capture in terms of radical diffusion. A system involving irreversible absorption
with no electrostatic effects is modeled by

= 47rDw r

(58 )

where D a, is the diffusivity of monomer in water,
and r is the average particle radius.
Since radical desorption and surface effects do
exist in most systems, this expression represents an
overestimation of the radical capture rate. Therefore, they note that Da, must be modified to account
for these phenomena. They report a value of Da, for
styrene that leads to a k of 4 X 10 -13 ( cm 3 /s ) for
a particle with a diameter of 30-40 nm, which is

where F = UIW'.
A third approach for estimating k, for systems
with significant aqueous-phase polymerization rates
utilizes steady-state reaction data obtained either
from reactions in a continuous stirred-tank reactor
(CSTR) or from steady-state portion of the conversion-time curve obtained with most batch data.
Continuous reactions were carried out in this work
with MAA-styrene and AA-styrene systems using
a seed-fed CSTR. Steady-state conversion results
from a representative continuous run are presented
in Figure 1 for the MAA-styrene system. Steadystate batch reaction rates for styrene were also obtained from the slope of the individual conversiontime curves for styrene for both the MAA-styrene
and AA-styrene batch reaction systems at various
monomer /water ratios.
The concentrations of the monomers in the particle and aqueous phases were calculated from the
partition model using either steady-state conversion
SEEDED CONTINUOUS RUN - MAA/STYRENE

FRACTIONA L CONVERSION

k=

(59 )

❑ = OVERALL GC CONVERSION
A = MAA CONVERSION
• = STYRENE CONVERSION

0.8 -

0.6 -

A

A

A

0.4 -

0.2 TEMP = 85C
RESIDENCE TIME = 4.80 MINUTES
WT. RATIO MONOMERS MAA/STY = 40 0/ 160 G

O
0

10

20

30

40

TIME (MINUTES)
Figure 1 Steady-state conversion-time data for the reaction of MAA-styrene in a CSTR at 85°C with a residence time of 5.1 min (grams acid/grams total monomer
= 0.10).
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data from the continuous reactions or a selected
point along the steady-state portion of the batch
conversion curves. A value of ri was obtained by assuming that the rate of reaction of styrene in the
aqueous phase is negligible compared to the rate in
the particles. The steady-state rate of reaction of
each monomer can be determined from individual
monomer conversion measurements. If the reaction
of styrene is assumed to take place primarily in the
particles, ri, may be calculated directly using

Rpg NA

n=

A

(No ) ( hoBB 1 1_ A

1

(60 )

+ A )1131,
+hPAB 1

where

B [B],
A - kP" r
kpB, r A [A ]p

Y=

2k,k, P P
1V A2 k.(17,/ Va g )

ri, may then be calculated from Bessel functions as
given by

_ a I„,,(a)
n-

4 ini_ 1 (a)

-

[R, = rate of capture ( mol/L„, s )] .

= rate of formation + rate of desorption
- rate of termination

k Np [ Rtot]aq
R.

21 kd r/1 + kdes tiNp l NA

1000
+ 2ktu, [Rto,,,,] 2

( 61 )

This expression may be rewritten in terms of dimensionless variables as described by

a,

+ mil, - Y ce 2„

( 62 )

where

IX n

=

11,1V 2A(V,I Va g )

( 63 )

k tP N P
R 1 N, A (V,,1 Va g )
k t,D IV?

an

kd es (Vp1 Va g ) NA
—

Np ktp

( 64 )

( 65 )

( 67 )

where a = 1r8a, . The Bessel functions may be solved
by the method of continued fractions described by
Ugelstad and Hansen.' All parameters in eqs. (63 ) ( 66 ) are known from the reaction conditions or can
be calculated using appropriate correlations except
for the absorption coefficient, k a ( 1 /s ) , which may
be expressed as a function of the average capture
coefficient, k. (cm :Vs) by

kN

ha kdes may be estimated using equations developed by
Nomura et al.'
Ugelstad and Hansen' present a method for calculating Ft that accounts for reabsorption of radicals
into the particles and aqueous-phase termination.
A mass balance on the aqueous-phase free radicals
for a batch system is given by

( 66)

1000

( 68 )

Using the calculated value of Iz de, obtained with
the Nomura et al. model," k, may then be adjusted
until the calculated n matches the experimental
value. This procedure is useful only in the range
where the parameter Y is large ( > 100 ) since n is
not very sensitive to changes in Y, and thus k, when
Y is small. Due to the large number of particles (No )
and small particle size ( diameter 30-40 nm ) , reasonably large values of Y (^ 100-900) were obtained
under the reaction conditions employed in this work.
Both steady-state continuous reaction and batch
reaction data were investigated. However, the results
reported in this work are based primarily on data
obtained from the steady-state region of batch conversion-time curves for both MAA-styrene and AAstyrene systems since reactions in CSTRs result in
rather broad particle size distributions. Batch reactions only exhibit steady-state reaction rates over
a limited reaction period. However, the particles in
batch reactions are often monodisperse, which minimizes the effects of different particle sizes on the
average rate of capture.
The dependence of ri, on the average capture coefficient for various values of k des under the conditions
of the reactions used in this study is shown in Figures
2 and 3 for the MAA-styrene and AA-styrene systems, respectively. n increases as k, increases initially. When k continues to increase, the parameter
Y approaches zero, and further changes in k, and
thus Y, have little effect on ii. The value of n for
any given k depends also on the rate of desorption
represented by k-des -
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Figure 2 Dependence of 6 on the average capture coefficient at various values of k de , for the MAA-styrene system at an a'„ of 2.0 X 10 -5 .

The dependence of the aqueous-phase free-radical
concentration and the parameter Y on k, for each
system are shown in Figures 4, 5, and 6. The
aqueous-phase free-radical concentration, [Rtot I aq,
decreases with both k, and kdes, as expected. The
value of Y is greater for the AA-styrene system than
for the MAA-styrene system due to the higher rate
of termination of AA than MAA.

16

1

10"

10

Kdes-0.01 1/s
Kdes=0.1 1/s

Kc

lO n

fcmxx3/s1

Figure 4 Dependence of the aqueous-phase free-radical
concentration on the average capture coefficient at various
values of kdes for the MAA-styrene system at an a '„ of 2.0
X 10 -5 .

Mead' used an approach for the MA-styrene
system similar to the steady-state continuous reaction approach described earlier except he utilized
particle size distribution data instead of reaction rate
data, and he fit the parameter W defined by Ugelstad. His simulations resulted in k values ranging
between 2 X 10 17 and 2 X 10' cm / s. Analysis of
the experimental data from the studies of the MAAstyrene and AA-styrene systems as discussed previously resulted in k, values ranging between 7
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Figure 3 Dependence of n on the average capture coefficient at various values of k,„ for the AA-styrene system
at an a'„ of 1.7 X 10 -5 .
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Figure 5 Dependence of the aqueous-phase free-radical
concentration on the average capture coefficient at various
of 1.7
values of kdes for the AA-styrene system at an
X 10 5.
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LEGEND
MAA/STYRENE
RA/STYRENE
1

I

11111
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I 1111/

_
Kc
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1

1 III

101'

orro043/s

Figure 6 Dependence of dimensionless parameter Yon
the average capture coefficient at various values of k ie, for
the MAA-styrene ( or'„ of 2.0 X 10 -5 ) and AA-styrene systems (a',, of 1.7 X 10 -5 ).

X 10' and 7 X 10' cm 3 /s. A summary of the
reported values for the various systems is shown in
Table II.
It is apparent that there is a great deal of discrepancy in the values of k reported. Values of he
obtained for the acid-styrene systems are larger than
values obtained for the MA-styrene system, which
in turn are also larger than the range reported by
Gilbert and Napper 23 and Feeney' for the styrene
homopolymerization system. It is unclear why the
capture rate constant tends to increase when a more
hydrophilic monomer is added to the system. However, one factor that may contribute to the increased
capture rates is that the propagation constants also
increase in the same order as the hydrophilicity for
these monomers ( styrene < MA < MAA < AA) . A
faster propagation reaction would increase the rate
of growth of an oligomer radical to the critical chain
length at which capture is most likely to occur. Evidence of this phenomenon is obtained from results
reported by Hawkett et al.' where they show qualitatively that the capture efficiency for more watersoluble monomers ( methyl methacrylate, vinyl acetate, vinyl chloride, and acrylonitrile) is higher than
that for styrene due to their faster rates of propagation to reach the critical chain length required for
capture to occur. An opposing factor to increased
rate of capture is the fact that a more hydrophilic
monomer will require a greater critical chain length
before it becomes "hydrophobic" enough to make
capture likely. However, the results from these acidstyrene studies as well as the MA-styrene system
imply that the effect of an increased rate of propagation to the critical chain length needed for capture

is greater than the effect of having to grow to a longer
chain length before becoming hydrophobic enough
to be captured when compared to results from the
styrene studies ( with the exception for the value of
k obtained for styrene based on Hansen and Ugelstad's" results ).
An additional factor that may have large effects
on the rate of capture is the nature of the particle
surface. Both steric and electrostatic effects play an
important role in determining how easily an oligomer radical will penetrate through the surface of the
particle. Therefore, addition of other components
that may contribute to surface effects such as surfactant or initiator should be considered before applying reported values for capture coefficients to a
particular reaction system. In addition, the character
of the surface may change over the reaction period
in copolymerization systems, especially when
monomers such as itaconic acid, AA or MAA are
utilized. These monomers tend to concentrate at the
particle surface due to their hydrophilic nature.
Therefore, a styrene seed particle with a hydrophobic surface may eventually become coated by the
hydrophilic monomer as the reaction proceeds. This
coating may significantly change the character of
the particle surface, which in turn may affect the
rate at which oligomeric radicals diffuse from the
aqueous phase to the particle interior.
The estimates of k, reported in this work for the
MAA-styrene and AA-styrene systems were obtained with a relatively simple experimental approach. This approach may be applied to many
similar monomer systems in order to obtain orderof-magnitude estimates for the average capture coefficients under a given set of reaction conditions. The
resulting values, however, depend on the accuracy
of the experimental data as well as the accuracy of
the parameters utilized in the copolymerization rate
equations for calculating ri and k d, , and they do not
reflect potential effects from the changing nature of
the particle surface throughout the reaction period.
Therefore, more rigorous approaches for determin-

Table II Reported Values of Capture Coefficients
for Several Monomer Systems
Source

System

kc (cm3/s)

23
12
This work

Styrene
MA-styrene
MAA-styrene
AA-styrene
Styrene

10 -m-10 -16
2 X 10 - ' 7--2 X 10 -15
7 X 10 Th-7 X 10-n

25

3 X 10-13

COPOLYMERIZATION WITH ACRYLIC ACIDS

ing k for copolymer systems with water-soluble
monomers are needed.
Nevertheless, the general approach used in this
study appears to give reasonable estimates for k.
The average values obtained for the acid-styrene
systems correspond to the trend of increasing k. with
increasing propagation rate ( and increasing hydrophilicity ) exhibited by other monomer systems, and
when used in the batch copolymerization model,
these same values result in the best fits of the experimental batch copolymerization data. Values of
i in the range reported by Mead' and Gilbert and
Napper 23 are too small to provide reasonable fits of
conversion-time data for the MAA-styrene and AAstyrene systems, unless unreasonably low values for
kde, are used in the copolymerization model.

EXPERIMENTAL
Acrylic acid, methacrylic acid, and styrene monomer
( all > 90% pure) were used as received. Potassium
persulfate and sodium dodecyl sulfate were also used
as received. Carboxylated styrene seed particles ( 28
nm diameter) were supplied by Dow Chemical,
Midland, Michigan. High-purity nitrogen ( > 99% )
was employed.
All of the batch reactions utilized monomers that
contained a small amount of inhibitor added by the
manufacturer to prevent polymerization during
shipping. Removal of inhibitor is unnecessary for
most batch runs since the only effect in most cases
is the occurrence of an induction period at the beginning of the reaction during which the inhibitor
is consumed. The reaction then proceeds in normal
fashion. (Due to the low levels of inhibitor in the
monomers and the high reaction temperatures, no
induction period was observed for the reactions performed in this study.) This assumption was checked
by performing a MAA-styrene run using "cleaned"
monomers and comparing the results to runs made
with "uncleaned" monomers. Styrene was cleaned

for this run by washing with 5.0 wt % KOH solution
followed by filtration through an alumina packing,
and the MAA was distilled under vacuum. No difference was observed in the conversion-time behaviors.
The standard recipe for each of the seeded emulsion copolymerization reactions is given in Table III.
All emulsion polymerization reactions were run
at 85°C in a nitrogen-purged, agitated, 1.0-L glass
vessel similar to the reactor used for the solution
polymerizations. The following procedure was used
for each run. Carboxylated, styrene seed latex was
mixed for 24-48 h with an anionic-cationic ion exchange resin ( Bio-Rex MSZ 501 ) in order to remove
excess surfactant. The amount of surfactant removed from the seed was determined gravimetrically. Deionized water, "cleaned" seed, and SDS ( an
amount combined with the SDS remaining in the
seed latex to give a concentration of 4.0 mmol / L ug )
was added to the reactor. Nitrogen was bubbled into
the reactor and heating was begun by pumping hot
water through an internal stainless-steel coil. When
the reactor temperature reached approximately
85°C, styrene was slowly added through a dropping
funnel. The acid monomer was then slowly added
in the same manner. Fast addition of either monomer would tend to "shock" the seed, resulting in
coagulation. The nitrogen purge line was pulled to
the top level of the emulsion after the monomer addition to prevent polymer from coagulating at the
interface of the nitrogen bubbles.
Samples of 20-25 mL were extracted with a syringe, immediately injected into a chilled hydroquinone solution, and immersed in an ice bath to
quench the reaction. The overall conversion was
measured gravimetrically by drying about 5 g of each
sample overnight in an oven and performing a mass
balance on the dried solids.
Individual monomer conversions were obtained
by gas chromatography ( GC ) using a Varian 3300
with a 12-ft stainless-steel column packed with Gas

Table III Standard Recipe for Carboxylated
Emulsion Batch Copolymerizations
K2S208
Sodium dodecyl sulfate (SDS)
Seed (particle diameter — 28 nm)
Monomer
Acid-styrene ratios
DI water

1225

5.0 mmol/Laq
q 4.0mol/L„
(CMC = 9.0 mmol/L aq )
— 30 g of solid polymer
— 4.0 X 10 18 particles/L,„,
200 g total
0/200, 20/180, 40/160, 70/130
Balance to give 1000 g total reaction mass

1226 SHOAF AND POEHLEIN

RESULTS AND DISCUSSION
Seeded Styrene Homopolymerization

Seeded reactions with styrene alone were initially
performed at 85°C using the standard recipe shown
in Table II. Unseeded homopolymerization reactions
of styrene often require several hours to reach high
conversion. However, the use of seed particles can
cause the reaction to occur much more quickly as
observed with the experimental conversion data
shown in Figure 7. The primary reason for using
seeded reactions was to avoid particle nucleation so
that the study could be more easily focused on the
reaction kinetics.
The seeded styrene homopolymerization was
modeled with the basic emulsion polymerization reaction rate equation.

RP = k,,[m],6

NP
NA

( 69 )

A k„ value of 900 L / mol s was used for the propagation constant for styrene at 85°C. 27 This value
was determined from an Arrhenius-type plot based
on experimental h values for styrene obtained over
a large range of temperatures by a variety of different
workers. The amount of swelling of the particles was
based on work with styrene polymerization systems
performed by Jannson.' Results of this work sug-

z-- ri
FRACTIONAL CONVERSION

Chrom 254, 80-100 mesh packing. ( The packed column was supplied by Alltech Associates in Deerfield,
Illinois.) The column was operated at 220°C, and
an internal standard was used in each sample.
Seeded continuous reactions were run in a 0.25L glass, jacketed continuous stirred-tank reactor
( CSTR ) . "Cleaned" monomers were used for all
continuous runs. Monomer, water, and cleaned seed
were preemulsified, purged with nitrogen, held in a
glass vessel with constant stirring. Potassium persulfate was dissolved in water, purged, and stored
in a second glass vessel. The mixtures were pumped
separately into the CSTR using calibrated peristaltic
pumps. The CSTR was heated by a hot water-ethylene glycol mixture that was pumped through the
external jacket. A thermocouple, digital temperature
controller, and water-ethylene glycol bath as already
described were utilized to maintain a constant reaction temperature. Samples were collected from the
overflow of the reactor at various time intervals and
the conversion was measured using both GC and
gravimetric analysis.
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Figure 7 Experimental and predicted conversion-time
data for a seeded emulsion homopolymerization of styrene.

gested that the volume ratio of monomer to polymer
in the particles should be 1.5 during interval II
based on the average particle sizes. Interval III was
assumed to begin when the total volume of monomer
in the system became less than 1.5 times the volume
of polymer. All of the styrene was then assumed to
be inside the particles. The average number of radicals per particle, 6, was varied from 0.1 to 0.4. A
value of ri of 0.30 gives the best overall fit to the
experimental data as revealed in Figure 7. However,
ri will vary with conversion. Therefore, in the emulsion copolymerization model ri is calculated separately throughout the conversion period using the
method developed by Ugelstad and Hansen 11 referred to earlier.
Seeded Emulsion Copolymerization of MAAStyrene and AA-Styrene Systems

Batch seeded emulsion copolymerization reactions
of MAA-styrene and AA-styrene were run at 85°C
using the standard recipe given in Table III. Conversion-time measurements were made using gas
chromatography and gravimetric analyses. Three
weight ratios of acid/styrene were used: 20/180, 40/
160, and 70 / 130. Conversion-time results for the
40 / 160 acid/ styrene weight ratios along with the
model predictions are shown in Figures 8 and 9 for
the MAA-styrene and AA-styrene systems, respectively.
The reactions with the acids are rapid, with nearly
complete conversion attained in about 10-20 min.
However, these reactions are somewhat slower than

FRACTIONALCONVERSION
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1. The reaction system is seeded and the particle
number remains constant. Any new particles
formed due to homogeneous nucleation flocculate onto preexisting particles due to the
4.0 X 10 18
large particle concentration (
a, ) in the system.
particles/L
2. All aqueous-phase polymer flocculates onto
the polymer particles. Because a relatively
small amount of overall polymer is formed in
the aqueous phase, this assumption has little
effect on the predicted conversion-time behavior. Calculations based on the assumption
that all of the aqueous-phase polymer remains in the aqueous phase gives almost
identical results.
3. The average number of radicals per particle,
Ft, was calculated from a relation developed
by Ugelstad and Hansen 11 as discussed in the
previous section.
4. The average radical capture constant, he , was
determined from separate batch and continuous reaction studies and was assumed constant throughout the reaction period.
5. The desorption constant, k des , varied with
monomer concentrations in the aqueous and
particle phases, and it was calculated using a
model proposed by Nomura et al. 1° as modified to account for aqueous-phase polymerization.
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Model Assumptions for Seeded Batch
Copolymerizations of MAA-Styrene and
AA-Styrene Emulsion Systems

Simulations of seeded batch emulsion copolymerizations of MAA-styrene and AA-styrene systems
were conducted with the model equations developed
in the previous sections. Assumptions and conditions used in the model are as follows.

FRACTIONAL CONVERSION

Figure 8 Comparison of predicted and experimental
conversion-time data for the seeded batch emulsion copolymerization of MAA-styrene at a weight ratio of 40 g
MAA /160 g styrene using a variable value of kdes.

the homopolymerization of styrene under the same
reaction conditions and particle concentrations.
MAA reacts more quickly than does AA despite the
fact that its propagation constant is less than that
of AA. One reason for the faster rate with MAA is
attributed to the fact that it is more hydrophobic
than AA so that it distributes to a greater extent
inside the particles where the monomer and freeradical concentrations are generally higher. MAA
conversion becomes high at about the same time as
styrene. However, for the same ratios of acid-styrene, the AA conversion significantly lags that of
styrene. A substantial portion of AA does not react
until most of the styrene monomer has been depleted. The primary reaction locus in the AA-styrene reaction may actually shift from the particles
to the aqueous phase after the styrene has been depleted from the system. Additional experiments designed for more thorough investigation of the reaction mechanism for the AA-styrene system will
be discussed later.
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Experimental (points) and predicted (line)
conversion-time data for the AA /styrene (40/160 g)
seeded emulsion copolymerization system at 85°C. The
model assumes that reaction occurs in both the particle
and aqueous phases throughout the conversion period (i.e.,
no interval IV).
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6. Values for diffusivities in water of each
monomer were calculated using the WilkeChang correlation.' Values for the diffusivities in the polymer particles were assumed
to be approximately 0.1 times the diffusivity
in water.""
7. Values of chain transfer constants in the
range reported for methyl acrylate ( 0.01
X 10' to 0.4 X 10 -4 , 27 ) were used for MAA
and AA. Values for chain transfer constants
( cr,„„) for the MAA and AA are not available
in the literature. However, the structure of
MAA and AA are similar to that of methyl
acrylate ( MA ) as shown in Figure 10. Therefore, values for chain transfer constants used
in the model for MAA and AA were chosen
within the range reported for MA in the literature. Values used in the model for styrene
were, likewise, restricted to the range reported
for styrene in the literature ( 0.5 X 10 -4 to 1.8
X 10 -4 ).27
8. Values for cross-chain transfer constants
were assumed to be 0.1 times the chain transfer •constants for each monomer ( i.e., cmith
= 1 /10 c tn. and c”,„ = 1 /10 crnA , ). Values of
cross-chain transfer constants ( c m.„ ) are also
not available in the literature. Since the difference in hydrophobicity between styrene
and MAA or AA is so large, these monomers
are not likely to associate with each other as
much as with "like" monomer molecules. The
cross-chain transfer between the acid-styrene
molecules is probably much lower than between acid-acid or styrene-styrene molecules. The model results were not very sensitive to the selection of cm . Therefore, this
assumption is not very critical.

CHEMICAL STRUCTURES
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Chemical structure of AA, MAA, and MA

9. The concentration of styrene monomer in the
aqueous phase was based on values reported
by Brown and Taylor' that were dependent
on the concentration of acid in the aqueous
phase. ( Due to the low concentration of styrene in the aqueous phase and its subsequent
small effect on the mass balances in the partition model, it was difficult to obtain accurate
predictions of the aqueous-phase concentration of styrene from the partition model.
Therefore, more accurate values obtained
from the literature were used in the simulations in order to obtain accurate predictions
of desorption constants without significantly
affecting the overall mass balances calculated
by the partition model ) .
Partition of the monomers between the aqueous,
particle, and droplet phases is predicted through a
combination of mass balances and thermodynamic
free-energy relations that depend on the volume of
each phase, the volume of monomer, and interaction
between the monomers, polymer particles, monomer
droplets, and aqueous phase. Interaction parameters
employed in the thermodynamic equations were obtained from separate independent experiments. Details of these monomer partition calculations are
presented by Shoaf 22 and Shoaf and Poehlein. 36
Values for the various parameters used in the kinetic model are listed in Table IV.
The chain transfer constant, c m,,, used for AA
was smaller than that used for MAA ( 4 ). The chain
transfer constant is defined by eq. ( 70 ) , which relates the rate of chain transfer to the rate of propagation for a given monomer:
CMS = ktr

( 70)

Litt" suggests that radical transfer for the vinyl
acetate monomer is to the vinyl group, and Mead,"
by analogy, states that the vinyl group of MA may
also provide a stable site for chain transfer. Except
for the carboxyl group, the structures of MAA and
AA are similar to MA, which again suggests that
the most likely site for chain transfer is the vinyl
group. However, the extra methyl group on the vinyl
carbon with MAA helps to stabilize a free radical
more than the hydrogen atom on the AA molecule.
Therefore, MAA is more likely to release a hydrogen
and stabilize the resulting radical species than AA,
which maintains a stronger hold on the vinyl hydrogens. This fact suggests that k tr should be greater
for MAA than for AA. In addition, the propagation
constant, hp , is significantly greater for AA than for
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Table IV Values for Parameters Used in Seeded Emulsion Copolymerization Simulation (T = 85°C)
Source

Monomer

Value

rB

MAA
AA
Styrene
MAA
AA
Styrene
MAA
Styrene
AA
Styrene

15,900
76,900
900
0.1 X 108
1.0 X 108
2.5 X 108
0.55
0.25
0.1
0.9

CmM

MAA

c,,AA

AA

CmBB

Styrene

k (cm3 /s)

MAA/Sty
AA/Sty
3.0 X 10 18

Parameter
k.,, (L/mol s)

k (L/mol s)
ktv, = ktp = kt
rA
rB
rA

/V„ (part/Lreactor)

MAA. These results suggest that the chain transfer
constant, cmAA , should be smaller for AA than for
MAA. Results of the model simulations revealed that
better fits of the experimental data were obtained
when the value of cn,„ for AA was smaller than that
for MAA. Therefore, the values used in the model
were selected within the range reported for methyl
acrylate, but a somewhat lower value was used for
AA than for MAA ( Table IV) .

Experiment, 29
Experiment, 29
27
30, 31
30, 31
27
32, 33
32, 33
32, 33
32, 33

0.25 X 10 - '

27

0.25 X 10'

27

0.5-1.0 X 10

27

2.0 X 10 14
7.0 X 10 -14
4.0 X 10 78 (part/L aq)

This work
This work

shown in Figure 13. Prediction of other important
parameters such as n, li cies RTOT particle diameter,
and copolymer compositions are discussed in detail
by Shoaf. 22
AA-Styrene: Conversion Profiles
and Reaction Rates

Typical model results for the AA-styrene system
are presented in Figure 9. A reasonable fit of the
40 /160 experimental data is obtained until the sty-

The overall model for the MAA-styrene system is
shown to predict the experimental data quite well
for a range of monomer concentrations using no adjustable parameters as shown in Figures 8, 11, and
12 for the 20 /180, 40/160, and 70/130 MAA / styrene ratios, respectively. Good fits of the conversiontime behavior for both MAA and styrene are obtained over the full range of conversion. Typical
model predictions of the rates of reaction of styrene
in the particle phase and MAA in both particle and
aqueous phases for the 40 /160 recipe are shown in
Figure 13. The aqueous-phase polymerization rate
of MAA is less than the polymer-phase polymerization rate by more than an order of magnitude for all
three monomer ratios. However, it is still significant,
especially when considering the effects that small
amounts of acids have on product properties. The
aqueous-phase polymerization rate of styrene is
several orders of magnitude less than the aqueousphase polymerization rate of MAA, and it is not

FRACTIONALCONVERSION

MAA-Styrene: Conversion Profiles
and Reaction Rates

0.6 —

0.6 —

0.4 —

0.2 —
20 p 1..../18 0 p STYRENE
PTS,EXPER; UNESWODEL

0B
0

2

10

TIME (MINUTES)
Figure 11

Comparison of predicted and experimental
conversion-time data for the seeded batch emulsion copolymerization of MAA/styrene at a weight ratio of 20 g
MAA/180 g styrene using a variable value of kd,„
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Figure 12 Comparison of predicted and experimental
conversion-time data for the seeded batch emulsion copolymerization of MAA/styrene at a weight ratio of 70 g
MAA/ 130 g styrene using a variable value of kdes •

rene disappears. The model at this point overestimates the reaction rate of AA. The model predicts
that the AA reaction in the particles accelerates once
the styrene is depleted due primarily to the large
propagation constant of the AA radicals with AA
monomer ( 76,900 L /mol s) relative to the crosspropagation constant for styrene radicals with AA
monomer ( k PBA
1000 L /mol s). The experimental
reaction rate of AA does not accelerate after styrene
has reached high conversions.
AA is very hydrophilic and does not partition to
a large extent into the particles. The slow reaction
rate of AA relative to the model predictions observed
after styrene has been depleted is more representative of the reaction rate expected in the aqueous
phase where the monomer and free-radical concentrations are usually lower than in the particles. Determining the primary reaction locus during this
phase of the reaction may be important for understanding the mechanism for the seeded AA-styrene
reaction, especially after the styrene has been consumed.
Interval IV in Emulsion Copolymerization
The reaction locus in most conventional emulsion
systems is almost exclusively inside the polymer
particles. Systems that contain both a hydrophobic
and a hydrophilic monomer may exhibit reaction in
both the aqueous and particle phases. ( Some reaction may also occur in the monomer droplets. How-

ever, due to the small number of droplets relative
to the number of polymer particles, reaction in the
droplet phase is usually negligible, except in miniemulsions.) Kawaguchi' showed that with the styrene-acrylamide system, the reaction locus actually
started in the aqueous phase ( where almost 99% of
the acrylamide was located) , moved to the polymer
particles as styrene became incorporated into the
oligomeric radicals, then moved back into the
aqueous phase after the styrene was depleted.
The AA-styrene system is very similar to the
acrylamide-styrene system except that a larger
amount of AA partitions into the particles than does
acrylamide. The reaction locus in the AA-styrene
system is probably located in both the aqueous and
particle phases initially, but there is evidence to
suggest that the locus shifts back into the aqueous
phase after the styrene is depleted. The seeded copolymerization model predicts the styrene conversion fairly well to high conversions as shown in Figure 9. However, the model predictions for AA conversion diverge from the experimental values after
the styrene has been depleted. This result suggests
that the reaction locus may shift back into the
aqueous phase once the concentration of styrene in
the system becomes very low.
If the aqueous phase is not saturated with styrene
monomer, the oligomers would be very hydrophilic
and thus unlikely to diffuse into the polymer particles. Also since polyAA tends to build up on the
surface of the particles based on numerous titration
studies reported in the literature,''''' the particles
may possess a coating of hydrophilic polyAA that

0.01,
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Figure 13 Predicted reaction rates of MAA and styrene
as a function of time for an acid/styrene ratio of 40/160.

would tend to trap hydrophilic oligomer radicals,
thus preventing their penetration into the polymer
particles. The reaction would then occur exclusively
in the aqueous phase. The point near the end of the
reaction where the reaction locus shifts to the
aqueous phase will be referred to as interval IV. Figure 14 provides a physical description of the system
during interval IV.
One assumption made in the preceding analysis
is that reaction of AA in the particles should be faster
than reaction of AA in the aqueous phase. To test
this assumption, styrene was removed from the system and a seeded homopolymerization of AA was
conducted using the same initiator and initial
monomer concentrations as used in a previous unseeded solution polymerization of AA. The resulting
data was modeled assuming ( i ) only aqueous-phase
polymerization and (ii) both aqueous-phase and
particle-phase polymerization. A reasonable fit of
the data was obtained for case ( i ) with feff set to 0.35
as shown in Figure 15. ( The model for this case was
analogous to an emulsion homopolymerization
model. It included effects of monomer partitioning,
radical capture, and desorption by the particles.
Thus it was not limited to the simple solution
polymerization case.) When particle-phase poly-
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Figure 15 Model simulation of seeded homopolymerization of AA assuming only aqueous-phase polymerization. Particle number = 4 X 10 18 /L„,, feti = 0.35.
merization was also included in the model, the predicted reaction rate was much greater than that observed unless the average number of radicals per
particle was set to very low values, less then 0.0005.
( See Fig. 16.) Therefore, if significant AA reactions
were taking place in the particle phase, the model
predicts that the reaction rate would be much higher
than the rate observed.
When the seeded homopolymerization data for
AA was plotted along with the unseeded homo-
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Figure 14 Emulsion copolymerization system during
interval IV (P = polymer; M = monomer; R = free radical).
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Figure 16 Model simulation of seeded homopolymerization of AA assuming both aqueous-phase and particlephase reactions (particle number = 4 X 10 15 /Log , feff
Ft = 0.0005).
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Figure 18 Styrene concentration for a hatch and
semibatch AA/styrene ( 40 /160 g) seeded copolymerization. Thirty-five percent of the total styrene was fed continuously over a 17-min period starting at 6 min.

this reaction inevitably takes place inside the particles along with the AA monomer. However, the
AA reaction rate does not show an increase.
A closer look at the reaction rate equations reveals
that the presence of a significant amount of styrene
in the particles may prevent the AA reaction rate
from rising as expected in the semibatch case. This
result can be obtained by calculating parameter A ,

CONC (MOL E/L reac)

FRACTIONAL C ONVERSION

polymerization data ( Fig. 17 ), the curves were almost identical. This result suggests that without the
presence of styrene, the AA oligomer radicals do not
penetrate the particles and initiate reaction in the
particle phase.
A semibatch run of AA—styrene was performed
to further test this conclusion. The precept was that
if part of the styrene is fed to the reactor later in
the reaction period, the styrene should help pull the
oligomer radicals into the particles and thus increase
the polymerization rate of AA relative to the case
where essentially all of the styrene in the system
has been depleted. Thirty-five percent of the styrene
was fed over a 17-min period starting at 6 min into
the reaction. All of the AA was added at the beginning of the reaction. Figure 18 shows the styrene
concentration profiles for the batch and semibatch
runs. The data show that a significant concentration
of styrene was present in the reactor over the continuous addition period as desired. The AA concentration profiles, however, for both the batch and
semibatch runs were almost identical as revealed in
Figure 19. ( Monomer concentrations were based on
the final volume of the reaction contents for these
runs.) The AA did not tend to react faster at higher
conversions when in the presence of styrene as first
expected.
The initial conclusion is that the styrene was unable to pull the radicals into the particles where both
AA and styrene should react. However, since the
styrene concentration does not build up during the
continuous feed period, it must have reacted, and
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Figure 17 Comparison of conversion-time data for the
homopolymerization of AA in a seeded and unseeded reaction system.

10

15

20

25

30

TIME (MIN)
Figure 19 AA concentration for a batch and semibatch
AA / styrene (40 /160 g) seeded copolymerization. Thirtyfive percent of the total styrene was fed continuously over
a 17-min period starting at 6 min.
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which accounts for the relative reactivities of the
two monomers. This parameter, A, is represented
by the following expression:

1

A=

k

rB [MB]

( 71 )

PAA

hp„ r A [MA]

RACP (MOLE/Lp MIN)

where r 1 and r2 are the reactivity ratios of the acid
and styrene, respectively, km, is the propagation
constant for monomer i, and [M,] is the concentration of monomer i. The rate of reaction of AA in
the particles was calculated as a function of parameter A with the results given in Figure 20. Low values
of A were obtained only when styrene was essentially
depleted. The value of parameter A in the semibatch
run corresponding to the time of continuous styrene
feed was about 1000. Therefore, the styrene was
probably reacting with AA in the particles, but due
to the relative reactivities of the two monomers, the
AA reaction rate was not noticeably increased as
originally expected. The concentration of styrene in
the particles must be very low in order to obtain a
low value of A and a significant increase in the AA
particle phase reaction rate. However, if the concentration of styrene in the system is too low, the
oligomeric radicals may be so hydrophilic that they
tend to remain in the aqueous phase.
Another factor that may inhibit the hydrophilic
oligomers from entering the polymer particles is the
presence of a hydrophilic coating of polymer that
may surround the particles, especially after most of
the styrene has reacted. Muroi, 2 Sakota and Okaya, 5
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Figure 20 Dependence of AA reaction rate in the particles on the parameter A.
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Figure 21 Effect of type of seed particles on the polymerization rate of the AA/styrene (40/160 g) system.

Egusa and Makuuchi, 7 and others have clearly
shown that carboxyl groups concentrate on the particle surface in acid-styrene reactions, especially
when AA is used. If this hydrophilic coating were
present on the particles at the start of the reaction,
it may tend to decrease the overall reaction rate even
when high concentrations of styrene are present.
Two AA-styrene ( 40 /160 ) copolymerizations
were performed in series to test this assertion. The
initial reaction was carried to essentially complete
conversion over a 3-h period. The final product was
then used as seed for the second AA-styrene ( 40 /
160 ) copolymerization. The same reaction conditions including the same number of particles were
used in both reactions. The objective was to try to
start the second reaction with particles that had a
high degree of hydrophilic polymer already coated
onto the shell of the particles and observe whether
the overall reaction rate was subsequently decreased.
If the coating on the particles has no effect, the second reaction should be somewhat faster due to the
larger seed particle size, since a larger particle size
should lead to both a larger fi and a greater swelling
of the particles with monomer 28 and thus a greater
concentration of monomer inside the particles where
the reaction is usually highest. The overall conversion data exhibited in Figure 21 for an AA-styrene
run with normal seed particles is compared to overall
conversion data obtained with the larger "AAstyrene" seed particles.
The reaction rate for the run with the AA-styrene
seed particles is actually somewhat lower than the
run with the normal seed particles suggesting that
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the MAA monomer. Since a large fraction of the
total monomer in the 70 / 130 recipe is comprised of
AA, complexities in the AA reaction mechanism,
which are not included in the present model, may
contribute more significantly to the large disagreement in the predicted and experimental AA conversion-time results for this recipe than for the other
recipes that utilized a smaller fraction of AA.
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FRACTIONALCONVERSION

FRACTIONAL CON VERSION

the hydrophilic shell of polymer around the polymer
particles may have inhibited the diffusion of oligomer radicals into the particles even though high
concentrations of styrene were still present in the
system.
The emulsion copolymerization model was modified to account for interval IV in the AA-styrene
reaction. Once the conversion of styrene exceeded
0.999, all reaction in the particles was set to zero
and only reaction in the aqueous phase was assumed
to be significant. Partition calculations were made
on the assumption that the amount of residual styrene was negligible. Therefore, only the partition of
acid between the particle and aqueous phases was
calculated. Results from the model, shown in Figures
22, 23, and 24 for the 20 /180, 40/ 160, and 70 /130
monomer ratios, respectively, reveal that interval
IV calculations produce a much better match to the
experimental data than when particle phase reaction
of AA is included, as shown earlier for the 40 /160
monomer ratio in Figure 9. However, the efficiency
factor for radical formation had to be adjusted to
0.1 during the interval IV calculations to get the
best fit of the data for all three runs.
The predicted and experimental results for both
AA and styrene agree fairly well for the 20 /180 and
40/160 recipes. The model predicts the styrene conversion behavior fairly well for the 70/130 recipe.
However, the model underestimates the reaction rate
of AA for this acid/styrene ratio. The AA monomer
utilizes a more complex reaction mechanism than

FRACTIONAL CONVERSION
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Figure 22 Comparison of predicted and experimental
conversion behavior for a seeded, batch AA/styrene (20/
180 g) copolymerization assuming that particle-phase reaction rates are negligible during interval IV.
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Figure 24 Comparison of predicted and experimental
conversion behavior for a seeded, batch AA/styrene (70/
130 g) copolymerization assuming that particle-phase reaction rates are negligible during interval IV.
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Typical predicted rates of reaction of styrene in
the particle phase and AA in both the particle and
aqueous phases for the AA /styrene 40/160 recipe
are exhibited in Figure 25. Though the values differ,
the trends are the same for the other recipes examined in this work. There is a sharp increase in
the predicted aqueous-phase reaction rates of AA
and a sharp decrease in the predicted particle phase
reaction rates at the beginning of interval IV. This
sharp transition reflects the assumption that the reaction rates inside the particles become zero during
interval IV ( after the styrene conversion exceeds
99.9%) and that all of the reaction occurs in the
aqueous phase. The actual system probably exhibits
a much smoother transition of the primary reaction
locus from the particle to the aqueous phase. However, since parameters such as k, kdes and the
monomer partition will all be affected during this
transition, the complexity of the system makes it
extremely difficult to attempt to quantify all of these
changes. Additionally, experimental verification of
the predicted changes in each of these variables
would be very onerous. Therefore, a step transition
was implemented in the calculation when advancing
from interval III to interval IV.
The decrease in reaction rate of AA after most of
the styrene in the reactor has been depleted may be
due in part to a decrease in the hydrophobicity of
the oligomer radicals. It may also be due to the presence of a hydrophilic polymer coating, which surrounds the polymer particle and inhibits the penetration of hydrophilic oligomeric radicals into the
particle core where additional reaction could occur.
0.01 E

REACTION RATE (MOLE/L s)

AA/STYRENE c 40/160

0.0017

0.00017

0.00001-

D .= RATS OF STYRENE IN PARTICLES
L. RATE DF AA IN PARTICLES
•
RATE OF AA IN AO. PRASE

ALL POINTS ARE MODEL PREDICTIONS

Both explanations result in an overall decrease in
the rate of diffusion of oligomer radicals and monomer into the polymer particle and a shift of the primary reaction locus into the aqueous phase. The
fact that the AA reaction rate at high conversion is
much slower than that expected if AA reacted significantly in both phases supports the concept of an
interval IV in the AA styrene emulsion copolymerization system. Though the model presented in this
work represents advances in quantitatively predicting the reaction rates of a seeded AA-styrene batch
emulsion copolymerization, it is clear that this reaction system is not completely understood.

CONCLUSIONS
An overall kinetic model that includes reaction in
both particle and aqueous phases has been developed
for predicting batch copolymerization rates in seeded
acid-styrene emulsion systems. The model utilizes
thermodynamic partition equations to calculate the
concentration of monomer in the aqueous, droplet,
and particle phases. Radical capture coefficients are
estimated from experiment, and radical desorption
coefficients may be calculated using a model developed for copolymerization by Nomura et al.' The
kinetic model predicts the MAA-styrene conversiontime behavior quite well for a range of initial monomer concentrations. The model results in good predictions of the AA-styrene conversion-time behavior
until the point where the styrene is almost entirely
consumed. The predicted reaction rate of AA then
exceeds the experimental rate.
The primary reaction locus in the AA-styrene
system may shift into the aqueous phase after the
styrene has been consumed. This shift in the primary
reaction locus may be attributed to two main effects:
( i ) the increase in hydrophilicity of the oligomeric
radicals due to depletion of styrene, which decreases
the driving force for the radicals to penetrate into
the hydrophobic particle core, and (ii) the potential
barrier for penetration of these oligomeric radicals
due to a buildup of polyAA on the surface of the
polymer particles. Modification of the overall kinetic
model to account for interval IV behavior leads to
better predictions of the conversion-time behavior
for the AA-styrene system.

0.0 00001
4.1667 8.3333 12.5000 16.6667 20.8333

25

TIME (MINUTES)
Figure 25 Predicted reaction rates of AA and styrene
as a function of time for an acid/styrene ratio of 40/160.
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NOMENCLATURE

Ri

rate of initiation ( mol/L„ s)
rate of polymerization ( mol/L„ s)
sodium dodecyl sulfate ( anionic surfactant)
temperature ( °C )
time ( s)
volume (cm')
dimensionless parameter used in calculating rT,

RP
A

cmj
CMC

cip

DP

in, ( a )
[I]

j,
ha

kd
hoes

haes

hp

km,
ht

ktr

[M]

m
mdi

NA

N,
Np

parameter relating the relative reactivities
of monomer i and monomer j
chain transfer constant of oligomer i with
monomer j
critical micelle concentration ( mol/L„)
particle diameter (cm)
diffusion coefficient of monomer in water
(cm 2 /s)
diffusion coefficient of monomer in polymer (cm 2 /s)
initiator efficiency factor
Bessel function
initiator concentration (mol/L)
critical chain length for oligomers at
which capture is likely to occur
rate coefficient for absorption of radicals
by particles (1/s )
average radical capture coefficient (cm 3 /
s)
initiator decomposition rate coefficient
(1 /s )
average radical desorption coefficient (1 /
s)
volume-independent desorption coefficient (cm 2 /s)
initiation constant of monomer from initiator radicals (L / mol s )
propagation constant (L/mol s)
propagation constant of monomer i with
monomer j (L/mol s)
termination constant (I,/mol s)
average termination constant of radical i
with radical j (L/mol s )
monomer chain transfer constant (L/mol
s)
termination constant in the aqueous
phase ( L /mol s )
concentration of monomer ( mol/L)
dimensionless parameter used in calculating n
partition coefficient of monomer i between
the particle and aqueous phases
average number of free radicals per particle
Avogadro's number (6.02 X 10 23 /mol)
number of particles containing n free radicals
concentration of polymer particles (no./
Lag )

ri

R,

reactivity ratio =
hp,
rate of capture of oligomer radical by particles ( mol/L, s )

SDS

T
t

V
Y

Greek Symbols
an

dimensionless parameter used in calculating

ce'n

dimensionless parameter used in calculating

Pa

rate of absorption of radicals into particles
(1/s)
rate of generation of free radicals in the
aqueous phase ( mol/L„ s)

n
n

Pi

Subscripts
aq
A

B
I
m
p

P

T or tot

aqueous phase
monomer A ( acid)
monomer B ( styrene )
initiator
monomer
polymer or particle phase
polymer or copolymer
total
water or aqueous phase
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Solution and Emulsion Polymerization with Partially
Neutralized Methacrylic Acid
GLENN L SHOAF and GARY W. POEHLEIN*
School of Chemical Engineering, Georgia Institute of Technology, Atlanta, Georgia 30332-0100

SYNOPSIS

Polymerizations of partially neutralized methacrylic acid (MAA) were performed in both
solution and emulsion systems. Polymerizations of MAA in solution were performed at an
overall degree of neutralization ranging between 0 and 1. The rate of polymerization of the
acid is found to decrease as the degree of neutralization increases due to increased electrostatic repulsion of the dissociated acid species (anions). The degree of neutralization of
the unreacted monomer increases as the conversion increases. A kinetic model based on a
copolymerization mechanism is used to describe the reaction behavior. Partially neutralized
methacrylic acid was also polymerized with styrene in a seeded emulsion system. The
reaction rates of both the acid and styrene decrease as the overall degree of neutralization
increases. A previously developed emulsion copolymerization kinetic model is extended to
account for reaction of the anions and used to investigate the overall "terpolymerization"
of the acid, anions, and styrene.

INTRODUCTION
Carboxylic acid monomers such as methacrylic acid
( MAA) , acrylic acid ( AA ) , and itaconic acid ( IA )
are used in a large number of commercial latex
products including paper coatings, textile coatings,
and adhesives. These monomers are completely soluble in water. Therefore, even in an emulsion polymerization, they react to a significant extent in
the aqueous phase. A kinetic model to describe
emulsion copolymerization of carboxylated styrene
systems was developed by Shoaf and Poehlein.'
Formation of many of the commercial products using
these monomer systems requires strict control of
the pH of the reacting system to attain the desired
properties in the final product. Often small amounts
of base, such as sodium hydroxide, are added that
partially neutralize the acid, thus forming anionic
species. Partial neutralization of a carboxylic acid
monomer such as AA or MAA reduces the overall
reactivity of the monomer due to electrostatic effects
of the anions. The reduced reactivity of the partially
dissociated monomer has been clearly shown by
* To whom correspondence should be addressed.
Journal of Applied Polymer Science, Vol. 42, 1239 - 1257 (19911
CCC 0021-8995/91/051239-19504.00
© 1991 John Wiley & Sons, inc.

Katchalsky and Blauer, 2 Pinner,' and Kabanov
et al.'
Mechanisms for polymerization of methacrylic
acid in solution for both the unneutralized and partially neutralized cases are examined in this work.
Kinetic models are used to describe the reaction behavior of both the undissociated acid and the anion.
Effects of the degree of neutralization on the partition behavior and reaction rates are also examined
for the MAA-styrene emulsion system. A kinetic
model describing the emulsion polymerization behavior of the acid, anion, and styrene in both the
particle and aqueous phases is developed and used
to investigate the reaction mechanism for this complicated "terpolymerization" system.

THEORY
Polymerization of Carboxylic Acids
Free-radical solution polymerization of AA and
MAA has been studied by several workers including
Katchalsky and Blauer, 2 Pinner,' Blauer, 5 Galperina et al., 6 Gromov et al., 7 and Mishra and Bhadani. 8
Kinetcformasuhectin,proagation and termination constants, activation ener1239
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pies plus various effects of solvents and acid dissociation on these parameters have been determined
through these studies. A variety of initiator systems
as well as solvent species were used.
Galperina et al. 6 and Gromov et al.' studied the
effect of solvent on radical polymerization of AA,
MAA, and fluoracrylic acid. The solvents were water,
formamide, and dimethylsulphoxide (DMSO ). The
initial rates of polymerization were proportional to
the first power of the monomer concentration and
the one-half power of the initiator concentration.
The rate, therefore, could be described by the basic
kinetic equation for free-radical polymerization.

R,, = k„,(

2 f kd[I])112
2k

[M]

The rate then slowly increases to a maximum at a
pH of 11 to 12. The increase in rate between a pH
of 7 and 12 may be a result of cation binding by the
carboxylate radical, which may decrease the electrostatic repulsion with an anionic monomer. 9
Katchalsky and Blauer 2 developed general rate
expressions for the homopolymerization of carboxylic acids. They noticed that at pH > 5.5 the polymerization rate approached zero, so they assumed
that the dissociated species did not react. They proposed that the rate of reaction for a partially neutralized carboxylic acid system was proportional to
the concentration of undissociated species as given
by

(1)
-d[Mtot]

dt

kj, is the propagation constant, kt is the termination
constant, kd is the initiator decomposition constant,
f is the initiator efficiency factor, and [M] and [I]
are the monomer and initiator concentrations, respectively. Values for k, k t , and activation energies
were reported for a range of temperatures. The reactions in water were carried out at low pH (2.2 and
below) so that very little of the acid was dissociated.
The monomer concentrations ranged from about 2
to 8 wt %.
The dependence of rate on pH, as reported by
Plochocka, 9 is illustrated in Figure 1. The rate of
polymerization decreases sharply up to pH 6 to 7.
This decrease in rate is not surprising since the degree of neutralization ( and thus the concentration
of anions ) increases sharply between pH 4 and 5.

50
L0
,c 30
Cr

20
10

2
Figure 1

4

6

8

10

12

14 pH

Relative rates of polymerization vs. pH adjusted by an addition of NaOH for MAA (1) and AA (2)
at 60°C. Curve 1: Rpmin X 10 5 = 0.115 mol/L/s, [MAA]
= 0.92 mol/L, [AIBN] = 5 X 10 -4 mol/L; curve 2: Rpm; ,,
X 10 5 = 0.43 mol/L/s [AA] = 1.2 mol/L, [AIBN] = 5
X 10 -3 mol/L. (Replotted from Plochocka 9 ).

- kpn

fkd) 1/2

[i]

1/2

iMtoti (1 - a) (2)

where [M,..,] (mol/L) is the total concentration of
monomer, ki,11 is the propagation constant ( L/mol
s), kni is the termination constant ( L /mol s) , f is
the initiator efficiency factor, k d is the initiator decomposition constant, [I] is the concentration of
initiator, and a is the fraction of dissociation of the
acid monomer.
Pinner' reported that the absence of polymerization at a pH of 5.5 was probably due to inactivation
of H 202 , the initiator used by Katchalsky and Blauer
in their studies. Pinner showed that reaction occurs
at pH as high as 13 is persulfate is used despite the
ionization of the monomer. Blauer, 5 in a later article,
stated that his original assertion that ionized monomer is unable to propagate polymerization was in
error. He performed runs using AIBN as initiator
and obtained polymerization at a pH as high as 12.
Blauer 5 then asserted that the dependence of rate
of MAA polymerization on the pH suggests that both
un-ionized and ionized monomers and radicals do
copolymerize.
Thus the acid (MA ) and anion (Me) species do
polymerize, but they exhibit very different reactivities. Therefore, Pinner' proposed that the reaction
mechanism is best described by the following set of
copolymerization reactions:
Initiation

I->
I —> 2R*
R* + MA

k -A

MA *

kic

R* + Mc -4- Mc.
R* + impurities

inactive product
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Propagation

where F, is the fraction of monomer i in the copolymer being formed.
The reaction rate equation developed by Atherton
and North' is given by

kpAA
MA* + MA

-

MA*

hpCA

M. + MA

-

MA*

kpAC

MA* ± MC
kper

M. + MC
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_ (rA [MA ] 2 + 2 [MA] [Me] + re [M,] 2 )RP 2

Mc

Mc

Bp

kc2, [(rALMAllkpAA) + (re[Mc]/kpec)]
(5)

Termination
ktAA
MA* + MA*

dead polymer

MA. + MC . ktac dead polymer
dead polymer

MC . + MC.

He used the rate equation based on chemical controlled termination to predict the reaction rate.
—

d([M] A + [M]c)
dt

(rA[M]i+ 2 [M].4 [M].] + rc[M]C)RP
riS A
2 [M]i + 20rArmbAbc[M]A[M]e
m]r2
r

(3)

to, [

where PA = ktAA lk i2 AA , Sc = klcrIkp2 cc, = kw./
(ktAAktec) 1/2 = cross termination coefficient, and R,
= 2f kd [I].
The basic assumption for chemical controlled
termination is that the termination reactions are
dependent only on the nature of the end unit of the
active radical chain. However, there is a great deal
of uncertainty concerning the appropriate value for
0, which represents the relative tendency for two
different types of radical chain ends to terminate.
Atherton and North 10 later showed that many
free-radical polymerization termination reactions
are diffusion controlled, and the termination rate is
independent of the nature of the active radical chain
end. This approach utilizes a diffusion-controlled
termination constant, ktAc , which depends on the
monomer feed composition instead of using a constant 0 factor.
MA. + MA .

ktac
. + MC .MA

dead polymer

where rA and r c are the reactivity ratios of the undissociated species, and dissociated species as determined from Q and e values reported in the literature; 11 [MA ] and [Me ] are the concentrations of
undissociated and dissociated species; and k tA, is an
average termination constant.
The partially neutralized solution polymerization
of MAA with the copolymerization reaction mechanism based on diffusion-controlled termination is
the subject of the present study. The copolymerization of partially neutralized MAA, however, is
unique because the undissociated and dissociated
species are in dynamic equilibrium.
Any monomer unit along the polymer backbone
may change from MA to MB and vice versa after
polymerization. Such changes result from the equilibrium that exists between the undissociated and
dissociated carboxyl groups of the monomer and
polymer. When the monomer is combined into a
polymer chain, the carboxyl group becomes less
likely to release the H + ion and thus becomes a
somewhat weaker acid relative to the single monomer molecule. Thus, the monomer and polymer exhibit different dissociation constants, and the "average" dissociation constant for the system changes
as the relative amounts of monomer and polymer
change. The net result is that after an MA monomer
unit reacts it may be converted to an MB and then
back to an MA again due to the dynamic equilibrium
process between the substituent carboxyl groups in
the system. Therefore, the copolymer composition
cannot be predicted in the conventional sense.
This equilibrium process is further complicated
since the actual degree of neutralization of the unreacted monomer changes throughout the polymerization. This phenomenon occurs because the dissociation constant given by eq. ( 6) for the polymer
differs from that of the acid:

. + MC.MC
Ka
km-, is a function of the copolymer composition and
for the ideal case, eq. ( 4 ) may be used.

FAktAA FCktCC

(4)

. = [H1 [Ai]
[HA1]

( 6)

where [ H' ] is the concentration of hydronium ions,
[A , ] is the concentration of dissociated monomer i
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molecules, and [HA S ] is the concentration of undissociated monomer i molecules. The pKa value for
MAA and polyMAA are 4.36 and 7.0, respectively.'
Because the plc values of the monomer and polymer
differ by 2 to 3 units, the monomer may be considered to be a strong acid relative to the polymer.
Hence, any dissociated monomer that reacts and
becomes part of a polymer chain will develop a more
basic character relative to the unreacted monomer
molecules, so it may lose the Na ion ( assuming
sodium hydroxide is the base used to neutralize a
portion of the acid) and become reassociated with
an H + ion. This equilibrium process will result in
the dissociation of an additional monomer molecule.
The net effect is that adding a base such as sodium
hydroxide ( NaOH ) to a mixture of acid monomer
and acid polymer tends to neutralize the acid monomer first. Since the amount of monomer decreases
in a reacting system, but the amount of base is constant the effective degree of neutralization of the
unreacted monomer will increase as the conversion
increases. [Example: Add 1.0 mol of acid, 0.25 mol
base ( DN„, eran = 0.25) . After 0.75 mol of acid has
reacted, the 0.25 mol of remaining acid will be completely neutralized ( extreme case) resulting in
DNactual = 1.0.]
This changing DN of the unreacted monomer can
greatly affect the reaction rates and copolymer compositions over the reaction period in a manner much
different from the case where the DN of the unreacted monomer is assumed to remain the same.
This assertion was confirmed experimentally by
running a MAA reaction with an initial DN of about
0.59. The pH was allowed to change naturally ( from
4.5 to 5.4) over the reaction period. The same reaction was then repeated, but trifluoroacetic acid
was added throughout the reaction so as to maintain
a constant pH ( and thus constant DN of unreacted
monomer) at the initial value of 4.5. Results from
these runs shown in Figure 2 confirm that the reaction rate depends strongly on the DN of the system
throughout the reaction period. The reaction with
constant pH is much faster because the fraction of
unreacted acid molecules that ionize does not increase during the reaction.
The following section describes a method for predicting the actual DN of the unreacted monomer
over the entire conversion period. Equilibrium
expressions for both the monomer (1 ) and polymer
(2 ) are given by

1 =

MAA, DN=0.5 w/ AND w/OUT pH CONTROL
1

0.8 -

CONVERSION
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Figure 2

Comparison of reaction rates of 7.0 wt % MAA
at initial DN of 0.59 with constant pH (pH control) and
with naturally changing pH (no pH control).

[H'][A2

]

a2

(8)

( This analysis assumes that an average Ka value
may be used for the polymer. Actually, this value
depends on the chain length and chain conformation
of the polymer such that a distribution of Ka values
corresponding to the distribution of polymer chain
lengths and chain conformations better describes
the actual system.) The ratio of the K, values
gives

Ka,

x(y — z)
(Ma
— x — y)z
Ka2

(9)

Here, x is the moles of dissociated monomer, y is
the moles of reacted monomer, z is the moles of dissociated polymer, and MA is the initial moles of
monomer charged.
The total moles of dissociated species is
[A,7] +

] = x + z = (DN 0 )MA

(10)

where, DN 0 is the overall degree of neutralization,
not the DN of the unreacted monomer.
Solving for z and substituting in eq. ( 9 ) gives

Ka,
(7)

40

KA 2 (MA

x[y — (DN0 )MA x]

Y)[(D1 \10) MA - X]
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The value of x for any given value of y ( obtained
from the conversion ) may be obtained by taking the
positive root of this quadratic equation. The actual
degree of neutralization of the unreacted monomer
may then be obtained as a function of the moles of
reacted monomer by
DN(y) =

x
MA

-

( 12 )
y

Emulsion Copolymerization Model with
Aqueous-Phase Polymerization
An emulsion copolymerization model that accounts
for polymerization in both the particle and aqueous
phases was developed by Shoaf and Poehlein. 1 The
particle-phase reaction rates were modeled using a
development presented by Nomura et al. 14 These
equations are reproduced below:
RpA -

[1 / ( 1 + A )1 (kpAA[ MA ]P kpABLMB

)

litNp

NA

( 13 )
Rpg

[A/(1 +

A)] (hpBAMAL kpBBEMB]p)ntNp
NA

Rptot = RpA, + RpBpR PAav

R„,,„‘,

(19 )

Details of the overall model development and methods of determining the various parameters in the
rate equations are discussed by Shoaf and Poehlein. 1
Possible Approach for Modeling Emulsion
Copolymerization with Carboxylic Acid
Monomers at DN > 0
An extension of the preceding emulsion copolymerization model to account for the dissociated acid
species obtained when the acid has been partially
neutralized is now presented.
DN is defined as moles NaOH/moles acid fed. ap
is the fraction of acid in the particle phase that is
dissociated, and a„, as the fraction of acid in the
aqueous phase that is dissociated. As long as the
value of DN is greater than zero, then the overall
system actually consists of three species: undissociated acid (A), styrene (B), and dissociated acid
(C). ( The a values are not equal to zero if no base
is added. However, they are very small ( 10 -4.4 )
and may be approximated to be zero.) The following
equations may be used to express the reaction rates
in the particles.

( 14 )
, N
RpA = kp AA [MA JpnA

where

A =

1113 kpAA ra

n-A

kpBB

1

k PBAE MA Jp h-B

NA

+ kp"[MA[pr7c

( 15 )

N

( 20 )

1 VA

r A [MA] P
, N

An expression for predicting the aqueous-phase
free-radical concentration was also developed.

NP

RpB = h„p„ [MB fpnB 7,, ,P kp AB L MB Ip
IV A

[Rt.t.

N
NA

▪ hpeB iMBiplic —L
m

( 21 )

A

11(k e Np ) 2 + 8k,,,,(kdes Np ri/Na + 2 f k d [I2 ]) - kc Arp
Rp C = kp cc [MC ]p nc

( 16 )

Np
IV A

+ kpAc [MCL , M

P

NA
Np

▪ kpBc [Mc ] p t7 — ( 22 )
This expression could then be used to predict the
rates of reaction of both A and B monomers in the
aqueous phases using
(kpAA AkpBA
RPA

1+ A

" -

RPB"

kpAB+ApBB
k

=
(

1+A

n

FA

Jaq

(17 )

)[ Rtot ]aq [B]aq

( 18 )

)Intotfaq VI

The overall emulsion copolymerization model
then takes the form:

NA

where [M AL is the concentration of undissociated
acid in the particle, [MB] p is the concentration of
styrene in the particle, [Mc ]p is the concentration
of dissociated acid in the particle, /NJ, is the number
of particles/L ag , kp,., is the propagation constant for
radical i with monomer j, n, is the average number
of j radicals/particle, and NA is Avogadro's number.
The dissociated species, C, is treated like a third
monomer in the above rate expressions. Nomura et
al. 14 give expressions for the change in n, with time
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for a copolymer system. Their analysis may be extended to include the dissociated species, C:
,7 2

d nit Pe Wa
G

dt

I

1,

nA TTB

cA

ctpA A

nAnc

ktpAB

ktpac

[
(kBAR + kmAv) _MB
] B nA

- kies A riA

+ (kpBA + km,,,)[MA]p na

where ap is the degree of neutralization or fraction
of dissociation of acid in the particles, and [MA] P ,° ,
[ Me ]p is the total amount of acid species
= [MA]P
in the particles.
If this same relationship of dissociated and undissociated acid species applies to the radicals (i.e.,
the presence or absence of a radical is assumed not
to affect whether the carboxyl group is dissociated
or undissociated), then

— (kpAc + k,nAc ) [Mc ipnA

nA

+ (kpcA + kmc4) [MAt]pnc = 0 (23)
where pa is the rate of adsorption of radicals by the
particles, W A is the probability of adsorbed radicals
becoming an A radical, k,,, and k t are chain transfer
and termination constants, respectively, and kA„ is
a desorption constant.
Similar equations may be written for d I dt and
drie ldt. Summation of these equations gives

(28)

= (1 – ap )rtiA ,„

ne

(29)

cepnAtot

where riAth , = riA + IV is the total number of acid
radicals.
Equation (25) may then be rewritten using the
expressions given by eqs. (26) through (29). Rearrangement leads to the following expression:
flB

A

nA tot

d(iiA +
dt

+ nc)

kpAp[MB[p

(k pAc kpeA) ap [M A

dt
—

Pe

t

n

2ktpAA

NP

( 30)

]ptot

kpBA [ MA [Ptot
riArriB

n B2

Pp

v

ZKtpAP

Pp
nAnc

2kt,,,„

2ktpA ,

riBr7B
pp

Pp

-

-

n

Then,
riA . =

2

2ktp,„—
v

– (kdesA riA + kdesE nB + kdes cnrc)

Nomura et al. note that the termination and desorption terms in eq. (24) are at most equal to pe I
N. If the rate of desorption is relatively small, pa
R„ and W A is less than unity. Therefore, Nomura
et al. state that the last terms (four in this case) in
eq. (23) are dominating. (pe lNp 0.01 to 1 and
kp [Mdp ii,
100 based on typical emulsion reaction
systems.) The propagation constants are usually
much greater in magnitude than the chain transfer
rate constants ( kr km ) so eq. (23) can be simplified
to

Finally,

— kpAp[MB[pria + kpBA [ M

RPB =

kpAc[ MC[pilA hpoi[ MAlpne = 0

1+A

FLA = (1 – ap )

(24)

=

1
1+ A n

A

1+ A n

– ap

1
1+A

1 – ap
RvA – (kr , AA 1 + A + kp.

A

a,

+A + kPCA 1 + A

X (1 –
A

JIB

1

[Mit]pmtn

1– a

( kPBB 1 + A + kPAB 1 + A + hi" 1 A )

(25)
X [MB ]p ii

Equilibrium between species A and C is described
by

R.,.
R

[MA],

=

— ap) [MAlptot

[Mdp = ap[M Ai ptot

(26)
(27)

(35)
iv A

a,

1 – a,

(keel + A + km' 1 + A +

N,
NA

(36)

k
i'

A)
_ N,

X a p [ MA ]Prom'

NA

(37)
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Reaction Rate in the Aqueous Phase with DN > 0

The reaction rate in the aqueous phase is given
by
(d[MA
Rpa, =

L,

d[MB l a

d[Mc]

,

dt

where ktAB, is an average termination constant dependent on DN, and k is an average capture constant. Since [MA•a qta, = [ MA • [ aq [ Me° ] ay, rearrangement gives

11(kNp ) 2 8ktABC(R,

dt

[MA * 1 aq ['W]ng

▪ kp,A [MB.] a,[Al A
+

iM

aq

aq [ M B] aq

kPBB [ MB.] aci[M BI aq

+

[MC]

aq

[MC] aq

kpcA [Mcd aqi M Al aq

kP,B [Mcd aq [M B] aq

(38)

where [ Mr ] ag is the concentration of j radicals in
the aqueous phase.
A steady-state concentration is assumed for each
type of radical.
kpA ,[ MA.] aq [ MB] aq kp AB [M ac, [Mc]aq

= kpaA [ MEd aq [ MA ay + kPen Mel
aq [ M B]

kpRA [

hPBC

aq

[ M BO

[—k,N p

(d[M,4,0 ,1 aq d[MB] aq)

• kPnc

[ M acko ,

[Rtot]aq
agl

kpAAPIA•1 aq[ 111 Al aq kPABLM

aq [ MA

[ MAd aq

=

[ MCI ay

= aaq [ MA • ]aqt ot

= kpAc [ M

[

kpBC[

[ Rtot] aq

[ M A • [ aqtot

MB•]aq[Mc] aq

(41 )

= Rterm

However, in emulsion polymerization, capture
and desorption of radicals must be taken into account.
Ri

= Rterm Rcapture Rdes

[R,,,]„q G

G

k pAB [ M B] ay

k (01

MB . ] aq

+

a ay[ MA laqtat kmtc kPCA)

(48)

kpB, ceac, MA ] asaat
[

Substitution of these expressions for the total acid
and styrene radical concentrations into eq. (49 )
gives a final expression for the rate of reaction in
the aqueous phase, which involves only two measurable parameters ( [MA ]a qt„, and 1M 1 1 but
which accounts for the reaction of three different
species (providing that the value for a in each phase
is known).

Rp„, = [kpA ,(1 —
[

(47)

1+G

where

Substitution of the appropriate expression leads to
R, = 2k tAgc [MA . ] ay +

(46 )

1+ G

[MB.] aq =

In bulk or solution polymerizations the next step
is to set the rate of initiation equal to the rate of
termination.
R,

(45)

aq (39)

+ kpppi M a q [MB]aq

Mei aq

(44)

Substitution of eqs. (44) and (45) into eq. (39)
and then rearrangement leads to expressions for
[MAdack„, and [ M ]aq •

[

a q [M A Jag

(43)

( 1 — aay [ MA • agen

= kpm MA1 aq [MBl aq kpci, Mc] aq [MB] aq (40)

kpc,A fM

kd es Npr I N

Initial experiments suggest that the partition of
undissociated and dissociated species between the
aqueous and particle phases is not the same. Therefore, a separate value for the fraction of acid in the
aqueous phase, which is dissociated, denoted by cr ag ,
may have to be employed. Expressions for [MA • t aq
and [Me.] aq are then obtained as follows:

[ MB . ] aq [ MC] aq

, [
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) 2 + rkAPAcA

A
krPccr)a.q(i

olaq)

[ MC . ] ay ) 2

kpcp a

aq MB . ] ay + [ MCH aq Np

k des Np
NA

( 42)

[MA • ack, [ MA ] agent

+ [ kPAA (1 —
rAB

aaq) + kpcc

aaq ][ M A . ]aqth, [MB aq
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PBB ( 1

a,) +

+[ rBA

rBc

aaq [ MB . ] aq [ MA

hot

[ &

kpB , [MB . ] aq [MB]aq ( 49 )

EXPERIMENTAL
Methacrylic acid and styrene monomers ( all > 99%
pure ) were used as received. Potassium persulfate,
sodium hydroxide, and sodium dodecyl sulfate were
also used as received. Carboxylated styrene seed
particles ( 28 nm diameter) were supplied by Dow
Chemical, Midland, Michigan. High-purity nitrogen
( > 99%) was employed.
The following procedure was used for all solution
homopolymerizations of the acids. Deionized water
was added to a 1.0-L glass reactor, and it was purged
with nitrogen. The stirrer consisted of a paddle agitator with a 1.5 in. Teflon blade operated at about
600 rpm. Two separate stainless-steel coils were inserted into the reactor. Heating and cooling of the
reactor contents was achieved by circulating hot and
cold water through the respective coils. The coils
and probes inserted into the reactor for temperature
measurement and sampling also served as baffles,
which improved mixing in the reactor. The reaction
temperature was measured with a 316 stainless-steel
type-T thermocouple ( temperature range -210160°C ) connected to a time-proportioning digital
temperature controller ( OMEGA, Model 149 ) accurate to within 0.5°C. After the water and seed
were brought to reaction temperature, the acid
monomer was added, and then the initiator solution
was injected. Samples were removed at selected
times and injected into a chilled hydroquinone solution to short-stop the reaction. About 5 g of each
sample were dried for gravimetric conversion analysis. Partially neutralized runs were conducted by
adding enough sodium hydroxide solution to the reactor to obtain the desired initial degree of neutralization. Hydrochloric acid was then added to each

sample vial before drying to reassociate all acid in
the sample. All of the acid would not volatize unless
it was completely undissociated due to the heavy
cations that associated with the anionic acid species.
The standard recipe for each of the seeded emulsion copolymerization reactions is given in Table I.
All emulsion polymerization reactions were run
at 85°C in a nitrogen purged, agitated, 1.0-L glass
vessel similar to the reactor used for the solution
polymerizations. The following procedure was used
for each run. Carboxylated, styrene seed latex was
mixed for 24-48 h with an anionic-cationic ion exchange resin (Bio-Rex MSZ 501 ) to remove excess
surfactant. The amount of surfactant removed from
the seed was determined gravimetrically. Deionized
water, "cleaned" seed, and SDS ( an amount that
combined with the SDS remaining in the seed latex
to give a concentration of 4.0 mmol/ ) was added
to the reactor. Nitrogen was bubbled into the reactor
and heating was begun by pumping hot water
through an internal stainless-steel coil. When the
reactor temperature reached approximately 85°C,
styrene was slowly added through a dropping funnel.
The acid monomer was mixed with an appropriated
amount of 2M sodium hydroxide solution, then
slowly added in the same manner. ( Since diffusion
of sodium hydroxide into the hydrophobic polymer
particles is negligible, the monomer was partially
neutralized before addition to the reactor.) Fast addition of either monomer would tend to "shock" the
seed resulting in coagulation. The nitrogen purge
line was pulled to the top level of the emulsion after
the monomer addition to prevent polymer from coagulating at the interface of the nitrogen bubbles.
The initiator solution was then injected.
The system was allowed to equilibrate for 1-2
min, and a sample was taken to make sure that thermal polymerization had not occurred. The relatively
short equilibration time was utilized to minimize the
risk of thermal polymerization occurring before addition of the initiator. Samples of 20-25 mL were
extracted with a syringe at predetermined intervals

Table I Standard Recipe for Carboxylated Emulsion
Batch Copolymerizations
K2S208
Sodium dodecyl sulfate (SDS)
Seed (particle diameter — 28 nm)
Monomer
(Acid/styrene ratios)
DI water

5.0 mmol/Laq
4.0mol/L„
(CMC = 9.0 mmol/L„ q)
30 g of solid polymer
(— 4.0 X 10' s particles/L„)
200 g total
(0/200, 20/180, 40/160, 70/130)
Balance to give 1000 g total reaction mass
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throughout the reaction period. The samples were
immediately injected into a chilled hydroquinone
solution and immersed in an ice bath to quench the
reaction. The overall conversion was measured
gravimetrically by adding either HC1 or trifluoroacetic acid to each sample to reassociate the acid so
that it would completely evaporate, then drying
about 5 g of each sample overnight in an oven, and
performing a mass balance on the dried solids.
Individual monomer conversions were obtained
by gas chromatography ( GC ) using a Varian 3300
gas chromatograph with a 12-ft stainless-steel column packed with Gas Chrom 254, 80-100 mesh
packing. ( The packed column was supplied by Alltech Associates, Inc. in Deerfield, Illinois.) The column was operated at 220°C. The 5.0-mL reaction
sample was diluted in a mixture of SDS solution,
"uncleaned" seed, an internal standard solution, and
a small amount of triflouroacetic acid to reassociate
all of the unreacted monomer so that it would completely volatize in the column. The SDS solution
and seed were added to help disperse the styrene
homogeneously throughout the GC samples. Styrene
is essentially insoluble ( 0.5 g/L ) in water.
pH measurements were made using a Fisher digital pH meter with a combination electrode. A temperature probe was also immersed into the sample
to account for temperature effects on the pH.

RESULTS AND DISCUSSION
Monomer Partitioning in Acid-Styrene-Water
Mixtures—No Particles

Reaction in the aqueous phase can be significant in
emulsion polymerization systems that contain one
or more water-soluble monomers. Accurate prediction of the partition of monomers between the
aqueous, particle, and droplet phases is necessary
for determining reaction rates, copolymer compositions, and surface properties of the latex particles.
A model for predicting the partition of monomers
between the various phases has been developed for
an emulsion copolymer system!' The model was
limited to unneutralized systems where only two
species, undissociated acid and styrene are present.
Therefore, further study was needed to understand
the effects of partially neutralizing the acid on its
partition behavior.
The effect of degree of neutralization ( DN ) on
the acid partition was investigated by adding different levels of sodium hydroxide solution to acidstyrene-water mixtures. Figure 3 reveals that the
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Figure 3

Effect of degree of neutralization on the partition coefficient for MAA in an MAA-styrene-water
mixture at various acid levels (25°C).

partition coefficient of MAA decreases significantly
with increasing DN. The dissociated ( anionic ) form
of the acid monomer exhibits a negative charge
making it more polar than the undissociated form.
The increased polarity of the dissociated monomer
causes it to be more attracted to the polar water
molecules in the aqueous phase as opposed to the
relatively nonpolar styrene molecules in the organic
phase. Thus as the fraction of dissociated monomer
increases, the overall fraction of monomer, which
partitions into the organic phase, decreases. The
partition coefficient for MAA is also dependent on
acid level at low DN, but it becomes relatively independent of acid level as DN approaches 1.0.
Addition of sodium hydroxide to increase DN
changes the overall ionic strength of the solution.
A simple experiment was performed to examine the
effects of increasing DN without changing the overall ionic strength. Mixtures of acid, styrene, water,
and sodium hydroxide were made as previously described over a range of DN from 0 to 1. The aqueous
phase was separated, and titrations were performed
to determine the concentration of acid in each phase.
However, sodium chloride was also added in an
amount that would yield an ionic strength in solution
equivalent to that obtained at a DN of 1. [Example:
If 1.0 mole of acid is used, then to obtain a DN of
0.25 while maintaining a constant ionic strength
equivalent to that obtained at a DN of 1, 0.25 mol
of sodium hydroxide ( NaOH ) and 0.75 mol of sodium chloride (NaCl) are added to the mixture.]
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Table II Conditions Used for Solution
Polymerizations of Both MAA and
AA ([II° = 0.001M).

6

5
Li= or,

Concentration Acid
(wt %)

DN

Temperature
( ° C)

2.0
4.0
7.0
10.0
7.0
7.0
7.0
7.0
7.0
7.0
7.0
7.0

0.0
0.0
0.0
0.0
0.25
0.50
0.75
1.00
0.0
0.0
0.0
0.0

85
85
85
85
85
85
85
85
70
80
90
96-98

IC STRENGTH CHANCES WM- 21-:
A= I ONIC STREI.C7H , CONSTANE

U 4

MONOMER/HATER = 0.2E

o 3-

C)
2-

0

0.2

0.4

0.6

0

Figure 4

Results for MAA at constant ionic strength ( Fig.
4 ) revealed that the partition coefficient is higher
for the case where the ionic strength is maintained
constant than the case when the ionic strength decreases with decreasing DN. The difference in the
partition coefficients measured for the two curves
reflects the relative difference in the ionic strengths
of the solutions over the full range of DN. The difference is large at a DN of 0, while there is no difference at a DN of 1. MAA monomer forms aggregates in solution due to hydrogen bonding between
the monomer molecules: 6 Increasing the ionic
strength may tend to disrupt these hydrogen-bonded
aggregates thus forming a greater number of single
molecules that more easily partition into the organic
phase.
These preliminary studies show that the DN, the
acid level, and the ionic strength of the solution all
significantly affect the partition of MAA between
styrene and water at various DN. Therefore, the addition of bases and/or buffers to regulate pH or other
desired product properties in a multiphase reaction
system such as an emulsion can significantly change
the partitioning of carboxylic acids between the organic and aqueous phases.

Conversion-time curves for the natural pH (DN
= 0 ) reactions of MAA at 85°C over a range of concentrations from 2.0 to 10.0 wt % are shown in Figure
5. The basic free-radical solution polymerization
equation, which has been shown to apply to many
simple solution systems, was used to examine the
experimental data.

=

FRACTIONA L CON VERSION

Comparison of the partition coefficient of
MAA between water and styrene for increasing ionic
strength and constant ionic strength at DN between 0 and
1. The monomer/water ratio is 0.26, and MAA represents
25% of the total monomer. ( T = 25°C ).

dM
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P
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Solution Polymerization Studies

Solution polymerizations of MAA were carried out
under each of the conditions listed in Table II.

Figure 5 Conversion-time curves for the MAA solution
polymerization at various initial monomer concentrations
(85°C).
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Integration of eq. ( 50 ), assuming that only [M]
varies, results in

ln

1/1410

[M]

=k

P

(2 f ka[i])1/2
t - Kt
(2ht) 112

(51)

Reaction samples were obtained over time, and
monomer conversions were measured gravimetrically. [I] can be calculated as a function of time
through

[I] = [i]oexP ( - kit)

( 52 )

It remained essentially constant over the short reaction period ( < 20 min ) required for nearly completely conversion of MAA and AA. ( i.e. [I]
= 0.92 [ /] 0 after 20 min) . A value of ki of 6.89 X 10 -5
wasobtinedfrmhlau.'Aveof10
was used for the initiator efficiency factor f.
Gromov et al.' assumed that the reaction rate
given by eq. ( 50 ) applied to both AA and MAA solution polymerizations. ( Chapiro and Dulieu' 6 and
Shoat " however, showed that the mechanism for
reaction of AA is more complicated than the simple
solution polymerization scheme.) The value of hp
should then be independent of monomer concentration. Gromov does not specifically state the actual
monomer concentrations utilized in their experiments. However, similar work performed with Galperina et al. 6 involved reactions of AA at concentrations of 3.0-4.0 wt %. The values for kr, based on
the Gromov et al. data were obtained by fitting an
Arrhenius expression to the data ( which were given
for temperature ranges of 0-60°C) and extrapolating
to 85°C, the temperature of the reactions performed
in this work. These experiments as well as the Gromov et al. were performed at natural pH ( approximately 2.2-2.4).
Plots of ln [M] 0 / [ M] versus time should be linear
with a slope K based on the relationship given by
eq. ( 51). Values of kp / 0/ 2 can be obtained from
this slope. Gromov et al.' reported values of k, for
MAA ( 0.12 X 10 8 L / mol s) from experiments utilizing the method of alternating illumination. The

Table III
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values were relatively constant over a range of temperatures from 0 to 60°C, and these values were assumed to apply also at 85°C so that propagation
constants could be calculated directly from
hp /0/ 2 ratios. Values of hp / C / 2 and ko (L /mol s)
obtained from the experimental data as well as those
predicted from the Gromov's et al. data are listed
in Table III for the range of monomer concentrations
investigated.
The ln [ M] [M] versus time plots for MAA are
shown in Figure 6. Plots of the MAA data results
in relatively straight lines as predicted by the assumed first-order kinetic model given by eq. (51 ).
Figure 7 plots kJ, values as a function of initial
monomer weight percent for MAA. The data for
MAA agree fairly well ( within experimental error )
with the hp values predicted from the Gromov's et
al. data.
Solution Polymerizations: Experimental and
Model Results with DN > 0

The initial rates of MAA polymerizations in solution
were measured over a range of DN from 0 to 1 to
check the reproducibility of the results reported by
Kabanov et al. 4 The results are shown in Figure 8
for MAA. The rates of reaction decreased with increasing DN as expected.
Additional unseeded solution polymerizations of
MAA at DN between 0 and 1 were conducted to
determine to what extent the DN of the unreacted
monomer changed over the conversion period. The
pH of these reactions was measured throughout the
reaction period by inserting a pH probe and temperature probe into the reactor. The DN of the unreacted monomer could then be calculated with eq.
(53 ) and the concentration of hydrogen ions as determined from the pH measurements.

DN =

]
10 -PK.110 -PH
Ka /[1-1 +
1 + Ka l[H+ ] 1+ 10-PKV10 -PH

( 53)

Equation ( 12 ) is based on the assumption that a
single value of Ka may be used. The value of Ka

kik/ 2 and lei, Values for MAA and AA at 85°C

wt %

VW' (L/mol s) 1/2

2.0
4.0
7.0
10.0

4.37
5.24
4.89
4.34

(L/mol s)
15,200
18,200
16,900
15,000

kpGrom (L/mol s)
15,900
15,900
15,900
15,900

SHOAF AND POEHLEIN

1250

0.06

1.75

1.50 2.0 WI% MAA

A= 4.0 ATE MAA
0=

7.0 WI% MAA

V- 10.0 WTE MAA

Rpo (MOLE/L. MTN)

1.25 -

NATURAL pH (DN=0)
TEMPERATURE = 85°C

0.50 7.0 wt.% MAA
Temp = 85°C

0.25 -

No pH Control

0.00

0

5

0

15

0

20

02

Figure 6 In [Mo ] / [M] -time relationship for 2.0, 4.0,
7.0, and 10.0 wt % MAA solution polymerizations at 85°C
and natural pH.

has a large effect on the value of DN predicted from
eq. ( 11 ) as revealed by Figure 9. The actual DN of
the unreacted monomer does increase with conversion as expected (Fig. 10 ) , but the best fit of the
experimental DN-conversion data required some
modification of K0 2 from the average value of 1.0
X 10 -7 as reported by Molyneux. 12 The correct value
of Ka 2 for the polymer is uncertain since there are
actually many values depending on the lengths and

0.6

0.4

O.B

DN

TIME (MINUTES)

Figure 8 Initial rates of reaction as a function of DN
for 7.0 wt % MAA in solution at 85°C.

conformations of the polymer chains. Therefore, Ka 2
was adjusted in the model to give the best fit of the
data. A single value of 3.5 X 10 -5 resulted in consistent fits of the DN versus conversion plots for
the full range of initial DN values examined.
The next step was to predict the reaction rate of
MAA at various DN accounting for the fact that the
DN of the unreacted monomer does change with
conversion. Kabanov et al.' report a value of 670 L/
mol s for the propagation constant (kpre) of the
MAA anion and 2.1E8 L /mol s for the termination

EFFECT OF Ka2 ON DN(CONV) - MAA

MAA PROPAGATION CONSTANT - T=85°C
25000
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Figure 7 Dependence of kp on initial monomer weight
percent for MAA solution polymerization at 85°C.
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POLYMERIZATION OF MAA 1251

DN/CONV Ka2=3.53E-6 MODEL/EXPER
1

••
0.8 —

0.6

z
0.4 —

0.2 —
Ka po ∎ yrne• 3.5E-6
UNE.100EL. PT5.wEXPER.

0
0

0.4

0.2

0.6

0.8

CONVERSION
Figure 10 Comparison of predicted DN as a function
of conversion with experimental values (K„ 2 of 3.5 X 10").

constant at 23°C. A value for kpec at 85°C was obtained by fitting experimental conversion data of
MAA obtained at a DN of 1.0 using the basic solution
polymerization equation since at a DN of 1.0, only
one reaction species, the anions, will be present in
the system. The best fit was obtained with a kpec of
5000 L /mol s ( Fig. 11 ). ( The k, value was assumed
not to change significantly with temperature. Values

of k, reported by Kabanov et al.' for the unneutral-

ized MAA polymerization were constant over a temperature range of 20-60°C.)
The copolymer model was modified to account
for the changing DN with conversion by using eq.
(12). The results of the model using a Ka2 value of
3.5 X 10' are shown in Figure 12. The predicted
conversion-time results slightly underestimate the
experimental data for all initial DN values.
A further adjustment of Ka2 was then made in
order to obtain a better fit to the conversion-time
data. Figure 13 shows that a good fit of the reaction
data is obtained for all initial DN values if a value
of Ka2 of 8.0 X 10 -6 is used. The predicted DN was
recalculated using the adjusted Ka 2 value and compared to the measured values as exhibited in Figure
14. The predicted values are close to the observed
values, but in each case the observed values are
slightly underestimated.
Therefore, good fits of both DN-conversion data
and conversion-time data can be obtained using a
solution copolymerization model that accounts for
the change in DN of the unreacted monomer with
conversion for a wide range of initial DN values.
However, some discrepancy between the values of
Ka2 that give consistent fits of both types of data,
simultaneously, still remains.
Acid-Styrene Emulsion Copolymerization:
Experimental and Model Results with DN > 0

One objective of this study was to determine if partially neutralizing the acid exhibited the same effects

CON VERSION

CONVERSION

MAA CONY/TIME DN>0 Ka2=3.53E-6

0

20

40

60

80

TIME (MIN)
Figure 11 Fit of conversion-time data for the MAA
anion at 85°C using the solution polymerization equation,
a value of kt of 2.1 X 10 8 ( L/mol s) as reported by Plochocka 9 and an adjustable propagation constant, k„. The
best fit was obtained with a kpc of 5000 (L /mol s).
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Figure 12 Comparison of solution copolymerization
reaction model results to experimental data for MAA at
various DN (K„2 = 3.5 X 10').
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Comparison of solution copolymerization
reaction model results to experimental data for MAA at
various DN (K„ 2 = 8.0 X 10 -6 ).

Figure 15

on the reaction rate in an emulsion "terpolymerization" between the acid, anion, and styrene as observed with the solution polymerizations. Experimental methods were developed to address this issue.
Initial MAA-styrene emulsion polymerizations were
performed at a DN of 0.25. The experimental conversion profiles for both acid ( including the undissociated and dissociated species ) and styrene at a
DN of 0.25 are contrasted to conversion profiles at

a DN of 0.0 in Figure 15. The rate of reaction of
MAA was slower at a DN of 0.25 as expected due to
the slower rate of reaction of the anions as a result
of their increased electrostatic repulsion. However,
the rate of reaction of styrene was also slower in
both cases for the run at elevated DN.
Figure 16 shows that as the DN increases, the
fraction of monomer that partitions into the organic
phase decreases. Since the aqueous-phase oligomeric

++
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Figure 14

Comparison of predicted DN as a function
of conversion with experimental values (1c 2 of 8.0 X 10 -6 ).
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Experimental conversion profiles for MAAstyrene at overall DN values of 0.0 and 0.25 ( T = 85°C) .
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Figure 16 Partition of MAA into the aqueous and styrene phase as a function of DN.
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on the relative concentrations of styrene, acid, and
anions. Some progress on predicting the changing
DN with conversion was discussed earlier for the
solution polymerization of MAA. However, the addition of polymer particles and partition of monomers between the various phases greatly complicates
the equilibrium between undissociated and dissociated species. Fortunately, this complication can
be circumvented by measuring the pH of the reaction
mixture over the conversion period and calculating
the DN of the unreacted aqueous-phase monomer
directly from the pH measurement using the equilibrium expression given by eq. ( 53 ).
This approach limits the predictive capabilities
of the model because the DN-conversion profile must
be known a priori. However, it allows the other aspects of the model to be investigated without having
to quantitatively predict the DN of the unreacted
monomer in a complex system containing particles
with monomer and polymer present in both aqueous
and particle phases. Results of calculated DN as determined from pH measurements over the conversion period are presented in Figures 17 and 18 for
runs with an overall DN of 0.25 and 0.50 based on
the ratio of sodium hydroxide and acid monomer
initially added to the system. The initial DN values
at zero conversion exceed the overall DN values of
0.25 and 0.50 in part due to disproportional partition
of the monomer and sodium hydroxide into the organic phase. As much as 30-40% of the MAA par-

DEGRE E OFNE UTRA LIZATION (DN)

radicals are comprised to a large extent of acid and
anion molecules, the rate of entry of these radicals
may be slower than when the acid is partially neutralized. The increased polarity due to the negative
charge of the anion increases the attraction of the
neutralized acid to the polar water molecules in the
aqueous phase. The anionic species, therefore, are
less likely to partition into the organic phase than
the undissociated species. This result suggests that
the concentration of free radicals inside the polymer
particles ( Ft) is lower at a DN of 0.25 than at a DN
of 0.0 perhaps due to a slower entry rate into the
particles of oligomers that contain anionic species.
Consequently, a lower concentration of free radicals
in the particles ( lower ft) will result in a slower rate
of reaction of styrene in the particles as observed.
Another factor contributing to the decrease in reaction rate of styrene is that the cross-propagation
constant for reaction of styrene with the acid anion
is lower than the cross-propagation constant for reaction with the undissociated acid for the MAAstyrene system. The values of the cross-propagation
constants for reaction with the anion were calculated
from reactivity ratios for styrene and the anion based
on Q e values reported for the MAA-styrene system.' The concentration of anions in the organic
phase, however, is relatively small based on the partition data obtained at high DN values.
The emulsion copolymerization model was modified to account for the formation and reaction of
the dissociated acid, a third reacting monomeric
species, due to partial neutralization of the acid with
sodium hydroxide. The formation of a third reacting
species complicates the reaction mechanism. Modifications of the equations in the kinetic model to
account for reaction of all three species, styrene,
acid, and the anion, were developed earlier.
Application of the model depends on several parameters that are directly affected by the presence
of the dissociated acid. These parameters include
the partition coefficients, radical capture and desorption coefficients, termination and propagation
constants, and the DN of each phase. Accurate prediction of the values for these parameters cannot be
made without a long series of experimental studies
to determine the effects of overall DN over a range
of monomer/water ratios for each monomer system.
Nevertheless, initial estimates can be made for each
of these parameters based on previous work performed in this study.
The degree of neutralization changes with conversion due to the changing equilibrium between the
monomer and polymer, and also due to the varying
partition of monomer into the particles depending
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Figure 17

Change in DN over the conversion period
as determined from pH measurements for the reaction of
MAA-styrene at an acid (including neutralized acid)/
styrene ratio of 40/160 with an initial DN of 0.25 based
on total moles base/total moles acid ( T = 85°C).
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Figure 18

Change in DN over the conversion period
as determined from pH measurements for the reaction of
MAA-styrene at an acid (including neutralized acid)/
styrene ratio of 40/160 with an initial DN of 0.50 based
on total moles base/total moles acid ( T = 85°C ).

titions into the particles and droplets. But when
styrene, water, and sodium hydroxide were mixed
and allowed to separate in a separatory funnel for
about 2 h, only about 2.0% of the sodium hydroxide
was found to distribute into the styrene phase.
Therefore, a significant amount of MAA partitions
into the organic phase whereas almost all of the sodium hydroxide remains in the aqueous phase. Thus

the initial measured DN values are higher than if
all the acid and base were in the same phase.
A thermodynamic partition model' was utilized
in making initial estimates of the concentrations of
the acid and styrene in each phase. The fraction of
acid in the organic phase was then determined as a
function of DN from experimental data reported in
Figure 16. This organic fraction was distributed
evenly between the particles and droplets in the
model. Then adjustments in the amount of styrene
in the particles were made to compensate for the
difference in the original amount of acid estimated
to be in the organic phase based on the partition
model calculations and the amount based on the experimental partition data in Figure 16 at various
DN. This approach provided a method for accounting for the dependence of acid partition on DN.
An estimate for the average desorption coefficient,
hde, was made based on the typical range of values
calculated for the unneutralized MAA-styrene system. Though the actual value changed as the relative
amounts of each monomer changed, typical values
were about 2.0 ( 1 / s) for this system. The addition
of the anion as a third reacting species made calculation of h des difficult, especially since values for
chain transfer and cross-transfer constants are unknown for the anion or any similar dissociated monomeric acid. Therefore, a constant value of 2.0
( 1/ s) was utilized in the model of the partially neutralized MAA-styrene system.
An estimate of the average capture coefficient,
ke , was also made based on the typical range of val-

Table IV Values for Parameters Used in Seeded Emulsion Copolymerization Simulation
of MAA and Styrene with DN > 0 (T = 85°C)
Parameter
(L/mol s)
(L/mol s)
kp (L/mol s)
k 1 (L/mol s)
(L/mol s)
(L/mol s)
kp
kp

rAB

rBA
rAC
rcA
rBC
r(28

(1/s)
(cm9s)

kaes

k

(cm 3/s)
Np (part/L.tor)

Monomer
MAA
Anion
Styrene
MAA
Anion
Styrene
MAA-Styrene
Styrene-MAA
MAA-Anion
Anion-MAA
Styrene-Anion
Anion-Styrene
Assumed constant
Assumed constant
'Assumed constant
"'Assumed constant

Value

Source

15900
670
900

Experiment, 5
9
17
7, 18
9
17
19, 20
19, 20
11 (Q-e scheme)
11 (Q-e scheme)
11 (Q-e scheme)
11 (Q-e scheme)

0.1

x

108

2.1 X 108
2.5 X 108
0.55
0.25
0.68
0.08
1.30
1.10
2.0
2.0 X 10 -14
5.0 X 10'
3.0 X 10 18

DN = 0.25
DN = 0.50
4.0 X 10 18 (part/L„,)
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ues calculated for the unneutralized MAA-styrene
system. A value of 2.0 X 10' ( cm 3 / s ) was used for
the simulation with DN of 0.25. However, a value
of 5.0 X 10 -15 ( cm 3 / s ) produced a better fit of the
data for the run with a DN of 0.50. This lower value
of k for the run at DN of 0.50 is consistent with the
expected decrease in rate of radical entry into the
particles with increased concentration of anions.
Reactivity ratios were estimated using Q and e
values reported by Alfrey et al. 11 for the acid and
anion and by Brandrup and Immergut 17 for styrene.
The reactivity ratios for MAA and styrene were adjusted to correspond to the same values used in the
model at a DN of 0.0.
An average termination constant for both the
particle and aqueous phases was calculated based
on the fraction of each monomer in each phase.
Propagation constants were based on values reported in the literature. An overall listing of the kinetic parameters used in the model with DN greater
than zero is displayed in Table IV.
Simulations with the initial version of the model,
which assumed the DN to be the same in all three
phases, resulted in predicted reaction rates of MAA
that were too high relative to styrene. The model
predicted that at a 40 / 160 acid ( including neutralized acid) / styrene ratio the MAA reached high conversions before the styrene for both the DN of 0.25
and 0.50 cases. However, the data in Figures 19 and
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0.2 —

STYRENE

DN(conv) OBTAINED FROM EXPERIMENT
Partition=f(DN)
10 -a (cm'fs), k..=2.0 (I is)

0
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I

I
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0
50
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TIME (MIN)
Figure 20 Comparison of experimental data and model
predictions for the conversion profiles of MAA and styrene
at an acid ( including neutralized acid) /styrene ratio of
40/160 and an initial DN of 0.50 ( T = 85 ° C ).

20 reveal that for overall DN values of 0.25 and 0.50,
styrene reaches high conversions before MAA. The
model was then modified so that only copolymerizations of the undissociated acid and styrene occurred
inside the particles, and terpolymerization of all
three species occurred only in the aqueous phase
(i.e., it was assumed that the concentration of anions
inside the particles was negligible ) . Results from
these simulations also shown in Figures 19 and 20
reveal that the model predicts not only the proper
trends for the acid and styrene conversion profiles,
but the fits of the data are also reasonably good,
especially for the case with a DN of 0.50.
The accuracy of the reaction model for partially
neutralized systems is limited by the assumptions
that must be made in accounting for the many effects
of the dissociated species on a large number of important parameters. Much additional work is needed
in order to quantitatively determine the effects of
these anions on the kinetics of the reaction system.
Nevertheless, this portion of the study establishes
some important directions for further work related
to kinetic modeling of partially neutralized acidstyrene emulsion polymer systems.

30

TIME (MIN)
Figure 19 Comparison of experimental data and model
predictions for the conversion profiles of MAA and styrene
at an acid (including neutralized acid)/ styrene ratio of
40/160 and an initial DN of 0.25 ( T = 85°C) .

CONCLUSIONS
Simple first-order solution polymerization kinetics
may be used to describe the reaction of MAA in
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water. Partially neutralizing the acid slows the reaction rate in both solution and emulsion systems.
The slower rates are attributed to the increased
electrostatic repulsion of the dissociated acid (anions ). The degree of neutralization of unreacted
monomer increases in a solution polymerization
throughout the course of a batch reaction due to the
different acid strengths of acid monomer and acid
polymer.
Partial neutralization of these acids also results
in a decreased partitioning of acid into the organic
phase. This decreased tendency of partially neutralized acid species to enter the organic phase
probably leads to a lower rate of capture of oligomeric radicals and thus a lower average number of
radicals per particle resulting in the decreased rate
of reaction of styrene, which was observed experimentally.
A model has been developed to predict both the
change in degree of neutralization and polymerization rates throughout the course of a partially neutralized MAA solution polymerization. An emulsion
copolymerization model developed for acid-styrene
systems was extended to the case where the acid is
partially neutralized. Comparison of model and experimental results suggests that very little of the
dissociated acid reacts inside the particles.

kr

kt,
k t,„
Kai
Ka2

[MI

n
NA

Np
r,
R,

Ri,
SDS

T
t
x
y

z

Greek Symbols
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NOMENCLATURE

propagation constant of monomer i with
monomer j (L/mol s)
termination constant ( L/mol s )
average termination constant of radical i
with radical j (L / mol s )
termination constant in the aqueous phase
(L/mol s)
acid dissociation constant ( monomer)
acid dissociation constant (polymer)
concentration of monomer (mol/L )
average number of free radicals per particle
Avogadro's number ( 6.02 X 10 23 /mol)
concentration of polymer particles (no./
Lag )
reactivity ratio = k id kb,,,
rate of initiation ( mol /L ag s)
rate of polymerization ( mol / L ag s )
sodium dodecyl sulfate (anionic surfactant)
temperature ( °C )
time (s )
moles of dissociated acid monomer
moles of reacted acid monomer
moles of dissociated acid polymer

kp,

fraction of dissociated acid monomer
fraction of dissociated radicals
cross-termination coefficient = k to l (k„,k, ; )

Subscripts
aq

A
CMC
DN

f
F,
[I]
fq,
kd

kdes
k des
kmi;

kp

parameter relating the relative reactivities
of monomer i and monomer j
critical micelle concentration (mol /L ag )
degree of neutralization ( moles base /
moles acid)
initiator efficiency factor
instantaneous fraction monomer i in copolymer
initiator concentration ( mol/L)
average radical capture coefficient (cm 3 /
s)
initiator decomposition rate coefficient
(1 /s)
average radical desorption coefficient
(1/s)
volume independent desorption coefficient
(cm 2 /s)
chain transfer to monomer (L / mol s)
propagation constant (L / mol s )

A

B
C

d
I
m
0

p
P
T or tot

w
1
2

aqueous phase
monomer A ( acid)
monomer B ( styrene )
monomer C (anion)
droplet phase
initiator
monomer
initial condition
polymer or particle phase
polymer or copolymer
total
water or aqueous phase
monomeric species
polymeric species
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SYNOPSIS
Particle number and size data from a series of seeded, emulsifier-free, vinyl acetate emulsion

polymerization experiments have been analyzed with the aid of polymerization and particle
growth models. A secondary population of particles, with a significantly greater number
concentration than the seed, was nucleated in all experiments. The two populations ( seed
and new) had rather narrow size distributions and large diameters. Hence the reactions
were in the area normally associated with Smith-Ewart Case III kinetics. Water-phase
termination reactions can be important in this reaction region but radical desorption from
such large particles does not significantly influence the kinetics. The results of the analysis
were used to evaluate the magnitude of water-phase termination; to estimate radical capture
coefficients; and to evaluate competitive particle growth.

INTRODUCTION

pivi,N A
. p, is the rate of radical generation in the
Nk t
aqueous phase ( mole /L H20 s) , v,, is the volume of
the monomer-swollen polymer particles ( L ), NA is
Avogadro's number, N is the number of particles
( Particles /LH 20 ) , and k t, is the termination rate
constant in the particles ( L / mol s).
The unusual features of this system provide additional information on vinyl acetate emulsion
polymerization. First, the data obtained at high a'
values allows estimation of a radical capture constant le, ( k = k a IN) for vinyl acetate. Secondly, the
initial formation of a second population of particles
yields conditions used for competitive growth experiments. Thus competitive growth of particles may
also be examined with these data.
,„

Hayashi and co-workers 1 published a considerable
amount of data on the seeded emulsion polymerization of vinyl acetate in the absence of emulsifier.
The results show that new particles are formed if
the concentration of seed particles is not adequate
to capture all the free-radical oligomers initiated in
the aqueous phase. One series of experiments involved measuring particle concentrations and sizes
as a function of time and conversion for the same
recipe.
The purpose of this article is to present a kinetic
analysis of this data. The data obtained were from
a seeded batch system in which significant secondary
nucleation occurred early in the reaction. This provided a second relatively monodisperse population
of particles in addition to the latex seed. An additional feature is the large sizes of both particle populations. If the theory of Ugelstad et al. 2 is applied,
this system would possess large values of the dimensionless parameter, a', which is defined by

* To whom correspondence should be addressed.
Journal of Polymer Science: Part A: Polymer Chemistry, Vol. 29, 785-'792 (1991)
© 1991 John Wiley & Sons, Inc.
CCC 0887-524X/91/060785-08$04.00

EXPERIMENTAL
Experimental details are given by Hayashi et al.'
The recipe used for the experiments considered in
this paper was as follows.
Deionized water: 24.0 g
KPS ( initiator ): 0.144 g
785
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Distilled VAC: 8.0 g
Seed particles (number)): 7.4 X 10 13
particles /Lti 2o
Seed particles (mass): 0.0706 g
Seed diameter: 0.4 gm
Temperature: 70°C

where
a (80 1/2

a=

m —
Seven parallel experiments were carried out with
this recipe. These reactions were stopped at different
times and the reaction mixture analyzed for monomer conversion and particle concentrations and
sizes. The results are shown in Table I. The number
concentrations of the two particle populations do
not change after the early part of the reactions. The
number of particles formed by secondary nucleation
was more than an order of magnitude greater than
the number of seed particles. Hence the new particles represent a majority of the particle surface area
(approximately 85% ).

pA vp Ni
Nk tp
killp N A

k1

1- ,„(a) and
(a) are Bessel functions, N is the
number of particles (particles / L H20 ) , N, is the
number of particles containing n radicals, ii is the
average number of radicals in a particle, pA is the
total rate of radical absorption by particles
(mol / L H20 s), kd is a radical desporption constant
(1 / s) , hp is the termination rate constant in particles (L / mol s), and up is the volume of a monomer
swollen particle ( L ).
An overall balance on radicals in the aqueous
phase provides 2

kdnNn.

PA = Pi +

UGELSTAD THEORY ANALYSIS

2ktu, [ R • ] aq

(3)

n=1

The kinetics of emulsion polymerization with a
monodisperse particle population involves radical
balances on the particles and the aqueous phase.
A balance on the radicals inside particles provides
the following recursion relation'

pi is the rate of radical production in the aqueous
phase ( mole /1.420 s ), k ta is the termination rate
constant in the water phase (L /mol s ), and [R
is the radical concentration in the aqueous phase
( mol/ L H20 )
Assuming PA = ka [R • J aw the radical flux into the
seed particles can be written as:

dN,
N,_ 1 (pA /N) + Nn+ikd(n + 1) + Nn+2ktp
dt =

a.

(PA/N) + kdn

X (n + 2)(n + 1)/up —

PA = pi +
n=1

+ ktpn(n — 1)/ v p ] (1)

(4 )

where k a is the radical absorption constant (1/s).
Multiplying each term by vp l Nk tp produces the
following dimensionless relation:

with solution 4 '5
=a

Im (a)

(2 )

4 /-„,_ 1 (a)
Table I.

kdnN, — 2kt ( PA )2
w ka

a = a' + mri — Y a 2

(5 )

Data from Vinyl Acetate Seeded Polymerization

Time*
(min)

Overall
Conversion

D„,ea
(nm)

0
10
20
30
40
50

0.0
18.8
39.1
71.4
90.2
99.2

400
780
950
1010
1180
1190

.Aceed
(X

1013 particles/L H2O)
7.4
7.4
7.4
7.4
7.4
7.4

(nm)

(X 10' 5 particles/L H2O)

0

0
1.32
1.29
1.34
1.34
1.38

400
490
590
650
670

* The time data which were not part of the original publication were provided by Hayashi via private communication.
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Figure 1.

Solution plot for emulsion polymerization, m
varied and Y held constant.

where

,

-

Y=

pit), N A2
Nk t,
vpk a2 N A2

and

k=

2 to estimate Y for the system ( assuming negligible
radical desorption effects ) . The radical capture
constant, k, can then be calculated from this value
of Y if k,, k tp , , and N are known. A system with
low a' values may be used to estimate m ( and kd ) in
a similar manner.
The vinyl acetate system considered in this paper
contains a small number of large particles. This
provides conditions necessary for high a'. Secondary
nucleation occurs at the start of the batch reaction
producing two populations of different size particles;
the conditions necessary for competitive growth
studies.
Conversion, particle number, and particle size
data ( shown in Table I) were obtained at each sample time and individual polymerization rates for each
particle population were calculated. These rate data
were then used to calculate values of n for each particle population at each sample time.
The two different particle populations present a
problem in estimating Y. The emulsion polymerization kinetic analysis presented earlier considers
only a single monodisperse particle population. An
initial estimate of Y can be obtained by considering
this system to be monodisperse and calculating a'
and various dimensionless parameters using average
values of particle volume and ri. With these assumptions, the n - a' data is superimposed on a
solution plot in Figure 3. Two points are shown for
data obtained at lower conversions in interval III,
i.e., the data at 20 and 30 min. Higher conversions

ka

—
N

Equations ( 2 ) and (5 ) , which constitute the Ugelstad theory, can be plotted as shown in Figure 1
where Y is held constant and m varied, or as in Figure 2 where m is constant and Y varied. 2 A point on
these plots would represent a specific instant in time
during a batch reaction. Thus if values of ri and a'
can be calculated from kinetic data one can use these
plots to estimate a value of either m or Y, if one of
these parameters is known.
An important observation related to these solution plots is that at low a' values radical desorption
effects are significant and aqueous-phase termination effects are negligible for typical reaction conditions. At high a' values, aqueous-phase termination effects are significant and radical desorption
effects are negligible. Thus if experimental runs are
carried out under high a' conditions, ri and a' values
from the experiments can be superimposed on Figure

2
1.5 -

l0.5 -

o
-0.5-11.5

16

—8

-4

-2

0

2

4

6

LOG ALPHA'
Figure 2. Solution plot for emulsion polymerization, Y
varied and m held constant.
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proportional to surface area ( as in the case of collisional entry of radicals proposed by Gardon 8 ) or
can be modeled on the basis of continuum diffusion
theories. Both cases were examined in this study.
The population of particles formed by secondary
nucleation are referred to as "new" particles in the
nomenclature.
Considering seed particles, the radical absorption
rate into the seed particles can be expressed as:
(7)

Xseed PAtotsi

where

Xseed
Nseed

-8

26

—2

0

2

•1

Nseed D Led
D Led + Nnew D new

6

LOG ALPHA'
Figure 3.

Estimation of Y for system assuming particles
are monodisperse.

for radical absorption proportional to surface area,
or
Nseed Dseed

were not considered due to gel-effect uncertainties.
The termination constant used in the calculations
was adjusted for the gel-effect as indicated below.
Both data points fall on a line representing a constant V
— monodisperse value of approximately 10 -1 . With
this value of Y, the radical capture rate constant k,
was found to be 2.46 X 10 12 cm 3 /s. This estimate
of k is influenced to a large extent by the nucleated
particles due to their large number and surface area.
The gel-effect was accounted for by using an empirical treatment of bulk polymerization of vinyl acetate presented by Friis and Hamielec. 6 The relation
used is:

mPew D new
Xseed Nseed Dseed I V

for radical absorption modeled on the basis of continuum diffusion theory.
A balance on the radicals inside seed particles
provides the following recursion relation

dN„,„ =
Nseed )

dt

+ Nn+i,k d,(n + 1) + Nn42ssodktp(a + 2 )
X ( n + 1 ) /vp,

Nn, [(PA„/ Ns
Nse ed),
+ ktpn(n

+kd eed
^

kt
k to

= exp ( —0.4407X — 6.7530 X 2 — 0.3495 X 3 )

1)/(),,,,] (8)

with solution
( 6)
n seed

where k to is the termination rate constant at low
conversions (without gel-effect ), and X is the polymerization conversion. This empirical relation was
fitted from bulk vinyl acetate polymerization data
obtained at 50°C. We assumed that this same equation would be approximately correct at 70°C with
the value of k to selected to reflect the higher temperature. The water-phase termination constant,
kp„, is assumed equal to k to and was estimated as 3.8
X 10 8 L/mol s from an Arrhenius plot of data obtained in the literature.'
A second proposed method for dealing with the
two particle populations is to assume the radical absorption rate into each particle population is either

aseed (

ra,,,m ( a

4

seed)

— 1 ( ((seed )

(9 )

where
aseed

8 aseed ) 1 / 2

2
XseedPA,,,i UPaeed NA
aseed
Nseedktp

kd, vp...d NA
mseed =

k tp

An overall balance on radicals in the aqueous phase
provides:
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2

kdeeed nN,„

Pi +
n-1

+

1.5 -

kd„ew nN,„„e,„ — 2kov [R • IL (10)
n=1

10 - '

Assuming radical desorption has a negligible net effect on the resulting kinetics in the range of a' values
considered ( this is not to imply radical desorption
does not occur) and pA „ = ka„[R • ] eq , the radical
flux into the speed particles can be written as:

11 = SEED PARTICLES, AT 20 MIN.
SEED PARTICLES, AT 30 MIN
•= NEW PARTICLES, AT 20 MIN
V= NEW PARTICLES, AT 30 MIN.

10°

0

10'

0.5 10'

10 3

0-

PA,,ee d = Xseed PAtot.1

0'

2
= Xseed Pi Xseed 2 kti.e(

PA"ed
kaeeed

0.5

-8

Multiplying each term by Up.eed /Nseedktp produces
the following dimensionless relation:
aseed =

a seed

Yseeda s2eed

( 12 )

where

Xsee dpivp,Ni
a seed =
Nseedktp

2 XseedkimktpNseed
Yseed

V P.ed k a2.d N A2

Analysis of the new particle population will be similar except using X new = (1 — Xseed ) •
A solution for the seed particles can be obtained
using eqs. (9 ) and (12). This solution would produce
a plot identical to Figure 2 for the monodisperse
system. Thus the two particle populations may be
considered individually with the redefined parameters.
Plotting individual n — a' data on the solution
plot with constant mimed ( radical desorption is assumed to have negligible effects on kinetics and mseed
is set to zero) and varying Y seed allows estimation
of the defined Y. This allows determination of ka
and k, based on the seed growth (ka = Nke ). A similar
method is used for the new particle population. It
should be noted that the Y 's in these individual
cases are different since they are based on individual
populations. The individual Y values would not be
the same as V
- monodtsperse determined earlier with the
"monodisperse" assumption.
Results are shown on Figure 4 for the two samples
obtained at 20 and 30 min. The data points for the
two different absorption theories overlap. Hence
these data cannot help to resolve the question con-

_16
-4

-2

0

2

.1

6

LOG ALPHA'
Figure 4. Estimation of Yseed and Ice,. Data based on
radical absorption proportional to surface area and radical
absorption modeled on continuum mechanics are both
plotted.

cerning models for radical absorption. The results
shown in Figure 4 are used with data from the sample
obtained at 20 min to calculate the values of k displayed in Table II. Calculation of k, with data from
the sample obtained at 30 min produced similar results. Values of k, estimated for styrene are also
shown in Table II for comparison. Penboss et al. 9
k for styrene by analysis ofestimadvluof
seeded styrene emulsion polymerization data. In an
analysis of particle nucleation in emulsifier-free
styrene systems, Hansen and Ugelstad 10,11 considered the effects of electrostatic repulsion and irreversible absorption of radicals on k0 . From their
analysis Hansen and Ugelstad proposed a value for
an effective diffusion parameter D (discussed below)
which provides the values of k. stated.
The estimates of k0 are dependent on accurate
values of k w and kp used to calculate ri and a'. Values
of k,„ and kp used in the calculations ( k o, = 3.8 X 10 8
k, = 13000 L/ mol s) are the estimates we L/mols,
obtained from Arrhenius plots of literature data.
However variations of ko and k, about a linear least
squares fit of literature data on the Arrhenius plots
suggest some uncertainty in their values. Accounting
for gel-effects with eq. ( 6 ) obtained from bulk polymerization data) also causes uncertainty in the
value of k ti, for vinyl acetate emulsion polymerization. From consideration of the k tp and k, data, it
appears reasonable to assume the true values of let),
and kr, would not deviate from the values used by
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Table II.

k, Estimates

k,
(cm3 /s)

System
Monodisperse assumption
Based on seed particles
Based on new particles
Styrene polymerization (Penboss 9)
(emulsifier present, r„„ s„,oile„ = 47 nm)
Styrene polymerization (Hansel-1 1")
(emulsifier-free, r.„,„ ller, = 50-500 nm)

more than a factor of two. In order to obtain a reference as to the precision of the k estimates, the
independent effects of changes in k t, and hp were
examined. Figure 5 shows the effects of changing
the values of kt, or hi, by a factor of two on the estimate of Y. Table III displays the resulting effects
on the values of k. Changing k t, or hp by a factor of
two in both directions produces a range of k values
covering approximately an order of magnitude.
The value of k estimated for the seed particles
is approximately twice the estimate of k for the nucleated particles. If radical entrance into particles
occurs by a diffusive mechanism, k, would be expected to be proportional to the radius of the swollen
particle. Since the seed particles have a radius approximately double that of the nucleated particles,
k,..ed would be expected to be double the size of
for a diffusive mechanism. Thus the estimates

2

1.5 -

2.5 X 10 -12
-127.1X0
-12 2.8X10
6.6 X 10-15 -5.0 X 10 -16
-m-3.1 X 10 -9 3.1X0

obtained are in agreement with the diffusive mechanism for radical entrance.
Two factors must be considered regarding the estimates of k for this system. First is the size of particles used in this system. The value of k for a system
will depend on the size of the swollen particles. The
swollen particles considered in this vinyl acetate
system have diameters in the 670-1330 nm range.
These particles are relatively large in comparison
with the particles in most emulsion polymerization
systems. Thus the estimates of k, obtained would be
expected to be large compared to many typical
emulsion polymerization systems.
A second factor to be considered is the absence
of emulsifier. Emulsifier on the surface of particles
would be expected to retard radical entrance into
particles by acting as a physical barrier and electrostatic repulsion. This would tend to decrease the
resulting value of k. Thus the absence of emulsifier
in this study may produce larger estimates of k than
would be expected with typical emulsion polymerization systems containing emulsifier.
If radicals are irreversibly absorbed into particles
by a diffusive mechanism, then k, may be expressed
as:

0= 2.Kt
6, ORIGINAL POINT
0= 0.500
V= 0.5.Kp
+= 2.1(p

(13 )

k, = 41rDagrp

0
0.5 -

Sensitivity of k, Estimates to Rate
Constant Values

Table III.

ke

0-

-0.5
-8

-6

-4

-2

0

2

4

6

LOG ALPHA'

Figure 5. Sensitivity of Y estimates to values of the
rate constants kti, and kp.

System

(cm3/s)

Original Estimate
2.0*kp
0.5*kp
2.0*k t,

7.1 X 10-12
2.3 X 10 -12
4.5 X 10 -11
2.9 X 10 -n
3.2 X 10-12
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where D„, is the diffusion coefficient of radicals in
the aqueous phase and rp is the switch radius. Since
reversible absorption of radicals and electrostatic
repulsion occur, these effects will lower k. Hansen
and Ugelstad 1° proposed expressing k as:

terms of the unswollen diameter in the particles in
the form of a power law.

k, = 4T-Dr-J,

where vf,_,0„en is the unswollen particle polymer volume, Dpu
is the unswollen particle diameter, and
k and c are adjustable parameters.
Styrene emulsion polymerizations with two different size seed particle populations initially present
were carried out to examine competitive growth effects. Conditions were adjusted to prevent secondary
particle nucleation and the different size particles
were allowed to compete for resources ( monomer,
radicals, etc.) during the polymerization. At the end
of reaction the resulting average diameters of both
seed populations were obtained. The vinyl acetate
data reported by Hayashi et al. 1 fit these same conditions; hence, the Vanderhoff treatment was used
to analyze the competitive growth results.
The theory presented in the remainder of this
section was originally published by Vanderhoff and
co-workers. 12 One can debate the validity of eq. (16 )
because the parameters k and c could be a function
of particle size as well as other reaction parameters:
p„ N, T, etc.
Poehlein and Vanderhof f 'have shown, however,
that k should be relatively independent of size and
c should have specific values for the following limiting cases:

( 14 )

CIL7Punavr0lle

dt

( 16)

" = k_De

Punswollen

„. w.„e1

where D is the effective diffusion coefficient defined
as
/5

3

" -i F D

J

p
aq''

-1

[R•

( 15 )

_Rot

with j representing the number of monomer groups
polymerized on the oligomer radical, and j„ the critical length of oligomer precipitation. Equation ( 15 )
accounts for reversible absorption and electrostatic
effects through the term F.,. D, the effective diffusion
coefficient, should not be confused with the diffusion
coefficient for oligomer radicals in water. The effects
of reversible absorption and electrostatic effects are
grouped with diffusion in D. Hansen and Ugelstad 11
-8
D = 5 X 10 dm 2 /s for the prosedavluf
emulsifier-free styrene system they studied. The
particles used in Hansen and Ugelstad's study are
in the same size range as the particles in this study.
The k values obtained from the respective Y 's
in this study can be used, along with eq. ( 14 ) and
the size data, to estimate the effective radical diffusion coefficient, D . The values obtained were Dseed
= 8.5 X 10 -11 dm2 /s and D1e . = 6.6 X 10 -11 dm 2 /
s. These values are smaller than the value suggested
by Hansen and Ugelstad ll for emulsifier-free styrene
systems. The higher water solubility and larger
propagation rate constant of vinyl acetate, in comparison to styrene, would lead to larger pre-capture
sizes of the radical oligomers and hence a smaller
diffusion coefficient. The more polar structure of vinyl acetate, in comparison to styrene, should also
increase the electrostatic repulsion of oligomer radicals. These effects would be expected to produce
smaller D values for the vinyl acetate system.

Case

n

c

Smith-Ewart Case II
Smith-Ewart Case III
Large particles with
oil-soluble initiator

0.5
variable

0.0
2.5

variable

3.0

Further development of the competitive growth
model involves the integration of eq. (12 ) , with c
assumed constant to yield
Dg-e - Dgo-c = D

COMPETITIVE GROWTH
Vanderhoff et al.,' based on extensive work with
polystyrene latexes comprised of relatively small
particles, considered the tendency of the particle size
distribution of a polydisperse latex to become narrower during polymerization. This phenomena was
modeled by expressing the particle growth rate in

— D ao
3—c

=

2(3 - c)

k(t)dt (17)

with a and b representing two different size populations of particles initially at Duo and Db0 . Rearranging this relation and assuming that the k(t)
integrals cancel when ratios are calculated gives
eq. ( 18 ) ,
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lations allows competitive growth analysis of this
vinyl acetate system. The particle size data were
smoothed and corresponding diameter ratio values
plotted on Figure 6. The data indicate the value of
c is in the range of 2.75-3.0 for this system. This is
the expected result for latexes comprised of relatively
small numbers of larger particles.

c-3.0

1.9 -

1.8 -

••— c=2.75

++

SUMMARY

c=-2.5

1.7 -

1.6 -

1 .5
1.2

1.4

1.6

1.8

GAMMA
Figure 6.

Db

Variation of Db /Do with y.

1

Da - 7[7

3_

0 1-c - 11 113- e

Kinetic analysis of data from the emulsifier-free,
seeded emulsion polymerization experiments demonstrate that this system is in the high a' or SmithEwart Case III reaction region. Hence the data are
useful for evaluation of water-phase termination
phenomena and for estimation of radical absorption
coefficients.
The authors acknowledge the support of the National Science Foundation under Grant No. CBT 8717926.
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The various curves in Figure 6 demonstrate the
effect of different values of c on the particle size
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faster rate than larger particles and the particle size
distribution will become narrower during reaction.
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water-soluble initiator was used.
In this seeded study of vinyl acetate, a second
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mulsion polymerization is an important commercial process for
manufacturing such products as
synthetic elastomers, surface coatings,
adhesives, engineering plastics, model
colloids, and process or product additives. Everyone comes in contact with
the products of emulsion polymerization daily—the synthetic rubber in our
automobile tires, the latex paints inside
and outside of our homes, the glue that
holds our furniture together, and the
key ingredient in some medical diagnostic tests.
Classical emulsion polymerization involves the dispersion of organic
monomers in water with an oil-in-water
emulsifier, followed by polymerization
with a water-soluble initiator. The
course of a batch reaction is sometimes
described in terms of three intervals. Interval I comprises particle nucleation in
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the presence of a dissolved or micellular emulsifier. This interval ends early
in the reaction 5 percent monomer
conversion) when the surface of the
particles becomes sufficient to adsorb
all of the emulsifier. Interval II is the
particle growth phase, with monomer
being supplied by diffusion from the
droplets through the water phase to
the monomer-swollen particles. Interval
III begins when the monomer droplets
disappear and continues to the end of
the reaction.
As with many commercial chemical processes, emulsion polymerization has progressed from an
experience-based art to a reasonably
well understood process. The purpose of this article is to provide a
brief history of the process, followed
by a review of some of the major
milestones in establishing a more fundamental knowledge base.

ApplicArioNs F IRST,
UNd ERSTANd Nq SECONd
A process for the polymerization of
oily monomers in aqueous suspension
or emulsion was first reported in the
early 1900s. Commercial scale production apparently started in Germany in
the 1930s, with the polymerization of
vinyl acetate using polyvinyl alcohol as
the emulsifier. (1)
Early efforts to understand and commercialize the process in this country
were clearly associated with the Rubber
Reserve Program of World War II. Initiated to fill the country's rubber needs
when supplies of natural rubber from
Southeast Asia were cut off, the Rubber Reserve Company was created by
the Reconstruction Finance Corporation on June 28, 1940. Though the
company's original task was to locate
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nterest in emulsion polymerization and
latex technology increased significantly
in the late 1960s and 1970s, when it
became dear that latexes would replace
many solvent-based polymer systems,
especially in the coating and adhesives
area. Around the same time, I began
conducting research in this area at
Lehigh University in Bethlehem, Pennsylvania.
Emulsion polymerization research at
Lehigh began in the late 1960s, when
graduate student Andrew DeGraff investigated the emulsion polymerization of
styrene in a continuous stirred-tank
reactor (CSTR). His results, published
in 1971, used Smith-Ewart Case 2
kinetics to model the CSTR for prediction of Rp, N, particle size distribution
and molecular weight. (9)
In June of 1970, the school offered
its first short course on this topic, entitled "Advances in Emulsion
Polymerization and Latex Technology." Among the speakers were W.V.
Smith (of the Smith-Ewart theories),
C.P. Roe of Uniroyal, and Vanderhoff,
the Dow researcher who had just
joined the faculty of Lehigh's
Chemistry Department. The course
was an instant success, with 35 industrial registrants in its first year.
Vanderhoff and I began working
together that year to form what was to
become the school's Emulsion Polymer
Institute (EPI). An industrial affiliates
program, the Emulsion Polymers Industrial Liaison Program, was formed
in the early 1970s and already had a
membership of about 12 companies
when EPI was officially chartered by
Lehigh in 1975.
Since its rather modest start, EPI 'has made numerous contributions to
the field in three general areas:
Education: The educational and instructional component of EPI serves
both full-time students and those working in the field. The number of students
participating in undergraduate and
graduate research has increased from
one in 1968, to nearly 50 in 1990.
Most of the present 40-plus graduate
students are pursuing degrees in
chemistry or chemical engineering.
These students are involved in a
very broad range of research projects,
including preparation of latexes, measurement of important characteristics,
such as particle size distributions and
surface chemical group concentrations,
and determination of performance in
specific applications. The desired end
goal of this research is to generate the
knowledge base which could be used to
establish the chemical recipes and
September 1991

processing procedures necessary to
manufacture high-quality latexes for a
variety of important applications. A
similar program at Georgia Institute of
Technology is strongly focused on reaction kinetics, process modeling and control.
Registration in the annual emulsion
polymers short course at Lehigh has
grown rapidly, with nearly 150 enrolled in the June 1991 course. A
similar course has also been offered
every year since 1978 in Davos, Swit-

-

fees have helped educate many students in this important area of polymer
science and engineering, and produced
research results useful to industry.
Member companies monitor the research results closely and offer recommendations for new research
directions, in addition to providing
financial support. In some cases part of
the research is conducted in the
laboratories of affiliate companies.
Research: Lehigh's research program is very broad and has, since the
mid-1970s, involved contributions
from a number of other faculty members. The range of areas studied indude:
Latex characterization

11 Kinetics and reaction engineering
11 Application problems
Stabilization phenomena

Some of the more significant areas
of work in the program's early days
were:
Characterization—Many of the ad-

zerland. Approximately 3,000 people
have taken the courses at Lehigh and
Davos since they were started. Many of
the organizations that send scientists
and engineers to these courses also support emulsion polymers research at
Lehigh and/or at Georgia Institute of
Technology, where I have been
employed since 1978.
Service: Service activities for industry have been offered through the
Emulsion Polymers Industrial Liaison
Program (EPILP) at Lehigh, and now
through a similar program, the
Polymer Program Associates, at Georgia Tech in Atlanta. The EPILP at
Lehigh has grown from 5 companies in
the early 1970s to 44 in 1990, with
member companies drawn from many
countries. Georgia Tech's Polymer Program Associates currently has 16 members, with 4 supporting emulsion
polymerization activities. Companies in
these affiliate programs interact extensively with faculty and students. They
are kept informed about specific research projects and have early access
to results.
Lehigh's program was one of the
early affiliate programs in the U.S. and
clearly is very successful. Membership

vances In reaction engineering and application performance have been
made possible by enhanced analysis
techniques. Some areas in which the
Lehigh group have contributed include surface cleaning through ion exchange and serum replacement,
surface group titration and modification, chromatography methods for particle size measurement, and surface
tension/structure determination.
The ability to remove dissolved and adsorbed species from the latex serum
and particle surfaces, and to modify
surface groups and/or Ionic charges
has permitted the preparation of a
wide range of model colloids for fundamental scientific research. Using
these same techniques to determine
the end location of recipe ingredients
has also helped to develop a more
complete understanding of the reaction process.
Kinetics/Reaction Engineering—

Studies in the areas of latex preparation, kinetics, and reactor problems
have involved a number of graduate
students and faculty. Two very different areas of study will serve to illustrate the breadth of these
contributions: continuous reactor systems, and preparations involving
mixed stabilizing species.
My group at Lehigh initiated emulsion
polymerization studies in continuous
reactors at a time when very little had
been published on such systems.
Steady-state well-mixed CSTRs offer
the advantage of direct rate measurement and a broad particle size distribution (PSD) in the latex effluent.
Simulation of PSDs are a good test
for particle growth models and early
experimental results were very useful
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in eliminating some proposed model
forms.
Achieving steady-state operation in a
CSTR is not always easy, however,
since the coupled nucleation-growth
kinetics often lead to sustained conversion and particle number oscillations.
This problem was solved by placing a
plug-flow tubular reactor upstream of
the CSTR. The nucleation takes place
in the tube and the reactor operates at
a stable steady-state.
The tube-CSTR combination was then
employed at Georgia Tech to study radical transport from particles. Polymerization rate and the effluent PSD
measurements are quite useful in quantifying radical desorption rates. More
recent work has involved copolymerization with monomers having different
water solubilities in tube-CSTR system's.
A second area of interesting work
within the Lehigh group was initiated
when John Ugelstad of the University
of Trondheim was a visiting scientist
in the early 1970s. This effort invoved
using mixed emulsifier systems to
achieve very small monomer droplets
that could compete effectively for free
radicals during the particle nucleation
stage of the reaction. These emulsifier
mixtures, comprised of an ionic emulsifier and a long-chain fatty alcohol,
were used at a level of 1-3 wt percent
based on monomer, and one could
form bimodal latexes from such
recipes. (1°1
This work has been followed in two
directions. First, the combination of
monomer-droplet and continuousphase nucleation was used to yield
bimodal or broadened particle size distributions. Such PSDs can help in the
production of high solids dispersions
for coatings, PVC plastisols, etc.
A second application was to prepare
latexes from polymer solutions by
direct emulsification to yield small
droplets followed by solvent stripping.
This technology permits the production of latexes from polymers that are
not formed by free radical
mechanisms.
Work with recipes involving mixed stabilizer systems also led to the concept
of using swelling agents to greatly enhance the swelling of polymer particles by monomer. These agents can
also be used to stabilize monomer
emulsions against diffusive degradation.

SUMMARY
Emulsion polymerization and latex
technology has progressed from a
"practiced art" to a reasonably well-understood complex process. Workers
from Industry, government
laboratories, and universities have contributed to the progress that has been
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made since the first major commercial
utilization of the process in the 1930s
and 1940s. The field is still progressing, however, and a number of
problems need future work.
The problems being explored in
depth today are generally focused at
special applications that require very
specific properties and/or particle structures. Examples include latexes for
property modification of engineering
plastics, controlled non-spherical
shapes, hollow particles to enhance
light scattering in coatings, particles
with bioactivity for medical applications, large monodisperse particles—
solid and porous—for chromatography
columns, colored particles, synthetic
pigments, etc. Most of these applications require the control of the structure of individual particles, an exciting
area for present and future_ esearch
contributions.
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INTRODUCTION

Research has been primarily focussed on reactions in the continuous phase of
heterogeneous free radical process. These reactions include initiation, propagation,
absorption into particles and chain transfer to water-soluble polymer. These
reactions are especially important in the early, particle nucleation parts of emulsion
and dispersion polymerization processes.
RESEARCH SUMMARIES
Water-Phase Reactions in Emulsion Polymerization: The overall conversion of
monomer to polymer in most emulsion polymerization reactions takes place in the
submicron monomer-swollen polymer particles. Water soluble initiators, however,
produce hydrophilic free radicals which must add some monomer units in the
water phase in order to be able to enter the monomer-polymer particles. These
water-phase reactions have not received much attention in the literature even
thought they are an important part of the reaction sequence.

We have carried out experiments in which the low molecular weight, water soluble
materials which are left after inhibition have been characterized. Inhibition was
accomplished by two methods: the addition of a water soluble inhibitor and the use
of latex seed particles contain inhibiting SH groups on the surface. These
experiments were made with co-monomers which has vastly different solubilities
in the water--e.g., styrene and acrylic acid. Both compositions and molecular
weights of the isolated materials were measured. The results show that watersoluble oligomers have as many as 13-15 monomer units before they enter latex
particles.

Dispersion Polymerization Kinetics: Batch dispersion polymerization reactions start
as homogeneous solutions of monomer, solvent, initiator and a polymeric
stabilizer. The polymer formed is not soluble in the continuous phase. The
polymeric precipate is stabilized in particle form by the polymeric stabilizer. In
contrast to emulsion polymerization dispersion systems are more complex because:

• The nature of the continuous phase (solvency) changes during the course of
the reaction.
• A significant amount of polymerization can take place in both the continuous
and particle phases.
We have developed a reaction model which can be used to predict reaction rates in
both phases and transport between the phases. Preliminary work has involved the
use of this model for analysis of literature batch data. Future work will involve
competitive growth experiments with bimodal seeds and seed-fed runs in
continuous stirred tank reactors. Reactions have been carried out to produce seeds.
The experiments with these seeds will be conducted so that no new particles will be
formed. This will permit a detailed evaluation of reaction rates and transport
phenomena.
PAPERS AND PRESENTATION
PUBLISHED (ATTACHED):

"Characterization of Styrene-Carboxylic Acid Monomer Emulsion Copolymerization," with David Lange, Polym. React. Eng., 1:1, 1-39 (1992).
"Modeling of Styrene-Carboxylic Acid Monomer Emulsion Copolymerization in a
Series of Seed-Fed Continuous Stirred-Tank Reactors," with David Lange, Polym.
React. Eng., 1:1, 41-73 (1992).
"Emulsion Polymerization and Copolymerization in Continuous Reactor Systems,"
Polymer International, 30, 243 251 (1993).
-

IN PRESS:

"Modelling Poly(Vinyl Alcohol)-Stabilized Vinyl Acetate Emulsion Polymerization,
Part I: Theory," with Cheryl M. Gilmore and F. Joseph Schork, J. Appl. Polym. Sci.
"Modelling Poly(Vinyl Alcohol) - Stabilized Vinyl Acetate Emulsion
Polymerization, Part II: Comparison with Experiment," with Cheryl M. Gilmore
and F. Joseph Schork, J. Appl. Polym. Sci.

ACCEPTED:

"Investigation of the Sequence Distribution of Bulk and Emulsion Styrene - Acrylic
Acid Copolymers by 1H- and 13C-NMR," with S. Wang, J. Appl. Polym. Sci.
PRESENTATIONS:

"Emulsion Polymerization Mechanisms and Kinetics," Short courses at Lehigh
University (June 1992) and Davos, Switzerland (August 1992).
"Emulsion Polymerization Reaction Engineering," Short course at Lehigh
University (June 1992) and Davos, Switzerland (August 1992).
"Influence of Reactor Design and Operation on Latex Characteristics," National
Starch and Chemical Company (New Jersey).
"Emulsion Polymerization Kinetics and the Use of Seeds in Commercial
Production," Eastman Chemical Company (Tennessee).
RESEARCH PLANS

Future research will focus in three areas.
• Dispersion polymerization with seeds in semi-batch and continuous stirred-tank
reactors. This work will help develop a more complete understanding of particle
growth phenomena.
• Preliminary work will be carried out on grafting reactions in free radical
polymerization. Such reactions can be very important in multiple phase
disperation and emulsion particles.
• Studies of water-phase reactions and blocky copolymers formed in emulsion
polymerization reactions with comonomers having significantly different water
solubilities will be continued.
These studies will continue to enhance our understanding of heterogeneous free
radical polymerization processes. The end goal of being able to design a reaction
process to achieve specific product properties will be closer to reality.
STAFF

Dr. Gary W. Poehlein, Principal Investigator
Dr. Shouting Wang, Postdoctoral Fellow

Mr. Pei-Hua Yang, Ph.D. Candidate (ChE)
Mr. Syed Ahmed, Ph.D. Candidate (ChE)
Mr. Ravindia Kshirsogan, M. S. Candidate (ChE)
Mr. Jeffery Cross, Undergraduate (ChE)
Mr. Ryosuki Nishida, Visiting Industrial Scientist
Additional support from Georgia Institute of Technology, J. Exlan Co. and Dow
Chemical has helped to expand this NSF-funded program.
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PART H
SUMMARY OF COMPLETED PROJECT / AWARD # CTS-9023240
P.I.: Gary W. Poehlein, Georgia Institute of Technology
Project Title: Emulsion and Dispersion Polymerization

Heterogeneous free radical polymerization processes such as suspension,
dispersion and emulsion are used to manufacture a wide variety of important
commercial products. Environmental issues have been a major driving force for
increased research and utilization of water-based coatings and adhesives produced
by emulsion polymerization. These products are often copolymers of monomers
which have significantly different solubilities in the continuous aqueous phase.
The primary focus of the research completed under this grant has been to develop a
more complete fundamental understanding of reactions with such monomer
mixtures.
Water soluble monomers which contain functional groups such as carboxyl,
sulfate or sulfonate can influence polymerization kinetics by increasing the number
of latex particles formed and/or by changing the average number of growing free
radicals per particle. Our research has focussed on determining the mechanisms
that are responsible for these observations. Measurements of polymerization rates
have been coupled with determinations of the distribution of the monomer
between the organic and aqueous phases. This has permitted the development of a
reasonably complete understanding of the kinetics of such systems.
Other work has focussed on the growth of oligomeric radicals in the water
phase prior to entry into the monomer-swollen polymer particles. The length and
composition of these oligomers have been experimentally determined for a number
of comonomer pairs. This has enhanced our ability to design reaction conditions
and procedures to achieve desired product characteristics.
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PART HI
TECHNICAL INFORMATION / GRANT # CST-9023240
P.I.: Gary Poehlein, Georgia Institute of Technology

Project Title: Emulsion and Dispersion Polymerization

The results of the research conducted under CTS-9023240 have been made
available to the external community via a number of mechanisms: (1) publications
in the archival literature; (2) symposium presentations; (3) seminars; (4)
professional consulting and, last but not least, (5) generation of educated
professionals in an important field. Documentation of contributions in these areas
are provided in the remainder of this section.
(1) Publications during Grant period:

1. "Kinetics of Emulsion Copolymerization with Acrylic Acids," with G. L. Shoaf, J.
Appl. Polym. Sci., 42:5, 1213-1238 (1991).
2. "Solution and Emulsion Polymerization with Partially Neutralized Methacrylic
Acid," with G. L. Shoaf, J. Appl. Polym. Sci., 42:5, 1239-1258 (1991).
3. "Kinetic Analysis of Seeded Emulsion Polymerization of Vinyl Acetate," with
David M. Lange, Sadao Hayashi, Akihiko Komatsu and Toshihiro Hirai, J. Poly.
Sci., Part A, Polym. Chem.,
785-792 (1991).

a

4. "Emulsion Polymerization and Latex Technology: Past Achievements and
Future Directions," Chapter One, 5(1), 22-28 (9/1991).
5. "Characterization of Styrene-Carboxylic Acid Monomer Emulsion
Copolymerization," with David Lange, Polym. React. Engr., 1:1, 1-39 (1992).
6. "Modeling of Styrene-Carboxylic Acid Monomer Emulsion Copolymerization in
a Series of Seed-Fed Continuous Stirred-Tank Reactors," with David Lange,
Polym. React. Engr., 1:1, 41-73 (1992).

7. "Emulsion Polymerization and Copolymerization in Continuous Reactor
Systems," Polymer International, 30, 243-251 (1993).
8. "Modeling Poly

(Vinyl Alcohol)-Stabilized Vinyl Acetate Emulsion

Polymerization. I. Theory," with C. M. Gilmore and F. J. Schork, J. Appl. Polym.
Sci., 48 1149-1460 (1993).
9. "Modeling Poly (Vinyl Alcohol)-Stabilized Vinyl Acetate Emulsion
Polymerization. II. Comparison with Experiment," J. App1. Polym. Sci., tki, 14611473 (1993).
10. "Investigation of the Sequence Distribution of Bulk and Emulsion Styrene Acrylic Acid Copolymers by 1H- and 13C-NMR," with S. Wang, J. App1. Po1ym.
Sci., 49 991-1001 (1993).
11. "Characterization of Water-Soluble Oligomer in Acrylic Acid-Styrene Emulsion
Copolymerization," with S. Wang, J. Appl. Polym. Sci.,
2173-2183 (1993).

a

12. "Studies of Water-Soluble Oligomers Formed in Emulsion Copolymerization,"
with S. Wang, J. Appl. Polym. Sci.,
593-604 (1994).
13. "Radical Entry into Particles During Emulsion Polymerization of Vinyl Acetate,"
909-921 (1994).
with R. S. Kshirsagar, J. App1. Polym. Sci.,

a

(2) and (3) Seminars and Presentations (Selected List):
(i)

Lectures (2) on "Emulsion Polymerization Mechanisms and Kinetics" and
"Reaction Engineering for Emulsion Polymerization" have been presented
every year at short courses at Lehigh University and in Davos, Switzerland.

(ii)

Seminars have been presented at universities and industrial laboratories
including:
•
•
•
•
•
•
•
•
•
•
•

Bejing Institute of Technology
National Starch & Chemical Co.
University of Tennessee
Ameripol Synpol Co.
University of South Carolina
W. R. Grace & Co.
Xerox Research and Development
Washington State University
Henkel Corporation
Eastman Chemical Co.
3M Polymer Products Division

(iii) Papers have been presented by G. W. Poehlein and by graduate students at:
• Gordon Conference session chair and discussion leader.
• International Polymer Colloid Conference,
Fukui, Japan (Invited Paper)

• Engineering Foundation Conference on Polymerization Reaction Engineering (Invited Paper)
• International Symposium on Emulsion Copolymerization, Lyon, France
(Invited Paper)

(4) Consulting
Consulting on emulsion polymerization has included Eastman Chemical,
Xerox-Canada, Ameripol Synpol, National Starch & Chemical, and Henkel
(5)

Students
Students listed below worked in Dr. Poehlein's group during the grant period
and most received some financial support from NSF
1. Cheryl Mathews-Gilmore (PhD 1991) - (Jointly directed by Dr. F. J. Schork)
Currently a part-time Post Doctoral student at Georgia Tech.
2. Ravindra S. Kshirsagar (MS ChE 1993) - Currently in graduate business
school at Texas A&M University.
3. David M. Lange (PhD 1991) - Currently employed by Ameripol Synpol Co. in
Port Neches, Texas.
4. P.-H. Yang (PhD Expected 1995).
5. S.-T. Wang (Post Doctoral Fellow 1992-93)
6. Syed Ahmed (PhD Expected 1995)
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Federal grants. The information on this part is solicited in resonse to Public Law 99-383 and 42 USC 1885C. All information provided will be treated as confidential and will be safeguarded in accordance with the provisions of the Privacy Act
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Staff
Male

A. Total, U.S. Citizens

Male

Fern.

Graduate
Students
Male

Fern.

UnderGraduates
Male

Fern.

Other
Participants'
Male

Fern.

1

B. Total, Permanent Residents
U.S. Citizens or
Permanent Residents 2

Fern.

PostDoctorals

1

:

American Indian or Alaskan Native
Asian

1

Black, Not of Hispanic Origin
Hispanic
Pacific Islander
White, Not of Hispanic Origin

.. .

C. Total, Other Non U.S. Citizens
-

7

Specify Country
2

•

Tiawan

1

'

Thrlia

1

3.

D. Total, All participants
(A + B + C)

1

I

2

Disabled 3

■
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along with Parts I - III).

' Category includes, for example, college and precollege teachers, conference and workshop participants.
2

Use the category that best describes the ethnic/racial status fo all U.S. Citizens and Non-citizens with Permanent Residency.
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A person having a physical or mental impairment that substantially limits one or more major life activities; who has a record of such
impairment; or who is regarded as having such impairment. (Disabled individuals also should be counted under the appropriate
3

ethnic/racial group unless they are classified as "Other Non-U.S. Citizens.")

AMERICAN INDIAN OR ALASKAN NATIVE: A person having origins in any of the original peoples of North America and who maintains cultural identification through tribal affiliation or community recognition.

ASIAN: A person having origins in any of the original peoples of East Asia, Southeast Asia or the Indian subcontinent.

This area

includes, for example, China, India, Indonesia, Japan, Korea and Vietnam.
BLACK, NOT OF HISPANIC ORIGIN: A person having origins in any of the black racial groups of Africa.

HISPANIC: A person of Mexican, Puerto Rican, Cuban, Central or South American or other Spanish culture or origin, regardless of race.
PACIFIC ISLANDER: A person having origins in any of the original peoples of Hawaii; the U.S. Pacific territories of Guam,
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