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SYNOPSIS 

A kinetic model is presented that describes the reaction behavior of emulsion copolymer- 
ization systems where significant polymerization occurs in both the particle and aqueous 
phases. Equations for predicting aqueous-phase free-radical concentrations and aqueous- 
phase 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 carboxylated 
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 sys- 
tems, 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 sys- 
tems. 

Carboxylated copolymer latexes comprise an in- 
creasingly 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 polymeriza- 
tion can occur in both the particle and aqueous 
phases. 
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Copolymerization Studies of Hydrophobic 
Monomers (i.e., Styrene) with Carboxylic 
Acid Monomers 

Potentiometric and conductometric titration studies 
of copolymer latex systems containing acid mono- 
mers copolymerized with a more hydrophobic 
monomer such as styrene have been performed by 
a variety of workers including Fordyce and Ham,' 
Muroi,2 C e ~ k a , ~ ' ~  Sakota and O k a ~ a , ~  Vijayendran,' 
Egusa and Makuuchi, and Gasper and Tan.' Most 
of these studies were aimed at  determining the dis- 
tribution of the acid groups between the aqueous 
phase, particle surface, and particle interior and the 
effects of these distributions on the rate of poly- 
merization, particle stability, and particle genera- 
tion. 

The most frequently studied acid monomers co- 
polymerized with styrene (or other hydrophobic 
monomers) are itaconic acid ( IA) , acrylic acid ( AA) , 
and methacrylic acid (MAA), listed in order of in- 
creasing 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 
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aqueous phase.3 Very little IA monomer normally be- 
comes 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.296-9 

Ceska copolymerized IA, AA, and MAA with sty- 
rene in separate reactions. Copolymerization rates 
were found to increase with the presence of carbox- 
ylic monomers in the order IA < AA < MAA.2,3 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 par- 
ticles. 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 ME, are 
shown below. 

Initiator decomposition 

kd 
I + 2 R *  

Monomer initiation 

R* + MA, 2 M:, 

R* + MB1 3 M& 

R* + impurities + inactive product 

Propagation 

Monomer chain transfer 

Termination 

ktAA 

M$ + M:k -+ dead polymer 

M t  + Mgk + dead polymer 
kiarr 

k t m  

M &  + Mgk --* 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 a t  the 
end of the chain. 

I t  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 trans- 
fer reactions are most important in the particle 
phase since the formation of single monomer radi- 
cals 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  a1.l’ developed rate equations for 
emulsion copolymerization inside the polymer par- 
ticles. Eqs. ( 1 ) , ( 2  ) , and ( 3 )  give the reaction rates 
for monomer A, monomer B, and total monomer, 
respectively. 
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where 
where NA* and NB* are the number of particles per 
volume of water containing A and B radicals, re- 
spectively. Note that eqs. ( 1) and ( 2 )  do not include 
polymerization in the aqueous phase. 

Nomura et a1.I' used eq. (4) to express the com- 
position of copolymer formed in the particles. 

They also assumed that the change in concentration 
of A * and B * radicals with time is slow when com- 
pared to the time scale of the complete reaction. 
Hence, 

They then defined an average number of respec- 
tive radicals per particle. 

and 

where N I .  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 

r i  may be calculated using a procedure developed by 
Ugelstad and Hansen" that involves the method of 
continuous fractions. 

After various algebraic manipulations, copoly- 
merization rates can be written. 

Aqueous-Phase Free-Radical Concentration in 
Emulsion Copolymerization Systems 

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 de- 
veloped 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: 

-- d [ I *  1 - rate of formation by decomposition of I2 
dt 

- rate of monomer initiation 

- rate of termination with other I* radicals 

- rate of termination with oligomer radicals 

- rate of capture by particles 

+ rate of desorption from particles 

- rate of capture by monomer droplets 

- rate of capture by micelles 

Due to the high concentration of monomer rel- 
ative 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. decomposition 
2a. monomer initiation 
2b. 
3. deactivation 
4a. termination 
4b. 
4c. 
5a. propagation 
5b. 
5c. 
5d. 
6a. capture of init. 
6b. and oligomer radi- 
6c. cals by particles 
7a. desorption of 
7b. radicals from 
7c. particles 
8a. termination of 
8b. oligomer radicals 
8c. 
9a. capture of 
9b. radicals by 
9c. droplets 
10a. capture of 
lob. radicals by 
1Oc. micelles 

A balance on the monomer radicals ( j  = 1 )  is 
given below. 

-- - rate of initiation of monomer molecules d [ R :  1 
d t  

- rate of formation of j = 2 mers 

- 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 

Capture by monomer droplets is usually negligi- 
ble, and if the surfactant level is kept below its crit- 
ical micelle concentration, micelles will not be pres- 
ent in the system. Applying the assumption that the 
identity of a radical A * or B* is independent of chain 
length gives 

A ,  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 ,  
is defined by 
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The rate expression for the monomer radicals can 
then be written by 

where the average constants and overall radical 
concentration are given by the following expressions: 

where 

[ R$ I k t w i ~  + [ R.?B 1 LIB The oligomers grow to a critical length beyond 
which capture by particles is assumed to occur. This 
critical length is denoted by jcr. Therefore, the sys- 
tem of equations developed consists of j,, equations. 
The steady-state assumption must be applied in or- 
der to solve the jcr system of equations. The deriv- 

( ) 
[R31  + [R.?BI 

Z twI  = 

Rtw = 
1 

( 1  +Aw)’ 
( ktwA.4 + A w  h w A B  + A lZtwBB ) ( l6 ) 

atives are all set to zero and the j , ,  equations are 
( 17 1 summed yielding 

Jer ~ 1 

Next, a balance is written on the j-mer radicals 2 f b [ I , l  - 2L1[R?otl  [I* 1 - 2 L  C [R? 1 [R&I 
j = 1  with j > 1. 

-- - rate of formation of j-mer dFRj.1 
d t  

- rate of formation of j + 1 mer 

- rate of termination with initiator radicals -k ( I ~ , A B  A W ~ ~ B B ) [ B I U J ]  = 0 ( 2 1 )  
- rate of termination with oligomer radicals 

One may then define R, ,  an average radical capture 
- rate of capture by particles 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 ne- 
glected relative to capture by seed particles. De- 
sorption from latex particles is also unlikely if j is 
much larger than 1. The resulting rate expression 

and rewrite the expression for the average termi- 
nation constant, 

jer-l 
is given by eq. ( 18). [Note that eq. ( 15) has been 2Lw c [RTI[R&tl = 2 ~ t w [ R & I 2  ( 2 3 )  
extended to include radicals of length j . ]  j = l  
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A more simplified equation then follows: 

This equation is of the same form as that derived 
by Ugelstad and Hansen l1 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 crit- 
ical chain length needed for homogeneous 
nucleation of particles. Therefore, [ Rzr-l 3 
should be very small (especially compared to 
[ R,*,,] ) , 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 signif- 
icant ( i.e., significantly water-soluble mono- 
mers such as carboxylic acids), [I*] should 
be small, and the second term can also be 
neglected. 

These simplifications lead to 

Application of the quadratic formula leads to a direct 
solution for [ R,*,,]. 

Expression for Diff usion-Controlled Aqueous- 
Phase Copolymerization 

The rationale used in the previous derivation of 
[ R&] can be used in deriving an expression for dif- 
fusion-controlled aqueous-phase copolymerization 

in an emulsion system. The rate expression is given 
by 

Rpaq = - 
(d[Alaq + d[Blaq) 

dt 

= kp~~[A*]aq[A]aq  + k ~ A B [ A * l a q [ ~ ] a q  

f kpB~[B*]aq[Alaq + k p ~ ~ [ B * ] a q [ B ] a q  (27) 

A steady-state concentration is assumed for each 
type of radical. 

~ P B A  [ B * Iaq [A Iaq = k p ~ ~  [A * Iaq [ B ]aq ( 28 

Steady state is also assumed for the total concen- 
tration of radicals, which normally leads to an 
expression of the form 

R. initiation . .  . = R  termination (29)  

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

R. . .  . = R initiation termination + Rcapture - Rdesorption ( 30 

which leads to 

Ri = 2 L ( [ A * ] a q  + [B*Iaq)' + Kc( [A*]aq  

+ L B *  1 a q ) N p  - z d e s ( N p f i / N A )  (31 

Rearranging and solving for the free radical con 
centration gives 

[A*  laq + [B* laq = [R?otlaq 

- - \ l (kCNp)* + 8&,(Ri f &des(Npn/NA)) - icNp 
4 k w  

(32 )  

Solving for [ B * Iaq from eq. (28)  yields 

and substituting this result into eq. (32 )  and rear- 
ranging gives an expression for [ A * Iaq: 
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Let r A  = kpAA/ kpAB and rB = kpBB/ kpBA. Then sub- 
stituting eqs. (33)  and (34)  into eq. (27)  and rear- 
ranging leads to an expression for the rate of reaction 
in the aqueous phase. 

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 composi- 
tion. The derivation begins with eq. (27 ) .  Again, 
the steady-state assumption for the total concen- 
tration of free radicals and the assumption that the 
identity of an A *  or B* radical is independent of 
chain length leads to 

By definition, 

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

[Rtotlaq = [A*],, + [B*laq (38)  

Algebraic manipulation of eqs. (37)  and (38) lead 
to expressions for [A*  Iaq and [B* Iaq.  

1 
[A*  laq = 1 + ~  [Rfo t laq  (39)  

Breaking eq. (27)  into two parts leads to 

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 [ Rt*,t]aq is given by 
eq. (26 ) .  

The overall emulsion copolymerization model 
then takes the form 

where the equations for rate of reaction in the par- 
ticles 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 Ewart13 in their original recursion 
equation reproduced here. 

03 

where N = 2 Nn, and Nn is the number of polymer 

particles per unit volume of aqueous phase that con- 
tains n free radicals, pa is the overall rate of radical 
absorption by the particles, Vp is the particle volume, 
kdes is a rate coefficient for radical desorption from 
the particles, and k, is the radical termination con- 
stant in the particles. 

Expressions for predicting the radical desorption 
coefficient, kdes, for homopolymerization systems 
have been developed by Ugelstad and co-work- 
ers, 11,14,15 and Nomura and co-workers.16-" Nomura 
et a1.l' then developed expressions for predicting an 
average radical desorption coefficient, &es, for an 
emulsion copolymerization system. Nomura devel- 
oped eq. (47 ) to predict the radical desorption coef- 
ficient for radical A and eq. (48) for radical B for 
the case where aqueous-phase termination is ne- 
glected as is common with conventional relatively 
water-insoluble monomer systems: 

n=O 
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KoA is defined by 

where dp is the particle diameter, DwA 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, 

and 132 is the ratio of water-side film mass-transfer 
resistance to overall mass-transfer resistance for 
monomer A radicals defined by 

where DpA is the diffusion coefficient of monomer A 
radicals in the polymer particles. 

Nomura et a1.l' state that if aqueous-phase ter- 
mination is not neglected (as in the water-soluble 
acid-styrene monomer systems), then eqs. (47) and 
(48) are modified to the form given by 

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

where A is defined by 

54 1 

55 ) 

An alternate form of the desorption coefficient, 
k&,, ( cm2/s), which is volume independent, is shown 
in 

= v i '3&es  ( 5 6 )  

where Vp is the average swollen particle volume 
(cm3). The values of &s ( l / s )  calculated for the 
styrene-carboxylic acid systems using the Nomura 
et a1.l' 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, l2 

styrene-acrylonitrile 0.2-0.6, l2 and styrene-car- 
boxylic acid 0.1-2.0. The values increase with the 
overall hydrophilicity of the monomer system. 

Mead1' has developed a model with analytical so- 
lutions for predicting the radical desorption coeffi- 
cient in an emulsion copolymerization system that 
accounts for nonuniform distribution of free radicals 
within the particle. Chern2' 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 nu- 
merical integration for calculation of the radical de- 
sorption coefficient. Results from Mead12 and 
Chern ' O  reveal that the desorption coefficient in- 
creases 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 sys- 
tem. 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 devel- 
opment presented by Sundberg et a1.21 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 E ,  has been 
estimated for styrene emulsion homopolymerization 
by several workers with varying results. The mech- 
anism 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 co- 
polymer compositions and thus changing hydro- 
phobicities of the oligomeric radicals. 

Gilbert et aLZ3 and F e e n e ~ ~ ~  determine the pa- 
rameter p ( l / s ) ,  which is the rate of entry as pre- 
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0.6 - 

04- 

0.2 - 

sented in the classical Smith-Ewart approach. They 
have developed a method for zero-one systems by 
which they calculate values of p a  and a desorption 
term, k ,  from the slope and intercept of batch con- 
version-time data in the steady-state region where 
p = p a  + akii .  a is shown to be 0 or -1. Given the 
particle concentration for their system, values of p 
may be converted to kc (cm&/s) by 

P E ,  = - 1000 
NP 

(57) 

where Np is the particle concentration in numbers 
of particles/cm&. This calculation results in values 
between lO-"to cm3/s for the styrene homo- 
polymerization system depending on the particle 
radius, initiator concentration, and number of par- 
ticles. 

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 eas- 
ily extended to copolymerizations with water-soluble 
monomers because of assumptions needed to obtain 
the slope and intercept of the overall conversion- 
time curve during the steady-state period. Their re- 
sults also depend on the nature of the particle sur- 
face, 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 copol- 
ymer composition changes throughout the course of 
the reaction. 

Hansen and UgelstadZ5 present a more common 
approach to radical capture in terms of radical dif- 
fusion. A system involving irreversible absorption 
with no electrostatic effects is modeled by 

where D ,  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. There- 
fore, they note that D, must be modified to account 
for these phenomena. They report a value of D ,  for 
styrene that leads to a k, of 4 X (cm3/s) for 
a particle with a diameter of 30-40 nm, which is 

several orders of magnitude greater than the values 
obtained from the work of Gilbert and N a ~ p e r . ~ ~  

Hansen and UgelstadZ5 include a discussion in 
which they rigorously develop expressions for a re- 
versibility factor ( U )  and a factor that includes 
electrostatic effects ( W r ) .  This results in the 
expression for E,:  

E ,  = 4xD,Fr (59) 

where F = U/Wr .  
A third approach for estimating E ,  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 con- 
version-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. Steady- 
state batch reaction rates for styrene were also ob- 
tained from the slope of the individual conversion- 
time curves for styrene for both the MAA-styrene 
and AA-styrene batch reaction systems a t  various 
monomer/water ratios. 

The concentrations of the monomers in the par- 
ticle and aqueous phases were calculated from the 
partition model using either steady-state conversion 

SEEDED CONTINUOUS RUN - MAA/STYRENE 

l? 

i 
8 

0 = OVERALL GC CONVERSION 
A = MAA CONVERSION 

=STYRENE CONVERSION 

, A A A  I 

I TEMP = B5C 
RESIDENCE TIME - 4.80 MINUTES 
WT. RATIO MONOMERS MAA/STY = 40 G/ 160 GI / 

0 0  
0 10 20 30 40 

TIME (MINUTES) 

Figure 1 Steady-state conversion-time data for the re- 
action of MAA-styrene in a CSTR at 85OC with a resi- 
dence 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 as- 
suming 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 

where 

Edes may be estimated using equations developed by 
Nomura et  a1." 

present a method for cal- 
culating r i  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 

Ugelstad and Hansen 

R, = rate of capture (mol/Laq s ) ]  . 
R, = rate of formation + rate of desorption 

- rate of termination 

This expression may be rewritten in terms of di- 
mensionless variables as described by 

a, = a; + mri - YaX (62) 

where 

(63) 

(64) 

ri may then be calculated from Bessel functions as 
given by 

where a = G. 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, R, ( l / s ) ,  which may 
be expressed as a function of the average capture 
coefficient, Rc ( cm3/s) by 

- kcNp 
k, = - 

1000 

Using the calculated value of Edes obtained with 
the Nomura et al. model, k, may then be adjusted 
until the calculated ri matches the experimental 
value. This procedure is useful only in the range 
where the parameter Y is large (> 100) since r i  is 
not very sensitive to changes in Y ,  and thus &,, when 
Y is small. Due to the large number of particles ( N p )  
and small particle size (diameter x 30-40 nm) , rea- 
sonably 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 con- 
version-time curves for both MAA-styrene and AA- 
styrene systems since reactions in CSTRs result in 
rather broad particle size distributions. Batch re- 
actions only exhibit steady-state reaction rates over 
a limited reaction period. However, the particles in 
batch reactions are often monodisperse, which min- 
imizes the effects of different particle sizes on the 
average rate of capture. 

The dependence of ri on the average capture coef- 
ficient for various values of Edes under the conditions 
of the reactions used in this study is shown in Figures 
2 and 3 for the MAA-styrene and AA-styrene sys- 
tems, respectively. ri increases as E ,  increases ini- 
tially. When kc continues to increase, the parameter 
Y approaches zero, and further changes in k,, and 
thus Y ,  have little effect on ri. The value of ii for 
any given 8, depends also on the rate of desorption 
represented by Edes. 
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Mflfl/STYRCNE 

Figure 2 Dependence of 6 on the average capture coef- 
ficient a t  various values of &des for the MAA-styrene sys- 
tem at an  a: of 2.0 x lo-'. 

The dependence of the aqueous-phase free-radical 
concentration and the parameter Yon E ,  for each 
system are shown in Figures 4, 5, and 6. The 
aqueous-phase free-radical concentration, [ Rtotlaq, 
decreases with both kc and Edes, 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. 

LEGEND I 
Kdes-0.01 11s 
Kdes=O.l 11s 
Kdes=0.5 11s 
- - Kdp.s=l.O - - __ - l / s  - - 

Figure 3 Dependence of ii on the average capture coef- 
ficient a t  various values of kdes for the AA-styrene system 
a t  an a: of 1.7 X 

x '  \ 

1b-1~ 1b-14 1b-1~ - mlb-16' ' ' ' ' 1 1 '  ' " " " '  ' " " " '  " ' "  

Ec 1crnnn3/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 re- 
action approach described earlier except he utilized 
particle size distribution data instead of reaction rate 
data, and he fit the parameter W defined by Ugel- 
stad. His simulations resulted in &, values ranging 
between 2 X and 2 X cm3/s. Analysis of 
the experimental data from the studies of the MAA- 
styrene and AA-styrene systems as discussed pre- 
viously resulted in Xc values ranging between 7 

RN/STY RENE 

Figure 5 Dependence of the aqueous-phase free-radical 
concentration on the average capture coefficient at  various 
values of Edes for the AA-styrene system at an a ;  of 1.7 
x 
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m 0,- 1 

Figure 6 Dependence of dimensionless parameter Yon 
the average capture coefficient at various values of kdes  for 
the MAA-styrene ( a ;  of 2.0 X and AA-styrene sys- 
tems ( a ;  of 1.7 X 

x and 7 X lo-’* cm3/s. A summary of the 
reported values for the various systems is shown in 
Table 11. 

It is apparent that there is a great deal of dis- 
crepancy in the values of z, reported. Values of z, 
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 N a ~ p e r ~ ~  and FeeneyZ4 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. How- 
ever, 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. Ev- 
idence of this phenomenon is obtained from results 
reported by Hawkett et a1.26 where they show qual- 
itatively that the capture efficiency for more water- 
soluble monomers ( methyl methacrylate, vinyl ac- 
etate, vinyl chloride, and acrylonitrile) is higher than 
that for styrene due to their faster rates of propa- 
gation 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 acid- 
styrene studies as well as the MA-styrene system 
imply that the effect of an increased rate of propa- 
gation 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 
2, obtained for styrene based on Hansen and Ug- 
el st ad'^^^ 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 oligo- 
mer radical will penetrate through the surface of the 
particle. Therefore, addition of other components 
that may contribute to surface effects such as sur- 
factant or initiator should be considered before ap- 
plying 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 hydropho- 
bic 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 zC reported in this work for the 
MAA-styrene and AA-styrene systems were ob- 
tained with a relatively simple experimental ap- 
proach. This approach may be applied to many 
similar monomer systems in order to obtain order- 
of-magnitude estimates for the average capture coef- 
ficients 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 6 and Edes, 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 I1 
for Several Monomer Systems 

Reported Values of Capture Coefficients 

Source System 12, (cm3/s) 

23 Styrene 10-’8-10-’6 
12 MA-styrene 2 x 10-17-2 x 10-l~ 

25 Stvrene 3 x 10-l3 

This work MAA-styrene 7 X 10-15-7 X 
AA-styrene - 
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ing R, for copolymer systems with water-soluble 
monomers are needed. 

Nevertheless, the general approach used in this 
study appears to  give reasonable estimates for E c .  
The average values obtained for the acid-styrene 
systems correspond to the trend of increasing Ec with 
increasing propagation rate ( and increasing hydro- 
philicity ) exhibited by other monomer systems, and 
when used in the batch copolymerization model, 
these same values result in the best fits of the ex- 
perimental batch copolymerization data. Values of 
Z, in the range reported by Mead1’ and Gilbert and 
NapperZ3 are too small to  provide reasonable fits of 
conversion-time data for the MAA-styrene and AA- 
styrene systems, unless unreasonably low values for 
ides 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 a t  the be- 
ginning 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 per- 
formed 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 dif- 
ference was observed in the conversion-time behav- 
iors. 

The standard recipe for each of the seeded emul- 
sion copolymerization reactions is given in Ta- 
ble 111. 

All emulsion polymerization reactions were run 
a t  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 ex- 
change resin ( Bio-Rex MSZ 501 ) in order to  remove 
excess surfactant. The amount of surfactant re- 
moved from the seed was determined gravimetri- 
cally. 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,,) 
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 mono- 
mer 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 ad- 
dition to  prevent polymer from coagulating a t  the 
interface of the nitrogen bubbles. 

Samples of 20-25 mL were extracted with a sy- 
ringe, immediately injected into a chilled hydroqui- 
none 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 I11 
Emulsion Batch Copolymerizations 

Standard Recipe for Carboxylated 

K2S208 5.0 mmol/L,, 
Sodium dodecyl sulfate (SDS) 4.0 mmol/L,, 

(CMC = 9.0 mmol/L,,) 
Seed (particle diameter - 28 nm) - 30 g of solid polymer - 4.0 X 10” particles/L,, 
Monomer 200 g total 
Acid-styrene ratios 0/200, 20/180, 40/160, 70/130 
DI water Balance to give 1000 g total reaction mass 
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Chrom 254,80-100 mesh packing. (The packed col- 
umn was supplied by Alltech Associates in Deerfield, 
Illinois.) The column was operated a t  220”C, and 
an internal standard was used in each sample. 

Seeded continuous reactions were run in a 0.25- 
L 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 per- 
sulfate 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-eth- 
ylene 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 re- 
action temperature. Samples were collected from the 
overflow of the reactor a t  various time intervals and 
the conversion was measured using both GC and 
gravimetric analysis. 

RESULTS AND DISCUSSION 

Seeded Styrene Homopolymerization 

Seeded reactions with styrene alone were initially 
performed a t  85°C using the standard recipe shown 
in Table 11. 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 re- 
action rate equation. 

NP Rp = kp [ M],C - 
NA 

A kp value of 900 L/mol s was used for the propa- 
gation constant for styrene at 85°C.27 This value 
was determined from an Arrhenius-type plot based 
on experimental kp 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.28 Results of this work sug- 

LL 

- 7  
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TIME (MINUTES) 

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 Y 1.5 during interval I1 
based on the average particle sizes. Interval I11 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 rad- 
icals per particle, ri, was varied from 0.1 to 0.4. A 
value of r i  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 emul- 
sion copolymerization model ri is calculated sepa- 
rately throughout the conversion period using the 
method developed by Ugelstad and Hansenl’ re- 
ferred to earlier. 

Seeded Emulsion Copolymerization of MAA- 
Styrene and AA-Styrene Systems 

Batch seeded emulsion copolymerization reactions 
of MAA-styrene and AA-styrene were run a t  85°C 
using the standard recipe given in Table 111. Con- 
version-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, respec- 
tively. 

The reactions with the acids are rapid, with nearly 
complete conversion attained in about 10-20 min. 
However, these reactions are somewhat slower than 
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Figure 8 Comparison of predicted and experimental 
conversion-time data for the seeded batch emulsion co- 
polymerization of MAA-styrene at a weight ratio of 40 g 
MAA/lGO g styrene using a variable value of gdes. 

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 free- 
radical concentrations are generally higher. MAA 
conversion becomes high at  about the same time as 
styrene. However, for the same ratios of acid-sty- 
rene, the AA conversion significantly lags that of 
styrene. A substantial portion of AA does not react 
until most of the styrene monomer has been de- 
pleted. The primary reaction locus in the AA-sty- 
rene reaction may actually shift from the particles 
to the aqueous phase after the styrene has been de- 
pleted from the system. Additional experiments de- 
signed for more thorough investigation of the re- 
action mechanism for the AA-styrene system will 
be discussed later. 

Model Assumptions for Seeded Batch 
Copolymerizations of MAA-Styrene and 
AA-Styrene Emulsion Systems 

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

1. The reaction system is seeded and the particle 
number remains constant. Any new particles 
formed due to homogeneous nucleation floc- 
culate onto preexisting particles due to the 
large particle concentration ( N 4.0 X 10l8 
particles/L,,) in the system. 

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 be- 
havior. Calculations based on the assumption 
that all of the aqueous-phase polymer re- 
mains in the aqueous phase gives almost 
identical results. 

3. The average number of radicals per particle, 
ii, was calculated from a relation developed 
by Ugelstad and Hansen l1 as discussed in the 
previous section. 

4. The average radical capture constant, &c,  was 
determined from separate batch and contin- 
uous reaction studies and was assumed con- 
stant throughout the reaction period. 

5. The desorption constant, Edes, varied with 
monomer concentrations in the aqueous and 
particle phases, and it was calculated using a 
model proposed by Nomura et a1.l' as modi- 
fied to account for aqueous-phase polymer- 
ization. 

- 7  
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TIME (MINUTES) 

Figure 9 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 Wilke- 
Chang ~ o r r e l a t i o n . ~ ~  Values for the diffusiv- 
ities in the polymer particles were assumed 
to be approximately 0.1 times the diffusivity 
in water.12J9 

7. Values of chain transfer constants in the 
range reported for methyl acrylate (0.01 
X to 0.4 X 10-4,27) were used for MAA 
and AA. Values for chain transfer constants 
(c,,,) 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 ( M A )  as shown in Figure 10. There- 
fore, values for chain transfer constants used 
in the model for MAA and AA were chosen 
within the range reported for MA in the lit- 
erature. Values used in the model for styrene 
were, likewise, restricted to the range reported 
for styrene in the literature (0.5 X to 1.8 

8. Values for cross-chain transfer constants 
were assumed to be 0.1 times the chain trans- 
fer constants for each monomer (i.e., cmAB 
= 1/10 c,,, and cmBA = 1/10 c m A A ) .  Values of 
cross-chain transfer constants (c,J are also 
not available in the literature. Since the dif- 
ference 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 be- 
tween acid-acid or styrene-styrene mole- 
cules. The model results were not very sen- 
sitive to the selection of cmtJ. Therefore, this 
assumption is not very critical. 

x 10-4) .27 

CHEMICAL STRUCTURES 

H 2 C =  CH 
I 
c =o 
I 
OH 

0 
I 

c =o 
I 
OH CH 

3 

AA MAA MA 
Figure 10 
monomers. 

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 Taylor35 that were dependent 
on the concentration of acid in the aqueous 
phase. (Due to the low concentration of sty- 
rene in the aqueous phase and its subsequent 
small effect on the mass balances in the par- 
tition model, it was difficult to obtain accurate 
predictions of the aqueous-phase concentra- 
tion of styrene from the partition model. 
Therefore, more accurate values obtained 
from the literature were used in the simula- 
tions 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 ob- 
tained from separate independent experiments. De- 
tails of these monomer partition calculations are 
presented by Shoaf 22 and Shoaf and P ~ e h l e i n . ~ ~  

Values for the various parameters used in the ki- 
netic model are listed in Table IV. 

The chain transfer constant, c M A A ,  used for AA 
was smaller than that used for MAA ( 4 ) .  The chain 
transfer constant is defined by eq. ( 7 0 ) ,  which re- 
lates the rate of chain transfer to the rate of prop- 
agation for a given monomer: 

CM,] = k r / k p , ,  (70) 

Litt37 suggests that radical transfer for the vinyl 
acetate monomer is to the vinyl group, and Mead, l2 

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 hy- 
drogens. This fact suggests that &, should be greater 
for MAA than for AA. In addition, the propagation 
constant, k,, is significantly greater for AA than for 
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Table IV Values for Parameters Used in Seeded Emulsion Copolymerization Simulation (T = 85OC) 

Parameter Monomer Value Source 

MAA 
AA 
Styrene 
MAA 
AA 
Styrene 
MAA 
Styrene 
AA 
Styrene 
MAA 
AA 
Styrene 
MAA/Sty 
AA/Sty 
3.0 X 10" 

15,900 
76,900 
900 

0.1 x 108 
1.0 x 108 
2.5 X 10' 

0.55 
0.25 
0.1 
0.9 

0.25 X lo-' 
0.25 x 10-~ 

2.0 x 10-'4 
7.0 x 10-l~ 

0.5-1.0 X 

x 4.0 X 10" (part&.,) 

Experiment, 29 
Experiment, 29 

27 
30,31 
30, 31 

27 
32,33 
32,33 
32, 33 
32, 33 

27 
27 
27 

This work 
This work 

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 cmAA 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) .  

MAA-Styrene: Conversion Profiles 
and Reaction Rates 

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 ad- 
justable parameters as shown in Figures 8, 11, and 
12 for the 201180, 401160, and 701130 MAAIsty- 
rene ratios, respectively. Good fits of the conversion- 
time behavior for both MAA and styrene are ob- 
tained 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 401160 recipe are shown in 
Figure 13. The aqueous-phase polymerization rate 
of MAA is less than the polymer-phase polymeriza- 
tion 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 aqueous- 
phase polymerization rate of MAA, and it is not 

shown in Figure 13. Prediction of other important 
parameters such as ri, Edes ,  RtOt, particle diameter, 
and copolymer compositions are discussed in detail 
by Sheaf.'* 

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 
401160 experimental data is obtained until the sty- 
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Figure 11 Comparison of predicted and experimental 
conversion-time data for the seeded batch emulsion co- 
polymerization of MAA/styrene at a weight ratio of 20 g 
MAA/ 180 g styrene using a variable value of kdes. 
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Figure 12 Comparison of predicted and experimental 
conversion-time data for the seeded batch emulsion co- 
polymerization of MAA/styrene a t  a weight ratio of 70 g 
MAA/130 g styrene using a variable value of k d e s .  

rene disappears. The model at  this point overesti- 
mates 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 cross- 
propagation constant for styrene radicals with AA 
monomer ( k , ,  = 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 represen- 
tative of the reaction rate expected in the aqueous 
phase where the monomer and free-radical concen- 
trations are usually lower than in the particles. De- 
termining the primary reaction locus during this 
phase of the reaction may be important for under- 
standing the mechanism for the seeded AA-styrene 
reaction, especially after the styrene has been con- 
sumed. 

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 reac- 
tion 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 mini- 
emulsions.) K a ~ a g u c h i ~ ~  showed that with the sty- 
rene-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 co- 
polymerization model predicts the styrene conver- 
sion fairly well to high conversions as shown in Fig- 
ure 9. However, the model predictions for AA con- 
version 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 par- 
ticles. Also since polyAA tends to build up on the 
surface of the particles based on numerous titration 
studies reported in the literature, 2,5,7 the particles 
may possess a coating of hydrophilic polyAA that 

0.01 
MAAISTYRENE = 40/160 

A U  POINTS ARE MODEL PREDICTIONS 
0.000001 I I I I 

0 1.6667 3.3333 5 6.6667 8.3333 10 
TIME (MINUTES) 

Figure 13 Predicted reaction rates of MAA and styrene 
as a function of time for an acid/styrene ratio of 40/160. 
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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. Fig- 
ure 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 sys- 
tem and a seeded homopolymerization of AA was 
conducted using the same initiator and initial 
monomer concentrations as used in a previous un- 
seeded 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 feR 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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M 

P.-. - 
H 

4 P . V ’  

1)CTERVAL IV 

Figure 14 Emulsion copolymerization system during 
interval IV ( P  = polymer; M = monomer; R = free rad- 
ical). 
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Figure 15 Model simulation of seeded homopolymer- 
ization of AA assuming only aqueous-phase polymeriza- 
tion. Particle number = 4 X 10’s/L,,, f e f f  = 0.35. 

merization was also included in the model, the pre- 
dicted reaction rate was much greater than that ob- 
served 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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I I , 
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Figure 16 Model simulation of seeded homopolymer- 
ization of AA assuming both aqueous-phase and particle- 
phase reactions (particle number = 4 X 1018/L,,, f e f f  

= 0.35, and r i  = 0.0005). 
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polymerization data (Fig. 17),  the curves were al- 
most 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 begin- 
ning 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 con- 
tinuous addition period as desired. The AA concen- 
tration 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 un- 
able 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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8 
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J < 8 0.4 

a 
0.2 
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I 
UNSEEDED A* (4.0 W l  X I  a- SEEDED AA (4.0 W l  X ) 
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Figure 17 Comparison of conversion-time data for the 
homopolymerization of AA in a seeded and unseeded re- 
action system. 
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Figure 18 Styrene concentration for a batch and 
semibatch AA/styrene (40/ 160 g) seeded copolymeriza- 
tion. Thirty-five percent of the total styrene was fed con- 
tinuously over a 17-min period starting at  6 min. 

this reaction inevitably takes place inside the par- 
ticles 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 ,  
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Figure 19 AA concentration for a batch 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 a t  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: 

where rl and rz are the reactivity ratios of the acid 
and styrene, respectively, kp,, is the propagation 
constant for monomer i, and [ M i ]  is the concentra- 
tion of monomer i. The rate of reaction of AA in 
the particles was calculated as a function of param- 
eter 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 con- 
centration 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,' Sakota and O k a ~ a , ~  

. 
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Figure 20 
ticles on the parameter A .  

Dependence of AA reaction rate in the par- 
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Figure 21 
merization rate of the AAlstyrene (40/160 g )  system. 

Effect of type of seed particles on the poly- 

Egusa and M a k ~ u c h i , ~  and others have clearly 
shown that carboxyl groups concentrate on the par- 
ticle 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 condi- 
tions 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 sec- 
ond reaction should be somewhat faster due to the 
larger seed particle size, since a larger particle size 
should lead to both a larger 6 and a greater swelling 
of the particles with monomer2' and thus a greater 
concentration of monomer inside the particles where 
the reaction is usually highest. The overall conver- 
sion data exhibited in Figure 21 for an AA-styrene 
run with normal seed particles is compared to overall 
conversion data obtained with the larger "AA- 
styrene" 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 hydrophilic shell of polymer around the polymer 
particles may have inhibited the diffusion of oligo- 
mer radicals into the particles even though high 
concentrations of styrene were still present in the 
system . 

The emulsion copolymerization model was mod- 
ified 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 sty- 
rene 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 201 180 and 
40/160 recipes. The model predicts the styrene con- 
version 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 

A 1 A 

D M CONY 
A- STYRENE CONY 
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0 5 10 15 20 25 

Figure 22 Comparison of predicted and experimental 
conversion behavior for a seeded, batch AAlstyrene (20/ 
180 g) copolymerization assuming that particle-phase re- 
action rates are negligible during interval IV. 
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Figure 23 Model prediction of an AA/styrene (40/160 
g ) seeded copolymerization assuming that particle-phase 
reaction rates are negligible during interval IV. 

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 disagree- 
ment in the predicted and experimental AA con- 
version-time results for this recipe than for the other 
recipes that utilized a smaller fraction of AA. 
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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 re- 
action rates are negligible during interval IV. 
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, 

0.000001 

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 ex- 
amined 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 re- 
action 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. How- 
ever, since parameters such as &, Edes, r i ,  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 I11 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 pres- 
ence of a hydrophilic polymer coating, which sur- 
rounds the polymer particle and inhibits the pene- 
tration of hydrophilic oligomeric radicals into the 
particle core where additional reaction could occur. 

ALL POINTS ARE MODEL PREDICTIONS 

I I I I 
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0 -RATE OF A I  IN AQ. PHASE 

Both explanations result in an overall decrease in 
the rate of diffusion of oligomer radicals and mono- 
mer into the polymer particle and a shift of the pri- 
mary 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 sig- 
nificantly in both phases supports the concept of an 
interval IV in the AA styrene emulsion copolymer- 
ization system. Though the model presented in this 
work represents advances in quantitatively predict- 
ing the reaction rates of a seeded AA-styrene batch 
emulsion copolymerization, it is clear that this re- 
action 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 devel- 
oped for copolymerization by Nomura et al." The 
kinetic model predicts the MAA-styrene conversion- 
time behavior quite well for a range of initial mono- 
mer concentrations. The model results in good pre- 
dictions 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 (i i)  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. 

Funding for this work was provided by Dow Chemical, 
Midland, Michigan, and the National Science Foundation 
under Grant No. CBT-8717926. 
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NOMENCLATURE 

parameter relating the relative reactivities 

chain transfer constant of oligomer i with 

critical micelle concentration ( mol/ Laq) 
particle diameter (cm) 
diffusion coefficient of monomer in water 

diffusion coefficient of monomer in poly- 
mer (cm2/s)  

initiator efficiency factor 
Bessel function 
initiator concentration (mol/L) 
critical chain length for oligomers at 

rate coefficient for absorption of radicals 

average radical capture coefficient (cm / 

initiator decomposition rate coefficient 

average radical desorption coefficient ( 1 / 

volume-independent desorption coeffi- 

initiation constant of monomer from ini- 

propagation constant (L/mol s )  
propagation constant of monomer i with 

termination constant (L/mol s )  
average termination constant of radical i 

monomer chain transfer constant ( L/mol 

termination constant in the aqueous 

concentration of monomer (mol/L) 
dimensionless parameter used in calcu- 

partition coefficient of monomer i between 

average number of free radicals per par- 

Avogadro’s number (6.02 X lOZ3/mol) 
number of particles containing n free rad- 

concentration of polymer particles (no./ 

reactivity ratio = kpii/kpl, 
rate of capture of oligomer radical by par- 

of monomer i and monomer j 

monomer j 

(Cm2/s) 

which capture is likely to occur 

by particles ( l / s )  

S )  

( l / s )  

S )  

cient (cm2/s)  

tiator radicals (L/mol s )  

monomer j (L/mol s )  

with radical j (L/mol s)  

s )  

phase (L/mol s )  

lating ri 

the particle and aqueous phases 

ticle 

icals 

Laq ) 

ticles ( mol/L,, s ) 

Ri 
RP 
SDS 

tant)  
T temperature ( “ C )  
t time ( s )  
V volume (cm3) 
Y 

rate of initiation (mol/Laq s )  
rate of polymerization (mol/L,, s )  
sodium dodecyl sulfate (anionic surfac- 

dimensionless parameter used in calcu- 
lating ri 

Greek Symbols 

an 

a;  

pa 

pi 

dimensionless parameter used in calculating 

dimensionless parameter used in calculating 

rate of absorption of radicals into particles 

rate of generation of free radicals in the 

- n 

n - 

(l/S) 

aqueous phase (mol/L,, s)  

Subscripts 

aq 
A 
B 
I 
m 
P 
P 
T o r  tot 
W 

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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