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A detailed mathematical model is developed to describe the solution copolymerization of acrylic acid (AA)
and vinyl acetate (VA) in batch and continuous stirred tank reactors. Lacking kinetic parameters are then
estimated, based on batch experimental data. To validate the model, experiments are carried out in
continuous reactors, showing that model predictions are good in all conditions analysed. The model is then
used to design operation conditions where AA/VA copolymers with uniform composition can be produced
with small average AA block sizes. © 1997 Elsevier Science Ltd.
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INTRODUCTION

Copolymers of acrylic acid (AA) and vinyl acetate (VA)
find successful applications in the mineral, textile,
cosmetics, paper and oil industries and are also used as
adhesives and for improving soil and water quality!?.
More recently, the use of acrylic acid/vinyl acetate
copolymers is also being considered in certain processes
which require precise control of copolymer composition,
so that developing and implementing kinetic models is of
great importance to allow the precise determination of
the operation conditions needed to meet certain product
specifications.

Although there is a lack of kinetic data regarding
the AA/VA copolymerizations, it is well known that
these systems are characterized by very different reac-
tivity ratios (r; = 10.0, r, = 0.01)>, (r; = 2.5, r, = 0.04)*,
which makes it difficult to control the copolymer com-
position in batch reactions. Heublein and coworkers®
developed a technique for producing homogeneous AA/VA
copolymers, with composition ranging from 5% to 90% of
AA, which comprises the free-radical polymerization of
AA/VA mixtures in buffered methanol/water solutions.
According to the results obtained in our laboratories"!,
though, copolymer properties were found to be too
sensitive to process perturbations, so that alternative
reaction schemes are under study'?. Special attention has
been given to semicontinuous and continuous free-radical
polymerizations in ethanol/water solutions.

* To whom correspondence should be addressed

The main objectives of this paper are carrying out AA
and VA homopolymerizations and AA/VA copolymer-
izations in azeotropic solutions of ethanol and water
(ETOH) at 75°C, in batch reactors, estimating the kinetic
constants based on monomer conversion and polymer
composition data, and building a kinetic model to allow
the development of suitable operation conditions to meet
certain product specifications in continuous reactors.
Simulation results are validated by performing indepen-
dent continuous copolymerization reactions at different
residence times and monomer feed concentrations.

EXPERIMENTAL

Acrylic acid was bought from Carlo Erba, vinyl acetate
was bought from Hoechst and benzoyl peroxide was
bought from Merck. The other chemical species were
commercial grades available in Habana. All liquid
reagents were purified through distillation. Benzoyl
peroxide was purified through recrystallization in
methanol. Polymerizations were initiated by benzoyl
peroxide and were carried out in 50ml stirred tank
reactors, under nitrogen atmosphere, at 75°C. Monomer
conversions were evaluated gravimetrically, by drying
the polymer mass in vacuum ovens at ambient tempera-
ture. Copolymer compositions were evaluated through
potentiometric titration with NaOH in solutions of NaCl
0.05 M. The homogeneity of final polymer product was
analysed by preparing an initial polymer solution in
methanol and separating polymer fractions which pre-
cipitate after the repeated addition of specified amounts of
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a precipitant solvent (which was water or ethyl acetate,
depending on the polymer composition) by centrifuga-
tion. Centrifugations were carried out for 10—15min at
5000 rpm with a Janetzki centrifuge. Molecular weights
of copolymers and homopolymers of AA and VA were
evaluated by g.p.c. in different solvents, according to the
copolymer composition (THF for VA homopolymers,
water for AA homopolymers and DMF for AA/VA
copolymers). Monodisperse polymers were used as
calibrating standards.

MODELLING

A classical free-radical copolymerization mechanism'? is
used here to describe the AA/VA copolymerization in
ETOH. The kinetic mechanism and model equations are
presented in detail in the Appendix.

The mathematical model presented depends on the
following parameters: kg4, 7, r2, K1, Ky, ¢12, €115 €12, €21,
¢y, and f. The first three parameters are available in the
literature. The kinetic constant of initiator decomposition
is equal to'*

kg = 1.7215 x 10"%e(-13924/D) (1)

while the reactivity ratios are equal to r; = 2.6 and
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r= 0.04*, where 1 refers to AA and 2 refers to VA. The
other parameters are estimated, based on batch polym-
erization data. AA batch homopolymerization conver-
sion data is used to allow the estimation of K. VA batch
homopolymerization conversion data is used to allow
the estimation of K;. AA/VA batch copolymerization
conversion and polymer composition data are used to
allow the estimation of ¢;,. Molecular weight distribu-
tion data are used to allow the evaluation of ¢y, ¢2, ¢
and c¢y,. f is assumed to be constant and equal to 0.6. It is
important to notice that the model is not very sensitive to
[ in the way it was written. All parameters are estimated
with a standard maximum likelihood estimation
routine'>, The mathematical model and the estimated
parameters are then validated by comparing experimen-
tal and theoretical results obtained in continuous
copolymerizations. The model is then used to design
the operation conditions that are necessary to meet
certain final polymer specifications.

RESULTS AND DISCUSSION

Figures 1-3 show results obtained for VA homopolym-
erization in ETOH. It may be seen that the model is
able to fit the experimental data very well when K, is
equal to 9.57 +1.36 (1/gmolh)"/? and ¢,, is equal to
5.0 x 107°. The results obtained show that chain transfer
should not be neglected during VA polymerization in
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Figure 9 Average molecular weight for AA/VA colpolymerization
in ETOH. (M), = 0.58gmoll™’, My =2.81gmoll~", ciy=100125
gmoll™")
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ETOH; otherwise, average molecular weights are over-
predicted by the model. These results are very s1m11ar to
results presented by Brandrup and Immergut'® for VA
homopolymenzatlon in other solvents B<K; <15 h!
and 1.0 x 107* < ¢;, < 3.0 x 1073), showing that experi-
mental and theoretical results are consistent. One point
that must be noticed, though, is that chain transfer
is likely to occur for both monomer and solvent
molecules. However, it is not intended here to provide
individual chain transfer constants for all chemical
species present in the polymerization medium, but to
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show that chain transfer controls the molecular weight
distribution.

Figures 4—6 show results obtained for AA homopolym-
erization in ETOH. It may be seen that the model is able
to fit experimental converswn data when K| is equal to
1172 +£16.8 (1/gmol h) Experimental molecular
weight data obtained 1nd1cate that average molecular
weights are well above 4 x 10°g gmol™'. However, these
data could not be used for model bulldmg because the
values obtained were larger than the average molecular
weights of the samples available to calibrate the g.p.c. In
spite of that, Figures 5 and 6 show that chain transfer can
probably be neglected during AA polymerization in
ETOH because average molecular weights are very
sensitive to small changes of the chain transfer constant.
For instance, when ¢;; is equal to 1 x 10 3 average
molecular weights are around 50 000 g gmol ™", which are
much lower than the values observed. Therefore, it may
be said that chain transfer of AA radicals to AA and
ETOH molecules is not significant, specially when
compared to values observed for VA polymerizations.
These results are very s1m11ar to results presented by
Brandrup and Immergut for AA homopolymer1zat1on
in other solvents (25 < K; <250h™" and 1.0 x107°
< < 1.0x 1074, showing that experimental and
theoretical results are consistent.

AA/VA copolymerizations were then carried out in
order to allow the estimation of the cross-termination
constant, based on both monomer conversion and
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copolymer composition data. Results obtained when ¢,,
is equal to 27.15 + 4.54 are presented in Figures 7 and 8.
It may be seen that experimental and theoretical results
agree very well. To our knowledge, values of ¢, for AA/
VA copolymerizations are not available in the literature
for comparison. However, ¢,, is usually in the range
1 < ¢, < 300, so that the estimated value is reasonable
when compared to values obtained for other copolymer-
ization systems. Figure 9 presents molecular weight data
obtained when chain transfer of VA radicals to VA
molecules is assumed to control the molecular weight
distribution, as observed previously. Results may be
regarded as good, although observed data showed
smaller variations than simulation results during the
batch. Therefore, it is assumed from now on that all
chain transfer constants are equal to zero, except ¢y,
which is equal to 5.0 x 107> and controls the molecular
weight of the copolymer.

Figures 10 and 11 show block frequency distribution
data, as predicted by the model. It may be observed that,
at the conditions analysed, blocks are small, in spite of
the very different reactivity ratios. This means that it is
possible to produce relatively homogeneous polymer
chains, in spite of the very different reactivity ratios,
which favour the consumption of AA molecules. Figure
11 shows that the instantaneous average AA block size is
roughly the same along the whole batch, while instanta-
neous average VA block size grows continuously along
the batch, so that VA homopolymer is produced at the
end of the batch. This occurs because AA is consumed at
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faster rates than VA, which also causes the composition
drift presented in Figure 8.

In order to validate the model and allow the
production of polymer chains with uniform composition,
several experiments were carried out in continuous
stirred tank reactors, with different feed compositions
and at different residence times. Results are presented in
Figures 12—14. Both experimental and theoretical results
were obtained by charging the reactor with the feed
mixture at 75°C and monitoring monomer conversion
and copolymer composition until reaching steady state
conditions. An experimental technique has been recently
developed to allow the in-line monitoring of both
monomer conversion and copolymer composition in
such reactors'’. In all cases, agreement between experi-
mental and theoretical results is very good, which shows
the adequacy of the parameters estimated previously.
The fractionation of the copolymer produced at con-
tinuous operation showed that the composition of the
copolymer chains is uniform, as expected. Fractionation
results are presented in Figures 15 and 16, where it may
be seen that fluctuations around average composition
values are very small for both VA rich and AA rich
copolymers.

As copolymer with uniform composition can be
produced at continuous reactors and as the model is
able to reproduce experimental data, simulations were
carried out to map the operation conditions that can
allow the production of copolymer with specified
composition with small average AA block sizes, for
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Figure 15 Copolymer composition of copolymer fractions in con-
tinuous reactions—copolymers with 22 and 66 mol% of AA

certain applications. Results are summarized in Figures
17-20. Figure 17 shows that, if AA blocks are to be
avoided, AA copolymer composition cannot be greater
than 65mol%. Figures 18 and 19 show how monomer
conversion and normalized polymer productivity,
defined as

v M+ My~ M, — M,
Mg+ My

(2)

x
xprod = o 3)

respond to variations of the desired copolymer composi-
tion and of the residence time. It can be seen that the
sensitivity to changes of the desired copolymer composi-
tion is not very significant at low AA contents, as VA
consumption rate is the slowest one and controls the
reaction process. It can also be seen that both monomer
conversion and polymer productivity are small at the
conditions analysed, so that more detailed optimization
studies must be carried out in order to improve process
operation. Figure 20 shows the normalized feed con-
centrations needed to produce the specified copolymer,
as a function of residence time. The normalized feed
composition is defined as

I—x 1
Jaom (Mye/ M) + 1 @
where x, is the desired AA conversion. As the ratio
Mye/ M must be positive, it can be shown that the
maximum allowed specified AA conversion is 1 — form-
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As it can be seen, at the conditions analysed AA
conversions above 99% can only be obtained if the
AA copolymer composition is below 30 mol%, although
AA conversions above 90% can be obtained in the whole
range of AA compositions of interest.

CONCLUSIONS

A model was developed to describe the AA/VA
copolymerization in batch and continuous stirred
tank reactors. Batch experiments were then carried out
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to allow the estimation of lacking copolymerization
parameters, which allowed excellent fittings of monomer
conversion and copolymer composition data and showed
that molecular weight distributions are controlled by
chain transfer of VA terminated radicals. Experiments

Preparation of AA/VA copolymers. 4: C. Zaldivar et al.

were then carried out in continuous reactors to validate
the model and it was shown that model predictions were
very good in all conditions analysed. The model was then
used to show that AA/VA copolymers with uniform
composition can be produced in continuous reactors
with small average AA block sizes, if AA copolymer
compositions are smaller than 65 mol%.
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NOMENCLATURE

Cj ratio between ky; and k;
initiator efficiency

f ratio between M; and M,

Joorm normalized feed composition

F function defined by equation (A47)

i average block size

I initiator

ky kinetic constant for initiator decomposition

ko  kinetic constant for propagation of radical i with
monomer j

ky; kinetic constant for termination of radical i with
radical j

ki  kinetic constant for chain transfer of radical i to
monomer j

K; kinetic parameters defined by equations (A5)—
(A6)

M; monomer i

P;; radical chain containing i mers of species 1 and j
mers of species 2 in the chain and the species 1 at
the active site (radical 1)
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PD  polydispersity

PM, number average polymer molecular weight

PM,, weight average polymer molecular weight

q; propagation probability defined by equations
(A28)-(A29)

Q;; radical chain containing i mers of species 1 and j
mers of species 2 in the chain and the species 2 at
the active site (radical 2)

r; reactivity ratio

R radical fragment

S; radical blocks containing / mers of species 2

S; dead blocks containing i mers of species 2

t time

t radical blocks containing i mers of species 1

T; dead blocks containing { mers of species 1

x total monomer conversion

X molar fraction of species 1 in the polymer chains
Xprog Normalized polymer productivity

Greek

o; moments of the radical 2 block size distribution

d; moments of the dead block size distribution of

species 2
¢  cross termination constant
Aij moments of the radical 1 chain size distribution
A;;  dead polymer chain containing i mers of species 1
and j mers of species 2
i) moments of the dead polymer chain size distri-

bution
m moments of the radical 1 block size distribution
I1; moments of the dead block size distribution of
species 1
0 residence time
&ij moments of the radical 2 chain size distribution

Special subscripts

1 acrylic acid
2 vinyl acetate
f feed

APPENDIX: KINETIC MECHANISM AND
MODEL EQUATIONS

The kinetic mechanism comprises the following steps:
Initiation

I —2R
R+M1 _)PI,O
R+ M, —5 0y,

Propagation

pll

P+ My — Py

kp12

Pij+M; —Qiin

kp21

Qij+ My — Py

ko22

Qij+ My — Qi

Transfer to monomer

e
Pii+M A+ Py
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k12

Pij+M; — A+ Qo
ki
Qi+ My =5 A+ Py

ke
Qi + M, _H’Ai,/' + Qo1

Termination by disproportionation

ki

Pij+Pppy — Ay + Ay

kl22

Pij+ Ompn — Aij+ Ay
ke

Qi,j + Qm,n — Ai,j + Am,n

If the reactor volume is constant and the quasi steady
state and long chain assumptions for radicals are valid,
then the following mass balance equations may be written

aI (I -1
3=k (A1)
dMm M- M
= ( - D ko PM, — iy OM,
Myy—M M
= B oup) (4, -22) (a2

My (M — Ma) _ ko2 PMy — kpy OM,

dr é
My - M) M, rn M
= P up)(T2-2 2] ()
where
(kpllp)
_ 2 2k4l _ (A4
K K Ky M1 Ky M r
2
ki
2
K2= p22 (A6)
ko

r; and r, are the reactivity ratios and ¢, is the cross
termination constant.

In order to describe the evolution of the molecular
weight distribution (MWD), the method of moments is
used. The statistical moments of the MWD are defined as'*

Py = Zzlkleu (A7)
i=0 j=0

oo 00

Ml = ZZ’kijiJ (A8)

i=1 j=0

ki = Zzikjlgij (A9)

=0 j=1

3
8

so that
1 oPMy + o (PM,
Ho,0

PM, (A10)




p2,0PM] + 11 [PM{PM; + 1 ,PM3

PM, = All
. 10PM + fio PV, (A1)
PM
= w Al2
PD= 5ip" (A12)
According to the kinetic mechanism:
d
%i = (kpll)‘k,l)(cllMl +2M, +I£ (ko1 P)
+ ¢12ff1—{;(kp22Q))
€21
+ (kp22&k.1) (;Ml + M,
11 f
+ ¢12f7<-E(kp11P) + 'k;(kpZZQ))
Hi,1
_ Bl Al3
0 (A13)
where
(kp11hoo) = (kpn P) (A14)
Myr
(kp2boo) = 371 (kpuiP) (A15)

(kp11A10) and (k€ g)are the solutions of

M,
—+011M1 + M2+ S (kpu)\oo)

M
+ ¢12f———— (kp22€0,0):| (kp11A10) — _r;_l (kp2261,0)
= (szdI)M M2 (1 + ¢21) (kp2260,0)
+M1(1+011)(kP11)\00) (A16)
M M, ¢
- r_lz(kpu/\l,o) + [ L+ r21 M + M,

+ Kizz (kp2280,0) + D12f ?E (kp1120,0) | (kp22€1,0)

=0 (A17)

(kp11Xo,1) and (kpxé&o,) are the solutions of

M,
[—+011M1 + M+ s S (kp1120p)

K2
k [N M, (k
+¢12fEE( p22§0,0)}( p11A0,1) ey p2280,1)
=0 (A18)

M. M, ¢
—'f(kpn/\o,l) + [——4‘ LM, + cpM,

+ Lz (kp22&00) + 4512/’?

K3 5 (kpll)‘o,o)] (kp2280,1)

(2fkd1)M +M2 (1 + ¢12) (kp11Xop)

+ M,(1+ sz)(kl’zzﬁo,o) (A19)
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(kp11A20) and (kpypéap) are the solutions of

M,
[*‘*+6‘11M1 +—= M2+ / (kl’u)\oo)

M
+ daf Ez(kpzzﬁo,o) (kp11A20) — r_zl(kp22§2,0)
M, M,
= (2fkgl) ——+ M, + M, +t—- (1 + ¢21) (kp2280,0)

+ M (1 + C11)(k1711)\0,o) +2M (kpi1 A1)

M
+2 r—zl (kp22€10) (A20)

M M
_72(kp11)‘2,0) [—l‘i' —M, + M,

1
+L(k 2600) +¢1zf—
K2 TP K
=0 (A21)

?2 (kp1120,0) | (kp226€2,0)

(kp112o,2) and (kpp0€p2) are the solutions of

M, 12 f
—= M+ —M5+ = (kpy; A
P +onM + r1 2+K12( P11200)

11 M
+ @1of 55 (kp22€0,0):| (kp112o2) — r_zl (kp22£0.2)

=0 (A22)
M. M, ¢
—r—lz(kpll)\oz) [*—14' 2 M)+ cpM,

kp22600) + 1of _Ii'_f (kpll)‘0,0)] (kp2260.2)

e

= (2fkgl) ——=+ (1 + c12)(kp1100)

M Tt
+ My (1 + c2) (kpbop) + 2r—12 (kp11Xo,1)

+ 2M, (fkp2éo,1)

ko11AL1) and (kp,&; 1) are the solutions of
p b p b

(A23)

M,
[—+011M1 +2M+ L S (kp11200)

K2
M,

+ ¢12ff'1?2(kp22€0,0)] (kp11A11) — ?( k&)

M
= —21 (kp2260,1) + M1 (kp11 X 1) (A24)

M M
_r—lz(kpll)‘l,l) [ —+ 21M1+szMz

+ L (kp2&og) + ¢12f?

K2 5 (kpu)\o,o)] (kp2&11)

M
= r_lz (kpi1A10) + My (kpyéi ) (A25)

The kinetic mechanism can also be rewritten in order
to allow the computation of block size distributions in
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the final polymer chains. In this case, it is convenient to
write:

Initiation
1 240R
ky
R+ M, — 1
ky
R + M2 — 8y
Propagation
kpll

L+ M — 1

pl2

k
t,'+M2 —>T,'+S1

kp21

s+ M — 8+
k 22
Si+ My s
Chain transfer to monomer

trll

k
t+M, — T+ 4

tri2

k
ti+M2 —>Ti+s1

ki

Sl‘ + Ml — Si + tl
k2
s; + M2 — S,' + 5
Termination by disproportionation

122

k
ti+tj —>T1+Tj

ki

ti+Sj —>T,+S]

ki

Si+Sj ——>S,+Sj

Then, the following equations can be written

dT; [ M, 493 S
by _ My S VAN
T [ . +enM;+ P M2+K12( p1120,0)
11
+ ¢1of 5K (kp2260,0)
2fkql (kp2280,0)
! k1A
X [Ml yva + r + cni(kpiirop)
1 i I
+—= (kp22€0,0)] iy (A26)
r
ds; [M, €1 S
a5 _ M, 9+ Lk
T [ Py + M, + . M, +K22( 52260,0)
11
+ ¢llfzf2(kpll>‘0,0)
2kl (kp11rop)
! k
X [Ml v + Py + ¢22(kp2260,0)
4 P
+ _lz(kpllAO,O)j, o (A27)
n

. SN e e I VNFsBR A BT FS ¥ O} oy R T NN A NNy

where

M
q = {Ml/[Ml(l +cn) +r—12(1 +c12) +%(kpll>‘0,0)
i

; ¢lszi]7<‘;(kpnso,o>] } (A28)
g = {Mz/ [Mz(l + ¢p) +$(1 + 1) +%(kp22£0,0)
2 2
11
; ¢12fgg<kplmo,o)] } (A29)

Equations (A26) and (A27) may be integrated in this
form. As block sizes are usually much smaller than chain
sizes, the number of equations necessary to describe the
block size distribution does not need to be large.
Equations (A26) and (A27) can also be averaged to
allow the computation of the statistical moments of the
block size distribution, as follows

M= ) T, (A30)
P
me=y_i*, (A31)
P
o= ik (A32)
py)
t= > i's (A33)
par)
dlIl M, 12 S
T [r—1 +enM; + ?Mz + e (kp1120,0)
11 II
+ ¢1szlf2 (kp22£0,0):| (kp117x) — 7k (A34)
dq)k M c f
T [72—1 + My + 722—1M1 + K—22 (kp2€00)
11 L1
+ buf g )| () ~ - (A39)
(kpn1mo) = (kp11 P) (A36)
2fkql (kp220,0)
(kpnm) = [m*‘ (1+ Czn)—prz—
+(1+ C11)(kp11/\o,0)] 9 (A37)
2kql (kp22€0,0)
(kpiimp) = [m"‘ (1 621)—rz—
+ (1 + e11)(kpi1 o) + 2(’%11”1)} g1 (A38)
(kp22¢0) = (kp22Q) (A39)
2kl (ko11200)
(kp221) = [———M1 v + (14 e1p) 22— P
+(1+ sz)(’%zz&o,o)} '3 (A40)



2Akql (ko11200)
2 (1 epy) Y
M, + M, (I+c1a) r

+ (1 + ) (kpboo) + 2(kp221) | 92

(kppoth2) = [
(Ad1)

For short periods of time or at steady state conditions,
equations (A26)—(A29) lead to exponential distributions
with average block sizes equal to:

— 1 M
it = Z{Ml/[C11M1+—2(1+012)
1—q1 Ty

11
+ kf? (kp11 o) + ¢12fEE (kp22£0,0)J } +1 (A42)

_ 1 M
Ig = ] = {M2/|:6'22M2 +—I(I+C21)
— 4 rn

f 11

—(k —— (k11 A 1(A43
+K22( p22§0,o)+¢12fK] Kz( pliAo0) | ¢ + 1(A43)
if one assumes that cross chain propagations occur
much more frequently than chain transfer and chain
terminations, it is possible to write

— M
it = ;‘121+1:r1f+1 (A44)
e L R S (A45)

M, f
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X, = ;T _ r1M12+M1M2
! E‘Fg r1M12+2M2M1+r2M§
rnfi+f

SRR (A4

which may be used for the design of the reactor operation
conditions. For instance, the mimimum block size
condition may be defined as the minimum of

— — MN\? (rM)\?
(o IV (2= (12 2M3
F=(r—-1)+@G-1) <M2 + M,

r
s
which is placed at

=nf+ (A47)

F R R- VARG G=vAmel (AK)
1

Therefore, in the case studied, polymers with small
average block sizes may be produced, as the product r;r,
is approximately equal to 0.1. Equations (A44)—(A48)
also show that the internal molecular architecture and
composition cannot be manipulated simultaneously,
unless it is possible to manipulate the reactivity ratios
of the reacting system.



