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Abstract : The kinetics of isothermal and radical copolymerization of methyl methacrylate(MMA) with
styrene(St) has been investigated using a continuous stirred tank reactor(CSTR). Solvent and initiator
used were toluene and benzoyl peroxide. Reaction volume, residence time and polymerization tempe-
rature were 0.3 liters, 3 hours and 80C, respectively. Polymerizations were carried out to reach mo-
derately high conversions to determine the reactivity ratios.The copolymerization converstons were
analyzed by FT-IR, EA, GPC, DSC and TGA. The monomer reactivity ratios, ri(MMA) and rs(St) were
determined by the Kelen-Tiidos method i 1y =0.59, r,=0.61. The ¢ factors of the copolymer over the
entire St compositions ranged from 0.46 to 0.55 and increased with increasing St compositions. The
copolymerization of MMA and St followed the second order kinetics. The simulated conversions and

copolymerization rates were compared with the experimental results, The average time to reach dy-
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namic steady-state was three times of the residence time.The approach to steady-state in the reactor

was characterized. It was not possible to obtain good agreement between experiment and simulation

with a single value of the ¢ factor.

INTRODUCTION

For copolymerization in a CSTR, there have
been a little reported experiments and very little
analysis of the reactor dynamics because it has
been known that the CSTR as a experimental rea-
ctor system for free radical polymerization may
exhibit complex steady-state characteristics and
dynamic behavior such as multiple steady—states.1
The use of continuous copolymerization methods
to estimate rate parameters in copolymerization
has not been extensively studied. The majority of
the investigations in copolymerization have been
carried out at low conversions using batch reac-
tors. However, industrial processes are carried out
high conversions due to economical reason, kinetic
studies conducted under such conditions are of
prime importance. Solution polymerization in &
CSTR offers an elegant method for producing che-
mically homogeneous copolymers at high conver-
sions. Provided the solvent concentrations kept
well above the “critical solvent concentration™, the
“gel effect” can be ignored. The kinetics and me-
chanism of solution polymerization are determined
primarily by the type of initiation used and by the
type of solvent employed.

The solvent can influence the rate and molecu-
lar weight. The extent of that influence is determi-
ned by the solvent chain transfer constant. Such
chain transfer is not usually taken into considera-
tion in copolymerization rate equations.? And the
existence of steady state under isothermal condi-
tions has received considerable attention in reac-
tion engineering literature. Both theoretical and
experimental studies in this field have been revie-
wed Schintuch, Schmitz and Slinko?* Most of
these analyses were confined to nonviscous sys-
tems and relatively little attention has been paid
to analysis of viscous systems such as might be
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encountered in continuous polymerizations. Knorr
and O'Driscoll” were the first to consider the “gel
effect” in order to predict steady state under iso-
thermal conditions for styrene polymerization.'
Kinetic studies of copolymerization in a CSTR
were made in this work. Particularly, the conti-
nuous copolymerization of MMA and St have att-
racted many interests in this laboratory to prevent
the unzipping in a polymerization of MMA.”

In the case of a homopolymerization of MMA,
the efficiency is low in general because of the hy-
perconjugation effect of methyl group attached to
the carbon in the main chain. The unzipping pro-
perty of MMA can be prevented by incorporating
second monomer through a copolymerization. To-
luene is used as a solvent to control the “gel ef-
fect” from the exothermic heat of copolymeriza-
tion.

EXPERIMENTAL

Materials. Methyl methacrylate(Junsei Chem.
Co., Japan) was washed twice with ag. 5% NaOH
and twice with water. Dried with CaCl,, then with
CaH, under nitrogen at reduced pressure. The di-
stillate was stored at low temperatures and redis-
tilled before use. Styrene(Junset Chem. Co., Japan)
was also washed with aq. 5% NaOH to remove
inhibitors, then with water, dried for several hours
with MgS0, and distilled at 25C under reduced
pressure in the presence of 0.005% p-tert-butylca-
techol. Benzoyl peroxide(Hayashi Chem. Co., Ja-
pan) as an initiator was purified by recrystalliza-
tion from methanol. It was dissolved in CHCl; at
room temperature and precipitated by adding an
equal vol of MeOH. Toluene was used after distil-
lation.

Copolymerization in a CSTR. The CSTR used in
this study is shown in Fig. 1. The operation princi-
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ple is basically the same as described in the litera-
ture. The start-up procedure was to fill the reactor
initially with the intended ratio of the comonomer
in the solvent. While the mixture in the reactor
was being heated up to the desired temperature,
N, gas was purged continuously to prohibit the
reacted materials from oxidizing during copolyme-
rization reaction. The temperature was maintained
at 80 throughout the copolymerization. The ini-
tiator was added to the mixture in the reactor just
before the pumps are operated. The total flow rate
was maintained at 1.67 ml/min. The residence time
was 3 hours but a run was typically durated about
three times to achieve steady state. The samplings
were done at intervals of 30 min. The volume frac-
tion of the solvent in the reaction was kept cons-
tant to allow no geleffect. Samples were dried to
a constant weight under high vacuum at a room
temperature for several days. The copolymer com-
position was determined by elemental analyzer
(Carlo Erba Instrument, EA-1108). The experime-
ntal conditions were summarized in Table 1.

1 Nz Nz 2
I
3 3
N2
10 6
8
N2
12
3
4 7
1 OL?)

1. Monomer storage tank 8. Thermometer

2. Initiator and solvent storage tank g Receiver for product

10. Reflux condenser

11. Temperature control unit.

3.Peristaltic pusp
4.Baffle rod

S.Variable speed stirrer
6.Gas {low seter
7.Heating jacket

12.CSTR polywerization reactor
13. impelier

Fig. 1. Schematic diagram of CSTR experiments.
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Table 1. Experimental Conditions

Description Condition
Polymerization temperature 75, 80, 85C
Solvent Toluene
Solvent/comonomer ratio 4 1(v/v)

Initiator used Benzoyl peroxide
5, 10, 15mmol/L
120, 180, 240min

Reaction volume 0.3L

Initiator concentration

Residence time

RESULTS AND DISCUSSION

Rate parameters. The reactivity ratios, r; and ry,
in the copolymerization of MMA with St are 0.59
and 0.61, respectively. It was determined by the
Kelen-Tudos method, Eq. (1). This means that the
monomers have low tendency to homopolymerize.

n={(r, +ry/a) e—ryfa @

where 1=G/(a+F), e=F/(a+F), F=X¥Y

G=XY -1/, a=(F
X=F,/F, Y=1/f,

XF_ )72

min max

The cross termination factor ¢ is ranged from 0.
46 to 0.55 for this system. Therefore, the experi-
mental result cannot be described merely by a si-
ngle value of the ¢ factor. It is seen that the ¢ fac-
tor also increases with increasing styrene feed ra-
tio. In the present studies of the rate of copolyme-
rization, the terminal model was adapted. A ¢<1
means that cross termination is not favored, while
®>1 means that cross termination is favored. The
tendency toward cross-termination parallels the
tendency toward cross propagation(i. e., toward al-
ternation) in that the ¢ increases as ryr, approa-
ches zero®® Another approach by North and co-
workers'®1? have suggested that the termination
modes of the propagating chains are affected by
the diffusion of the chain s«egments.13 A more app-
licable kinetic expression for the diffusion control-
led rate equation of copolymerization should be
considered.
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Dynamic steady-state. Studies on the stationary
steady-state in a batch system have been extensi-
vely investigated but the dynamic steady-state in
a continuous polymerization process have not been
widely carried out. It is considered that the dyna-
mic steady-state is able to be realized only in a co-
ntinuous system, which is concerned on the conti-
nuous increment of conversion with time as far as
the reactants are active. The kinetic mechanism
assumed in the reactor model is based on the clas-
sical terminal model,which asserts that only the
terminal unit in a growing chain will affect the ki-
netics of the process.® Termination mode by che-
mical controlled concept has three different termi-
nation rate constants, k1, ko and kg, while that
by diffusion-controlled concept has a single cons-
tant, K5, in termination reaction. The scheme is
shown here :

Initiation :

R-+M;, ——— RM;-

R-+M, ———> RM,

kip
Propagation :
M;-+M; — M;-
kpll
M,-+My, ——— M,-
kp\Z
M,-+M;, —— M;-
kp22
My-+M; ——— M;-
kle
Termination :
M,-+M;- R dead polymer
t11
M- +M,- —k—* dead polymer
112
M, +M,- ————> dead polymer

kt22

Eal #1738 A43 1993d 79

M- +M;-
M;-+M,- ——— dead polymer
My My Ky

The dynamic steady-state modeling is sourced
from the steady state approximation!* and general
mole balance equation. The overall general mole
balance with steady state copolymerization is given
as

[Mif] - [M,] = Rie, Ri = ki[Mi][UO'Sy
Fl~Fl+ [VrdV=dNydt )

The mole balances for each component, M;, M,
and I, are

V(d[Mlj/dt) = (I:MH] - [Mlj)_ RIV,
V(d[ng/dt) = ([Mgf] - [Mg]) - sz, (3)
VdlLl/do = (1] (1D —k,[1]V,

where 6 is the residence time in the reactor.
The rates of polymerization, Ry and R,, are defined
as

Rlzkl[Mlj[IJO's
Rgzkz[sz[I]U'S 4)
and [T]1=[If1/(1+k,0)

The constants k; and k, are dependent on the
monomer ratio and independent of the total con-
centration of monomers. Introducing several para-
meters for simple manipulation,

t=t/0, 0=V/v, f,=[M,{}/[M,],
fB:[If:]/[sz:]y DB:kl/kz, (5)
DR=k,/(k,[1,1°%), DA=k,[1,]°%

By definition,

Xy = ([le] - [Mlj)/[le]
Xo= ([sz] - [ng)/[sz] 6
X3 = ([If] - [I])/[If]

Rearranging several variables into other para-
meters, coupled with the rate equation of copoly-
merization described later in Eq. (13).
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ki =(r(1—xfy + (1 —x))/ T
kz——-((1~—x1)fA+(l—x2)r2)/TA0-5 )
Ty=T/(2fky)

T=(r8,(1=x )"+ (1,8,(1— x,))* + Ty
Th=20r1,8;8,(1—x)(1 = x,)f

where f is the efficiency of the initiator.
Finally, consequential dimensionless modeling
equations are estimated as,

dx,/dt; = — %, + (1—x}1—x3)*°DA - DB
dxp/dt; = — %+ (1— %,)(1 —x5)**DA ®
dx,/dt; = —x;+(1—xy)DA - DR

In the case of homopolymerization,

k, = (2fk )"%/8,
ky = (2k)"*/8, 9

Combining Eq. (7), we obtain an expression
which can be used to estimate the reactivity ra-
tios

ko (r;(1—x)fa +(1—x,))

= (10)
ky  (1-xpfy+(1—xp)ry)

Eq. (10) has been derived under steady state co-
nditions and is therefore applicable at different le-
vels of conversion in the reactor. A differential
form of the copolymer composition equation deri-
ved by Mayo and Lewis® has been widely used for
estimating reactivity ratios in copolymer systems.
The method assumes that the feed composition in
the reactor does not change as the reaction pro-
ceeds. This is valid only at very low conversions.
The equation they derived was

diM,] _[M,]
dIM,] ~ [M,]

r1[M1] + [sz
r2|:M2] + I:I\/Il]

ay

The number average degree of polymerization
in a CSTR(if one assumes termination by coupling)
is defined as

Xn=([M,, ]+ [My, D/AT1 ] (12)

where M, M, I, represent the molar concent-
rations of monomers M;, M,, and the initiator | in
the polymer.

The rate expression by incorporating the assu-
mptions in the reaction scheme is

(LM P+ 20M, 1TM, ]+ [ M, THR

P ((ry8, LM 1+ 201,1,8,8,l M, 1M, 1+ (6,8, M, JA%
(13)

where 1= kyn/kpip, t=kip/ki,
51 = (2K11/kp112)0'bv 62: (ZktZZ/kpZZZ)“'S
0= "ki1a/(2(kyy 1k 20)"®)
Ri - kad[I]

Subscripts 1 and 2 refer to monomer 1 and mo-
nomer 2, respectively.

In order to obtain the R, rate parameters sum-
marized in Table 2 was used. The difficulties in
obtaining the value of k,, have been occurred in
this experiment. This was settled by putting Ki12)
instead of ki, into the Eq. (6), which gives the fol-
lowing rate Eq. (14) of Atherton and North.

_n [M,J%+2[M, (M, ]+ r,[M,])R
ki) (r, M, 1/ ko T 1alMy 17k 20)

Where k5 =Fk; + Foky,

R,

(14)

Table 2. The Monomer Composition in Copolymers((M,] : MMA, [M,] : St)

Feed composition

Element*[Wt. % ]

Copoymer composition[ Mole % ]

((M,J/IM. ) Mole % ] N C H [(M.] [(M,]
20/80 0.068 84.274 8.217 2548 74.52
40/60 0.056 79.293 8434 41.12 58.88
50/50 0.055 76.634 8.454 49.40 50.60
60/40 0.053 73.845 8.463 58.02 41.98
80/20 0.045 68.437 8.644 74.56 25.44

* By elemental analysis.
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Fig. 2. FT-IR spectrum of copolymer in the present
studies : solid phase, KBr.
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Fig. 3. Variation of the molecular weight against di-
mensionless time in MMA/Styrene mixtures in to-
luene as a solvent at 80C.(C : M,, @ : M)

But the factor k5 as a function of copolymer
composition appears to be qualitatively but not
quantitatively valid.

The composition of the copolymer samples was
determined by elemental analysis and correlated
with respective IR spectra. The wavenumbers cor-
responding to strongly absorbing MMA and sty-
rene were determined as 1730 and 700 cm™, rep-
resenting the C=0 and =CH. Fig. 2 shows the IR
spectrum of copolymer in the present studies. And,
in the case of free radical polymerizations, the pol-
ymer chains grow in a very short period of time.?
As is evident from Fig. 3, the value of M, rapidiy
approaches a steady state. Mn behaves in similar
fashion, implying that the polydispersity is cons-
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Fig. 4. Variation of the compositions of copolymers
and M, with the different residence time in MMA/
Styrene mixtures in toluene as a solvent at 80C.(O
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Fig. 5. Variation of the compositions of copolymers
and M, with the different reaction temperature in
MMA/Styrene mixtures in toluene as a solvent at 80
(O FL, AT MY

tant after the initial brief period of rapid chain
growth.

The composition drift in the copolymerization of
MMA with styrene is shown from Fig. 4 to Fig. 8.
The compositions have been estimated while the
CSTR is operating at steady state and a uniform
copolymer is obtained in the exit stream of the
reactor. The concentrations and the polymerization
rates of the individual monomers are determined
from the conversion and the copolymer composi-
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Fig. 7. Variation of the compositions of copolymers
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MMA/Styrene mixtures in toluene as a solvent at 80
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tion.

Fig. 9 implies that the glass transition tempera-
ture of the copolymers increases with MMA-rich
compositions in copolymers. Our present system
showed that the continuous copolymerization of
MMA with St followed second-order kinetic beha-
vior, as shown in Fig. 10. In the copolymerization
of MMA and St in a CSTR, as shown in Fig. 10,
the inverse of [M;;J(1—x,) increased linearly with
time. In this figure, [M;;] and x; denote the mole
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Fig. 8. Compositions of MMA in feed(f,) and in copo-
lymers(F,) in a CSTR.
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Fig. 9. Plot of glass transition vs. mole ratio of MMA
in copolymers.

of MMA in feed and the conversion of MMA to
polymer, respectively. Copolymerization reaction of
MMA and St in a CSTR follows the second-order
kinetics. And the time to reach dynamic steady
state was about three times of the residence time
in our present system. Table 2 shows the EA data
and the monomer composition in copolymers. In
Fig. 11, The Kelen-Tudos plot gives the reactivity
ratios, r; and 1y, in the copolymerization of MMA

PoI);mer (Korea) Vol. 17, No. 4, July 1993
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Fig. 10. The correlation of the 2nd-order kinetics in
the copolymerization of MMA/Styrene(correlation
coefficient : 0.985).(@ : 20/80, A : 40/60, W - 50/50,
v . 60/40, ¢ : 80/20

Table 3. Summary of Parameters in the CSTR Expe-
riments

BPO Methyl methacrylate Styrene
ka=4.30X 10" kp11=800.00 ky2o—340.19
f=0.90 ka1 =30.50X 10° K =44.20X 10°
R=645X10°%  Kou/kai=262X10° Kyo/kes=7.70X10°
[1]=833X10* =976 8,=27.64

kpiin kel = Imole/1 - sec, k[ = Isec’!, r;=0.59. ;=061

with St are 0.59 and 0.61, respectively. This means
that St has a little more tendency to homopolyme-
rize than MMA. The rate parameters are summa-
rized in Table 3. The polymerization reaction in a
batch reactor follows first-order kinetics, especially
for homopolymerization.

The cross termination factor ¢, which is shown
in Fig. 12, are ranged from 0.46 to 0.55 for this sy-
stem. Therefore, the experimental result cannot be
described merely by a single value of the ¢ factor.
It is seen that the ¢ factor also increases with inc-
reasing styrene feed ratio. In the present studies
of the rate of copolymerization, the terminal model
was adapted. A <1 means that cross termination
is not favored, while ©>1 means that cross termi-

Ez2|0f A17d A4z 19933 7¥
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Fig. 11. Kelen-Tudos plot of poly(methyl methacry-
late-co-styrene) : ;=059 and r,=0.61(correlation
coefficient : 0.995).
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Fig. 12. Variation of ¢-value with the feed composition
of MMA.

nation is favored. The tendency toward cross-ter-
mination parallels the tendency toward cross pro-
pagation(i. e., towérd alternation) in that the ¢ inc-
reases as rjr, approaches zero.!>1% Another app-
roach by North and co-workers'171® have sugges-
ted that the termination modes of the propagating
chains are affected by the diffusion of the chain
segments.19 A more applicable kinetic expression
for the diffusion-controlled rate equation of copol-
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Fig. 13. Variation of the experimental conversions
with the different feed compositions in MMA/Styrene
mixtures . Solid lines represent the simulation results
against dimensionless time with various feed compo-
sitions.(a ; 20/80, b : 40/60, ¢ : 50/50, d : 60/40, e .
80/20) (@ : 20/80, A :@40/60, W : 50/50, ¥ : 60/40,
& : 80/20)
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Fig. 14. Variation of the experimental rates of copoly-
merization with the different feed compositions in
MMA/Styrene mixtures : Solid lines represent the si-
mulation results against dimensionless time with va-
rious feed compositions.(a > 20/80, b : 40/60, c . 50/
50, d : 60/40, ¢ : 80/20) (@ : 20/80, A ©40/60, B :
50/50, ¥ : 60/40, ¢ : 80/20)

ymerization should be considered. In Fig. 13, the
conversions in the copolymerization of MMA and

460

St varied with dimensionless time. This dimensio-
nless time is the reaction time divided by reside-
nce time. The solid lines in this figure represent
the conversions by computer simulation. The con-
versions for the copolymer of MMA-rich composi-
tions show negative deviation from the simulated
results. It was observed that the average time to
reach dynamic steady state was three times of the
residence time. The conversions of the mixtures
are well approached to the simulated values up to
six times of the residence time. As shown in Fig.
14, a large deviation of the rate of copolymeriza-
tion(Rp) were observed from simulation results in
the copolymerization of MMA and St. As the reac-
tion proceeds, the experimental conversions and
the rate of copolymerization(R;) were largely dive-
rged from the simulated values except the copoly-
mers having the styrene-rich compositions.

CONCLUSIONS

The radical copolymerization of MMA and St
with BPO as a initiator in toluene at 80C in a con-
tinuous stirred tank reactor(CSTR) were carried
out.

The followings are some of the important resu-
Its,

1. The monomer reactivity ratios, r;(MMA) and
r,(St) were determined by the Kelen-Tudos me-
thod ; r;=0.59, r,=0.61.

2. The copolymerization corresponding to well
the second order kinetics(the correlation coefficie-
nts 0.985) in the present system.

3. The time to reach dynamic steady state was
about three times of the residence time in the pre-
sent system.

4. The experimental rates of copolymerization
and copolymer conversions showed a good corre-
lation with simulated results in 20/80 feed compo-
sition of MMA/St, but large deviation other feed
compositions was observed.

5. The cross termination factor ¢ of the copoly-
mer over the entire styrene compositions strongly
depends on the composition of the comonomer

Polymer (Korea) Vol. 17, No. 4, July 1993
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feed ratio, ranged from 0.46 to 0.55 and increased
with increasing styrene compositions.

6. The optimum condition of present copolyme-
rization was determined as just around the compo-
sition of 20/80 for MMA/St system.

NOMENCLATURE
f; ; Composition of monomer 1 in feed.
F, : Copolymer composition of monomer 1.
Fl, 5 Molar flow rate of component i.

Fl;  Initial molar flow rate of component i.

[1] : Initiator concentration.

k ; Bulk rate constant of copolymerization in
second order kinetics.

ky  Decomposition rate constant of initiator.

ki1 ¢ Rate constant of propagation between mo-
nomer 1.

k, + Rate constant of propagation between mo-
nomer 2.

Koz * Rate constant of propagation of monomer 1
to monomer 2.

k,y * Rate constant of propagation of monomer 2
to monomer 1.

k;y;  Rate constant of termination between mo-
nomer 1.

ko,  Rate constant of termination between mo-
nomer 2.

k., - Rate constant of chemical controlled cross-

termination between monomer 1 and mo-
nomer 2.

ky1p) ¢+ Rate constant of diffusion controlled cross-
termination between monomer 1 and mo-
nomer 2.

[M,] s Concentration of monomer i in monomer

mixture.

M,- : Radical species of monomer i.

n ; Reaction order.

N, i Mole number of component i.

r;  Reactivity ratio of monomer 1 to monomer
2.

r,  Reactivity ratio of monomer 2 to monomer
1.

r,  : Reaction rate(R; and R, are presented)

EZo| #1738 A4 1993 7¥

R; : Reaction rate of initiation.
R, : Reaction rate of propagation, so called rate
of copolymerization.

t ; Reaction time.

t, 5 Dimensionless reaction time.

A% : Reaction volume.

v : Volumetric flow rate.

x; 5 Conversion of component i.

0o ; Cross-termination factor, i.e., chemically di-

ffusion-controlled cross termination factor.
8;, 8,7 Rate parameters used in Eq. 13.
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