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Abstract: This paper presents a modeling of methyl
methacrylate (MMA) polymerization with toluene in the
presence of azo-bi’s-isobutyronitrile (AIBN) using
MATLAB. This work aims to optimize the initial concen-
tration of initiator and the reactor temperature to achieve
a maximum monomer conversion in minimum batch
time. The optimization of solution polymerization of
MMA based on the three-stage polymerization model
(TSPM) was performed using ode23t solver. The non-lin-
ear polymerization kinetics considered the gel, glass and
cage effect to obtain a realistic prediction. The predicted
reactor and jacket temperature showed a reasonable
agreement with the experimental data, where the error
is about 2.7% and 2.3%, respectively. The results showed
that a maximum monomer conversion of 94% was
achieved at 0.126 kgmol m–3 of the initial concentration
of AIBN and 346 K of the initial reactor temperature in
8,951 s (2.5 h).

Keywords: Methyl methacrylate, solution polymerization,
ordinary differential equation, optimization, method of
moment

1 Introduction

Methyl methacrylate (MMA) is a colorless, volatile organic
liquid used for large-scale production of poly-methyl
methacrylate (PMMA) via a polymerization process,
where the global capacity reached about 0.65 million

tons annually [1]. PMMA is widely used for construction,
automotive parts, electronic devices and medical applica-
tions [2] due to its clarity, light weight and resistance to
the effect of UV light and weathering.

According to Lepore et al. [3], bulk polymerization is
an exothermic polymerization process. Bulk polymeriza-
tion often suffers from non-isothermicity due to improper
agitation as a result of increasing solution viscosity. Poor
mixing affecting the heat dissipation from exothermic
polymerization [4] causing a sudden rise in temperature
and the gel effect due to decreases in polymer diffusion.
The monomer conversion causes an increase in viscosity
and hence decreases the initiator diffusion leading to
cage effect. Moreover, a sudden rise in temperature and
even thermal runaway effect [5] may occur. Temperature
plays a significant role in the polymerization kinetics and
the polymer properties. As the temperature increases, the
molecular weight and viscosity of reactant decrease [6].
As a result, propagation is more likely to occur and hence
enhancing the polymerization rate. The glass and cage
effect often occurs at temperatures below the glass tran-
sition point, whereby the polymer is converted into a
glassy state and the movement of the individual chain
segments becomes limited. Whereas, the extreme tem-
perature increased the risk of an explosion due to
exothermic reactions. Moreover, the reaction rate and
the gel effect intensity increase as the temperature
reached 423 K or above [7]. The properties of the final
product are strongly influenced by the operating condi-
tion and the kinetic reactions in the polymerization reac-
tor. Hence, a well-controlled reactor temperature is
important to maintain good product quality and for
operation safety concern.

The presence of solvent in polymerization process
can enhance the reaction stability by reducing the
strong gel effect arising from a sudden change in visc-
osity [7]. Hence, the solvent or solution polymerization
like the one in this work is less prone to non-isothermi-
city issue. Furthermore, the impact of non-isothermicity
can be reduced by dilution or cooling to ensure the
reactor temperature remains constant. The effect of
non-isothermicity in this work has been limited since it
is a solvent polymerization performed in a small reactor
(3 L) and equipped with a cooling jacket to maintain
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reactor temperature. It should be noted that bigger reac-
tor is more susceptible to thermal instability than that of
small ones. The operation of the solution polymerization
reactor is a challenging due to their complex non-linear
nature. From economic aspects, high commercial value
and maximum yield of polymer in lower possible oper-
ating time are the points of interest to be achieved.
Hence, this work aims to achieve maximum MMA con-
version at a minimum batch time by performing optimi-
zation of the operating condition.

The non-linear MMA polymerization kinetic had
been studied extensively. Gel and glass effect was mod-
eled according to Chiu et al. [8] and the cage effect was
modeled using Achilias and Kiparissides’s [9] model.
These models have been reported to work well for
MMA polymerization [10]. In earlier work, MMA poly-
merization had been successfully performed using
fuzzy-neural model [11], ordinary differential equation
solver [12] and Successive Quadratic Programming [13].
Previous works showed that numerical models are use-
ful for optimization and control studies in MMA poly-
merization operation. In this work, the reactor and
jacket dynamics were modeled using MATLAB ode23t.
MATLAB is used instead of the experimental technique,
because it requires low computational demand besides
high-quality data is available for validation and compar-
ison. Ordinary differential equation (ode) is widely used
in engineering practice due to many physical laws are
couched in terms of the rate of a quantity rather than the
magnitude of the quantity itself [14]. Ode solver is
divided into two categories, i. e., non-stiff and stiff sol-
vers [15]. The solvers such as ode45, ode23 and ode113
were used for non-stiff problem, whereas ode15s,
ode23s, ode23t and ode23tb were used for stiff problem
[16]. A stiff system is the one involving rapidly changing
components together with the slowly changing ones. In
this work, ode23t is employed for the reactor and jacket
dynamics modeling. Ode23t is suitable for the moder-
ately stiff problem where the numerical damping is not
required in the solution.

The predicted reactor and jacket temperature was
compared with the experimental data from Soroush
and Kravaris [17]. Once validated, the optimization of
concentration of azo-bi’s-isobutyronitrile (AIBN) and
reactor temperature was performed to achieve a maxi-
mum MMA conversion at a minimum batch time.
Besides, the effects of the initial concentration of AIBN
and reactor temperature on the monomer conversion are
also studied.

2 Free radical polymerization
kinetic mechanism

It is assumed that solution polymerization follows the
standard kinetic scheme, which includes the formation
of reactive radicals by the decomposition of AIBN, the
reactive addition of monomer units to radical polymer
chains in the propagation stage, the growth of a polymer
chain is halted in the termination stage and the chain
transfer to monomer. The polymerization reaction from
MMA to PMMA using AIBN is shown in eq. (1) and the
kinetic mechanism of the free-radical polymerization is
shown in Table 1 [18–20]. Where I represents initiator, M
is monomer, P is live polymer chain, D is dead polymer
chain, n, m are monomer units, ki is the rate coefficient
for initiation, kp is the rate coefficient for propagation, ktc
is the rate coefficient for termination by coupling, ktd is
the rate coefficient for termination by disproportionation
and kfm is the rate coefficient for chain transfer to mono-
mer reaction.

CH2C CH3ð ÞCOOCH3 !
AIBNΔ

CH2C CH3ð ÞCOOCH3½ �n (1)

3 Polymerization reactor

The polymerization of MMA considered in this work is
initiated by AIBN in toluene. AIBN has a good solubility
in MMA making them a suitable initiator [21]. In addition,
AIBN is safer than other initiators (e. g., benzoyl perox-
ide) due to its lower explosion risk, besides no oxidation
by-products is formed [22] and cause no discoloration,
which maintains the physical properties of the polymer
[23]. Batch process is often used for MMA polymerization
due to its operational flexibility to adjust with the
instability of market demand [24].

Table 1: Free radical mechanisms.

Reactions Mechanisms

Initiation I!ki 2_I
_I +M!kIo P1

Propagation Pn +M!kp Pn+ 1
Termination by coupling

and disproportionation
Pn + Pm !ktc Dn+m

Pn + Pm !ktd Dn +Dm

Chain transfer to monomer Pn +M!kfm Dn + P1
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The pilot-scale batch polymerization reactor consid-
ered in this work is similar to the one developed and
studied by Soroush and Kravaris [17] at Chemical
Process Control Laboratory, The University of Michigan.
The MMA polymerization takes place in a 3 L jacketed
glass vessel (0.1 m in diameter) equipped with a multi-
paddle agitator. The agitator is driven by a constant 250
RPM motor to mix the reacting materials in the reactor.
MMA and toluene at the volume ratio of 7:3 were initially
added to the process. Then, the mixture was degassed
using nitrogen to remove any potential inhibitor (e. g.,
oxygen). The initiator (AIBN) was introduced once the
reactor was heat-up from room temperature to 319.2 K.
Soroush and Kravaris [17] measured the temperature of
the batch reactor and the jacket system using a resistance
temperature detector (RTD). The RTD has a measurement
range of 273–373 K with a tolerance of ± 0.2 K. The model
developed in this work is compared with the measure-
ment by Soroush and Kravaris [17] for validation purpose,
prior to optimization study.

4 Mathematical modeling

The assumptions considered in this work are similar to
that of Soroush and Kravaris [17]:

i. All of the reactions are elementary and irreversible.
ii. A perfect mixing is assumed.
iii. Rate of chain transfer to solvent reactions is

negligible.
iv. Rate of reaction step is independent of the live

polymer chain length.

A polymerization process is affected by the reactor tem-
perature, jacket temperature, initial concentration of
initiator, concentration of monomer and dead polymer
chains. The energy balance (eqs (2) and (3)) and species
balance for initiator, monomer and dead polymer chain
(eqs (4)–(8)) are given in the form of ordinary differential
equation:

dT
dt

=
αokpξ oCm

1 + ε Cm=Cmoð Þ + α1 Tj −T
� �

(2)

dTj
dt

= α2 T − Tj
� �

+ α3 T∞ −Tj
� �

+ α4û (3)

dCi

dt
=Ri + ε Ci=Cmoð ÞRm (4)

dCm

dt
= 1 + ε Cm=Cmoð Þð ÞRm (5)

dλ0
dt

= 1−Q−
ελ0
Cmo

� �
kpCmξ o (6)

dλ1
dt

= 2−Q−
ελ1
Cmo

� �
kpCmξ o (7)

dλ2
dt

=
4− 3Q+Q2

1−Q
−

ελ2
Cmo

� �
kpCmξ o (8)

where T is reactor temperature, Tj is jacket temperature,
Ci is the concentration of initiator, Cm is the concentration
of monomer, λo, λ1, λ2 are the zeroth, first and second
moments for the dead polymer chains, respectively. The
concentration of live polymer chain and the probability of
propagation [5] are given as:

ξ o = 2fkiCi=ktð Þ0.5 (9)

Q =
kpCm

kpCm + kfmCm + ktξ o
(10)

where f is the initiator efficiency, ki, kp, kfm and kt are the
rate coefficients for initiation, propagation, chain transfer
to monomer and termination, respectively. The probabil-
ity of propagation (Q) is the possibility of an active radi-
cal to propagate further instead of terminating and hence
Q affects the distribution of polymer chains. A polymer
chain formed from an initiation reaction can either
undergo propagation or termination. Q is given as the
rate of propagation divided by the total of the rates of
reactions (Rm, Rfm, Rfs and Rt) that an active radical may
undergo. Rm, Rfm, Rfs and Rt are given as:

Rm = −Cmξ o kp + kfm
� �

(11)

Rfm = −Cmξ okfm (12)

Rfs = −Csξ okfs (13)

Rt = − ξ 2okt (14)

where the rate of propagation, chain transfer to mono-
mer, chain transfer to solvent and termination are
represented by Rm, Rfm, Rfs and Rt, respectively. The
value of kfm is much smaller than kp, and hence kfm is
insignificant in the eq. (11). kfs is ignored since the rate
of chain transfer to solvent reaction is negligible in this
work. The rate of consumption for initiator is shown as
[18, 19]:

Ri = − kiCi (15)

The overall heat transfer rate added to the jacket by the
heat transfer fluid is given by:

û= P − Fcwcwρw Tj −Tcw
� �

(16)
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where P is the power input to the heater, Fcw and Tcw are
the inlet flowrate and temperature of cooling water,
respectively. cw and ρw are the heat capacity and density
of water, respectively. Gel and glass effect models [8] are
modeled as:

kp =
kpo

1 + ξokpo
Dkθp

(17)

kt =
kto

1 + ξokto
Dkθt

(18)

where

D= exp
2.3 1−Φp
� �

A Tð Þ+B 1−Φp
� �

 !
(19)

A=0.168− 8.21 × 10− 6 T −Tgp
� �2 (20)

Φp =
μ1=ρp

μ1
ρp

+ CmMm
ρm

+ CsMs
ρs

(21)

μ1 = Mm= 1 + εð Þð Þ Cmo −Cmð Þ (22)

Cs =Cso
1 + ε Cm=Cmoð Þ

1 + ε

� �
(23)

kθp =Zθp exp −Eθp=RT
� �

(24)

kθt =Ci 0ð ÞZθt exp −Eθt=RTð Þ (25)

The Arrhenius law for initiation, propagation, termina-
tion and chain transfer to monomer are given as:

ki = Zi exp −Ei=RTð Þ (26)

kpo =Zpo exp −Epo=RT
� �

(27)

kto = Zto exp − Eto=RTð Þ (28)

kfm = Zfm exp − Efm=RT
� �

(29)

The cage effect [9] is modeled as:

f = fo= 1 + τDI=τRIð Þð Þ (30)

where f and fo are initiator efficiency at time t and t=0.
τDI and τRI are the characteristic times corresponded to
the radical diffusion and the chain initiation,
respectively.

τDI = r32=3r1DI (31)

τRI = kioCmð Þ− 1 (32)

where

r1 = 6Vm=πNAð Þ1=3 (33)

r2 = 2rH (34)

DI =DIoexp − γV̂*
I MI wm=Mmð Þ+ wp=Mp

� �� �
=V̂ f

h i
(35)

V̂f =wmV̂*
mVfm +wpV̂*

pVfp (36)

Vfm =0.149 + 2.9 × 10− 4 T − 273.15ð Þ (37)

Vfp =0.0194 + 1.3 × 10
− 4 T − 378.15ð Þ (38)

kio =2ikpo (39)

where r1 and r2 are the effective reaction radius at inner
and outer diffusion cage, respectively, DI is a radical
diffusion coefficient [25], V̂f is specific free volume of
mixture, Vfm and Vfp are the free volume of monomer
and polymer [26], kio is intrinsic chain initiation rate
coefficient and ϵi is proportionality coefficient.
Theoretically, radical cage is assumed as a sphere [9].
The initial hydrodynamic diameter of the PMMA is com-
puted as:

rH = 1.3 × 10− 11M0.574
w (40)

The weight-average molecular weight, number-aver-
age molecular weight of dead polymer chain and poly-
dispersity are given by:

Mw =Mm λ2=λ1ð Þ (41)

Mn =Mm λ1=λ0ð Þ (42)

PDI =Mw=Mn (43)

The volume change effect is considered due to the change
of density during the conversion of monomer to polymer,
the final volume of reacting mixture is given as:

V =Vo 1 + εxmð Þ (44)

ε=Φmo ρm=ρp
� 	

− 1
� 	

(45)

Φmo =CmoMm=ρm (46)

where Vo is the initial volume of reacting mixture, ε is
volume expansion factor and Φmo is the initial volume
fraction of monomer. A monomer conversion with respect
to polymerization time is formulated as:

dxm
dt

= −Rm
1 + εxm

Cmo + εCm

� �
1 + ε Cm=Cmoð Þð Þ (47)

All eqs (2)–(47) represent the reactor and jacket dynamics
models of the batch MMA polymerization reactor were
solved numerically using MATLAB. The model para-
meters for gel effect, glass effect, cage effect and kinetics
are shown in Table 2.
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5 Formulation of optimization
problem

5.1 Reactor temperature

Optimization of reactor temperature (To) was performed
to obtain a maximum monomer conversion (Xm) in a
minimum batch time (tf

*) using the following algorithm:

Max Xm

Min tf
*

T
s.t. f (t, Xm(t))=, [to, tf] model equation

tf =,
Tjo= 
Cmo=.
Cio=.
 < To < 

Table 2: Model parameters.

Parameter Value Unit References

B . – Baillagou and Soong []
Cso . kgmol m– Soroush and Kravaris []
c . kJ kg– K– Baillagou and Soong []
cw . kJ kg– K– Soroush and Kravaris []
DIo . ×– m s– Achilias and Kiparissides []
Efm . × kJ kgmol– Baillagou and Soong []
Ei . × kJ kgmol– Baillagou and Soong []
Epo . × kJ kgmol– Baillagou and Soong []
Eto . × kJ kgmol– Baillagou and Soong []
Eϴp . × kJ kgmol– Baillagou and Soong []
Eϴt . × kJ kgmol– Baillagou and Soong []
Fcw . ×– m s– Soroush and Kravaris []
fo . – Tobolsky and Baysal []
(-ΔHp) . × kJ kgmol– Baillagou and Soong []
MI  kg kgmol– Achilias and Kiparissides []
Mm . kg kgmol– Achilias and Kiparissides []
Mp  kg kgmol– Achilias and Kiparissides []
Ms . kg kgmol– Baillagou and Soong []
m . kg Soroush and Kravaris []
NA . × mol– –
P . kJ s– Soroush and Kravaris []
R . kJ kgmol– K– –
Tcw . K Soroush and Kravaris []
Tgp . K Baillagou and Soong []
T∞ . K Soroush and Kravaris []
V̂ *
I . ×– m kg– Haward []

V̂ *
m . ×– m kg– Haward []

Vo . ×– m Soroush and Kravaris []
V̂ *
p . ×– m kg– Liu et al. []

Zfm . × m kgmol– s– Baillagou and Soong []
Zi . × s– Baillagou and Soong []
Zpo . × m kgmol– s– Baillagou and Soong []
Zto . × m kgmol– s– Baillagou and Soong []
Zϴp . × s– Baillagou and Soong []
Zϴt . × s– Baillagou and Soong []
α . s– Soroush and Kravaris []
α . s– Soroush and Kravaris []
α . s– Soroush and Kravaris []
α . K kJ– Soroush and Kravaris []
ρm . kg m– Baillagou and Soong []
ρs  kg m– Baillagou and Soong []
ρp , kg m– Baillagou and Soong []
ρw , kg m– Soroush and Kravaris []
ϵi  – Achilias and Kiparissides []
ϒ . – Achilias and Kiparissides []
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The variables, i. e., jacket temperature (Tjo=330 K), initial
concentration of monomer (Cmo=6.01 kgmol m–3) and
initial concentration of initiator (Cio=0.13 kgmol m–3) were
kept constant. Final batch time was set at tf= 21,600 s.

5.2 Initial concentration of AIBN

An optimization algorithm to obtain a maximum mono-
mer conversion (Xm) in a minimum batch time (tf

*) by
varying the initial concentration of AIBN (Cio) was for-
mulated as follows:

Max Xm

Min tf
*

Ci
s.t. f (t, Xm(t)) = , [to, tf] model equation

tf = ,
Tjo = 

Cmo = .
Optimized To
. < Cio < .

The variables, i. e., jacket temperature (Tjo = 330 K) and
initial concentration of monomer (Cmo = 6.01kgmol m–3)
were kept constant. Final batch time was set at tf = 21,600 s.

6 Results and discussion

6.1 Validation of reactor and jacket
temperature

At first, the reactor and jacket dynamic models were
solved using ode45 solver, which fails to produce any
solution indicating a stiff problem. Thus, a moderately
stiff ode23t solver was used to predict the reactor and
jacket temperature in the solution polymerization of
MMA. The model produced a result within a few seconds.
The initial parameters were set at 6.01 kgmol m–3 of
monomer concentration, 0.13 kgmol m–3 of initiator con-
centration, 295 K of reactor temperature and 330 K of
jacket temperature, to enable comparison with Soroush
and Kravaris [17]. A final batch time of 21,600 s (6 h) was
set for the model.

Figures 1 and 2 show a comparison between the
predicted and measured temperature of the reactor and
heating/cooling jacket, respectively. Figure 1 shows that
the predicted temperature is in good agreement with error
about 2.7% compared to the experimental measurement
by Soroush and Kravaris [17]. The model prediction is

marginally higher than that experimentally observed
which may be attributed by the exclusion of heat loss to
surrounding in the model. In the case of a glass jacketed
reactor, the heat loss from the reactor is minimal and
confined only to the non-jacketed region on the top of
the reactor. Solution polymerization of MMA is an
exothermic reaction actively releasing excess heat to its
surroundings. The predicted jacket temperature profile in
Figure 2 also showed marginally higher temperature than
the experimental measurement. The deviation between
the predicted and measured jacket temperature is about
2.3%. As shown in Figures 1 and 2, a minor fluctuation
was observed experimentally in the reactor and jacket
temperature after 5 h of the polymerization process.
According to Soroush and Kravaris [17], this fluctuation
is caused by the high viscosity of reacting mixture and
the coalescence of the nitrogen bubbles. A thick polymer
layer was then formed and affecting the overall heat
transfer in the batch reactor. The reactor control system
triggers a sharp change in the manipulated inputs (power
input to the heater, P and coolant flowrate, Fcw) to adhere
to the set point and hence, resulting in a minor fluctua-
tion. In contrast, a constant heat transfer coefficient and

Figure 1: Prediction of the reactor temperature profile against the
experimental data adopted from Soroush and Kravaris [17].

Figure 2: Prediction of the jacket temperature profile against the
experimental data adopted from Soroush and Kravaris [17].
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a perfect mixing were assumed in MATLAB modeling.
Thus, no fluctuation of temperature was obtained for
the predicted temperature in Figures 1 and 2. This is the
reason that the predicted result of this study does not
fully match with the experimental temperature measured
by Soroush and Kravaris [17], especially after the 5 h of
operation. However, a fair agreement was obtained from
the predicted temperature throughout the polymerization
process with 2.7% and 2.3% of deviation from the mea-
sured reactor and jacket temperature, respectively. Hence
the developed model can be used for optimization study.

6.2 Optimization of initial condition

The initial condition for monomer concentration of
6.01 kgmol m–3, 0.13 kgmol m–3 of initiator concentration
and 330 K of jacket temperature were set to evaluate the
effect of reactor temperature. Table 3 shows the effect of
the reactor temperature on conversion of monomer
obtained from the optimization study. The result shows
that a higher temperature promotes better initiator decom-
position and also enhanced the reaction between the
initiator and monomer, resulting in a higher conversion
of monomer, as shown in Table 3. Temperature strongly
affects the initiator decomposition and conversion of
MMA. The conversion of MMA increases as the reactor
temperature increase from 295 to 345 K. A sufficiently
high temperature is important to reduce the diffusion
resistance caused by the gel effect. Nevertheless, the con-
version of MMA decreases as the temperature increased

beyond 345 K. This may be due to the degradation of
monomer often associated with high-temperature poly-
merization. Table 3 shows that MMA conversion over
0.90 was achieved at a temperature ranged from 344
to 346 K. As reactor temperature increases from 344 to
345 K, the MMA conversion increases from 0.91 to 0.95, as
well as the batch time. The monomer conversion
decreased to 0.92 as the temperature increased to 346 K,
but at the same time the batch time dropped dramatically
from 21,146 to 7,011 s. Thus, the reactor temperature of
346 K was chosen as the optimum condition
which produces conversion of 92% and residence time
of 7,011 s.

The initial condition corresponds to 6.01 kgmol m–3 of
monomer concentration, 346 K of reactor temperature and
330 K of jacket temperature were used to evaluate the
optimum initial concentration of AIBN for the MMA poly-
merization in this work. Table 4 shows the effect of the
initial concentration of AIBN on conversion of monomer
obtained from the optimization study. As shown in Table 4,
the MMA conversion increases from 0.67 to 0.94 as the
initial concentration of AIBN increased from 0.05 to
0.128 kgmol m–3. This is because increasing the concentra-
tion of AIBN increased the probability of AIBN to react with
MMA, hence enhancing the polymerization process.
However, the conversion of MMA decreases as the concen-
tration of AIBN increased beyond 0.128 kgmol m–3,
although the batch time is decreasing. Different concentra-
tion of AIBN requires a different induction time because the
induction duration corresponds to the decomposition of

Table 3: Effect of initial reactor temperature on
monomer conversion.

Temperature, To (K) Conversion, Xm Time, tf
* (s)

 . ,
 . ,
 . ,
 . ,
 . ,
 . ,
 . ,
 . ,
 . ,
 . ,
 . ,
* . ,
 . ,
 . ,

Note: *Optimum point.

Table 4: Effect of initial concentration of AIBN on
monomer conversion.

Concentration, Cio
(kgmol m–)

Conversion, Xm Time, tf
* (s)

. . ,
. . ,
. . ,
. . ,
. . ,
. . ,
. . ,
. . ,
. . ,
.* . ,
. . ,
. . ,
. . ,
. . ,
. . ,

Note: *Optimum point.
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AIBN itself. The optimum initial concentration of AIBN was
found at 0.126 kgmol m–3 which yielded a maximum con-
version of 0.94 at the shortest batch time (8,951 s).

6.3 Effect of AIBN concentration

Conversion of MMA is significantly affected by the initial
concentration of AIBN, as shown in Figures 3 and 4.
Figure 3 showed a sudden drop of the AIBN concentra-
tion from 0.126 to 0.02 kgmol m–3, while the conversion
of MMA increased instantly to 0.90 within the first 1,500 s
(Figure 4). The instant polymerization reaction is due to
the presence of a sufficient amount of AIBN in the reactor
and hence promoting the reaction between the decom-
posed AIBN and MMA, as well as enhancing the propaga-
tion rate. After 1,500 s, a sufficiently large amount of long
chain polymer occupied most of the reactor volume,
hence reducing the probability of AIBN and MMA to
react. Furthermore, the amount of the remaining AIBN
is limited as the polymerization reaction progresses.
Thus, the rate of propagation is limited and the concen-
tration of AIBN shows almost a plateau profile after the
first 1,500 s.

6.4 Effect of reactor temperature

Figure 5 shows the reactor temperature profile for the
solution polymerization of MMA. Temperature fluctuation
was observed in Figure 5, whereby the reactor tempera-
ture suddenly increased from 346 K to the maximum of
387.7 K in the first 1,500 s. This is due to a large amount
of heat released from the exothermic reaction between
MMA and AIBN which corresponds to a large consump-
tion of AIBN and MMA as showed in Figures 3 and 6,
respectively. As a result, a maximum conversion of MMA
(close to 100%) was obtained as shown in Figure 4. After
1,500 s, the propagation reaction reduced due to the
limited amount of remaining reactants. The reactor tem-
perature stays nearly constant at about 324 K from a time
between 2 to 6 h, after the initial temperature spike.

Figure 7 shows the rate coefficients’ plot along the poly-
merization time. A sudden rise of the values for all the
rate coefficients in the first 1,500 s was observed, which
coincide with the sudden increase in temperature due to
a fast polymerization reaction occurring at the same time
(see Figures 4 and 5). Higher temperature induced faster
movement and higher collision rate between reactants.

Figure 3: Concentration of AIBN, Ci (kgmol m–3) versus time, t (h).

Figure 4: Monomer conversion, Xm versus time, t (h).

Figure 5: Reactor temperature, T (K) versus time, t (h).

Figure 6: Concentration of MMA, Cm (kgmol m–3) versus time, t (h).
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Higher collision rate results in a higher kinetic energy, in
which the reactants are sufficiently energetic (kinetic
energy should be higher than the activation energy) to
ensure the reaction to occur. This implies that a faster
polymerization reaction is much more likely at a higher
reactor temperature for a process with a lower activation
energy. The simulation results showed that approxi-
mately 4% increase in the rate coefficients for every 10
K rise in temperature. A smaller rate coefficient values
were observed for ki and kfm due to their larger activation
energies (Ei and Efm) compared to others i. e. kp, kpo, kt
and kto. It was also observed that ki and kfm increased and
dropped much faster than the other rate coefficients (kp,
kpo, kt and kto). The rate coefficients steadily dropped
after the first 1,500 s as the reactant becomes limited.
After 7,200 s, no substantial change was observed in all
rate coefficients, as the reactor temperature is kept con-
stant around 324 K. An approximately isothermal condi-
tion is maintained after 7,200 s. This work showed that
the rate coefficients are strongly affected by their activa-
tion energies and the reactor temperature.

Figure 8 shows the zeroth, first and second moments
for dead polymer chains. Dead polymer chain is formed
during the termination reaction where the polymer chain is

incapable of further growth. Sharp increases in dead poly-
mer chains concentration in the first 1,500 s are caused by
the increases of termination rate (kt in Figure 7). However,
the monomer conversion in this work is not affected by the
dead polymer chain formation. As shown in eqs (9) and
(11), the propagation reaction depends on kt

a, where the
exponent |a| is small (0.5). Therefore, the propagation reac-
tion still occurs, even though kt is much larger than the kp
as shown in Figure 7.

Figures 9–11 show the weight-average molecular
weight (Mw), number-average molecular weight of dead

Figure 7: Rate coefficients, ki, kp, kt, kfm, kpo, kto versus time, t (h).

Figure 8: Zeroth, first and second moments for dead polymer
chains.
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polymer chains (Mn) and polydispersity index (PDI),
respectively. The evolution of Mw and Mn in Figures 9
and 10 are similar as the monomer conversion in Figure 4
and the moments plot in Figure 8. As monomer conver-
sion increases, the viscosity of reacting mixture increases.
This causes a cage effect and the polymer chain stopped
growing. In the meantime, the formation of a dead poly-
mer chain is increasing due to the termination of poly-
merization in the first 1,500 s. Hence, Mw and Mn are
increasing as well. PDI is a measure of polymer molecular

weight distribution. A polydisperse polymer has a PDI > 1,
where all the molecules consist of different chain length.
While a monodisperse polymer consists of similar length
chains (PDI = 1). Usually, chain polymerization yielded
values of PDI between 1.5 and 20. PDI values increase
as a reaction product becomes more heterogeneous
owing to the difficulty of controlling the operating con-
ditions in exothermic and non-linear polymerization pro-
cess. In this work, PMMA is polydisperse with the PDI is
about 7.9. The physical properties and mechanical prop-
erties (e. g., tensile strength, impact resistance and elas-
ticity) of polymers are affected by their molecular weight.
The desired polymer products should have a sufficiently
long chain length (high Mn) and low PDI.

7 Conclusion

The optimization of solution polymerization of MMA with
toluene in the presence of AIBN as the initiator was
performed using MATLAB. The model prediction showed
good agreement with the experimental data with about
2.7% and 2.3% of deviation in the reactor temperature
and jacket temperature, respectively. This work indicated
that 94% of MMA conversion at a minimum batch time of
8,951 s (2.5 h) can be achieved using the initial AIBN
concentration of 0.126 kgmol m–3 and initial reactor tem-
perature of 346 K. The results of this work demonstrated
that MATLAB can be employed to perform an optimiza-
tion study of MMA polymerization effectively and
economically.

Nomenclature

A Temperature dependent coefficient in gel effect model
B Constant parameter in gel effect constant
Ci Concentration of initiator, kgmol m–3

Cio Initial concentration of initiator, kgmol m–3

Cm Concentration of monomer, kgmol m–3

Cmo Initial concentration of monomer, kgmol m–3

Cs Concentration of solvent, kgmol m–3

Cso Initial concentration of solvent, kgmol m–3

c Heat capacity of reacting mixture, kJ kg–1 K–1

cw Heat capacity of water, kJ kg–1 K–1

D Intermediate variable in gel and glass effect models
DI Radical diffusion coefficient, m2 s–1

Dn Dead polymer chain with n unit of monomers
Efm Activation energy for chain transfer to monomer,

kJ kgmol–1

Ei Activation energy for initiation, kJ kgmol–1

Epo, Eto Activation energy for rate coefficient kpo and kto,
kJ kgmol–1

Figure 9: Evolution of weight-average molecular weight, Mw

(kg kgmol–1).

Figure 10: Evolution of number-average molecular weight, Mn

(kg kgmol–1).

Figure 11: Evolution of polydispersity index (PDI).
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Eϴp, Eϴt Activation energy for parameter kϴp and kϴt, kJ kgmol–1

Fcw Cooling water flowrate, m3 s–1

f, fo Initiator efficiency at time t and t = 0
ΔHp Heat of propagation rate, kJ kgmol–1

I Initiator
kfm Rate coefficient for chain transfer to monomer, m3

kgmol–1 s–1

kfs Rate coefficient for chain transfer to solvent, m3kgmol–1 s–1

ki Rate coefficient for initiation, s–1

kio Intrinsic chain initiation rate coefficient, m3 kgmol–1 s–1

kp Rate coefficient for propagation, m3 kgmol–1 s–1

kpo, kto Overall propagation and termination rate coefficient at
zero monomer conversion, m3 kgmol–1 s–1

ktc, ktd Rate coefficient for termination by combination and dis-
proportionation reactions, m3 kgmol–1 s–1

kϴp Temperature dependent coefficient in gel effect model
kϴt Temperature and initiator loading concentration depen-

dent parameter in gel effect model
M Monomer
MI Molecular weight of initiator, kg kgmol–1

Mm Molecular weight of monomer, kg kgmol–1

Mp Molecular weight of polymer, kg kgmol–1

Ms Molecular weight of solvent, kg kgmol–1

Mw Weight-average molecular weight of dead polymer chain,
kg kgmol–1

m Mass of reacting mixture, kg
NA Avogadro’s number, mol–1

P Heater power input, kJ s–1

Pn Live polymer chain consisting of n monomer units
Q Probability of propagation
R Universal gas constant, kJ kgmol–1 K–1

Rm, Ri Rate of consumption for monomer and initiator,
kgmol m–3 s–1

rH Hydrodynamic diameter of PMMA, m
r1 Effective radius at inner diffusion cage, m
r2 Effective radius at outer diffusion cage, m
T Reactor temperature, K
Tcw Cooling water temperature, K
Tgp Glass transition temperature of PMMA, K
Tj Jacket temperature, K
To Initial reactor temperature, K
T∞ Room temperature, K
t Time, s
tf Final batch time, s
û Overall rate of heat added to jacket, kJ s–1

V Final volume of reacting mixture, m3

Vfm Free volume of monomer
Vfp Free volume of polymer
Vm Volume of monomer, m3

Vo Initial volume of reacting mixture, m3

V̂f Specific free volume of reacting mixture, m3 kg–1

V̂ *
I Critical volume of initiator, m3 kg–1

V̂ *
m Critical volume of monomer, m3 kg–1

V̂ *
p Critical volume of polymer, m3 kg–1

wm Weight fraction of monomer
wp Weight fraction of polymer
xm Monomer conversion
Zfm Frequency factor for chain transfer to monomer, m3

kgmol–1 s–1

Zi Frequency factor for chain transfer to monomer, s–1

Zpo Frequency factor for rate coefficient kpo, m
3 kgmol–1 s–1

Zto Frequency factor for rate coefficient kto, m
3 kgmol–1 s–1

Zϴp Frequency factor for kϴp, m
3 kgmol–1 s–1

Zϴt Frequency factor for kϴt, m
3 kgmol–1 s–1

Symbols
ε Volume expansion factor
α Process parameter
ξo Concentration of live polymer chain, kgmol m–3

λo, λ1, λ2 Zeroth, first and second moments for dead polymer
chains, kgmol m–3

ρm Density of monomer, kg m–3

ρs Density of solvent, kg m–3

ρp Density of polymer, kg m–3

ρw Density of water, kg m–3

μ1 Mass concentration of dead polymer chain, kg m–3

Φp Volume fraction of polymer
Φmo Initial volume fraction of monomer
ϵi Proportionality coefficient
ϒ Overlap factor
τDI, τRI Characteristic times for radical diffusion and chain

initiation, s
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