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AbstractIn view of the scale up of a batch reactor for super absorbent polymer (SAP), a dynamic mathematical
model of a commercial scale batch reactor was developed with mass balance, energy balance, and complex polymeriza-
tion kinetics. The kinetic parameters of the polymerization were estimated on the basis of the established mathemati-
cal model and reference data. Simulation results were validated with less than 10% marginal error compared with
reference data. A case study was executed in terms of dynamic simulation for eight different initial concentrations of
initiator and monomer to analyze the influence of initial concentration and predict the operation condition for desired
product. The results were compared with various reference data, and good agreement was achieved. From the results,
we argue that the methodology and results from this study can be used for the scale up of a polymerization batch reac-
tor from the early stage of design.
Keywords: Super Absorbent Polymer, Polyacrylamide, Parameter Estimation, Dynamic Simulation, Batch Reactor

INTRODUCTION

Some materials that can absorb water in daily life are filter paper,
cosmetic tissues, and sponges. The absorption capacity of these mate-
rials is only several times their own weight while the absorbed water
is easily released under pressure. Super absorbent polymer (SAP),
which is a synthetic polymeric substance, can absorb huge amounts
of water compared to its own weight [1,2]. According to a recent
study, 1 g SAP has the ability to absorb about 1,000 g of water [3].
A typical advantage of SAP is its good retention of absorbed water
even under applied pressure, owing to its cross-linked structure [4].
About 90% of SAP has been used in hygiene products (diapers).
Other applications include packaging materials, pharmaceutics, cos-
metic, oil recovery, agriculture and environment protection [5,6].
On account of an aging society and the improvement of the world’s
income levels among developing countries in Africa, China, and
South America, the demand for diapers for adults and infants has
rapidly increased. Accordingly, the research on the development of
high quality SAP has gained strong attention.

Despite the importance of SAP research results, process simula-
tion has seldom been reported in open literature due to the nature
of SAP production classified as a company’s property. Researches
on SAP have mainly focused on the absorption and swelling capac-
ity of polyacrylamide for application [7-11]. There have been few
studies regarding the mechanism, reaction kinetics and simulation
for polymerization of SAP in batch reactor up to now. The researches
for polymerization of SAP can be classified into experimental studies
and modeling and simulation studies.

Ishige’s research group carried out the experiment for the polym-
erization of acrylamide on lab scale with the initiator 4,4'-azobis-4-
cyanovaleric acid [12]. This author estimated the kinetic parame-
ters and predicted the polymer properties under isothermal condi-
tion. Also, the mechanism and kinetics of polymerization of acryla-
mide were studied on the lab scale with potassium persulfate initi-
ator [13,14,22-24]. These authors suggested the relation between
rate constants of decomposition, initiation, propagation and termi-
nation steps without the derivation of activation energy and fre-
quency factor. Therefore, this information is not enough for simu-
lation, especially in the case of persulfate compound initiator.

The kinetic parameters for polymerization of acrylamide with
initiator 2,2-azobisdihydrochloride were also studied and predicted
polymer properties under isothermal condition [15]. The isother-
mal polymerization of acrylamide was also studied by using the
kinetic model for different initiators to estimate the kinetics param-
eters and to predict the polymer properties [12,25]. These authors
just focused on the development of the mass conservation to pre-
dict the kinetic parameters for different initiators. However, the
reactor temperature cannot be kept constant always in real operat-
ing condition, especially with polymerization. Therefore, energy con-
servation is necessary for the modeling and simulation to predict
the dynamic polymer properties. As a result, the gap in terms of
kinetic parameters for polymerization with the persulfate initiator
and the demand of energy conservation are the motivation of this
study.

A commercial scale batch reactor was the target process for
modeling and simulation in our research. The species conservation
equations were established based on the mechanism of acrylamide
polymerization for all stages. Kinetics parameters were estimated
by maximum likelihood method on the basis of reference experi-
mental data. Moreover, cooling jacket with PI controller model was
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established to control the reactor temperature. Process simulation
was carried out to find the proper operation not only to achieve
the properties of polyacrylamide in terms of Mn, Mw, MWD, and
PD, but also to reduce the reaction time for various feed condi-
tions. The gPROMS modelling package [16] was utilized as a soft-
ware platform for modeling and simulation.

FORMULATION OF A PROBLEM

1. Process and Mathematical Description
The batch reactor for the SAP production, shown in Fig. 1, is a

stirred reactor surrounded by a cooling jacket to remove the heat
of polymerization and to control the reactor temperature. The PI
controller was used to control the reactor temperature by con-
trolling the inlet flow rate of chilled water (7 oC) in the cooling
jacket.

Initial components include acrylamide (monomer), potassium
persulfate (initiator), and water. Since good mixture is assumed, the
state variables (concentration, temperature, density, etc.) are equal
at any points inside the reactor. Therefore, the batch reactor was
modelled as a lumped parameter system with zero dimension.
1-1. Polymerization Reactor

The mass and energy conservation equations were used to cal-
culate the time transient of concentration and reactor temperature.
Mass conservation

(1)

(2)

where, D: decomposition, I: Initiation, P: Propagation, T: Ter-
mination

Eq. (2) shows the rate of creation and disposition of the ith com-
ponent during polymerization. Here, the reaction rate (rj

i) is shown
in Table 1, the reaction order (ji) gets a plus value for product and
minus value for reactant.

Energy conservation

(3)

(4)

Eq. (3) was developed based on the energy conservation equa-
tion. Here, the accumulated energy ( (dTR/dt)) is equal to the
minus of heat source from reactions in polymerization ( ) to heat
transfer from reactor to cooling jacket ( /v). Because of the limita-
tion of heat formation of components in polymerization, we used
the heat of polymerization for all steps. Therefore, the heat source
of polymerization is the multiple of the total reaction rate and heat
of polymerization as in Eq. (4).
1-2. Cooling Jacket
Mass conservation

(5)

(6)

(7)

Energy conservation

(8)

Heat transfer with reactor

(9)

(10)

(11)

(12)

(13)

Polymer properties
The characteristic properties of polyacrylamide identified in this

research include number/weight average molecular weight, polydis-

dci

dt
-------  ŝm
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Fig. 1. Schematic of the batch reactor for the polymerization of SAP.

Table 1. Reaction mechanism and reaction rate for acrylamide po-
lymerization [12]

Mechanism Reaction rate
Decomposition rD=kD[I]0.5

Initiation rI=kI[Rc
·][M]1.25

Propagation rPj=kP[Rj
·][M]1.25
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cretization and integration, our mathematical model became a set
of differential algebraic equations (DAEs). The DAEs were solved
by the same algorithm as with our previous publications [17,18].
DAEs were numerically integrated with solution algorithm based
on backward differential formula (BDF) method. During the inte-
gration, linear algebraic equations (LAEs) and nonlinear algebraic
equations (NAEs) were formulated and solved by the quasi-New-
ton method and LA solution method. For convergence, absolute
and relative tolerances of 105 were used.
2. Polymerization Kinetics

SAP is synthesized by free radical polymerization and polymer
is rapidly generated after initiation. A detailed mechanism for the
radical polymerization reaction in a batch reactor is shown in Table
1. This involves decomposition, initiation, propagation, and termi-
nation steps. The termination by combination can be neglected
because disproportionation is predominant [19]. Based on the
study by Nedal Y.Abu-Thabit [20], we used the heat of polymer-
ization with the value of 18 Cal/mol.

Previous studies [13,14,22-24] determined the kinetics values as
the constant and the ratio between each rate constants at various
temperature conditions without deriving for activation energy and
frequency factor in Arrhenius equation as shown in Table 2.

However, this information is not sufficient to execute process
simulation due to lack of kinetic constant for initiation, as well as
the exact kinetics of propagation and termination. In addition, con-
sidering polymerization is sensitive to temperature, temperature
dependency of reaction parameters should be deliberated. In this
study, the kinetics parameters of initiation and propagation were
estimated by using the parameter estimation function in gPROMS,
while the kinetics parameter of termination was determined from

persity index (PD), and molecular weight distribution.
Number average molecular weight: Mn

(14)

(15)

Weight average molecular weight: Mw

(16)

(17)

Polydispersity index: PD

(18)

The numerical solution of the mathematical model is shown in
Fig. 2 above. In this study, the polymerization was simulated based
on the discretization and integration methods. The discretization
in gPROMS was carried out by assigning different integers to each
component. The integration was defined by the sigma function in
gPROMS to calculate the sum of variable over the defined domain,
and then used to estimate the polymer properties. After the dis-
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Fig. 2. The numerical solution of the mathematical model.

Table 2. Kinetic parameters for acrylamide polymerization [13]
Kinetic parameters

T [K] 343 333 323
kD [1/s] 8.75e-6 3.78e-6 9.8e-7
kP

2/kT [L/Ms] 16.7±0.95 14.7±1.05 10.6±1.5

Fig. 3. Parameter estimation procedure.
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the ratio of propagation and termination as shown in Table 2.
Maximum likelihood method [16] was employed to calculate

reaction parameters to minimize the possibility of errors between
the measured conversion and the predicted conversion. The whole
procedure of parameter estimation is summarized in Fig. 3.

The rate constants for reaction j are expressed by Arrhenius Eq.
(19), and our target was to obtain kj, o and Ej for initialization and
propagation.

(19)

(20)

(21)

subject to
TlTreactorTh

Equation (1)-(15) (22)
 2

ij=2(X2
ij+)

The experimental data, such as conversion, were used as mea-
sured values. The parameters were estimated to minimize the error
between the predicted conversion (Xij) and measured conversion
( ) as shown in Eq. (21). Additionally, the parameter estimation
should consider operational limitations (e.g., reactor temperature)
and physicochemical phenomena occurring in the reactor, described
by the mathematical model. These led to the introduction of con-
straints, which were denoted by Eq. (22).

Parameters were estimated with the conditions of the standard
deviation being lower than the optimal estimate and the 95% t-
value being higher than the reference t-value (95%) [16]. The kinetic
parameter values obtained from parameter estimation are shown
in Table 3.

The estimated values of 95% t-value of initiation and propaga-
tion at 323 K, 333 K, and 343 K are higher than the recommended
reference of 95% t-value (1.69). Calculated standard deviation val-
ues are also much lower than the recommended range for accu-
rate parameter estimate (from a range of 8 to 18 times) [16,21]. The
kinetics parameter values are close to the result of other researches
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Table 3. Kinetic parameter values from parameter estimation

Parameter Optimal
estimate

95%
T-value

Standard
deviation

kI(323) 3.66e-6 4.600 2.08e-7
kI(333) 9.31e-6 3.660 8.13e-7
kI(343) 2.22e-5 4.154 2.04e-6
kI, 0 1.18e8
EI 83532
kP(323) 1.34e-2 5.400 1.79e-3
kP(333) 2.31e-2 6.634 3.1e-3
kP(343) 3.85e-2 4.003 4.53e-3
kP, 0 9e5
EP 48386

Fig. 5. Comparison of the average molecular weight and molecular
weight distribution between simulation and reference data
[25]: [AM]=250 mol/m3; [I]=5 mol/m3; T=340 K.

Fig. 4. Comparison of the conversion between simulation and refer-
ence data [24]: [AM]=700 mol/m3; [I]=2.25 mol/m3; T=318,
328, 338 K.

[22,23]. Therefore, the kinetic parameter values obtained from param-
eter estimation are acceptable.

The kinetic parameter values from the simulation were com-
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pared to other reference data [24,25] with respect to the monomer
conversion and polymer properties, and the results are shown in
Fig. 4 and Fig. 5.

Fig. 4 demonstrates the conversion profile between the simula-
tion results and reference data [24] with the operation conditions
of monomer concentration ([AM]) at 700 mol/m3; initiator con-
centration ([I]) at 2.25 mol/m3 and reactor temperatures at 318, 328
and 338 K. With increasing the reactor temperature, the simulation
results had the same tendency with reference data due to the rela-
tion between rate constant and reactor temperature in Eq. (14). There
was plausible agreement between them with the marginal difference.

Fig. 5 illustrates the molecular weight profile of the simulation
results and reference data [25] with the operation conditions of
monomer concentration ([AM]) at 250 mol/m3; initiator concen-
tration ([I]) at 5 mol/m3 and reactor temperature at 340 K.

The number and weight average molecular weights achieved the
same tendency, in which their values decreased with the increase of
time due to the formulation of smaller polymer chain. The maxi-
mum error of simulation results for number and weight average
molecular weights was less than 10% range compared with refer-
ence data. Meanwhile, the molecular weight distribution of simula-
tion was similar to the diagram of reference [25]. From the acceptable
validation between simulation and reference, kinetics parameter
values have been used for case study.
3. Simulation Basis

Design and operating conditions for simulation are illustrated in
Table 4. The reactor dimensions were chosen based on the desired
capacity (5 m3), and the standard ratio of diameter and height was
0.5.

Polyacrylamide manufacturers have normally used the concen-
tration ratio of initiator and monomer in the range of 0.1 to 0.0035
[13,26].

Initiator effects were simulated with the change of initiator con-
centration when the monomer concentration was of a fixed value
or 500 mol/m3 (M1, M2, M3, M4). To evaluate monomer effects on
conversion and polymer properties, simulation was executed, with
the change of the monomer concentration as the initiator concen-
tration being 4.00 mol/m3 (I1, I2, I3, I4).

RESULTS AND DISCUSSION

1. Conversion
Fig. 6 displays the transient conversion of monomer at various

simulation conditions as shown in Table 5.
As shown in Fig. 6(a), when the initiator concentrations are

2.86 mol/m3 (M1), 4.00 mol/m3 (M2), 6.67 mol/m3 (M3), and 10
mol/m3 (M4), the conversions become 0.9 at t=1180 s, 996 s, 773 s,
and 646 s, respectively. Since the reaction rate of decomposition is

Table 4. Design and operating basis for modeling and simulatio
Parameter Value
Height of reactor [m] 3.2
Diameter of reactor [m] 1.45
Feed volume [m3] 5
Diameter of jacket [m] 1.6
Flowrate of chilled water [kg/s] 0.01-10
Initial temperature of reactor [K] 343.15
Initial temperature of cooling jacket [K] 280.15
Pressure [kPa] 101,325

Fig. 6. Transient monomer conversion profiles: (a) with fixed mono-
mer and various initiator concentrations (M1, M2, M3, M4)
and (b) with fixed initiator and various monomer concentra-
tions (I1, I2, I3, I4).

Table 5. Case studies for the simulation of acrylamide polymeriza-
tion

Case
no.

Initiator
[mol/m3]

Monomer
[mol/m3]

Molar ratio
(Persulf/Am)

M1 2.86 500 0.0057
M2 4.00 500 0.0080
M3 6.67 500 0.0133
M4 10 500 0.0200
I1 4.00 300 0.0133
I2 4.00 500 0.0080
I3 4.00 700 0.0057
I4 4.00 900 0.0044
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proportional to the initiator concentration, decomposition rate in-
creases with the increasing initiator concentration, as reported by a
similar work [26]. Therefore, the reaction rates of initiation and
propagation become higher because they are proportional to the
concentration of intermediate product (Rc) that is created in the
decomposition step. Accordingly, the higher the initiator concen-
tration, the faster the conversion.

Also, as shown in Fig. 6(b), when the monomer concentrations
(at the same initiator concentration) are 300 mol/m3 (I1), 500 mol/
m3 (I2), 700 mol/m3 (I3) and 1,000 mol/m3 (I4), the conversions
become 0.9 at t=1260 s, 996 s, 886 s, and 748 s, respectively. As
expected, for higher monomer concentration, a faster conversion
rate can be achieved. This tendency agrees well with the experi-
mental results of other researchers [27]. Accordingly, it is proper to
conclude that the reaction time can be reduced by increasing the
concentration of the initiator and monomer.
2. Temperature Profile

Since acrylamide polymerization is the exothermic reaction, the
reactor temperature is increased rapidly during polymerization. As
discussed earlier, kinetic constants are a strong function of tem-

perature, and temperature control plays an important role to main-
tain the reactor temperature to produce the desired product by the
inlet flow rate of chilled water. Reactor temperature was controlled
by PI controller with a set point of 343 K. Fig. 7 illustrates profiles
of the time transient reactor and jacket water temperature for dif-
ferent cases.

At a higher initiator concentration with the same monomer
concentration, the fluctuation of the reactor temperature and jacket
water temperature took place earlier and more seriously (Fig. 7(a)
and Fig. 7(b)). This can be explained in conjunction with Fig. 6(a).
At a higher initiator concentration, the reaction rates become higher,
which results in more heat of polymerization. The maximum reac-
tor temperature for each case of M1, M2, M3, and M4 at 500 sec-
onds is 346.7 K, 348.8 K, 349.5 K, and 350.1 K, while the jacket
water temperature is close to the inlet temperature of chiller water
(280.15 K). The slope of conversion curves starts reducing after-
wards due to the reducing monomer concentration in polymeriza-
tion. Hence, the reactor temperature and jacket water temperature
get a smaller fluctuation and converge to a set point.

On the other hand, the higher initial monomer concentration
under conditions of the same initiator concentration (Fig. 7(c) and

Fig. 7. Temperature profiles of the reactor and jacket water: (a)_re-
actor temperature for M1, M2, M3, and M4; (b)_jacket water
temperature for M1, M2, M3, and M4; (c)_reactor tempera-
ture for I1, I2, I3, and I4 and (d)_jacket water temperature
for I1, I2, I3, and I4.

Fig. 8. Number average molecular weight profiles of polymer: (a)
with fixed monomer and various initiator concentrations
(M1, M2, M3, M4) and (b) with fixed initiator and various
monomer concentrations (I1, I2, I3, I4).
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Fig. 7(d)) creates much more radical polymer (R1Rn) [27]. Accord-
ingly, conversion goes up more steeply and more heat is generated.
As a result, temperature gets the maximum value for each case of
I1, I2, I3, and I4 at 348 K, 348.8 K, 350.06 K, and 352.6 K after 350 s,
500 s, 600 s, and 620 s, respectively. At these states, jacket water
temperature showed a value of 282.6 K, 283.15 K, 283.28 K, and
283.45 K for cases of I1, I2, I3, and I4. From these results, we
acknowledge that the PI controller can control the reactor tem-
perature around the set point value.
3. Polymer Properties

The four characteristic properties of polyacrylamide including
Mn, Mw, MWD, and PD were calculated.

Fig. 8 shows the transient number average molecular weights
(Mn) of polymer. In Fig. 8(a), as the initiator concentration in-
creases, the conversion becomes faster as shown in Fig. 6(a). These
results show the increasing of reaction rates as the initial mono-
mer concentration is equal for all cases. Therefore, a higher initia-
tor concentration generates a smaller polymer chain and gets a
lower Mn. Also, in Fig. 8(b), as the monomer concentration is
higher, the effect of the initiator is reduced, polymerization creates
much more radical polymer as the higher conversion is achieved

in Fig. 6(b). Thereby, the higher monomer concentration gets the
higher Mn. This tendency agrees well with the results in the litera-
ture [27]. In all cases, Mn increases proportionately with conver-
sion (Fig. 6) to get the peak and decreases slightly thereafter. This
phenomenon is explained by the appearance of the large polymer
chains that are produced at early times. The proportion of high
molecular weight species is reduced as the conversion increases [19].

Fig. 9 shows the distribution of chain length with respect to
weight fractions after 3,600 seconds of polymerization. Chain length
is the number of monomers connected to form polymers, which
consist of different number of chains, whereas the weight fraction
of each chain length is the ratio between its weight and the total
weight of polymer. Molecular weight distributions of the M1 and
I4 cases (the lowest molar ratios of initiator and monomer) are
broader than those of the M4 and I1 cases (the highest molar ratios
of the initiator and monomer). This phenomenon is explained in
conjunction with Fig. 6. The higher initiator concentration in-
creases the decomposition and initiation rates, while the propaga-
tion and termination rates are also developed. So, the higher initia-
tor concentration generates the smaller polymer chain and the
narrower MWD as shown in Fig. 9(a). Likewise, in Fig. 9(b), the
higher monomer concentration creates much more radical poly-
mer and the molecular weight distribution is broadened. The ten-
dency of the MWD curve is consistent with the results of another
paper [12]. As shown in Table 6, the PD values are close to 2.0,
which is the expected value for chain growth polymerization, whereas
Mw values are in the range of results of the experiment paper [13].
Based on the simulation results, the desired product can be achieved
with a cost saving for design of a commercial batch reactor by
reducing the experiment. For application of water absorbent [28],
a weight average molecular weight of 400 kg/mol and PD of 2 can
be achieved with the concentration of AM at 500 mol/m3 and I at
10 mol/m3.

CONCLUSION

We performed process modeling and simulation of SAP pro-
duction in a commercial scale batch reactor using acrylamide and
potassium persulfate as reactant. The mathematical model included
conservation equations, kinetic equations of polymerization, and
heat transfer equation between reactor and cooling jacket. In our
model, reactor temperature was controlled by model of cooling
jacket using PI controller.

Fig. 9. Molecular weight distribution profiles of polymers: (a) with
fixed monomer and various initiator concentrations (M1,
M2, M3, M4) and (b) with fixed initiator and various mono-
mer concentrations (I1, I2, I3, I4).

Table 6. Polymer properties after 3600 seconds for reaction
Case no. Mn [kg/mol] Mw [kg/mol] PD
M1 422.25 840.73 1.991
M2 335.96 669.95 1.994
M3 246.19 491.12 1.995
M4 196.60 392.48 1.996
I1 223.36 445.84 1.996
I2 335.96 669.98 1.994
I3 437.61 872.04 1.992
I4 498.07 992.05 1.991
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Parameter estimation to obtain kinetic parameter values with
experimental reference data was performed. Developed mathe-
matical model and experimental reference data were incorporated
with the parameter estimation. These values were validated in
terms of the conversion, average molecular weight, and molecular
weight distribution of simulation result and reference data, and the
maximum error was less than 10%.

Simulations of SAP were carried out through the case studies of
different concentration ratios. The reaction time in the commer-
cial scale of batch reactor could be reduced with increasing the
reactant concentration, and the number average molecular weight
could increase from 196.6 to 498.7 kg/mol but still keep the PD
values, which were close to 2.0 (expected value).

Finally, the methodology and results of this research can be used
to scale up the batch reactor of acrylamide polymerization in the
early stage of design.

NOMENCLATURE

Symbol
At : area of tube [m2]
Ah, t : heat transfer area [m2]
Cs : bias signal [kg/s]
ci : concentration of component i [mol/m3]
ci

p : concentration of polymer i [mol/m3]
cp

total : total concentration of polymer [Mol/m3]
: heat capacity [J/(kg K)]
: heat capacity of water [J/(kg K)]

D : decomposition
E : activation energy [J/mol]
h : heat transfer coefficient [J/(m2 s K)]

: enthalpy of water at inlet of cooling jacket [J/kg]
: enthalpy of water at outlet of cooling jacket [J/kg]

hP : heat of polymerization [J/mol]
I : initiation
k : rate constant [m3/(mol s)]
kd : heat conductivity of reactor [J/(m s K)]
k0 : frequency factor
L : height of reactor
m : mass [kg]

: mass flow rate at inlet of cooling jacket [kg/s]
: mass flow rate at outlet of cooling jacket [kg/s]

M : monomer
Mi : molecular weight of ith polymer [kg/mol]
Mn : number average molecular weight [kg/mol]
Mw : weight average molecular weight [kg/mol]
N : total number of measurements
NE : number of experiments performed
NMij : number of measurement of jth variable in the ith experiment
P : propagation
Kc : proportional gain
PD : polydispersity

: heat of transfer with cooling jacket [J/s]
R : ideal gas constant [J/(mol K)]
Rt : total resistance [(K s)/J]
Rt

cond : resistance of conduction [(K s)/J]

Rt
conv : resistance of convection [(K s)/J]

r : radius of reactor [m]
rc : radius of cooling jacket [m]
rJ : reaction rate of reaction J [mol/m3s]
rJ

i : reaction rate of the ith component in reaction J [mol/m3-s]
: energy source from reaction of polymerization [J/(m3s)]
: mass source from reaction of component i [mol/(m3s)]

T : termination
TR : reactor temperature [K]
Tc : temperature in cooling jacket [K]
Tl : lowest limit of reactor temperature [K]
Th : highest limit of reactor temperature [K]
TSP : highest limit of reactor temperature [K]
U : overall heat transfer coefficient [J/(m2sK)]
v : volume of reactor [m3]
X : conversion

: jth measured value of conversion in experiment i
Xij : jth (model-)predicted value of conversion in experiment i

Greek Symbols
 : density [kg/m]
I : reset time of integral time constant [1/s]
 : error [K]
 : constant standard deviation
 : set of parameters
ij : variance of the jth measurement of conversion in experiment

ith
Ji : stoichiometric coefficient of component i in reaction J
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ĉp, c

ĥc
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ĥc
out

m· c
in

m· c
out

q·

ŝe
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