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ABSTRACT: Expandable Polystyrene (EPS) is one of the most used polymers. Preparation of this
polymer by the conventional method has some problems which cause the synthesis process to be difficult
and also decrease the quality of the prepared EPS. In this study, Styrene-Butadiene-Styrene (SBS)
has been added to improve some properties of the prepared polymer and the Multi-stage Initiator
Dosing (MID) method has been used to reduce the time of the polymerization which causes the polymer’s
production capacity to increase. SBS has been added to EPS in shares of 2%wt, 4%wt, and 6%wt.
The polydispersity index (PDI) test and the amount of tension in the yield point of the polymer have been checked.
The amount of absorbed pentane on the polymer studied. The amount of residual monomer on the
polymer has been investigated. All of the studies happened under different conditions like different
percentages of initiator, different numbers of dosings, and different time periods of the first stage of the
polymerization. Experimental data have been simulated by Multi-Layer Perceptron (MLP) and Radial
Basis Function (RBF) methods of Artificial Neural Networks (ANN). The performance of the simulation
for RBF method was better in comparison to MLP method due to having a strong scientific foundation and
also the ability to filter noises. The experimental data show that a higher amount of SBS causes improvement
in properties like elongation at break, better pentane absorption, and PDI amount has improved, which shows
the better distribution of molecular weight and a decrease in residual monomer in products.
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INTRODUCTION

The applications of EPS having SBS blends can be
very important because of having better performance
compared to EPS [1]. EPS has always been an important
material because of its special properties which can be used
in many fields [2, 3]. Now, by adding SBS to the EPS, these
properties can be optimized and by ANN the prediction
of values is possible and very helpful because of reducing

the number of tests needed to obtain data [4, 5].

Expandable polystyrene (EPS) is a polymer with wide
applications in many fields. The necessity of EPS
in nowadays industries is undeniable. EPS has wide usage
in construction, packaging, insulating, and many other
industries because of excellent properties like thermal
insulation, moisture resistance, shock absorption and
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so on [6- 9]. Polystyrene foam is produced by expanding
the expandable polystyrene beads. Expandable polystyrene
is formed from a styrene polymer network including
pentane in a suspension polymerization process and
styrene gain a polymeric structure [10, 11]. In the
conventional method of EPS production, two different
initiators having two different levels of temperature
are used and all the materials have entered the reactor
at the first stage of the batch [12]. The problems with this
method are long duration and difficult control of the
polymerization process. In order to not have these
problems, the Multi-stage Initiator Dosing (MID) method
has been used. In MID method the initiator of the first
stage enters the reactor in several injections and at higher
temperatures than in the conventional method [13].

Nowadays the use of Styrene-butadiene-Styrene (SBS)
as an additive to other products is greatly increased [14- 16].
SBS improves the performance of many products like
asphalt binders, PCL, etc. It has been shown that a hew
intelligent polymer with Shape Memory Effect (SME)
has been made by PCL and SBS from an immiscible
blend [17, 18]. SBS/(5 graphenes) fiber revealed the
widest workable strain range of nearly 250% and
the highest sensitivity at large strains [19]. The results
of a study showed that the best performance of unaged
composites is 20% (Poly Propylene)/SBS and a Low-
temperature test combined with dynamic thermal analysis
found that the addition of SBS effectively improved the
low-temperature brittleness of polypropylene composites
without added compatibilizer [20]. The performance of
a polymer-modified binder increased with SBS content and it
is found that both instantaneous modulus and viscosity
increase with the SBS content [21]. The fabricated SBS
showed slightly lower water flux than the polytetrafluoroethylene
membrane because it was two times thicker and the SBS
membrane had better salt rejection and most importantly
could be fabricated via a simple process. In addition, the SBS
membrane had superior mechanical strength over the poly
tetra fluoro ethylene membrane [22].

Predicting data can be very helpful because of reducing
the number and materials of the test needed to collect data.
Artificial Neural Networks is a simulation that can predict
data for the points that have not been tested. Radial Basis
Function (RBF) and Multi-Layer Perceptron (MLP) are
the most popular methods of ANN [23-26]. ANN is
one of the major branches of artificial intelligence,
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consisting of massively interconnected nonlinear
memoryless processing elements known as neurons or
nodes [27]. An ANN was used to identify quantum phase
transitions from single-shot experimental momentum-
space density images of ultracold quantum gases and
obtain results that were not feasible with conventional
methods. The networks of the two examples of the Bose—
Hubbard system and the Haldane system have been compared
and found that applying the network trained on one
example to the data from the other example gives a definite
result [28]. In research, in order to predict different
parameters by learning (ANN) with collected data from
a viscometer by which nanofluid's viscosity has been
measured, general performances of RBF ANN are used.
With (RBF-ANN) method, the connection between 3
known parameters has been revealed in different
conditions [29]. Multi-Layer Perceptron (MLP) with
the back-propagation method and neural network software
(i.e., Matlab) were used for the Differential Thermal
Analysis (DTA) prediction of Water Expandable Poly
Styrene (WEPS), The results show that there is a good
agreement between predicted thermal behavior and the
actual values [30]. In research, PET Waste in different
weight percentages has been combined with ABS under
different conditions of temperature, time, and speed of
extruder in order to reuse PET and reduce environmental
problems. The results declared that in conditions with
constant temperature and time and speed of mixing with
increasing PET Waste in ABS, the properties of this
polymer have been improved. Also, the results of the
simulation covered the laboratory data perfectly [31].

Much research has been done in the field of using
artificial neural networks for polymer data. But
unfortunately, there is no research in the field of using
ANN for expandable polystyrene data except one that has
been explained in the below paragraph [32-37].

Synthesis of expandable polystyrene by initiator
dosing method has been accomplished in this study, the
ratio of tension to strain for different conditions like
different times of the polymerization and different amount
of the reduced initiator, and different times of dosings
has been investigated and the laboratory results have been studied
by artificial neural networks and the predicted values
covered laboratory data perfectly [37].

In this study, MID method for synthesis of the EPS
has been used. In order to improve the quality of the EPS,

Research Article



Iran. J. Chem. Chem. Eng.

Preparation of Expandable Polystyrene ...

Vol. 41, No. 6, 2022

Table 1: the used materials for the synthesis of EPS/SBS.

K Materials specification CAS number Manufacture \
Styrene 99.7% Pure 100-42-5 Tabriz Petrochemical Company
Pentane 99% Pure 109-66-0 Tabriz Petrochemical Company
Styrene-Butadiene-Styrene (SBS) 9003-55-8 Arak Petrochemical Company
Calcium Phosphate Mw= 310.18g/mol 7758-87-4 Merck
Polyvinyl Alcohol Mw=47000 and 98% hydrolyzed) 9002-89-5 Merck
Benzoyl Peroxide 94-36-0 Merck
Tert-Butyl Benzoyl Peroxide 614-45-9 Merck
K Deionized Water 7732-18-5 Tabriz Petrochemical Company j

SBS have been used as an additive. Four important
characterizations of EPS (PDI, the absorbed pentane
percent, the amount of the tension in yield point, the amount
of the residual monomer in different percentages of the
initiator, different times polymerization of the first stage,
and the number of different dosings) has been studied.
The data gained from the laboratory has been simulated
by ANN. RBF and MLP methods of ANNSs have been used
and compared for the simulation.

EXPERIMENTAL SECTION
Materials

Styrene as a monomer, pentane as a blowing agent,
styrene butadiene styrene as an additive for improving
the quality of the final product, calcium phosphate, and
polyvinyl alcohol as a suspension agent, benzoyl peroxide
and tert-butyl benzoyl peroxide as initiator, and deionized
water have been used as suspension media and all of them
has been shown in Table 1.

Equipment

As shown in Fig. 1, a 5 L stainless steel Buchi reactor
has a discharge valve at the bottom, There are two baffles
on each side of the stirrer with 8 cm distance of walls.
baffles and hot oil jacket controlled thermostatically with
two three-blade mixers. The diameter of the stirrers is 15
cm and the distance between them is 10 cm and the
distance of the lowest stirrer from the bottom of the reactor
is 15 cm. Initiator is injected in to the reactor at desired
time intervals by a dosing pump. For determination of
the percentage of pentane absorbed and the concentration
of the monomer remaining in the sample, Varian 3800CP
Gas Chromatographer has been used. Testing was conducted
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in accordance with ASTM 5135. Zwick Roll (model
TI- FRO10THAS0) Germany according to ASTM 1621,
has been used to determine the mechanical strength of
the prepared blocks.

Preparation of Styrene Butadiene Styrene (SBS)

SBS with 2%wt, 4%wt, and 6 %wt styrene monomer
has been dissolved in styrene and stirred by a mechanical
stirrer with a speed of 350 rpm until complete dissolution.

Preparation of benzoyl peroxide (Initiator)

Benzoyl Peroxide entered the reactor in a different
number of dosings (6 dosings, 8 dosings, 10 dosings,
12 dosings) while the reactor is closed, and the temperature
of the reactor is 110°C. Therefore, this powder is needed
to prepare as suspension, so benzoyl peroxide was dissolved
in styrene and prepared as a suspension in order to be
injected into the reactor by a dosing pump.

Multi-stage initiator dosing method

2.4 kg of water is charged into the 5 L reactor. Then,
5.6 g Calcium Phosphate and 1 kg styrene monomer are added
to the reactor and the mixture is stirred at 360 rpm
the heating of the reactor starts when the temperature of
the reactor reached 40°C. SBS with different percentages
(32, 64, 96 g dissolved in 300g styrene) is added to the
reactor. The reactor temperature reaches 40°C with a rate
of 1.083 °Umin. usually, the initiator, with different weight
percentages (5.93, 4.74, 4.44, 4.131 gr dissolved in 300 g
styrene monomer) and in different numbers of dosings
(6 dosings, 8 dosings, 10 dosings, and 12 dosings) and
at the same interval, enters the reactor. After 1 hour, the reactor
temperature reaches 110°C, and stage one polymerization
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Fig. 1: Polymerization setup for MID EPS Synthesis.

in different times (4 hours, 3.5 hours, 2.5 hours, 2 hours)
is done. At the end of the first stage of polymerization with
an increase in temperature to 122 °C, 128 g pentane and
2.26 g tert butyl benzoyl peroxide as an initiator in the second
stage are added to the reactor. Stage two polymerization
takes 2 hours to complete, the temperature of this stage is
122 °Cand the pressure is 7 bar. After this stage, the reaction
mixture of the polymerization cooled down.

Artificial Neural Networks (ANN)

In this article, the performance of Multi-Layer
Perceptron (MLP) and Radial Basis Function (RBF)
methods of Artificial Neural Networks (ANN) regarding
the prediction of the different parameters through
mentioned networks learning with collected data from
a Buchi reactor on a laboratory scale is compared.

The number of neurons in RBF networks is equal to the
number of laboratory data, therefore, for better comparison
with MLP networks, in all items, the number of neurons
for MLP networks is set to equal to laboratory data.

The regularization network was completely self-
sufficient and did not require any initial values for its linear
and non-linear parameters. RBF networks use all the input
data as their centers and in each item, the internal
optimization method for isotropic width selection (6) is used
separately. The Leave One Out Cross Validation (LOOCV)
criterion is used for the determination of the optimal value
of the regularization parameter. In contrast, the performance
of MLP networks is completely dependent on the initial
value of their synaptic weight ratios. In performed
simulations in this article, firstly different initial values for
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Synaptics have been used and then the best response among
them has been selected.

The used data referred to mentioned ANN learning,
is the result of the multiple experiments which investigates
elongation at break, the amount of absorbed pentane,
residual monomer, and PDI value for prepared polymer
by the Multi Initiator Dosing (MID) method.

RESULTS AND DISCUSSION

In order to improve the quality of the developed EPS
by the Multi-stage Initiator Dosing method, Styrene Butadiene
Styrene (SBS) was added to the reactor in different
percentages (0.2, 0.4, and 0.6) before the polymerization begin.

The 4 important characterizations of this polymer
include PDI, the absorbed pentane percent, the amount of
tension in the yield point and the amount of the residual
monomer in different percentages of the initiator, different
times polymerization of the first stage, and the number of
different dosings has been studied.

In MID method of production of the EPS, the
consumption of the initiator is reduced in comparison with
the conventional method and the initiator with 20, 25, 30
percentages of reduction, and the time of the first stage of
the polymerization in 4, 3.5, 3, 2.5 hours had been
investigated. By assuming the 4 hours as the basic time
in figures, in the form of reduced times related to 4 hours
in 4 different states (0. 0.125, 0.25, 0.375) investigated and
the number of different initiator dosings (6, 8, 10, 12) that
which in figures by assuming 12 times as the basis
in the production of this polymer by MID method, time
reduction has been shown as (0.5, 0.33, 0.167, 0).
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Poly Dispersity Index (PDI)

In Figs. 2 to 4 different percentages of SBS
were investigated. In all 3 figures with an increase in the
amount of the SBS, the amount of the PDI decreases. With
increasing the amount of the SBS, the amount of the PDI
approaches number 1 and shows a better distribution of the
molecular weight. In fact, with increasing SBS, in terms of
molecular weight, EPS polymers are corrected. Reduction
of the initiator and reduction of the number of dosings
a constant amount of the SBS, results in decreasing
molecular weight, and by its very nature, it decreases PDI
too due to a reduction of the length of the polymeric chain,
but the reduction in time of the polymerization causes PDI
to increase. In Fig. 2, PDI in different percentages of
reduction of the initiator is investigated. As shown
in the figure, when the reduction of the initiator is 0.3 and
0.25, the decrement of the PDI with increasing the percentages
of the SBS is very minor, but for 0 and 0.2 percentages this
decrement is impressive.

In Fig. 3 it has been shown that the decrement
of the PDI for different time points of the polymerization
happened with the same gradient.

Fig. 4 showed that a change in the number of dosings
of the initiator has a little different for the PDI.

The absorbed pentane percent

Figs. 5 to 7 investigate absorbed pentane percent
in different percentages of SBS. With increased percentages
of SBS in EPS, the amount of absorbed pentane is reduced.
Since the appropriate range for the absorbed pentane
for EPS are between 4 and 6 percent, therefore for all
the charts between 2 to 4 wt%, SBS has the best range
in all conditions in terms of pentane absorption.

Decreasing the initiator percent and numbers of the
dosing and increasing the polymerization time, in the constant
percentage of SBS, due to proper makeup of the polymeric
chains, cause high pentane absorption.

In Fig. 5, which shows absorbed pentane in different
percentages of SBS and reduced initiator, increasing the
percentage of SBS, chart of the initiator reduce for zero
percentage of reduction for initiator with an almost slower
slope proportional to the other percentages of the initiator.

Absorbed pentane in different percentages of SBS and
reduced times of polymerization have been shown in Fig. 6.
With increasing SBS, the slope for the charts of the
reduced times of the polymerizations reduces identically.

Research Article

Preparation of Expandable Polystyrene ...

Vol. 41, No. 6, 2022

el 0.3 0.25

Poly dispersity index (PDI)
N

0.06

The Amount of SBS in EPS
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Fig. 5: The absorbed pentane percent at different percentages
of SBS in EPS and different percentages of initiator of Reduction.
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Fig. 6: The absorbed pentane percent at different percentages
of SBS in EPS and different times polymerization of the first stage.

In Fig. 7, which shows absorbed pentane in different
percentages of SBS for different numbers of dosings,
for a state with 12 times of dosings, the slope of the
decrement chart is slower in comparison to other states.

The amount of the tension in yield point

Study results of the stress in yield point in Figs. 8 to 10
are investigated. As specified from the charts, with
increasing SBS, the amount of tension in the yield point
increase for all states. In fact, the increasing amount
of SBS, elongation at break for EPS polymer is increased.

Reducing the initiator and increasing the time of the
polymerization and the number of doings in a constant
amount of the SBS cause increasing the amount of the
tension in yield point.
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Fig. 7: The absorbed pentane percent at different percentages
of SBS in EPS and number of different dosings.
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Fig. 8: The amount of the tension in yield point at the amount
of SBS in EPS and reduced initiator percent.

Therefore, for increasing elongation at the break
of the polymer, using an initiator in 70%, the first stage
of the polymerization in 4 h and 12 number of doings
is recommended while the percentage of SBS in EPS
equals 6 percent.

Fig. 8 shows the amount of the tension in yield point
for different percentages of SBS in different percentages
of the initiator. The increment range for the tension
with an increase in SBS for all percentages of initiators
is about the same.

The amount of the tension in yield point for different
percentages of SBS in EPS for different times of
polymerization is shown in Fig. 9. The changes range
for the decrease in time (0.375) happen with uniform slope
while for other time decrements with increasing the percentage
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Fig. 9: the amount of the tension in yield point at the amount
of SBS in EPS and polymerization time of the first stage.
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Fig. 10: the amount of the tension in yield point at the amount
of SBS in EPS and number of dosings.

of polymerization, there are different behaviors. The
highest level of elongation at break is the state with 4 h
of polymerization time in 6 percent of SBS in EPS.

Investigation of the amount of the tension in yield point
for different doings number with different percentages of
SBS are shown in Fig. 10. increase of the amount of the
tension in yield point for each one of the states happen
with the same slope and the maximum level is the state
with 12 doings.

In addition, with the change in the number of doings, there is
no impressive change in stress level in the yield point.

The amount of residual monomer

The amount of residual monomer in different
percentages of SBS in EPS for different percentages of
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Fig. 11: The amount of residual monomer at the amount of SBS
in EPS and reduced initiator percent.

0.2

el 0.375

0.25

0.15

0.1

0.05

The Amount of Residual Monomer(%)

0 0.02 0.04 0.06

The Amount of SBS in EPS

Fig. 12: The amount of residual monomer at the amount of SBS
in EPS and polymerization time of the first stage.

initiator is shown in Fig. 11. The amount of residual
monomer in different percentages of SBS in EPS for
different times of polymerization is shown in Fig. 12.
The amount of residual monomer in different
percentages of SBS in EPS for a different number of
doings is shown in Fig. 13. With the increase in the
percentage of SBS, the amount of residual monomer
decreases for every state.

A study of the charts declares that for constant SBS,
decreasing the initiator and time of the polymerization, and
the number of doings causes the amount of the residual
monomer to increase. Therefore, for having the minimum
amount of residual monomer, the state with the maximum
amount of initiator (100%), 4 h of polymerization time,
and 12 number of doings is recommended.
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Figs. 14 and 15 are microscopic pictures of the
prepared polymer by conventional and initiator dosing
methods with 150* zoom. By investigating the pictures,
it has been declared that while the initiator dosing method
has higher pentane absorption and created holes are bigger,
it has a more uniform distribution of the seeds.

Results of simulation with Artificial Neural Networks

The data gained from the laboratory has been simulated
by Artificial Neural Networks (ANN). Radial basis function
(RBF) and Multi-Layer Perceptron (MLP) methods of ANNs
have been used for the simulation. In case of having good
cover for laboratory data by simulation, it can be used
for obtaining results for points that have not been tested.

Fig. 16 has shown the results for RBF and MLP
methods of ANN for investigating PDI in different
percentages of SBS in EPS, for different percentages of
initiators and different times of the first stage
polymerization, and for a different number of dosings.

The results of different percentages of initiator have
been reduced and the results of different times of the first
stage polymerization for RBF and MLP are close. The
results of the simulation show that the simulated data fit
the laboratory data but for the match state, the number of
surface initiator dosings by MLP method is not uniform
and has more oscillation in comparison with RBF network
because of good reduction of the noises by RBF method, it
works better in compare to the MLP method. But both
methods cover the laboratory data.

Studying the amount of the absorbed pentane in
different percentages of SBS in EPS for a different amount
of initiator, the times of the first stage polymerization, and
a different number of dosings have been shown in Fig. 17.

The results of RBF and MLP methods of ANNs are
about the same for each of the figures and both RBF and
MLP figures can be used for prediction in points in which
the experiment is not done.

Fig. 18 shows the tension in yield points for different
percentages of SBS in EPS. For Fig. 16-a which is related to
different percentages of initiators for RBF and MLP methods,
there is the only difference in a little area of the surface and
the total figure declares a good prediction of the simulation.

Fig. 18-b investigates the time of the first stage of
polymerization, the MLP method has some noise but
the RBF method has better performance due to having
a strong scientific foundation and the ability to filter noises.
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Fig. 14: Microscopic image of EPS produced using the
conventional method (150X magnification)[38].

Fig. 15: Microscopic image of EPS produced using MID (150X
magnification)[38].

Research Article



Iran. J. Chem. Chem. Eng.

Multi-Layer Perceptron (MLP)

45 |
44
35

Poly dispersity index (PDI)

Reduced initiator percent

Poly dispersity index (PDI)

Polymerization time of The amount of SBS in EPS

first stage

Poly dispersity index (PDI)

Number of Dosings §:3 The amount of SBS in EPS

The amount of SBS in EPS

Preparation of Expandable Polystyrene ...

@)

(b)

(©

Vol. 41, No. 6, 2022

Radial Basis Function (RBF)

Poly dispersity index (PDI)

Reduced initiator percent The amount of SBS in EPS

Poly dispersity index (PDI)

o2

Polymerization time of The amount of SBS in EPS

first stage

Poly dispersity index (PDI)

Number of Dosings The amount of SBS in EPS

Fig. 16: The results for RBF and MLP methods of ANN for investigating PDI in different states.

Fig. 18-c investigate the number of dosings for both
experimental and predicational points and the results of
RBF and MLP methods are very close.

In Fig. 19 as usual, the results gained from experimental
data are as expected and related to studying the amount
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of residual monomer for different percentages of SBS
in EPS for the states with variable initiators and different
times of first-stage polymerization and a number of dosings.
For all three states, the MLP method has some noise but in
RBF method, the oscillation has not been seen.
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Fig. 17: The results for RBF and MLP methods of ANN for investigating the amount of residual monomer in different states.

But all figures in Fig. 19 show a good match for

experimental data with simulation.

CONCLUSIONS

The result of this study is listed below:

1970

1) With the increase in the percentage of SBS in EPS,
the amount of PDI, the percentage of absorbed pentane,
and the amount of the residual monomer decrease while
the tension in the yield point increases.

2) In constant percentage of SBS, with a decrease
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Fig. 18: The results for RBF and MLP methods of ANN for absorbed pentane percentage in different states.

in initiator amount and number of dosings and increase
in time of the first stage of polymerization, PDI decreases.

3) In a constant percentage of SBS, with a decrease
in initiator amount and number of dosings and increase
At the time of polymerization, the absorption of pentane increases.

Research Article

4) Decreasing the amount of initiator and increasing
the time of the first stage polymerization and many dosings
in constant percentages of SBS in EPS causes an increment
in the tension in the yield point.

5) Increasing the amount of the initiator and the time

1971
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Fig. 19: The results for RBF and MLP methods of ANN for the tension in yield point in different states.

of the first stage polymerization and the number of dosings
in the constant percentage of SBS in EPS causes a
reduction in the amount of the monomer.

6) Radial Basis Function (RBF) and Multi-Layer Perceptron
(MLP) methods of Artificial Neural Networks (ANN)

1972

have simulated the laboratory data perfectly. The MLP
method had some noise in some states but the RBF method
has better performance due to filtering noises and can be used
to predict data for the points which have not been
experimented with.
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