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ABSTRACT: Suspension polymerization in the presence of graphite has been studied in order to determine the effects of some opera-
tional parameters on the particle size distribution (PSD). The results showed that, with increasing graphite content, the particle size
of the polystyrene/graphite (PS/G) beads increased. Moreover, instability of the suspension polymerization system was found at high
amounts of graphite. With increasing initiator concentration, the particle size of the polymer beads increased and the PSD became
slightly narrower. Changing the concentration of the suspending agent proved to be an efficient way of controlling the particle size,
although its increase led to a broadening of the PSD. Adding the suspending agent in two portions at different times decreased the
particle size, maintained a lower concentration of suspending agent, and kept the suspension polymerization system stable. Adjusting
the stirring speed proved to be a very efficient means of manipulating the PSD of the PS/G composite beads. The Sauter mean diam-
eter decreased and the PSD was broadened with increasing stirring speed; 400 rpm was identified as an appropriate value to obtain
polystyrene/graphite beads with desirable particle size and distribution. © 2016 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2016, 133, 44270.
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INTRODUCTION

Suspension polymerization is an important polymerization tech-
nique in industrial scale production, which is commonly used
to manufacture many kinds of commercially important poly-
mers including poly(vinyl chloride), expandable polystyrene,
high impact polystyrene, poly(methyl methacrylate), poly(vinyl
acetate), and copolymers thereof. It usually proceeds by a free-
radical mechanism; a dispersed phase containing monomer and
initiator is dispersed in an aqueous phase by the combined
action of agitation and suspending agents (i.e., inorganic and/or
water-soluble polymers). All of the reactants (i.e., monomer,
initiator, etc.) reside in the dispersed phase. The polymerization
reaction occurs in the monomer droplets, which are gradually
converted into sticky monomer/polymer droplets and finally
into rigid polymer particles."

Polymerization reaction systems are kept stable through the
addition of a suspending agent, stirring, controlled addition of the
initiator, control of the oil/water ratio, and so on. If some opera-
tional parameters change, the balance of the reaction system may
be destroyed, rendering it unstable, and the polymerization will be

interrupted.” Therefore, maintained stability of suspension poly-
merization systems is essential during the polymerization process.

As regards the final polymer particles prepared by suspension
polymerization, the particle size distribution (PSD) is the most
important property, which controls key aspects of the process
and affects important product quality characteristics, such as
insulation capability, storage, processability, mechanical resis-
tance, bead impregnability, and morphology after expansion.’
The PSD can be even more important for special applications
such as ion-exchange chromatography, chromatographic separa-
tions, and biomedical engineering.

The PSD of a polymer is governed by a complex process of droplet
coalescence and breakup during the polymerization process,
which is affected by several operational parameters such as the
type and concentration of suspending agent, the type of impeller
and stirring speed, the type and concentration of initiator, the
shape and size of the reactor, monomer/water ratio, reaction tem-
perature, and so on.*” It is very important to find key factors to
effectively control the PSD in order to prepare desirable size beads
in each polymerization. Moreover, polymer beads with distinct
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Table I. Preparation Ingredients of PS/G Composites Beads
Samples
Ingredients 1 2 3 4 5 6 7 8 9 10 11 12 13
Styrene (g) 100 100 100 100 100 100 100 100 100 100 100 100 100
H>0 (g) 250 250 250 250 250 250 250 250 250 250 250 250 250
Graphite (g) 0 1 2 3 4 4 4 4 4 4 4 4 4
TBPEH (ppm) 3500 3500 3500 3500 3000 4000 3500 3500 3500 3500 3500 3500 3500
Stirring 400 400 400 400 400 400 400 400 400 400 400 250 550
speed (rpm)
TCP (g/Lyater) 8.0 8.0 8.0 8.0 8.0 8.0 8.0 6.0 100 6.0+4.0° 6.0+20 80 8.0
TCP addition 0 0 0 0 0 0 0 0 0 0+120° 0+120 O 0
time(min)

aTCP was added in two portions, an initial 6.0 g/Later Tollowed by a further 4.0 g/Lyater-
Bln “0/120," “0" represents the time at which is prior to the reaction and “120" represents the time at which is after the reaction temperature reaching

90°C.

average size should be able to obtain from batch to batch using
the same reactor and with minimal process adaptation. Several
experimental studies have been published on the effects of the
above operational parameters on the PSD of polymer beads in
suspension polymerization.”™'® Moreover, predictions of the PSD
and the dynamic evolution of the particle formation process by
simulation methods have also been reported.''™> However, these
previous studies were focused on the effects of operational param-
eters on PSD in pure monomer suspension polymerization sys-
tems, without additives."®™® Because the compatibility of the
additives (such as Fe;O,, carbon black, montmorillonite) with
styrene is not good generally, adding such additives can reduce the
stability of the polymerization system.'®™" Therefore, the manip-
ulation of the PSD must be accomplished while keeping suspen-
sion stability.

As previously mentioned, suspension polymerization system are
kept in equilibrium through stirring, controlled addition of sus-
pension agent and initiator, monomer/water ratio, and so on.
When an additive is deployed in a polymerization system, it
will have an efficient effect on the PSD of the final polymer
beads. Therefore, it is necessary to investigate the effects of
operational parameters on PSD in the presence of additives.

Flake graphite has some excellent properties, such as conductivi-
ty, thermal stability, lubrication, chemical stability, flexibility,
infrared reflectivity, and so on.>* Therefore, it is widely used in
many fields, such as electromagnetic shielding paint, thermal
conductive polymers, wear-resistant polymers, and so on.>>">*

Polystyrene/graphite (PS/G) composite can be prepared by sus-
pension polymerization. Galewski and Gliick prepared expandable
polystyrene/graphite beads by suspension polymerization, which
has low thermal conductivity because flake graphite can reflect
infrared rays, and so it can be used as a good insulation material
after expansion.”>?® Xiao et al. synthesized PS/G nanocomposite
by in situ polymerization, which exhibits higher glass transition
temperature and the dielectric constant can reach as high as 136.”'
Low-density heat-resistant PS/G microspheres were successfully
synthesized via in situ suspension polymerization, which possess
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entirely feasible applications in oil exploitation as pure water
carrying petroleum proppants.*?

However, graphite is an inorganic material, and it is not com-
patible with styrene, thus, adding graphite can reduce the stabil-
ity of the polymerization system.?” Therefore, it is necessary to
investigate the effects of graphite content on the PSD of the PS
composite beads. Moreover, to the best of our knowledge, stud-
ies on the effects of the operational parameters on the PSDs of
the PS/G composite beads have not hitherto been reported.

The main goal of this work was to investigate the effects of graph-
ite and some operational parameters (such as initiator concentra-
tion, stirring speed, suspending agent concentration, and addition
time) on the PSDs of the PS/G composite beads prepared by
suspension polymerization. There operational parameters were
chosen because they can be easily implemented on an industrial
scale with minimal cost and process adaptations.

EXPERIMENTAL

Materials

Natural flake graphite was obtained from Shandong Xinghe
Graphite Co., Ltd (China), the mean size of the powder is
5 pum. Styrene was obtained from Sinopharm Chemical Reagent
Co., Ltd (China). tert-Butyl peroxy-2-ethylhexanoate (TBPEH)
was purchased from Tianjin Fuchen Chemical Co., Ltd (China).
Calcium trihydroxy phosphate (TCP) was supplied by Zhangjia-
gang Taihua Chemical Co., Ltd (China). The water used in this
experiment was distilled followed by deionization. Styrene was
distilled before being used to remove the inhibitor. Other
reagents were of analytical grade and used as received.

Polymerization Procedure

PS/G composites were prepared by suspension polymerization,
following the basic methodology and recipe (Table I) described
previously,'” with some minor experimental adaptations.

Suspension polymerization reactions were carried out in a 500-mL
jacketed glass reactor, under atmospheric pressure. First, graphite
was added in styrene monomers by ultrasonic dispersion for 5 min,
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and obtained styrene and graphite mixtures. Second, the reactor
was loaded with deionized water, containing the specified amount
of TCP. After that, started stirring, and then, a solution containing
the desired amounts of initiator (TBPEH) and purified styrene
monomers was added into the reactor. The system was kept under
90 £ 0.5 °C for about 5 — 6 h, during the reaction process, the reac-
tor was closed with its top lid, which was equipped with a reflux
condenser. The polymerization reaction was terminated when the
expected PS/G composite particles became hardened by sampling.
The polymerization time was counted from the reaction tempera-
ture reaching 90 °C to the termination of polymerization reaction.
The resulting product was filtered and washed with distilled water.
The final polymer particles were dried at 50 °C.

Characterization

Polymer particles were dried and sieved through 200, 400, 600,
800, 1000, 1250, 1430, 1600, 2000, and 2360 pm mesh screens.
Results are presented as histograms of retained mass percentages
in each sieve. Sauter mean diameter (ds,) and dimensionless
standard deviation (o) were calculated using eq. (1) and eq.

(2), respectively.®
Z:’:l Aoi _ 1
n Ap, o Ag;
Zi:l D; Zi:l D;
(o

o= o (2)

where A@; is the mass fraction retained in the sieve 7, and D; is
the average diameter considering sieves i and (i + 1).

ds,= (1)

RESULTS AND DISCUSSION

Effect of Graphite Content on PSD

Figure 1(a—e) shows the PSDs of the PS/G composite beads
with different graphite contents. Figure 2 shows the Sauter
mean diameter and dimensionless standard deviations of the
PS/G composite beads. Supporting Information Figure S1 shows
the photos of PS/G composite beads with different graphite
contents. In this part, the graphite content is 1, 2, 3, and 4 wt
%, respectively, and the other respective parameters are listed in
Table L.

The results showed that, as the graphite content increased, ds,
of the PS/G composite beads increased from 848 pm for 1 wt
% graphite content to 889 um for 4% graphite, as compared to
806 pm for pure PS (Figure 2). However, the particle popula-
tion in the range 800-1200 pm increased with increasing graph-
ite content. The particle size was mainly distributed in the
range 800-1600 pm at a graphite content of 4 wt %. Addition-
ally, the dimensionless standard deviation (o) increased signifi-
cantly with increasing graphite content. Broad PSDs are not
desirable in industrial scale production, because they can lead
to waste material, increased operational costs, and decreased
processability.®

In previous studies, researchers have concluded that the PSD of
polymer beads is related to the viscosity of the reaction system;
the particle size increased with increasing the viscosity.”> At an
early stage, the initial monomer droplet size distribution is an
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important parameter of the suspension polymerization process,
which generally determines the final PSD of the polymer beads
under the same operating conditions (e.g., dispersed phase
volume fraction, temperature).'>**

Graphite is a hydrophobic material with a sheet structure.
Graphite of flake size 5 pm was chosen for this work. Prior to
the suspension polymerization, graphite was first dispersed in
styrene with the aid of ultrasonication, and then the dispersion
was divided into numerous droplets by stirring and adding the
suspending agent. According to literature reports, graphite can
increase the viscosity of such polymerization system.”®> There-
fore, in the initial stage, the viscosity of the monomer disper-
sion increased with the increasing graphite content, which led
to larger size droplets under the same operating conditions.
Finally, polymer beads with larger particles were obtained.

Effect of TBPEH Concentration on PSD

Figure 3(a—c) shows the PSDs of the PS/G composite beads
obtained by suspension polymerization with different TBPEH
concentrations. Figure 4 presents the Sauter mean diameters
and dimensionless standard deviations of the PS/G composite
beads. Supporting Information Figure S2 shows the photos of
PS/G composite beads with different TBPEH concentrations. In
this part, the TBPEH concentration is 3000, 3500, and 4000
ppm, respectively, and the other respective parameters are listed
in Table L.

As shown in Figures 3 and 4, the average size of the PS/G com-
posite beads increased with increasing TBPEH concentration.
The d;, of the PS/G composite beads increased from 806 um
for 3000 ppm TBPEH to 1013 pum for 4000 ppm TBPEH load-
ing, indicating that the size of the PS/G composite beads
increased significantly with more initiator addition. Moreover,
the dimensionless standard deviation decreased with increasing
TBPEH concentration. More primary free radicals produced
from more initiators decomposition by heating, and more sty-
rene/polystyrene nanodroplets can be produced by more prima-
ry free radicals. The larger surfaces areas of the nanodroplets
have to be covered by the TCP in order to prevent the coales-
cence. Accordingly, for a same amount of TCP, the area of
unprotected nanodroplets increases when the amount of initia-
tor increases, and therefore, the coalescence is greater and the
final size of the particles is higher. Moreover, at the same tem-
perature, the polymerization rate of styrene is closely related to
the decomposition rate of the initiator, which is directly propor-
tional to the initiator concentration.*® In other words, the initi-
ator decomposes more rapidly as its concentration is increased,
leading to rapid increases in the polymerization rate of styrene
and the viscosity of the monomer droplets. Consequently, there
is more coalescence between droplets, resulting in large particle
sizes.

Effect of TCP Concentration on PSD

In suspension polymerization, the PSDs of polymer particles are
significantly influenced by the suspending agent. In general, sus-
pending agents fall into two categories. The first type comprise
water-soluble organic macromolecules, such as hydroxymethyl
cellulose, poly(vinyl alcohol), poly(vinylpyrrolidone), sodium
polymethacrylate, and so on.>”™' The second type comprise
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Figure 1. Final PSDs of the PS/G composite beads with different graphite contents. [Color figure can be viewed at wileyonlinelibrary.com.]

inorganic suspending agents, such as calcium phosphate, mag-
nesium carbonate, talcum powder, and so on.*>* In a suspen-
sion polymerization system, an inorganic suspending agent can
assemble at the surface of the monomer, isolate the monomers,
and hinder the collisions between monomer drops.® Figure
5(a—c) shows the PSDs of the PS/G composite beads with differ-
ent TCP concentrations. Figure 6 shows the Sauter mean diame-
ter and dimensionless standard deviation of the PS/G composite
beads. Supporting Information Figure S3 shows the photos of
PS/G composite beads with different TCP concentrations. In
this part, the TCP concentration is 6.0, 8.0, and 10.0 g/Lyaep
respectively, and the other respective parameters are listed in
Table L.
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The results show that on increasing the TCP concentration
from 6.0 to 10.0 g/Ly.enr the average size of the PS/G
composite beads decreased from 1274 to 624 pm (Figure 6).
As shown in Figure 5, when the TCP concentration was
6.0 g/Lyater the diameters of the PS/G composite beads were
mainly distributed in the range 1500-2360 pm. However,
when the TCP concentration was increased to 10.0 g/Lyater
the maximum in the PSD shifted toward smaller particles.
Moreover, the dimensionless standard deviation increased as
the TCP concentration was increased. This was because the
isolating role of TCP became more pronounced with more
of it on the surface of the monomers, which resulted in the
particle size reduction.
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Figure 2. d3, and dimensionless standard deviation of PS and PS/G com-
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deviation. [Color figure can be viewed at wileyonlinelibrary.com.]

Effect of TCP Addition Time on PSD

Table IT shows the PSDs of the PS/G composite beads at differ-
ent TCP addition time. Supporting Information Figure S4
shows the photos of the PS/G composite beads with different
TCP addition time. In this part, TCP adding time and the
respective parameters are listed in Table L.

On an industrial scale, in order to maintain the stability of
a polymerization system or to obtain polymer beads with
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desirable particle size, adding a second portion of suspending
agent after a given time is a common measure during suspen-
sion polymerization processes. As shown in Table II, compared
with adding 6.0 g/Ly.er TCP prior to the reaction, the particle
size decreased and the PSD became narrower when a further
2.0 g/Lyater of TCP was added after polymerization system had
been kept at constant temperature (90 = 0.5°C) for 120 min.
The particle size was larger when the same amount of TCP was
added in two portions as opposed to one. We also investigated
the addition of 10.0 g/Lyaer TCP in one and two portions, and
a similar result was obtained. In the initial stage of suspension
polymerization, with increasing concentration of the suspending
agent, the sizes of the monomer droplets containing graphite
decreased. In the middle to late stage of suspension polymeriza-
tion, the viscosity of the monomer/polymer droplets increased
significantly, and the coalescence rate exceeded the breakage rate
between the droplets. The size of the monomer/polymer
droplets increased rapidly. However, for the same total amount
of suspending agent, single addition prior to the reaction can
generate smaller monomer droplets than in two portions. In the
latter case, the viscosity of the monomer/polymer was much
higher than that with single addition in the initial stage, and
the coalescence rate was very high. Later addition of a second
portion of the suspending agent did not prevent the formation
of larger polymer beads, even though the added suspending
agent could decrease the coalescence rate of the monomer/
polymer droplets.®

40 4[\
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1500 2000
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Figure 3. Final PSDs of the PS/G composite beads with different TBPEH concentrations. [Color figure can be viewed at wileyonlinelibrary.com.]
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deviation. [Color figure can be viewed at wileyonlinelibrary.com.]

Effect of Stirring Speed on PSD

As expected, the stirring speed significantly affected the turbu-
lence intensity and the initial monomer droplet size of the
dispersion when the other operational parameters were
kept constant as expected.>** Figure 7 (a—c) shows the PSDs

TCP concentration (g/L._ )

Figure 6. ds, and dimensionless standard deviation of PS and PS/G com-
posites. (M) ds,-Sauter mean diameter and (<) o-dimensionless standard
deviation. [Color figure can be viewed at wileyonlinelibrary.com.]

water

of the PS/G composite beads with different stirring speeds.
Figure 8 presents the Sauter mean diameters and dimensionless
standard deviations of the PS/G composite beads. Supporting
Information Figure S5 shows the photos of the PS/G composite
beads with different stirring speeds. In this part, the stirring
speed is 250, 400, and 550 rpm, and the other respective parame-
ters are listed in Table I.

359 TCP:6.0g/L

water

Volume(%)

500 1000
Particle size(um)

1500

40

40
35 TCP:8.0g/Lyyeer

30+

Volume(%)

500 1000
Particle size(pum)

1500 2000

354 TCP:10.0g/Lyyater

Volume(%)

500 1000

1500 2000

Particle size(um)

Figure 5. Final PSDs of the PS/G composite beads with different TCP concentration. [Color figure can be viewed at wileyonlinelibrary.com.]
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Table II. Effect of TCP Addition Time on ds, and Dimensionless Standard Deviation of the PS/G Composite

TCP concentration and addition time

Samples 6.0° 6.0+2.0° 6.0+ 4.0° 8.0° 10.0°
Sauter mean diameter (dzz) (um) 1274 1012 861 889 624
Dimensionless standard deviation (o) 051 0.47 0.45 0.54 0.69

aTCP (6.0, 8.0, or 10.0 g/Lyater) was added in a single portion prior to the reaction.
BTCP was added in two portions, 6.0 g/Lyater Prior to the reaction and a further 2.0 g/Lyater after the reaction temperature reaching 90 °C.
STCP was added in two portions, 6.0 g/Lyater prior to the reaction and a further 4.0 g/Lyater after the reaction temperature reaching 90 °C and keeping

constant temperature for 120 min.

The results showed that stirring speed had a significant effect
on the PSDs of the PS/G composite beads. On increasing the
stirring speed from 250 to 550 rpm, the particle size decreased
from 1974 to 428 pum (Figure 8). As shown in Figure 7, at a
stirring speed of 250 rpm, most of the PS/G composite beads
exceeded 2100 pm in diameter. However, when the stirring
speed was increased to 550 rpm, the peak of the PSD shifted
toward smaller particle size and the suspension polymerization
system became unstable. Moreover, the dimensionless standard
deviation increased with increasing stirring speed. Based on the
results in Figures 7 and 8, suitable stirring speed of 400 rpm
was identified for producing PS/G composite beads with
desirable PSD.

With increasing stirring speed, the size of the initial monomer
droplets decreased, and hence the size of the final polymer
beads particles decreased accordingly.*> However, the PSD and
average size of the final polymer beads were mainly determined
by a balance between coalescence and breakup of the droplets.'
As the suspension polymerization proceeded, the viscosity of
the dispersed phase increased and the coalescence rate increased.
A high stirring speed reduced the coalescence behavior. Howev-
er, the suspension polymerization system became unstable at
550 rpm. In order to obtain polymer beads with desirable
particle size, an appropriate stirring speed was necessary. In this
work, a stirring speed of 400 rpm was identified as suitable for
obtaining desirable polymer beads.

8
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Figure 7. Final PSDs of the PS/G composite beads with different stirring speeds. [Color figure can be viewed at wileyonlinelibrary.com.]
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CONCLUSIONS

Polystyrene composites containing graphite have been prepared
by suspension polymerization. The results of a series of experi-
ments showed that graphite had a significant effect on the PSD
of PS/G composite beads. The particle size increased and the
Sauter mean diameter range was broadened with increasing
graphite content from 1 to 4 wt %. However, the suspension
system became unstable when the graphite content exceeded 4
wt %.

The particle size increased and the dimensionless standard devi-
ation became slightly narrower with increasing initiator concen-
tration. However, an excessively high initiator concentration led
to instability of the suspension polymerization system.

Addition of a suspending agent proved to be an efficient means
of manipulating the PSD of the PS/G composite beads. As the
concentration of suspending agent increased, the Sauter mean
diameter decreased and the dimensionless standard deviation
increased significantly. Moreover, adding the suspending agent
in two portions exerted a significant influence on the PSD.
When the same amount of TCP was initially added prior to the
reaction, addition of a second portion decreased the particle
size and narrowed the dimensionless standard deviation, which
is desirable in the industrial processes. However, when the same
total amount of TCP was added, the particle size with addition
in two portions was larger than that with a single addition.

The Sauter mean diameter decreased and the distribution was
broadened when the stirring speed was changed from 250 to
550 rpm. A stirring speed of 400 rpm was identified as an
appropriate value to obtain PS/G composite with desirable par-
ticle size and distribution.
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