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Abstract

The synthesis of highly monodisperse polystyrene (PS) microspheres via surfactant-free emulsion
polymerization process was successfully carried out. Various reaction conditions such as initiator
amount, monomer amount, reaction temperature and stirring speed were varied with a view to
studying the effects of these polymerization parameters on the particle diameter and colloidal
stability of the synthesized PS microspheres. Microscopic analysis revealed that the as-synthesized
particles are spherical in shape without any form of agglomeration. Thermo-gravimetric analyzer
(TGA) analysis revealed that the prepared PS sample completely degrades at 465 °C. DLS analysis
showed a reduction in the average particle diameters of the as-synthesized PS microspheres as the
reaction temperature, stirring speed and initiator amount increased, whereas an increase in average
particle diameter was observed with increased monomer amount. Zeta-potential values ranging
from —-30.10 mV to —39.50 mV, which is indicative of stable colloidal dispersion of particles, were
seen for all the synthesized PS samples.
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Introduction their amazing applications in areas such as
Monodispersed polymer colloidal spheres diagnostics, combinatorial synthesis and drug
have attracted numerous attentions because of  delivery (Zhang et al. 2003). Among the
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myriad of polymers that have been previously
used in the preparation of polymers with
monodisperse colloidal particles, polystyrene
(PS) is considered to be very valuable due to
its low water absorbing property, rigidity and
low production costs (Yoon et al. 2006).
Many practical applications such as storage,
catalytic and packaging applications have been
achieved in the industry using this polymer
(Yohanala et al. 2015). However, obtaining PS
colloidal spheres with a good level of
monodispersity can be very challenging as the
end product usually comes out polydispersed.
Attaining a monodispersed PS spheres is more
valuable than a polydispersed PS because of
applications such as instrument calibration
standards, standards for the determination of
pore size, the efficiency of filters, column
packing  material for  chromatographic
separation and support materials for
biochemicals (Yoon et al. 2006, Zhang et al.
2003). Achieving each of the aforementioned
applications can be facilitated by taking factors
such as morphology of the particles and the
surface characteristics, the particle size and its
distribution among other numerous factors into
consideration during the synthesis stages of the
PS spheres. A previous study has synthesized
monodispersed PS spheres with amazing
unique properties via emulsion polymerization,
with and without the presence of a surfactant
(Telford et al. 2013).

The main disadvantage of the use of a
surfactant is that the emulsifier is adsorbed at
the interface of the PS particles. The complete
removal of the adsorbed emulsifier can be
quite difficult as one can never be too sure that
all emulsifier molecules in the interface of the
polymer have been removed completely after
washing with water (Zhang et al. 2009). This
setback has made surfactant-free emulsion
polymerization a very valuable method in the
preparation of polymer particles with micron
range sizes and narrow size distributions.
Based on the fact that emulsion polymerization
in the presence of surfactant is considered a
more conventional technique than surfactant-
free emulsion polymerization, the particle
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formation mechanism is possibly  well
understood than that of polymerization in the
absence of surfactant; hence the need to
optimize reaction conditions aimed at
controlling the particle size and its distribution,
polydispersity and particle stability of the PS
microspheres  (Zhang et al.  2009).
Monodispersed polymer latex has previously
been prepared via surfactant-free emulsion
polymerization method and the effects of
certain  reaction  conditions such  as
polymerization time, ionic strength, the
concentration of the ionic copolymer, initiator
concentration were studied (Choi et al. 2002,
Fang et al. 2010). However, these research
works did not examine the effects of the
aforementioned reaction conditions on the
colloidal stability of the particles.

In this study, micro size monodispersed
polystyrene (PS) colloidal spheres were
successfully prepared via surfactant-free
emulsion polymerization process. Various
reaction conditions such as initiator amount,
monomer amount, reaction temperature and
stirring speed were varied with a view to
determining the effects of these reaction
conditions on the average particle diameter,
dispersity and colloidal stability of the
polystyrene spheres.

Materials and Methods
Chemicals

Styrene, sodium hydroxide, pure nitrogen
gas, de-ionized water and potassium persulfate
(kps), were all purchased from Sigma-Aldrich
and were of analytical grade.

Experimental procedure

Samples of colloidal polystyrene (PS)
spheres were synthesized using the surfactant-
free emulsion polymerization method as
described by a published procedure (Yohanala
et al. 2015). The styrene used was washed
using 1 M sodium hydroxide solution to
remove the inhibitor present. The styrene layer
was removed and washed with de-ionized (DlI)
water for another four times. 1.36 g (13.05
mmol) of styrene was measured and then
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added to 15 g (833.3 mmol) of distilled water
in a two-neck reaction flask and agitated with
a magnetic stirrer (700 rpm). The reaction
vessel was maintained at a temperature of 80
°C. At the same time, pure nitrogen was
injected into the system. After the system was
left to stand for 15 minutes to completely
purge the wvessel of oxygen, 0.05 g of
potassium per-sulphate (0.185 mmol) was
added drop-wise to start the polymerization
process under a nitrogen atmosphere for
another 7 hours. After centrifugation, the

colloidal particles sediment at the bottom and
the top layer of clear solvent (de-ionized
water) were poured away. This was repeated
for a few times to ensure that the colloidal
suspension was free of any unreacted reagent.
The polystyrene (PS) spheres with various
diameters were similarly prepared by changing
the  monomer  concentrations,  reaction
temperature, stirring speed and initiator
concentration while leaving all other reaction
conditions constant as depicted in Table 1.

Table 1: Reaction parameters used during the preparation of polystyrene

Sample Reaction Monomer Initiator amount  Stirring speed
names/codes temperature (°C) amount (mmol)  (mmol) (Rpm)
PS; 80.0 13.056 0.185 700
PS, 80.0 17.400 0.185 700
PS; 60.0 13.056 0.185 700
PS, 80.0 13.056 0.185 900
PSs 80.0 13.056 0.185 400
PSe 80.0 13.056 0.074 700
PS, 80.0 13.056 0.222 700
PSg 80.0 13.056 0.296 700
PSy 80.0 13.056 0.370 700

Characterization techniques

Scanning electron microscope (JEOL-JSM
5600 LV) and atomic force microscope in the
tapping mode (Bruker Multimode, Germany)
were used to evaluate the morphology of PS
microspheres. An FT-IR spectrometer (Perkin-
Elmer Series Spectrometer) was used to
determine the functional groups of the
polystyrene (PS) samples. Powder X-ray
diffraction patterns of PS samples were taken
using a PANalytical EMPYREAN instrument
equipped with reference radiation of Cu Ka (A
= 1.54 A) at an operating voltage of 45 kV.
Thermo-gravimetric analyzer, TA Q50 was
used to examine the thermal stability of the
polystyrene samples under a nitrogen gas
atmosphere at a heating rate of 10 °C/min. The
Raman scattering (SERS) activity was
evaluated using WI-Tec Raman microscope
(Germany, alpha 300R). Dynamic Light
Scattering (DLS) (Nano-Zetasizer, Malvern
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Instruments) was used to determine the
average particle size and size distribution
(polydispersity index (PDI) of the PS samples
at 25 °C, under the scattering angle of 173° at
6333 nm wavelength. The zeta-potentials of
the synthesized PS samples were determined
using Zeta-Sizer (Malvern Instruments).

Results and Discussion
Functional groups, thermal stability and
XRD analysis of the synthesized PS sample
Figure 1(a) shows the different functional
groups in the synthesized polystyrene sample
revealed by FT-IR analysis. Aromatic C-H and
C=C stretching vibrations can be respectively
assigned to 1476 cm ' and 1603 cm ™' wave
numbers (Ifijen et al. 2019). The existence of
these wavenumbers shows that the synthesized
PS is aromatic in nature (Fang et al. 2010).
The absorbance peaks at 753 cm™' and 693
cm ' can be attributed to the presence of C-H
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out-of-plane bending vibration.
Symmetric/asymmetric —C-H-
bending/stretching vibration in methylene and
benzene groups can be assigned to the
pronounced peaks at 2917 cm ' and 3035
cm ', respectively. The functional groups
observed from the as-synthesized PS according
to the band of FTIR absorbance peaks are in
line with works of literature (Le6n-Bermidez
and Salazar 2008).

To further confirm that the synthesized
compound is polystyrene, Raman
spectrometric analysis was carried out on the
as-synthesized compound. Figure 1b shows the
vibrational, rotational, and other low-
frequency modes of the synthesized PS;
sample. The peak at 1035 cm' has been
reported by a previous study to be the
characteristic Raman peak for PS (Schmalzlin
et al. 2014). The intense Raman band at 1000
cm™! can be attributed to the symmetrical ring
breathing frequency in the phenyl ring (Liang
and Krimm 1958). The Raman band at 623
cm™' can be linked to the components of the
degenerate mode in monosubstituted benzene
units in polystyrene (Brack et al. 2004).
The low-intensity Raman band at 800 cm™' can
be attributed to carbon-carbon (C-C)
vibrations. The hydrogen-bending modes in
the phenyl ring can be traced to the Raman
bands at 1161 cm™' and 1200 cm™'. CH and
CH, modes can be assigned to the Raman
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bands at 1327 cm' and 1450 cm’,
respectively. The Raman band at 402 cm™' can
be linked to the presence of skeletal modes of
a planar zig-zag carbon chain. The emergence
of Raman band at 1600 cm™' can be traced to
the vibrational modes, involving mainly
quadrant stretching of the ring C-C bonds
having a small interaction with C-H in-plane
bending modes in the polystyrene chain
(Colthrup et al. 1990).

To determine if the as-synthesized PS;
sample can be applied in an application that
will require material to be thermally stable, the
influence of heating rate on the thermal
decomposition of polystyrene (PS;) sample
was evaluated. Figure 1c displays the
generated TGA results of PS microspheres at a
10 °C/min heating rate. An almost constant
degradation rate from 0 °C to 358 °C was
observed by the spectra. However, a further
increase in heating temperature from 358 °C to
383 °C led to a rapid weight loss of 15% as
signified by the steep nature of the curve. The
degradation in the weight of the PS was
observed to increase in a continuous manner
until the heating temperature reached 465 °C.
The total loss in weight estimated during this
period is 85%. The as-synthesized PS was
therefore shown to be completely degraded at
465 °C according to the TGA analysis.
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Figurel: (a) FTIR spectrum (b) Raman spectrum (c) TGA curve (d) XRD patterns of

polystyrene (PS).

The XRD pattern of the synthesized
polystyrene (PS;) sample is shown in Figure
1d. The observed broad diffraction peak at
position 260 is equal to 20 °C. This indicates
that the synthesized PS sample is highly
amorphous in nature (Fang et al. 2010).

23

Morphology of the synthesized PS sample
The morphology of the as-synthesized PS;
was examined using scanning electron
microscope (SEM) and atomic force
microscope (AFM). Figure 2 depicts the
scanning electron and atomic  force
micrographs of the prepared PS; sample.
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The prepared particles were seen to be
spherical in shape with even size distribution
without any form of agglomeration. The
average particle diameter of the synthesized
PS; colloidal particles according to SEM and
AFM analysis were estimated to be about 541
nm and 551 nm, respectively. These values are
very close to the average particle diameter of
577.6 nm obtained by the DLS analysis in
Table 2. The fact that DLS measures the
hydrodynamic size of particles may be
attributed to the slight difference seen in the
average particle diameter by the SEM, AFM
and DLS analysis. 41 nm and 9.11 nm were
respectively estimated to be the particle height
and surface roughness of the synthesized PS;
colloidal particles.

The as-synthesized PS sample was also
examined using  transmission  electron
microscope. Figure 2(c) showed the TEM
micrograph of the synthesized PS. The result
revealed spherical shaped particle which was
in agreement to the results from the scanning
electron microscope (SEM) and atomic force
microscope (AFM) (Figure 2(c)).

Height

SEM (b) AFM (c) TEM of PS micfospheres.
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158.6 nm

200.0 nm

Effects of monomer amounts

The styrene monomer amounts were varied
between 13.056 mmol and 17.400 mmol in
order to study the effects of the increase in
monomer amounts on the average particle
diameter, polydispersity index and zeta-
potential of as-synthesized PS sample. Table 2
shows the impacts of the size distribution
reports by intensity, polydispersity index and
zeta-potential of polystyrene particles on
styrene monomer amounts which were added
before the initiation of polymerization (Figure
3). Average particle diameters of 577.6 nm and
632 nm were respectively obtained for PS; and
PS, microspheres (Table 2). This showed that
there was an increase in the average particle
diameter of the synthesized PS as the
monomer amounts increased. The observed
increase in size could be attributed to the
decrease in concentration difference between
the monomer and aqueous phase caused by the
increased monomer amount (Choi et al. 2002).
This would lead to a corresponding decrease in
the rate of diffusion of the oil phase styrene
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monomer into the aqueous phase, thereby
decreasing the partially dissolved monomer;
making most of it exist as an oil-phase
monomer rather than an aqueous phase
monomer. Based on the fact that the aqueous-

monomer was, therefore, faster than the rate of
diffusion of the monomer (from oil to aqueous
phase) (Yamamoto et al. 2006). This could, in
turn, limit the available active monomer and
the nucleation stage (Nandiyanto et al. 2012)

phase monomer is easily attacked by the and thereby, increase the particle size
initiator (KPS) (Yamamoto et al. 2006), the  (Yamamoto et al. 2006).
rate of consumption of the aqueous-phase
Table 2: Polystyrene spheres under different monomer amounts
PS; (17.400 mmol) PS, (13.056 mmol)

Average particle diameter (nm) 577.6 632.0

Polydispersity Index (PDI) 0.006 0.164

Zeta-potential (mV) -36.60 -38.20

Size (d.nm..  %Intensity: St Dev(dn.. Size(dnm..  %Iniensity: St Dev(dn..

Z-Average (d.nm): 577.6 596.3 100.0 106.2

(@)

Result quality Good

Peak 1:
Peak2:  0.000

0.000

0.0
0.0

Pdl: 0.006 0.000

Intercept: 0.953 Peak 3: 0.000

Z-Average (d.nm): £32.0 6351 100.0 95,67

(b)

Peak 1:
Peak2:  0.000

0.000

0.0
0.0

0.000
0.000

Pal: 0.164
Intercept: 0.918 Peak 3:

Result quality  Refer to quality report
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Figure 3: Size distribution report by intensity of (a) PS; and (b) PS,-different monomer amounts.

Previous  studies have used the
polydispersity index (PDI) as an indicator of
the particle size distribution (Masarudin et al.
2015). Samples with a wider range of particle
sizes have higher PDI values, while samples
consisting of evenly sized particles have lower
PDI values (Masarudin et al. 2015). The low
polydispersity index (PDI) of < 0.2 (0.006,
0.164) showed narrow size distributions for the
obtained PS samples. However, the sample
prepared using the higher  monomer
concentration showed better monodispersity
compared to the PS prepared with the lower
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monomer  concentration.  The  colloidal
dispersion of both polystyrene samples (PS;
and PS,) was observed to be very stable.
However, a slightly more improved stable
colloidal dispersion was observed for PS,
sample (-38.20 mV) when compared to PS;
sample (-36.60 mV) (Hanaor et al. 2012, Che
Hak et al. 2018).

Effect of temperature

Table 3 shows the effect of reaction
temperature on the average particle diameter,
monodispersity and zeta-potential of the
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particle sizes of PS microspheres (Figure 4).
The reaction temperature (80 °C) used in the
synthesis of PS; sample was decreased to 60
°C for the preparation of PS;. The size
distribution report by intensity obtained by the
dynamic light scattering results (Table 2)
showed an increase in average particle
diameter from 577.6 nm to 627.6 nm as the
reaction temperature decreased. This was
assumed to be due to the concentration of
primary free radicals produced by the KPS
initiator, which is a function of the reaction

temperature. A lesser amount of free radicals
were produced in a long time at a lower
temperature, compared to a higher
temperature, and therefore, resulted in less
primary nuclei and larger particle size.
Polydispersity index/zeta-potentials of 0.006/—
38.20 mV and 0.148/-33.80 mV were
respectively obtained for PS; and PSs. This is
an indication that a more monodispersed and
stable colloidal solution was obtained at a
higher temperature of 80 °C than at 60 °C
(Masarudin et al. 2015).

Table 3: Polystyrene spheres under different reaction temperature conditions

PS; (80 °C) PS; (60 °C)
Average particle diameter (nm) 577.6 627.6
Polydispersity Index (PDI) 0.006 0.148
Zeta-potential (mV) —38.20 —33.80
Size (dnm.. % Intensity: SiDev (dn..

Size(d.nm..  %Intensity: StDev(d.n..

Z-Average (d.nm): 5776 Peak1: 5963 100.0 106.2
: 0.006 Peak2:  0.000 0.0 0.000

( a) Pdl:
Intercept: 0.953 Peak3: 0.000 0.0 0.000

Result quality Good
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(b) Intercept: 0.933
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0.000
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Peak 3: 0.000

Result quality Refer to quality report
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Figure 4: Size distribution report by intensity of (a) PS; and (b) PS; under different reaction

temperature.

Effects of stirring speed

To study the effects of stirring speed on the
particle sizes of PS microspheres, PS, and PSs
samples were prepared using stirring speeds of
900 rpm and 400 rpm. The results (Table 4)
placed the average particle diameters of both
PS microspheres at about 348.1 nm and 684.4
nm, respectively (Figure 5). This showed that a
decrease in stirring speed (from 900 rpm to
400 rpm) led to an increase in the average
particle diameter of the prepared polystyrene
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microspheres from 348.1 nm to 684.4 nm. This
could be as a result of the low diffusion rate of
monomer droplets into the aqueous phase
caused by the decreased stirring speed. This
may have led to a low rate of monomer
emulsification that resulted in slower
consumption rate of the monomer species and
inhibition of the nucleation stage, leading to an
increase in the average particle diameter of the
PS colloidal microspheres.
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Table 4: Average particle diameter and polydispersity index of polystyrene spheres under

different stirring speeds

PS, (900 rpm) PS5 (400 rpm)
Average particle diameter (nm) 348.1 684.4
Polydispersity Index (PDI) 0.056 0.014
Zeta-potential (mV) -39.50 -38.23
Size(d.nm... % Intensity: St Dev (dn... Size (dnm..  %Intensity: St Dev(dn..
Z-Average (d.nm): 3481 Peaki: 3680 100.0 8643 Z-Average (d.nm): 684.4 Peaki: 7033 1000 1149
Pdl; 0.056 Peak2:  0.000 00 0.000 Pdl: 0.014 Peak2:  0.000 00 0.000
() (b)
Intercept: 0.922 Peak3;  0.000 00 0.000 Intercept: 0.927 Peak3:  0.000 00 0.000
Resuit quality Good Result quality Good
Size Distribufion by Infensiy Size Distribution by Infensity
e X
§ 15t ;
% §m
£ = o
R AtSt ISR
0 : : : : : e et e
X i it n 1 1000 v ! 0 o 100 oo
Size (dm) Stz dom)
Figure 5: Size distribution report by intensity of (a) PS,; and (b) PSs under different stirring

speeds.

The polydispersity index (PDI) values of
0.056 and 0.014 obtained for the prepared PS
samples (Table 4) suggest very narrow size
distributions  (Masarudin et al. 2015).
However, the stirring speed of 900 rpm
resulted in  more monodispersed PS
microspheres.

The zeta potentials of —39.50 mV and -
38.23 mV observed for PS samples (Table 4)
show that the force of electrostatic repulsion in
the particles of both samples surpassed their
attractive forces and thus have a higher
tendency to resist any possible agglomeration
that can arise between them (Hanaor et al.
2012, Masarudin et al. 2015). The PS prepared
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under a higher stirring speed (900 rpm) was
observed to possess a slightly better stable
colloidal dispersion.

Effects of initiator amount

The effects of an increase in initiator
amounts on the particle sizes of PS samples
were examined by varying the initiator
amounts (0.074 mmol, 0.222 mmol, 0.296
mmol and 0.370 mmol) while leaving all other
reaction conditions constant. Table 5 shows
the impacts of varying initiator amounts on the
particle sizes, polydispersity index and zeta
potentials of PS microspheres (Figure 6).
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Table 5: Average particle diameter and polydispersity index of polystyrene spheres under

different initiation concentrations.

PSe PS, PSg PSq
(0.074 mmol)  (0.222 mmol) (0.296 mmol) (0.370 mmol)
Average particle diameter (nm)  611.0 493.7 449.0 411.2
Polydispersity Index (PDI) 0.058 0.085 0.114 0.078
Zeta-potential (mV) —38.92 —33.66 —-30.10 —-37.90
Size (dnm..  %Intensity: St Dev(dn.. Size (d.nm.. % Intensity: St Dev (d.n...
2Z-Average (d.nm): 611.0 Peak1: 6425 100.0 1385 Z-Average (d.nm): 4837 Peak1: 5219 100.0 108.2
(a) Pdl; 0.058 Peak2:  0.000 00 0.000 (b) Pdl: 0.085 Peak2: 0000 00 0.000
Intercept: 0956 Peak3:  0.000 0.0 0.000 Intercept: 0.913 Peak3:  0.000 00 0.000
Result quality Good Result quality Good
Size Distribution by Intensity Size Distribution by Intensity
o _
i [ I R el i Bl S
g 15 4 :
E L R R R R R e R IR LA R EERLE E: 10 :
I OO VORI AT TR N :
‘ o : : : :
01 1 1 100 1000 10000 ol 1 0 100 1000 10000
Siza (dnm) Size (dnm)
Size (d.nm... % Intensity: St Dev (d.n... Z-Average (d.nm): 411.2 Peak1: 4322 100.0 83.59
Z-Average (d.nm): 449.0 Peak 1:  476.2 100.0 2a.03 d Pdl: 0.078 Peak2:  0.000 00 0.000
Pdl; 0.114 Peak2:  0.000 oo 0.000 ( ) Intercept: 0.966 Peak3:  0.000 00 0.000
Intercept: 0.937 Peak 3:  0.000 0.0 0.000 Result quality Good
Result quality Good
Size Distribution by Intensity
Size Distribution by Intensity
30
30
Lé' " § 201+
4 [
< z
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i ‘ " e o oot o w o 100 1000 foooo
Size idnm) Size (d.nm)

Figure 6: Size distribution report by intensity of (a) PSg (b) PS; (c) PSg and (d) PSy under

different initiation concentrations.

The average particle sizes of PSg, PS;, PSg
and PSq were found to be 611, 493.7, 449 and
411.2 nm, respectively. This trend shows a
decrease in the average particle diameter of the
PS microspheres as the initiator concentrations
increased. This may be attributed to the
increased rate of polymerization process
brought about by increasing the initiator
concentrations, which led to a shorter
nucleation period and therefore, a decrease in
the particle sizes (Gorsd et al. 2012). The
polydispersity index (PDI) of << 0.1(0.058,
0.085, 0.114 and 0.078) obtained for PSg, PS;,
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PSg and PSg showed that the ultimate latex
particles of the PS samples have relatively
narrow particle size distributions (Masarudin
et al. 2015). The as-synthesized PSg, PS; PSg
and PSy respectively have zeta potentials of —
38.92 mV, —-33.60 mV, -30.10 mV and —37.90
mV (Table 5). The results show that all the
synthesized PS samples have good colloidal
stability (Masarudin et al. 2015, Hanaor et al.
2012). However, the PS synthesized using the
lowest amount of initiator was observed to be
the most stable.
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Conclusion

Surfactant-free emulsion polymerization
was successfully used to prepare monodisperse
polystyrene colloidal microspheres  with
different particle sizes by altering the amount
of monomer, reaction temperature, stirring
speed and the amount of initiator. The results
showed a reduction in the particle sizes of the
PS colloidal microspheres as the reaction
temperature, stirring speed and initiator
concentration increased, whereas the average
particle sizes increased with increase in
monomer concentrations. Variations in these
polymerization parameters should be closely
monitored to produce particles with a
monodisperse size distribution and desired
particle diameter.

Competing Interests
Authors declare that no competing interests
exist.

References

Brack HP, Fischer D, Peter G, Slaski M and
Scherer GG 2004 Infrared and Raman
spectroscopic investigation of crosslinked
polystyrenes and radiation-grafted films. J.
Polym. Sci. Part A: Polym. Chem. 42: 59-
75.

Choi J, Kwak SY, Kang S, Lee SS, Park M,
Lim S, Kim J, Choe CR and Hong SI 2002
Synthesis of highly crosslinked
monodisperse polymer particles: effect of
reaction parameters on the size and size
distribution. J. Polym. Sci. Part A: Polym.
Chem. 40: 4368-4377.

Colthrup NB, Daly LH and Wiberley SE 1990

Introduction to Infrared and Raman
Spectroscopy. 3™ Ed. Academic: San
Diego, Ca.

Fang J, Xuan Y and Li Q 2010 Preparation of
polystyrene spheres in different particle
sizes and assembly of the PS colloidal
crystals. Science China Technol. Sci. 53:
3088-3093.

Gorsd MN, Blanco MN and Pizzio LR 2012
Synthesis of polystyrene microspheres to
be used as template in the preparation of

29

hollow spherical materials: study of the
operative variables. Proc. Mater. Sci. 1:
432-438.

Hanaor D, Michelazzi M, Leonelli C and
Sorrell Cc 2012 The Effects of carboxylic
acids on the aqueous dispersion and
electrophoretic deposition of ZrO,. J. Eur.
Ceram. Soc. 32: 235-244.

Ifijen HI, Ikhuoria EU and Omorogbe SO
2019 Correlative studies on the fabrication
of poly(styrene-methyl-methacrylate-
acrylic acid) colloidal crystal films. J.
Dispers. Sci. Technol. 40: 1023-1030.

Leon-Bermudez AY and Salazar R 2008
Synthesis and characterization of the
polystyrene - asphaltene graft copolymer
by ftir spectroscopy. Ct&F-Ciencia,
Tecnol. Y Futuro 3: 157-167.

Liang CY and Krimm S 1958 Infrared spectra
of high polymers. VI. polystyrene. J.
Polym. Sci. 27: 241-254.

Masarudin MJ, Cutts SM, Evison BJ, Phillips
DR and Pigram PJ 2015 Factors
determining the stability, size distribution,
and cellular accumulation of small,
monodisperse chitosan nanoparticles as
candidate vectors for anticancer drug
delivery: application to the passive
encapsulation  of  [14C]-doxorubicin.
Nanotechnol. Sci. Appl. 8: 67-80.

Nandiyanto ABD, Suhendi A, Ogi T, Iwaki T
and Okuyama K 2012 Synthesis of
additive-free cationic polystyrene particles
with controllable size for hollow template
applications. Colloid. Surf. A:
Physicochem. Engin. Asp. 396: 96-105.

Che Hak CR, Fatanah DNE, Abdullah Y,
Meor Sulaiman MY 2018 The effect of
surfactants on the stability of TiO, aqueous
suspension. Int. J. Cur. Res. Eng. Sci. Tech.
2018 1(S1): 172-178.

Schmélzlin E, Moralejo B, Rutowska M,
Monreal-Ibero A, Sandin C, Tarcea N,
Popp J and Roth MM 2014 Raman imaging
with a  fiber-coupled  multichannel
spectrograph. Sensors (Basel, Switzerland)
14: 21968-21980.


https://www.researchgate.net/scientific-contributions/2142115562_Cik_Rohaida_CHE_HAK?_sg%5B0%5D=-7qpxcgwZXgj-Pe-SnWAxMuxEfAtEmRx9n789oxbbvB46fpBE9OsFM91SYOWcDQGxa3AKLY.dztA_W6X0ZLGaOkqxoWZX8lXdCiUdHfG_Jw4Eoiw78G8IsRFzSvTN4u5I8hKjFmImrUID-vb_XkOfLMYtY68qg&_sg%5B1%5D=yE3jGgpSSyoXlwlyLN4AGG0mO50kcWskem_DcfmMSPjsLzlA3aOriBc4I-lA5ZvrB1i-7YQ.22QJCVSW7vwpLfWXjSgaVjDHSIdETBfYEZhlfvOHK2MOclF4nClXkBxuAWFRqgmb4kwhvad5oYlnzZybj92trg
https://www.researchgate.net/scientific-contributions/2142133403_Dian_Nur_Elleina_FATANAH?_sg%5B0%5D=-7qpxcgwZXgj-Pe-SnWAxMuxEfAtEmRx9n789oxbbvB46fpBE9OsFM91SYOWcDQGxa3AKLY.dztA_W6X0ZLGaOkqxoWZX8lXdCiUdHfG_Jw4Eoiw78G8IsRFzSvTN4u5I8hKjFmImrUID-vb_XkOfLMYtY68qg&_sg%5B1%5D=yE3jGgpSSyoXlwlyLN4AGG0mO50kcWskem_DcfmMSPjsLzlA3aOriBc4I-lA5ZvrB1i-7YQ.22QJCVSW7vwpLfWXjSgaVjDHSIdETBfYEZhlfvOHK2MOclF4nClXkBxuAWFRqgmb4kwhvad5oYlnzZybj92trg
https://www.researchgate.net/profile/Yusof_Abdullah?_sg%5B0%5D=-7qpxcgwZXgj-Pe-SnWAxMuxEfAtEmRx9n789oxbbvB46fpBE9OsFM91SYOWcDQGxa3AKLY.dztA_W6X0ZLGaOkqxoWZX8lXdCiUdHfG_Jw4Eoiw78G8IsRFzSvTN4u5I8hKjFmImrUID-vb_XkOfLMYtY68qg&_sg%5B1%5D=yE3jGgpSSyoXlwlyLN4AGG0mO50kcWskem_DcfmMSPjsLzlA3aOriBc4I-lA5ZvrB1i-7YQ.22QJCVSW7vwpLfWXjSgaVjDHSIdETBfYEZhlfvOHK2MOclF4nClXkBxuAWFRqgmb4kwhvad5oYlnzZybj92trg
https://www.researchgate.net/scientific-contributions/2142108408_Meor_Yusof_MEOR_SULAIMAN?_sg%5B0%5D=-7qpxcgwZXgj-Pe-SnWAxMuxEfAtEmRx9n789oxbbvB46fpBE9OsFM91SYOWcDQGxa3AKLY.dztA_W6X0ZLGaOkqxoWZX8lXdCiUdHfG_Jw4Eoiw78G8IsRFzSvTN4u5I8hKjFmImrUID-vb_XkOfLMYtY68qg&_sg%5B1%5D=yE3jGgpSSyoXlwlyLN4AGG0mO50kcWskem_DcfmMSPjsLzlA3aOriBc4I-lA5ZvrB1i-7YQ.22QJCVSW7vwpLfWXjSgaVjDHSIdETBfYEZhlfvOHK2MOclF4nClXkBxuAWFRqgmb4kwhvad5oYlnzZybj92trg

Ifijen and Ikhuoria - Monodisperse polystyrene microspheres: ...

Telford AM, Pham BTT, Neto C and Hawkett
BS 2013 Micron-sized polystyrene
particles by surfactant-free  emulsion
polymerization in air: Synthesis and
mechanism. J. Polym. Sci. Part A: Polym.
Chem. 51: 3997-4002.

Yamamoto T, Nakayama M, Kanda Y and
Higashitani K 2006 Growth mechanism of
soap-free  polymerization of  styrene
investigated by AFM. J. Colloid Interface
Sci. 297: 112-121.

Yohanala F, Dewa RM, Quarta K, Widiyastuti
and Winardi S 2015 Preparation of
polystyrene spheres using surfactant-free
emulsion polymerization. Mod. Appl. Sci.
9:121-126.

30

Yoon SB, Kim JY, Kim JH, Park SG, Kim JY,
Lee CW and Yu JS 2006 Template
synthesis of nanostructured silica with
hollow core and mesoporous shell
structures. Curr. Appl. Phys. 6: 1059-1063.

Zhang J, Chen Z, Wang Z, Zhang W and Ming
N 2003 Preparation of monodisperse
polystyrene spheres in aqueous alcohol
system. Mater. Lett. 57: 4466-4470.

Zhang S, Chen J and Taha M 2009 Synthesis
of monodisperse styrene/methyl
methacrylate/acrylic acid latex using
surfactant-free emulsion copolymerization
in air. J. Appl. Polym. Sci. 114: 1598-1605.



