#® ROYAL SOCIETY

Nanoscale
P OF CHEMISTRY

Advances

View Article Online

View Journal | View Issue,

Anionic/nonionic surfactants for controlled
synthesis of highly concentrated sub-50 nm
polystyrene spheresy

i ") Check for updates ‘

Cite this: Nanoscale Adv., 2021, 3, 5626

Taher Al Najjar, ©2 Nageh K. Allam© *® and Ehab N. El Sawy & *

Polystyrene nanospheres are of great importance in 3D hard templating along with many other fields like
pharmaceuticals and coatings. Therefore, it is important to be able to prepare polystyrene beads with
different sphere sizes that suit each application. In this work, the emulsion polymerization method was
used to prepare monodispersed polystyrene (PS) spheres with an average size of 50 nm, using styrene
monomer, sodium dodecyl sulfate (SDS) and polyvinylpyrrolidone (PVP) as surfactants, and potassium
persulfate (KPS) as the initiator. The average size and size distribution of the PS spheres were controlled
by optimizing the synthesis parameters such as the concentration of the monomer, initiator, and
surfactant, the type of surfactant, and the time and temperature of polymerization. The shape, size, and

size distribution of the prepared PS spheres were characterized using dynamic light scattering (DLS) and
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Accepted 10th August 2021 scanning electron microscopy . The preparation of perfectly spherica spheres as small as 50 nm

with a narrow size distribution is obtained using 8% styrene with (5% SDS and 2% KPS of the styrene

DOI: 10.1039/d1na004389 amount) at 90 °C, with the monomer and surfactant molar ratio and concentration and the
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1. Introduction

Polymeric materials are relatively cheap and easy to make and
can be made into different forms like thin films, spheres, and
fibers. Polymers can be natural or synthetic.® Polymer nano-
particles are important for many industrial applications like
photonics, sensors, pollution control," environmental tech-
nology,” smart drug delivery,® and the preparation of colloidal
crystal templates,™® which can be used to prepare three-
dimensionally ordered nanoporous materials.

Polymer nanoparticles have been prepared using several
methods like dispersion polymerization” that is usually used to
prepare micron sized particles, solvent evaporation,® and
salting out.® Among several, the most commonly used method is
emulsion polymerization (EmPoly) that includes traditional and
surfactant-free emulsion polymerization® and mini-emulsion
polymerization.™

EmPoly got a lot of attention as it produces polymers in large
quantities and is relatively simple, fast, reliable, and scalable at
the same time. EmPoly is used today for most of the world's
production of polymers and many variations of the original
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polymerization temperature being the dominating factors that affect the PS bead size.

preparation method were proposed during the years."> EmPoly
is a radical polymerization process that involves the use of water
as a solvent, a monomer of small organic molecules that can
bond in long chains, an anionic, cationic, non-ionic, or
amphoteric surfactant to lower the surface tension and form
micelles that control the polymer final shape, and a radical
initiator to start the polymerization process.”* In some cases,
other ingredients like co-monomers are added to enhance the
overall polymerization process and allow for more control over
the final product.

Polystyrene (PS) is one of the most important polymers that
could be easily made into different shapes or expanded as
a foam," with applications ranging from the preparation of
photonic crystals® to drug delivery.’® PS nanoparticles were
prepared using dispersion polymerization with a size range of
200 to 2000 nm." It was also prepared by EmPoly with a size
range of 1.2 to 5 pm (ref. 18) and also with a size of almost
200 nm." Table S11 shows a comparison between the common
methods used in polystyrene preparation.

One of the interesting uses of PS spheres is the preparation
of three-dimensionally ordered macroporous materials.>**>*
Materials/catalysts with a pore size of 50 to 100 nm are of great
interest as the supply of reactants to the surface and removal of
byproducts are enhanced, while maintaining the catalyst
strength. Smaller PS spheres would give a larger surface area
material, which is highly desired for surface dependent appli-
cations. However, the literature discussing the controlled
synthesis of sub-50 nm PS spheres is not enough, and the

© 2021 The Author(s). Published by the Royal Society of Chemistry


http://crossmark.crossref.org/dialog/?doi=10.1039/d1na00438g&domain=pdf&date_stamp=2021-09-25
http://orcid.org/0000-0003-1547-8501
http://orcid.org/0000-0001-9458-3507
http://orcid.org/0000-0002-5046-6963
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1na00438g
https://pubs.rsc.org/en/journals/journal/NA
https://pubs.rsc.org/en/journals/journal/NA?issueid=NA003019

Open Access Article. Published on 10 August 2021. Downloaded on 2/8/2026 1:16:07 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

experimental work that was re-tested did not provide controlled
and reproducible results with the existence of agglomerates due
to the use of very high surfactant concentrations and the need
for filtration/centrifuging to get the final monodispersed
spheres.*

In this work, the EmPoly method was used to prepare
monodispersed polystyrene spheres with a size of 50 nm
without the need for further filtration or separation. The effect
of different preparation parameters on the size and size distri-
bution of the PS spheres was studied to get a clear idea of the
modification of the recipes that can produce a specific PS
sphere size with a narrow size distribution.

2. Experimental

2.1. Materials

Styrene (99%, Sigma Aldrich), Polyvinylpyrrolidone (PVP, MW
40 000, Fluka), sodium dodecyl sulfate (SDS, Sigma Aldrich),
potassium persulfate (KPS, Alfa), absolute ethanol, and acetone
(99%) were used. All the chemicals were used as received
without any further purification, and distilled water was used as
the main solvent.

2.2. PS sphere preparation

All the polymerization reactions were conducted in a four-neck
round bottom flask equipped with a digital thermometer, under
nitrogen gas, and a reflux condenser, and the flask's fourth neck
was used to add the reactants as shown in (Fig. 1). The following
procedure was used to prepare all samples; at first, a specific
amount of distilled water was added to the flask and heated to
a certain temperature and nitrogen gas was bubbled into the
water for 10 minutes to remove oxygen from the reaction
medium. This is because oxygen can act as an initiator for the

Gas outlet

a/
water outlet ﬁ

water inlet

reactant addition inlet

water + monomer

heating mantle

Fig. 1 Setup for the preparation of PS spheres using the emulsion
polymerization process under a nitrogen atmosphere.
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polymerization reaction, which would affect the process and
start the polymerization randomly. Additionally, the presence of
oxygen in radical polymerization could restrict the polymeriza-
tion and decrease the yield or even terminate the formed radi-
cals, which will interfere with the desired polymerization
process for polystyrene preparation.”*** A specific amount of the
surfactant PVP or SDS was then added to the solution with
magnetic stirring at 350-450 rpm and was left to stir at the
desired temperature for 10 minutes. After that, the styrene
monomer was added to the solution and the mixture was left to
stir for another 20 minutes to ensure that most of the styrene
droplets are in the SDS micelles or have been covered with PVP
molecules. After that, the nitrogen gas tube is lifted from the
solution and kept above the solution to keep the polymerization
reaction going under an inert atmosphere, and then the initi-
ator solution (specific weight of KPS in 25 ml of water) was
added to the reaction mixture. Finally, the polymerization
reaction is left to continue under magnetic stirring and heating
for 24 hours, unless otherwise stated below.

2.3. Characterization

The prepared PS spheres were characterized by dynamic light
scattering (DLS) using a Zetasizer Nano ZS90 (Malvern Pan-
alytical), which gave information about the size and size
distribution of the prepared spheres. To do so, 1 ml of the
polymer solution was taken and diluted with distilled water
until a transparent solution was obtained and analyzed to get
the average size and size distribution using three measure-
ments with 40 runs each.

The shape and size of the PS spheres were verified by scan-
ning electron microscopy (SEM) using Carl Zeiss, SUPRA 55
Field Emission Scanning Electron Microscopes (FESEM). To do
so, 1 ml of the polymer solution was put on a glass slide and left
to dry at room temperature and then the dried PS over the slide
was coated with a layer of gold using a “Hummer 8.0 Sputter
System” at a current of 15 mA for two minutes.

3. Results and discussion

The size of the prepared PS spheres ranged between 40 and
250 nm and the change of each of the following parameters gave
different sizes and size distributions. All experiments were
conducted multiple times to verify the reproducibility of the
results, and the final recipe was used to prepare more than ten
batches with different batch sizes to make sure that the results
were reliable.

3.1. The effect of surfactant concentration

The surfactant concentration is one of the parameters that
affect the EmPoly process the most, as experimental results
indicate. Upon addition of the surfactant, the surfactant mole-
cules adsorb on the solution surface, causing a surface tension
decrease until the critical micelle concentration (CMC) is
reached. This leads to micelle formation inside the solution.
Any further increase in the surfactant concentration, above the
CMC, will have a minimal effect on the surface tension but will

Nanoscale Adv., 2021, 3, 5626-5635 | 5627
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continue to decrease the interfacial tension. Even though the
solution surface will remain covered by the surfactant mole-
cules after reaching the CMC, the hydrophobic parts of the
surfactant will start to orient themselves inside the micelles to
lower their interaction with the water molecules. In the case of
ionic surfactants, increasing the surfactant concentration above
the CMC usually leads to an increase in the number of micelles,
which in turn reduces the size of the micelles down due to
electrostatic repulsion. Meanwhile in the case of nonionic
surfactants, the continuous addition of surfactants will increase
the steric effect, making it harder for the monomer molecules to
approach each other, which will eventually lead to the forma-
tion of small size particles. The increase in the number of
micelles affords a high number of active centers in the poly-
merization initiation step, resulting in higher monomer
conversion rates and smaller size particles.>*?®

In the case of PVP (MW 40 000), even though increasing the
concentration of the surfactant from 12 to 35% did not result in
decreasing the size of the PS spheres, with the size maintained
in the range of 160-170 nm, it resulted in a very narrow size
distribution according to the dynamic light scattering (DLS)
measurements that are shown in Table 1. In this PVP concen-
tration range, increasing the PVP concentration just increases
the PVP steric effect, and the stabilization of the monomer takes
place as soon as PVP is added to the solution. However, at a high
concentration (50%) of PVP (MW = 40 000), a white precipitate
was formed especially when temperatures above 90 °C were
used, and the DLS measurements showed multiple peaks, as
Table 1 shows, with a wide size distribution. This was also
noticed in the case of PVP (MW = 360 000) at much lower
concentrations (12%) at 70, 80, and 90 °C. In the case of high
concentrations of PVP (MW = 40 000), a significant amount of
PVP is not expected to be involved in the stabilization of the
styrene monomer and will form insoluble compounds when
heated between 70 and 90 °C due to the presence of persulfate
and styrene. This behavior of PVP (MW = 40 000 and 360 000) is
reported in the presence of persulfate and vinyl acetate.>” This
effect is also noticed at lower concentrations of PVP with a high
molecular weight (MW = 360 000). Moreover, it is expected that

Table 1 Recipes for the surfactant concentration effect on the PS
sphere size

% of

styrene

—Particle size
Recipe PVP SDS (nm) SD RSD% PDI
S1 12 — 163 11.74 7.20 0.08
S2 17 — 176 8.94 5.07 0.068
S3 25 — 167 13.4 8.02 0.02
S4 35 — 171 5.65 3.30 0.026
S5 50 — 122-584 & precipitate — — 0.49
S6 — 2 172 4.497 2.61 0.038
S7 — 5 50 2.198 4.39 0.036
S8 — 8 41 1.59 3.87 0.102
S9 — 12.5 76.18-4208 — — 0.244
S10 — 25 49-214 & precipitate =~ — — 0.752

Temperature 90 °C; water 125 ml; styrene: 8%; KPS: 2% of styrene
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in some experiments the white precipitate was due to the cloud
point and it is a known phenomenon in nonionic surfactants
that depends on its concentration, the reaction temperature,
and the existence of salts and other additives in the solution
especially SDS where insoluble clusters are formed.”®* The
effects of the PVP concentration and molecular weight were
studied and the results showed a high dependency of the PS
spheres on the PVP concentration.*

In the case of SDS, the increase in the concentration from 2
to 8% (relative to the styrene amount) had a higher impact on
the size of the PS spheres than PVP, as shown in Table 1, with
the size going down from 170 to 40 nm. The DLS results of the
S07 sample in Fig. 2 showed a sharp peak, indicating a narrow
size distribution and small PDI values (Table 1). The anionic
surfactants such as SDS are known to result in particles with
a smaller size than the nonionic surfactants such as PVP. Even
though the size dropped to 40 nm when an SDS concentration
of 8% was used, the PDI increased and reached 0.1. At higher
SDS concentrations, the DLS measurements showed higher
particle sizes,* multiple peaks, and/or a very wide size distri-
bution (Fig. 2), similar to what was observed in the case of PVP.
At high SDS concentrations, a white participant was formed,
which can be the result of SDS hydrolysis at high temperatures
into dodecanol.** A proposed mechanism of the EmPoly process
in the presence of SDS and PVP surfactants is illustrated in
Fig. 3a and b, respectively. In both cases, the surfactant mole-
cules behave the same way, lowering the surface and interfacial
tension and then forming micelles. The difference is in the
stabilizing mechanism of each surfactant, where SDS micelles
are stabilized by electrostatic repulsion, while PVP micelles are
stabilized by the steric effect which forms a bundle of surfactant
molecules that surround the monomer by multiple layers.

3.2. The effect of surfactant type

Aiming to investigate the effect of adding SDS to PVP to verify
whether smaller and more uniformed PS spheres than those

25 ————1——1————T——1—

Intensity (a.u.)

100

150 200
Size (nm)

250

Fig. 2 DLS curves for the SDS-S7, SDS-S9, and SDS-S10 recipes, with
8% SDS relative to the monomer concentration.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Polymerization process mechanism using: (A) SDS; (B) PVP.

obtained in the presence of PVP could be formed, several
mixtures of PVP and SDS were tested with different ratios and
with a low monomer concentration of 1% as shown in Table 2.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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As demonstrated by the results above, the anionic SDS surfac-
tant gave smaller PS spheres than non-ionic PVP, while the size
distribution was narrow in both cases. Anionic surfactants

3, 5626-5635 | 5629
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Table 2 Recipes for the surfactant type effect on the PS sphere size

% of styrene
- Particle size

Recipe PVP SDS (nm) SD RSD% PDI

SPO 25 0 133 12.723 9.56 0.055
SP1 25 1 71 4.21 5.92 0.013
SP2 25 2 229 9.744 4.25 0.095
SP3 25 3 >400 — — 0.407
SP4 10 2 72 3.252 4.51 0.015
SP5 0 5 152 7.29 4.79 0.042
SP6 0 10 128 7.64 5.96 0.051

Temperature 70 °C, water 125 ml; styrene: 1%; KPS: 2% of styrene

always give a smaller particle size than non-ionic ones,* which
is because the electrostatic repulsion between the anionic
surfactant molecules is much stronger than the steric repulsion
between the non-ionic surfactant molecules (Fig. 3a).

When a mixture of both surfactants was used by adding
small amounts of SDS with a specific concentration of PVP
(25%), it was found that the polymerization could only take
place at temperatures up to 75 °C. Any higher temperatures at
this PVP concentration and any SDS concentration led to the
formation of a white precipitate, which consists of SDS micelles
that agglomerate along the PVP strands to form different sizes
of SDS/PVP aggregates and this is expected as SDS is known to
interact with PVP polymer®*'-® especially at high temperatures
due to the cloud point effect discussed above, which is affected
by the addition of SDS and the temperature change. This would
lead to a polydispersed product containing the PS spheres and
those aggregates. Moreover, when the SDS amount in the
surfactant mixture was raised to 2% or above as shown in Table
2, even at low temperatures (70 °C), precipitation has occurred
due to the interactions between SDS and PVP triggered by the
high concentration of SDS. The smallest PS sphere size obtained
using these mixtures was 71 nm using (25% PVP + 1% SDS of
the styrene amount) or (10% PVP + 2% SDS of the styrene
amount) with a PDI of 0.013. The results showed that using PVP
only as a surfactant, using 25% PVP to styrene, gave a sphere
size of 133 nm, which means that the addition of 1% SDS to the
recipe reduced the size by 62 nm, which is almost around half
its original value.

3.3. The effect of monomer concentration

The monomer concentration was changed between 1 and 10%
of the total mixture and the results are demonstrated in Table 4.
It is reported by many studies®”** that when all the other
parameters are constant in emulsion polymerization, the size of
PS spheres increases with increasing the monomer con-
certation, as more monomer molecules would be present in
solution. After the addition of the initiator, the first nucleation
sites are formed when the water-soluble initiator diffuses inside
the micelles, and then these sites would start to attract more
monomer molecules from the solution. Therefore, the increase
in the initial monomer concentration means more chance for
the particle size to be enlarged and this is in agreement with

5630 | Nanoscale Adv, 2021, 3, 5626-5635
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Table 3 Recipes for the monomer concentration effect on the PS
sphere size

Particle size

Recipe Styrene% (nm) SD RSD% PDI
M1 8 167 — — 0.02
M2 4 161 — — 0.07
M3 2 155 — — 0.12
M4 1 125 — — 0.115
M5 0.75 100 13.24 13.24 0.016
M6 0.5 102 — — 0.053
M7 0.25 105 — — 0.03
Temperature 90 °C; water 125 ml; PVP: 25% of styrene; KPS: 2% of
styrene

M8 10 44 1.249 2.83 0.07
M9 8 50 2.198 4.39 0.036
M10 6 78 7.727 9.90 0.032
M11 4 121 — — 0.01
M12 2 133 — — 0.002
M13 1 140 — — 0.024

Temperature 90 °C; water 125 ml; SDS: 5% of styrene; KPS: 2% of styrene

Table 4 Effect of the polymerization time on the PS sphere size

Recipe Time Particle size (nm) PDI

T1 3 49 0.092
T2 6 47 0.051
T3 9 51 0.081
T3 12 51 0.042
T3 15 50 0.057
T4 20 51 0.037
TS5 24 50 0.036

Temperature 90 °C; water 125 ml; styrene: 8%; (SDS: 5%; KPS: 2% of
styrene)

most of the literature discussing the effect of the monomer
concentration on the size of polymer nanoparticles. In the case
of both SDS and PVP, when the concentration of the surfactant
was fixed, an increase in the monomer concentration caused an
increase in the PS sphere size. In the case of PVP, when the
surfactant concentration was changed as a specific percentage,
25%, of the monomer concentration, an increase in the
monomer concentration caused an increase in the PS sphere
size as well. Table 3 shows that after the monomer concentra-
tion was decreased to 0.75%, no major change in the size or size
distribution was noticed with any further decrease in the
concentration. These results indicate that the lowest size that
can be obtained using PVP under these conditions is around
100 nm.

Fig. 4 shows the shape of the PS spheres for the M2, M9,
M11, and M12 recipes. The images clearly show the formation
of PS spheres with different sizes, while the SEM image of recipe
S5 shows non-uniform PS formation with aggregates and large
size particles due to the high PVP concentration. As expected,
a small decrease in the size is noticed in these SEM images in
comparison to the DLS reported sizes. For example, in the case
of the M9 recipe, the particle size for randomly selected 40

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 SEM images for (a) PVP-M2 with 4% monomer concentration, (b) SDS-M12 recipe with 2% monomer concentration, (c) SDS-M11 recipe
with 4% monomer concentration, (d) SDS-M9 recipe with 8% monomer concentration (for imaging the solution was diluted 20 times, drop-cast,
and dried), and (e) PVP-S5 recipe with 50% PVP of the styrene concentration.

particles is measured using Image] software and is found to be
50.2 + 1.7 nm, as shown in Fig. S1,T which is very similar to the
DLS results (Table 3). In the case of the PVP/SDS mixture, the
dependence of the PS sphere size on the monomer concentra-
tion was very similar to that of PVP alone.

Opposite to nonionic surfactants such as PVP, in the case of
SDS, increasing the monomer concentration, while changing
the SDS concentration at a fixed percentage of the monomer
(5%), caused a decrease in the PS sphere size. As the amount of
SDS was fixed at 5% of the amount of styrene, with increasing
the styrene from 1 to 8%, the amount of SDS would increase 8

© 2021 The Author(s). Published by the Royal Society of Chemistry

fold. Therefore, due to the SDS anionic nature, increasing the
SDS concentration significantly increased the repulsion
between the SDS molecules and led to the formation of a large
number of small micelles.

Moreover, with the increase in the monomer concentration
and the number of micelles, it would be easier for the initiator
to diffuse and reach the monomer inside the micelles as
mentioned above. This would give a large number of nucleation
sites at the beginning of the initiation step leaving a small
amount of styrene in the solution and leading to the formation
of small size PS spheres. This means that a higher

Nanoscale Adv., 2021, 3, 5626-5635 | 5631
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concentration of styrene could be used to give smaller size PS
spheres in large numbers instead of using only low concentra-
tions like 1% or 2% and this would be more convenient to lower
the number of preparation batches for any application.

3.4. The effect of initiator concentration

The initiator is the main component in emulsion polymeriza-
tion as it starts the first stage, which controls the whole process
and the working mechanism of the initiator is discussed in
detail in the literature.”

The KPS initiator used in this study is an anionic water-
soluble initiator that decomposes thermally to give free radi-
cals, which diffuse into the micelles and start the polymeriza-
tion process. During the initiation step, the formed free radicals
act as nucleation sites that attract styrene molecules from the
monomer droplets, which exist outside the surfactant micelles
in the reaction medium. The initiator decomposition and
radical formation rates are directly proportional to their rate
constants, the initiator efficiency, and the initiator concentra-
tion. Increasing the decomposition rate of the initiator
increases the formation of the radicals, which in turn increases
the rate of the polymerization reaction and decreases the final
particle size due to the increased number of formed nuclei.*

At low concentrations of the initiator, a few KPS free radicals
will form and accordingly a small number of nuclei. This would
leave a large amount of the styrene monomer in the solution
that will eventually increase the final PS sphere size during the
growth stage of polymerization. Increasing the initiator
concentration leads to a large number of free radicals that will,
in turn, form a large number of nucleation sites, leaving a small
amount of the styrene monomer in the solution to be incorpo-
rated in the growth of those nuclei and leading to the formation
of small PS spheres. However, after a certain KPS concentration,
the increase in the number of KPS radicals would have a limited
effect on the PS sphere size, as the number of nuclei is already at
maximum.

In this research, the KPS concentration was varied from 0.5
to 6% of the styrene, while fixing the monomer and surfactant
concentration at 8% and 5% of styrene, respectively. Increasing
the KPS concentration caused a decrease in the PS sphere size
when SDS or PVP was used as a surfactant. However, no further
significant decrease in the size of the PS sphere was observed
when the KPS concentration reached 2% of the monomer
concentration. The PS sphere size changed from 184 to 153 nm
in the case of PVP and went down from 62 to 48 nm using SDS.

3.5. The effect of polymerization time

The optimal recipe for the smallest size obtained using SDS
(styrene: 8%; SDS: 5% of styrene; KPS: 2% of styrene) was used
to study the effect of polymerization time on the PS sphere size
and size distribution. Samples were taken from the polymeri-
zation mixture every three hours for 24 hours and the size was
checked using DLS (Table 4). Over this time, the size changed
from 47 to 51 nm and the PDI changed from 0.1 to 0.036. As
could be observed, the size was almost constant in all samples
but the size distribution is improved with increasing the

5632 | Nanoscale Adv, 2021, 3, 5626-5635
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polymerization time as a longer time allows the spheres to grow
uniformly under the reaction conditions. Meanwhile at short
polymerization times, the spheres would not be entirely
uniform as most of the styrene would still be in the droplets and
did not join the polymeric chains inside the micelles. The high
concentration of surfactant used in those experiments
increased the number of micelles, yielding a high conversion
rate which explains the minor change in the particle size with
time.>

Samples collected at 15 hours and above were found to be
almost identical and this period would allow for full conversion
of the styrene monomer to polystyrene as most literature on
polystyrene preparation mentions that the reaction time needs
to be between 15 and 24 hours to ensure full monomer
conversion.'®***3% In this research, the optimal polymerization
time was found to be 15 hours but the polymerization process
can be allowed to continue for 24 hours just to improve the size
distribution and the yield.

3.6. The effect of polymerization temperature

The polymerization temperature was one of the parameters that
had an obvious effect on the PS sphere size. When solutions of
8% styrene, 5% SDS to styrene and 2% KPS to styrene were used
to synthesize PS spheres at different temperatures (60 to 90 °C)
(Table 5), the smallest sphere size was obtained at 90 °C for both
surfactants. At high temperatures, the decomposition rate of
KPS increases (KPS decomposes between 50 and 60 °C),* and
hence more KPS free radicals exist at the initial stage of the
polymerization process causing more nuclei sites to form.
Accordingly, smaller particle sizes and a narrower size distri-
bution were observed as mentioned.** This can also be noticed
from the solution color, as the samples prepared at 60 and 70 °C
remained transparent after the addition of the initiator and it
took more than three hours for the solution to turn fully milky
white, which means that there is an induction period before
nucleation and polymerization occur. Meanwhile the samples
at 80 and 90 °C tuned milky white very soon after the initiator
was added to the solution indicating that the polymerization
process started immediately and PS spheres started to form in
the flask.

Further testing showed that the samples prepared at 60 °C
did not produce PS polymer spheres. According to the DLS
measurements, the sample has a wide size distribution which
could be explained by the slow initiation step that allows for the
formation of a small number of nuclei that grow in size, while

Table 5 Effect of the polymerization temperature on the PS sphere
size

Temperature Particle size
Recipe °C (nm) SD RSD% PDI
C1 60 60 11.79 19.65 0.063
C2 70 56 9.81 14.51 0.050
C3 80 54 4.37 8.09 0.053
C3 90 49 2.94 6 0.036

Water 125 ml; styrene: 8%; SDS: 5% of styrene; KPS: 2% of styrene

© 2021 The Author(s). Published by the Royal Society of Chemistry
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new KPS radicals initiated new nucleation sites forming poly-
disperse PS spheres. However, when the samples were dried and
analyzed by SEM, no PS spheres were obtained and the dried
powder was a resin-like brown residue at the bottom of the
flask. This means that the DLS measurements did not measure
stable PS spheres that can be used for further analysis.

In the case of PVP, the effect of the polymerization temper-
ature was noticeable at all monomer concentrations with a size
difference of around 35 nm between 70 and 90 °C. However,
after a certain temperature and depending on the PVP
concentration and other factors mentioned above, the high
temperature will increase the dehydration of the nonionic
surfactant making it hydrophobic, which promotes separation
at the cloud point. Meanwhile in the case of SDS, the change of
the size with the polymerization temperature was higher at low
concentrations of styrene as the SDS micelle size is decreased by
increasing the temperature.”” When 2% concentration of
styrene was used, the size decreased from 168 nm at 70 °C to
131 nm at 90 °C but at high concentrations of 8% and 10%, and
the effect of the polymerization temperature became low
because the high concentration of the surfactant produced
small spheres even at 70 °C as shown by the results in Table 5.
Additionally, the increase in temperature would decrease the
solution surface tension*® and it would increase the solubility of
the monomer, which leads to the formation of smaller size
particles as discussed.

The standard deviation (SD) and relative standard deviation
(RSD%) were calculated for all recipes prepared at least three
times and the values obtained are shown in the tables next to
each recipe while the standard errors are illustrated in Fig. S2.1
Finally, the polymerization yield was calculated for all samples
that had no precipitation after the experimental time ended
(usually 24 hours). The solution was poured into a Petri dish
and heated in an oven at 80 °C overnight to evaporate the
solvent. Then the dried powder was washed with ethanol several
times and left to dry and then the weight of the starting
monomer was divided by the weight of the dried polymer. As
most of the experiments were conducted at 90 °C, the yield
ranged between 87% and 92% and even the experiments con-
ducted at lower temperatures (70 and 80 °C) gave a yield of at
least 85% after 24 hours of polymerization. The C1 sample
prepared at 60 °C was the only experiment to give a yield of 72%.

4. Conclusion

The results obtained by recipes M8 and M9 indicated that no
agglomeration occurred and that the resulting emulsion did not
need any filtration or centrifuging to get the final highly mon-
odispersed 50 nm and smaller spheres. It was also found that
using PVP on its own gave a final sphere size of 100 nm with
high monodispersity. The obtained results showed that the
surfactant and monomer concentration and the polymerization
temperature are the parameters that control the final size the
most. When using a mixture of SDS and PVP, the ratio between
the two and the polymerization temperature is of great impor-
tance to get an emulsion with high monodispersity and without
any agglomerates.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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