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Polymer suspensions have found various applications in novel technologies. In this research, an agueous
suspension of polystyrene was prepared via the phase inversion method using sodium lauryl sulfate (SLS)
as an anionic surfactant and two co-surfactants. The effects of co-surfactant ratio and salt concentration
were investigated and the stability and characteristics of the prepared samples were identified. All
samples possessed a zeta potential lower than —50 mV which reveals an electrostatic stability. The
sample PS-1, containing the lower salt concentration of 1 x 1073 M, was the most stable sample, while

its stability decreases with increasing salt concentration. The sample PS-5 during the electrical
Received 22nd March 2021 ductivit t hibited tial instabilit . l i ¢ | th b
Accepted 9th May 2021 conductivity measurement exhibited partial instability via agglomeration of polymer on the probe.

Rheology measurements revealed that the suspension behavior varies between Newtonian and non-

DOI: 10.1039/d1ra02292) Newtonian. Eventually, PS-1 containing 4.00 g polystyrene, 1.70 g SLS and a co-surfactant ratio of 0.66,
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1. Introduction

Preparation and production of polymeric suspensions based on
emulsions, via direct emulsification' and phase inversion
temperature (PIT)>* methods for various industrial applica-
tions, is experiencing growing demand.*® The best advantage of
the latter methods is the lower coalescence of oil droplets due to
the simultaneous application of surfactants and co-surfactants
which enhances the adsorption of surface active reagents on the
oil/water interface.” Production of finely dispersed oil-in-water
emulsions via direct emulsification requires the consumption
of relatively large amounts of mechanical energy to overcome
the Laplace pressure. Although overcoming the Laplace pres-
sure can be achieved through further usage of surfactants, due
to the unwillingness of consuming substantial amounts of
surfactants in most of the applications, the phase inversion
method is preferred.® It is notable that for some high molecular
weight polymers, due to their high tendency towards the oil
phase, i.e. high hydrophobicity, emulsification has shown very
difficult, and thus low energy methods like PIT inapplicable. In
such cases, high energy methods have been employed for their
emulsifications.™?

When the temperature of a mixture incorporating a nonionic
surfactant is raised, due to the expanded dehydration of the
nonionic surfactant chains, ie. co-surfactant, dissolution of
nonpolar substances in the mixture is increased. This goes with
diminishing the tension at the O/W interface. With further
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suspended within 150 mL of 0.003 M aqueous NaCl solution, exhibited proper stability.

increase in temperature, the chains of co-surfactants become
more and more dehydrated, the surfactant becomes more
lipophilic, and more and more nonpolar substances is solubi-
lized into the increasingly asymmetric micelles. This is where
the HLB of surfactants undergoes a change. In the vicinity of the
cloud point of the nonionic surfactant, the surfactants of the
micelles together with the solubilized substances will start to
separate from the aqueous phase and form a new phase
(dehydration of co-surfactant along with the increase in the
surfactant hydrophobicity, change the curvature of the micelle
formation). If excess oil is still present, the system now consists
of three phases. As the temperature continues to increase, more
and more micelles separate out of the aqueous phase and carry
water and oil with them. The volume of the aqueous phase
continues to decrease and that of the middle phase increases. At
such conditions, through the interactions among the interfacial
phases and the bulk liquid, the phase inversion commences.
Since the oil-water interfacial tension is minimum at the PIT,
emulsions made at this temperature should have the finest
particle size. In fact, this is the point at which the smallest
droplets of oil are present in the system. Therefore, by holding
the emulsion at this point, a stable emulsion of very small and
relatively low energy droplets will be obtained.*

In addition to temperature, all other physical and chemical
variables can also change the surfactant affinity towards the
water and/or oil phases.® The success of the phase inversion
method depends on various factors including the chemical
composition, concentration, and nature of surfactants, water/
oil phase volume ratio, and the number of carbons in the oil
phase alkane.
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One of the main applications of PIT method is the produc-
tion of nanoemulsions where the internal droplets have diam-
eters less than 100 nm." Galindo-Alvarez et al. used the so-
called near-PIT method to produce nano-sized polystyrene
oxide particles coated with styrene. They used a combination of
Brij78 and Brij700 within a stable emulsion.”” They declared
that by varying the amount of surfactant the interfacial tension
changed while the main properties of the emulsion remained
unaltered. Their finding is very useful in applications where the
interfacial conditions are determinative.

Whenever emulsification methods are employed, a piece of
knowledge on surfactants behavior is required; particularly,
where the smallest size of droplets is aimed. As was described
earlier, the surfactant concentration plays an important role in
the stability as well as the size of the emulsion droplets formed
by the PIT method. By increasing the surfactant concentration,
due to increase in the interfacial area as well as decrease in the
surface tension, the size of emulsion droplets decreases.
Moreover, in the PIT method, for the phase inversion to
proceed, the surface curvature should primarily change.'® Tha-
nanukul et al. used SDS and polyvinyl alcohol as surfactants for
the polymerization of P(LA-co-GMA) copolymer through the
phase inversion method.” It was found that the presence of SDS
increased the efficiency of PVA stabilizer in producing particles
of narrow size distribution. They also reported that an increase
in the SDS concentration facilitated the production of smaller
micro droplets through reinforcement of the hydrophilic
structure of PVA.

Although polymerization of styrene monomers with the use
of various surfactants has been reported in a number of publi-
cations, there is no evidence on the application of the phase
inversion method for the preparation of styrene suspensions.
Elgammal et al.* used Brij78 surfactant and the phase inversion
emulsification method in polymerization of styrene monomers.
The surfactant-monomer system exhibited a lamellar system in
dilution with water which shows very stable upon further dilu-
tion. In fact, this surfactant was found suitable for the emulsi-
fication through phase inversion method. Generally, the use of
one surfactant alone does not provide the required HLB for the
emulsification of a particular system, while the use of two or
a few surfactants of different HLBs can lower the interfacial
tension and provide a stable emulsion." Regarding the prepa-
ration of polystyrene emulsions by direct emulsification
method, using SLS as surfactant as well as cetyl and stearyl
alcohols as co-surfactants, droplets with a narrow polydispersity
have been produced.**® In the latter studies, however, the need
for the application of membrane systems in producing small
size droplets has been reported as a shortcoming.

The effect of salt concentration on the phase inversion
temperature as well as the emulsion stability has been also
studied. Pourjavaheri et al.'” investigated the effect of addition
of MgCl, on the preparation of nanoemulsions by phase
inversion method. Their results revealed that the phase inver-
sion temperature decreased by increasing the salt concentra-
tion; the PIT is only increasing up to a particular salt
concentration and then decrease. The results also revealed that
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the sample with the lowest salt concentration exhibited the
most stability.

The aim of the current research was focused on the prepara-
tion of stable and as monodisperse as possible aqueous
suspensions of polystyrene through the phase inversion emulsi-
fication method. Anionic surfactant of SLS was used as the main
dispersant, as well as cetyl and stearyl alcohols, were used as co-
surfactants, while NaCl was also used to adjust the phase inver-
sion temperature. The optimum suspension was finally prepared
and characterized. The stability of the prepared suspensions was
also investigated through the zeta potential, particle size, elec-
trical conductivity and rheology measurements.

2. Experimentals

2.1. Chemicals

Polystyrene of industrial grade was purchased from Tabriz
Petrochemical Company (Iran). Cyclohexane with a molecular
weight of 84.16 was obtained from Merck (Germany). Sodium
lauryl sulfate (SLS) (HLB = 40) with the molecular formula of
NaC,,H,5S0, and molecular weight of 288.37 g gmol ' was
used as surfactant. Stearyl alcohol (HLB = 15) and cetyl alcohol
(HLB = 15), were bought from Mobtakeran Chimi (Iran) and
used as co-surfactants. The chemical formulas of SLS, as well as
stearyl and cetyl alcohols are provided elsewhere." Distilled
water was used as the bulk aqueous phase.

2.2. Experimental procedures

In this research, the phase inversion emulsification method was
used to prepare the polystyrene aqueous suspensions.®'® In
order to prepare the organic phase of the emulsion, different
ratios of stearyl and cetyl alcohols were mixed. The mixture was
melted by means of heating on a magnet stirrer heater up to
60 °C and then was gradually cooled to ambient temperature.
The melting process was repeated for three times to obtain
a homogeneous mixture. The amount of 4.00 grams of poly-
styrene and 40 mL of cyclohexane were added to the mixture of
alcohols. Subsequently, the whole organic phase was refluxed
within a rotary vacuum evaporator at 300 rpm and 50 °C for 48
hours until a transparent solution was obtained.

The aqueous phase of the emulsion was prepared through
addition of 1.700 grams of SLS into 150 mL of distilled water
containing either of 0.003, 0.010, 0.050, and 0.100 M of NaCl.
The aqueous mixture was rest at the ambient temperature for 24
hours. The final clear aqueous phase was prepared by heating
the solution up to 50 °C for 15 minutes while stirring at
300 rpm.

To commence the emulsification process, the organic phase
which was heated up to 50 °C, was gradually added to the
aqueous phase while the whole mixture was stirred at 300 rpm
for 30 minutes at 50 °C. In this way, the primary oil-in-water
macroemulsion was formed. Subsequently, the emulsion was
heated while the probe of conductivity meter was put within the
sample and the conductivity of the solution versus temperature
rise was recorded. A thermometer was also put within the
emulsions to monitor the temperature. Since the primary

© 2021 The Author(s). Published by the Royal Society of Chemistry
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system is an oil-in-water emulsion, i.e. the continuous phase is
an aqueous electrolyte, the conductivity increases versus the
temperature. The particular temperature at which the conduc-
tivity started to decline was considered as the phase inversion
temperature (PIT). By further increase in temperature beyond
the PIT, the conductivity continues to decrease proving that
a water-in-oil emulsion is formed. Providing that the phase
inversion temperature had been recorded and the emulsion was
heated up to temperatures above PIT, the emulsion was grad-
ually cooled up to the PIT at ambient temperature while it was
still stirring at 300 rpm. Upon reaching the PIT, the sample was
stirred for further 30 minutes while the emulsion was kept at
the same temperature in order to be well stabilized at PIT. At
this moment, the emulsion was very suddenly cooled to the
ambient temperature with the aid of using a cooling jacket and
a cooling bath. It should be noted that the sample must be
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stirred within a cooling jacket and the temperature should be
suddenly declined in order to prevent the phase separation and
also to ensure the formation of a stable oil-in-water emulsion.
Obviously, the mentioned heating which was followed by the
subsequent cooling of the sample caused the breakage of the
coarse droplets of the primary emulsion and the formation of
a very fine and monodisperse emulsion.

Eventually, the emulsion sample was put within the rotary
vacuum evaporator container, and by heating the sample at
60 °C for 5 hours while the vacuum was gradually increased up
to 500 mm Hg, the cyclohexane was totally removed and
a monodisperse aqueous suspension of the polymer was ob-
tained. The schematic of the phase inversion emulsification
method is illustrated in Fig. 1, and the chemical compositions
of the prepared suspension samples are given in Table 1.

Aqueous Phase
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Fig. 1 Schematic of phase inversion emulsification method for the preparation of polystyrene aqueous suspensions.
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Table 1 Chemical compositions of the prepared suspension samples
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Polystyrene Cetyl alcohol Stearyl alcohol Co-surfactant ratio Initial NaCl concentration
Sample name (2 SLS (g) (&) (&) (stearyl/cetyl) in aqueous phase (mol L")
PS-1 4.00 1.70 2.04 1.36 0.66 3x10°
PS-2 4.00 1.70 2.90 0.55 0.18 3x107°
PS-3 4.00 1.70 2.04 1.36 0.66 1x10?
PS-4 4.00 1.70 2.04 1.36 0.66 5 x 102
PS-5 4.00 1.70 2.04 1.36 0.66 1x10"
2.3. Methods of measuring stability and sample conducted by means of a magnetic stirrer for 30 minutes prior

characterizations

Visual stability measurements. The stability of the prepare
suspensions was first evaluated through visual observations.
The criterion for stability was the lack of sedimentation and
phase separation after 48 hours.* For the visual evaluations, the
samples were stored in closed beakers at ambient temperature
for 7 days. During that period, a creamy layer sometimes formed
at the bottom of some beakers. An aggregation (instability)
index was defined as eqn (1) and was calculated for all prepared
samples.

_ 100Hs

H
Hg

(%) 1)
where H is the aggregation (instability) index, Hy the total
height of the sample, and Hj is the height of the creamy layer
after a particular period. The higher aggregation indices exhibit
higher instabilities of the suspension.*

Zeta potential. Zeta potential is a criterion of the electrical
charge at the surface of the colloidal particles. The presence and
strength of the zeta potential is an indication of the electrostatic
stability. Particularly, where the absolute value of the zeta
potential exceeds 50 mV, due to the electrostatic repulsion
among the colloidal particles, considerable stability predomi-
nates. A SZ-100 Nanopartica series of dynamic light scattering
(DLS) was used to measure the zeta potential of the suspension
samples.

Particle size and polydispersity index. The average charac-
teristic size of the suspended polymers was measured by means
of a SZ-100 Nanopartica series of dynamic light scattering (DLS)
at ambient temperature. The zeta sizer instrument is basically
depends on the dynamic scattering of light at an back scattering
detection angle of 90° and can measure the size of particles in
the vicinity of 0.3 nm up to 5 um. The polydispersity index (PDI)
exhibits the variance in size, showing the normalized width of
a Gaussian distribution. In fact, the polydispersity index is
automatically calculated by DLS as; (the square of standard
deviation)/(the square of mean diameter). The numerical value
of PDI ranges from 0.0 (for a completely uniform sample based
on particle size) to 1.0 (for a highly polydisperse sample with
respect to multiple particle size distribution). The calculated
PDI by DLS apparatus represents a direct output.

Electrical conductivity. Conductivity measurements of the
suspension samples were carried out by a HANNA HI 2300 EC/
TDS/NaCl conductivity meter while stirring at 300 rpm was also
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to each experiment.

Conductivity measurements were carried out in two different
stages of the experiments. Once it was employed during the
emulsification process to monitor the changes in the conduc-
tivity of samples versus temperature in order to determine the
phase inversion temperature. In fact, the sudden variation in
the conductivity of samples was attributed to the phase inver-
sion of the emulsions. After the preparation of the polymer
suspensions, the conductivity measurements were used again
in a different manner to evaluate the stability of suspensions.

Rheology. The rheology of the stable suspension samples
was studied by means of a Paar Physica MCR300 rheometer.
Various factors affect the rheology of suspensions; the concen-
tration and properties of the dispersed phase, the charge
density of the suspended particles, pH, and ionic strength of the
aqueous solution are the most important ones.** In order to
determine the rheological behavior of the suspensions, viscosity
and shear stress of the samples versus the shear rate was
measured at the ambient temperature.

3. Results and discussions

3.1. Identification of phase inversion temperature

The visual observation of phase inversion temperature is very
difficult since not only it happens very rapidly but also the
emulsions are mostly turbid making the direct observation
challenging. As such, the indirect methods of identification,
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Fig. 2 Conductivity versus temperature curves for emulsion samples.
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Table 2 Concentration of NaCl in the aqueous phase and phase inversion temperature

Sample name PS-1 PS-2 PS-3 PS-4 PS-5
NaCl concentration (mol L") 3x10°° 3x107° 1x10° 5x 107> 1x10"
Phase inversion temperature (°C) 70.1 70.3 69.2 68.8 67.7

observation, and visualization are required. Conductivity is the
most prevalent and common method for the observation and
identification of the inversion temperature via measuring the
electrical conductivity in the emulsions. In such cases, the
conductivity depends on the type and composition of the
emulsions. In order to activate the conductivity measurements,
the addition of electrolytes, e.g. NaCl, to the aqueous phase of
the emulsions is a common practice. Where an O/W emulsion
inverts into a W/O, since the new continuous phase is not
conductive, the inversion point becomes identified through
a sudden increase in the electrical resistance.*

In the current research, the phase inversion temperature for
a number of emulsions containing different concentrations of
NaCl electrolyte, see Table 1, were investigated through
conductivity measurement and the results are shown in Fig. 2.
The data of phase inversion temperatures are also provided in
Table 2, and the PIT curve versus the salt concentration in the
aqueous phase is shown in Fig. 3.

As it is shown in Fig. 2, by increasing the salt concentration
from 0.003 to 0.100 M, the electrical conductivity is increased
from 1000 to 12 000 uS cm™'. An increase in the salt concen-
tration raises the ionic compaction and increases the internal
pressure of the solution. As such, the interactions among the
non-ionic surfactant, ie. the co-surfactants here, and water
molecules are weakened and the activity of surfactant turns
toward the hydrophobicity, i.e. HLB decreases.”® Therefore, by
increasing the salt concentration, the solubility of the co-
surfactant in the aqueous phase decreases and that lowers the
PIT.**** Meanwhile, increasing the salt concentration would
alter the interfacial tension in the emulsion and thus the
minimum surface tension, which is expected to occur at the PIT,
appears at a lower temperature.'”
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Fig. 3 Phase inversion temperature versus salt concentration for
emulsion samples.
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Here one may raise the question that behind the PIT, the
conductivity should decrease very rapidly, while the conduc-
tivity of the emulsions provided in Fig. 2 declined not fast
enough to prove that it was the PIT. To answer this question, in
cases where the amount of salt is very low, as in this study, only
a gradual decrease in the conductivity is observed. This obser-
vation is consistent with the experimental results provided in
the literature.”®*” It should be also noted that as we continued to
increase the temperature, the conductivity continued to
decrease.

Fig. 3 shows that by increasing the salt concentration from
0.003 to 0.100 M, the phase inversion temperature is gradually
decreased from 70.1 to 67.7 °C. The equation governing this
decreasing curve is also provided in Fig. 3. As it was predictable,
the results reveal that an increase in the salt concentration
increases the electrical conductivity and somewhat lowers the
phase inversion temperature. Obviously, the increase in the salt
concentration leads the ionic strength to increase and then
enhances the electrical conductivity of the solution.

3.2. Characteristics of the prepared suspensions

Visual observations on the stability of suspensions. The
visual appearance of the suspension samples after 7 days of
their preparation is shown in Fig. 4. As it is shown, the PS-1
sample exhibits quite stable while the PS-5 sample undergoes
phase separation and exhibits partial instability after 7 days.
The data of instability index for the 7 days aged prepared
suspensions obtained from the visual observations are provided
in Table 3. Obviously, the sample PS-1 is the most stable one,
which remained quite stable even for a period of several
months, while the sample PS-5 shows the least stability.

In the stage of emulsification, by increasing the salt
concentration, the interactions among the co-surfactants and

' ;
: 1 3 =
(a) ' (b) . ) . ((I). (c).

Fig. 4 Visual stability of suspension samples after 7 days; (a) PS-1, (b)
PS-2, (c) PS-3, (d) PS-4, (e) PS-5.

Table 3 Instability index of suspension samples after 7 days
Samples PS-1 PS-2 PS-3 PS-4 PS-5
H (%) 0 5 10 20 30
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water molecules gets weakened and the co-surfactants become
more hydrophobic. In fact, addition of salt leads to the dehy-
dration of co-surfactant molecules and thus their tendency
towards hydrophobicity.'”*” Meanwhile, it appears that increase
in the salt concentration, simultaneously with lowering the
tendency of co-surfactant molecules towards water, raises the
interfacial tension.”” The increase in the interfacial tension
leads to the formation of bigger emulsion droplets; thereby
increasing the probability of further aggregation of suspended
polymer particles within the emulsion droplets. As such,
increase in the salt concentration can lead to the formation of
suspensions of bigger particle sizes, i.e. less stable suspensions.

Zeta potential. One of the most important characteristics on
the stability of suspensions is the electrostatic repulsion among
the particles which is determined through zeta potential
measurements. Zeta potential is a very useful tool for the
identification of the amount and type of the particles' surface
charge. In order to study the electrostatic stability, the zeta
potential of the polystyrene aqueous suspensions at 25 °C was
determined by means of a zeta-sizer instrument. Fig. 5 shows
the zeta potential of the prepared suspensions. As it is shown,
increase in the salt concentration has lead the zeta potential of
the samples to increase from 50 to about 102 mV.

The presence of a net charge at the particle surface affects
the distribution of ions in the surrounding surface area, and as
a result the concentration of ions with the opposite charge of
the particle increases close to the surface. The liquid layer
around the particle is divided into two parts. An inner region
(stern layer) to which ions are strongly bound and an outer
region (diffuse) to which they are firmly associated. So there is
an electric double layer around each particle. Inside the diffuse
layer there is an imaginary boundary at which ions and particles
form a stable existence. When a particle moves, ions move
within the boundary. Ions outside this boundary remain with
the bulk material. The potential at this boundary (hydrody-
namic shear surface) is called the zeta potential. Zeta potential
is the best indicator for determining the electrical status of the
particle surface and particle charge is often reported in terms of
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Fig. 5 Zeta potential of the prepared suspension samples.
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zeta potential. The amount of zeta potential is affected by the
thickness of the electrical double layer.”® Increase in the zeta
potential of the particles versus increase in the electrolyte salt
concentration can be attributed to the decrease in the thickness
of the electrical double layer which is surrounding the parti-
cles.” By increasing the salt concentration, i.e. increase in the
ionic strength of the solution, the shear plane moves towards
the particle's surface and induces a higher opposite charge to
the surface. Due to the Graham theory, the increase in the zeta
potential value with the increased ionic strength indicates
a significantly increased interfacial charge density.*

Meanwhile, through comparing the zeta potentials of PS-1
and PS-2 samples it turns out that increase in the ratio of
cetyl/stearyl alcohols has also lead an increase in the zeta
potential. It has been reported that the simultaneous use of two
co-surfactants of cetyl and stearyl alcohols due to the poly-
morphism of these co-surfactants provides a more stable
emulsion system.*' As the results of zeta measurements show,
both co-surfactant ratios of 0.18 and 0.66 can provide stable
emulsions, and thus appropriate suspensions. However, the
application of the optimum ratio of these alcohols can further
stabilize the suspension system.

It should be noted that the simultaneous use of these alco-
hols into the emulsion gives rise to the extension of the
temperature range at which emulsions are storable without
deterioration. We adapted our discussion on this issue from
Fukushima et al.** where they state: “when either cetyl alcohol
or stearyl alcohol was added individually, the stability of
emulsion decreased. On storage at room temperature, unstable
emulsions decreased inconsistency and many particles
appeared. The particles were determined to be crystals of the
alcohol added. When both alcohols were included in the
formulation simultaneously in the appropriate ratio, the
emulsions were stable and did not show such changes. This
different stability can be explained in relation to the poly-
morphism of the alcohols. Formulating these alcohols into the
emulsion by mixture thus gives rise to the extension of the
temperature range where the emulsions are storable without
deterioration. So as a result changing the ratio can change the
stability”. To keep up, it was expected that although the
simultaneous use of the co-surfactants is necessary, however,
reducing the ratio of co-surfactants as a variable, could change
the stability. The reduction of the co-surfactant ratio for the
polystyrene suspension is accompanied by an increase in the
zeta potential and reductions in particle size and conductivity.

According to the DLVO theory, where the absolute value of
the zeta potential is higher than 50 mV, the electrostatic
stability prevails.** Accordingly, from the electrostatic point of
view, the samples having higher zeta potentials should possess
higher stabilities;* the principle that has been violated by
reality. Therefore, the lower stability of the samples containing
higher salt concentrations is attributed to the previously dis-
cussed antagonistic effect of the electrolyte concentration on
the formation of fine emulsions which leads to the formation of
suspensions of lower stabilities.

Electrical conductivity. For further investigation on the
stability of polymer suspensions, the electrical conductivity of

© 2021 The Author(s). Published by the Royal Society of Chemistry
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the samples was measured for a duration of 100 minutes at
ambient temperature. During the measurements, the conduc-
tivity probe had been inserted within the solution and the
samples were agitated by means of a magnetic stirrer at
300 rpm. The results which are shown in Fig. 6 reveal that the
conductivity of samples PS-1, PS-2, and PS-3 is quite stable, for
the sample PS-4 slightly fluctuates, and for the sample PS-5 is
very high. According to the literature, if the change in electrical
conductivity is negligible over a period of time and the poly-
meric material does not adhere to the conductivity probe and
the conductivity is low, the suspension is a stable dispersion.*
With these interpretations, the samples PS-1, PS-2, and PS-3
have shown appropriate stability due to their stable conduc-
tivity over time. According to Fig. 6, the highest stability belongs
to the samples PS-1, PS-2, and PS-3. The change in the electrical
conductivity of the sample PS-4 is due to the aggregation of
particles on the conductivity probe, i.e. the partial instability of
the sample. During the conductivity measurement of the PS-5
sample, the highest amount of the polymer clump was
observed around the probe, which was interpreted as an indi-
cation of the particles' agglomeration and the suspension
instability.

Size and size distribution of suspended particles. The results
of dynamic light scattering measurements for the prepared
samples are given in Table 4. It should be noted that the
apparatus automatically measures the particle size and the
polydispersity index (PDI) of the suspended particles. As it can
be seen, the particle size varies from 300 to 1200 nm. Although
the lowest particle size belongs to the PS-2 sample, the poly-
dispersity index data shows that PS-1 and PS-3 samples also
exhibit adequate in both terms of polydispersity and the
possession of small particle sizes. The dispersity index between
0.1 and 0.4 shows the optimal monodispersity of polymer
particles.** Therefore, samples PS-1, PS-2, and PS-3 with almost
similar dispersity indices as well as particle sizes of about less
than 500 nm have shown appropriate particle size and size
distribution.

The provided data on particle size, given in Table 4, reveal
that the particle size increases with increasing the salt
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Fig. 6 Conductivity of the prepared suspensions versus time at
ambient temperature.
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Table 4 Particle size and polydispersity index of the prepared
suspension samples

Sample name PS-1 PS-2 PS-3 PS-4 PS-5
Particle average size (nm)  425.5 320.3 586.8 995.0  1290.0
Polydispersity index (PDI)  0.50 0.51 0.43 0.70 0.84

concentration. The increase in particle size of the suspension
can be attributed to the increase in salt concentration during
the emulsification stage. In fact, by increasing the size of the
emulsion droplets, more polymer particles are placed in each
droplet, resulting in a suspension with larger particles. In other
words, increasing the concentration of salt in the aqueous
phase leads to an increase in the interfacial tension in the O/W
emulsion and thus increases the droplet size of the organic
phase.”” Also, increasing the salt concentration can lead to
dehydration of the hydrophilic part of the co-surfactants and
thus increases their hydrophobicity; that can adversely affect
the stability of the emulsion system and causes slight instability
in that.” Therefore, as explained, by increasing the salt
concentration and subsequent formation of larger emulsion
droplets, more particles would be accommodated within each
drop of the organic phase, thereby increasing the likelihood of
increasing the particle size in the suspension.

Overall, the characterization of the samples shows that the
PS-1, PS-2, and PS-3 samples from the viewpoints of electrostatic
repulsion among the particles as well as the particle dispersion
are appropriate suspensions and the phase inversion tempera-
ture do not much difference in them. In addition, they exhibit
better particle sizes and dispersion qualities than the other two
samples. Therefore, only the samples PS-1 and PS-2 were
examined from a rheological point of view which is provided in
the next section.

3.3. Rheology measurements

Researchers have been studying the rheology of suspensions for
over a hundred years, but there are still many challenges to
understanding this subject. The present study provides an
overview of the rheological behavior of stable aqueous suspen-
sions of polystyrene particles. Fig. 7 shows the viscosity and
shear stress of the PS-1 and PS-2 aqueous polystyrene suspen-
sion samples versus the shear rate (strain). The viscosity
diagrams in Fig. 7 reveal that the PS-1 sample exhibits
a different behavior at low shear rates while the PS-2 sample
behaves uniform all over the range of the applied shear rates.
The reciprocating shear stress for the PS-1 sample is almost
the same at high shear rates, but for the PS-2 sample, there is
a gap within the shear stress of this sample in the reciprocating
mode. For both samples, the shear stress is increased with
increasing the shear rate. The PS-1 sample also exhibits
a concave shear stress behavior at low shear rates and then the
upward trend continues in a convex manner, Le. a shear
thickening and then a shear thinning behavior. However, the
PS-2 sample consistently showed a shear thinning behavior,
a behavior that is usually observed from the polymer
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Fig. 7 Viscosity and shear stress versus shear strain for; (left) PS-1 and (right) PS-2.

suspensions. The proximity of the reciprocating shear stress
behavior in the PS-1 sample confirms the stability of this sample
in terms of adequate dispersion, while the difference in recip-
rocating behavior of the PS-2 sample indicates a partial insta-
bility in terms of the particles' aggregation.*®

The viscosity behaviors of the two samples of PS-1 and PS-2
versus shear rate are shown in Fig. 8. According to the
viscosity versus shear rate diagram, the PS-2 sample showed
a shear thinning behavior at shear rates of 10" to 10% s~ ', At
low shear rates, a plateau is observed in the viscosity diagram,
indicating the suspension's tendency to stabilize the regular
formation of particles, i.e. the suspension tends to retain its
structure. At shear rates higher than 10> s™', however, the
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Fig. 8 Viscosity versus shear rate curves for PS-1 and PS-2 samples.
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viscosity is independent of the shear rate and has a Newtonian
behavior. Due to the shear thinning property, the polymer
molecules are arranged in the direction of flow. This is due to
the viscoelasticity of the polymer solution.***” Generally, the
value of viscosity at low shear rates is responsible for creating
consistency during the storage,’® while that at higher shear rates
indicates the viscosity of the suspension at different stages of
the process. Therefore, the presence of a small plateau at the
beginning of the viscosity diagram (Fig. 8) for both samples
might be an indication of the very partial aggregation of
suspension particles during the storage. However, the applica-
tion of stress eliminates the aggregation of particles and
restores the suspension to a steady-state, i.e. reversible insta-
bility. The explanation for the existence of a plateau at the
beginning of the viscosity diagram can be attributed to the fact
that in colloidal suspensions, particle-particle interactions and
Brownian forces play a major role in the rheological properties
of the suspensions at rest. Brownian motion causes short-range
gravitational forces to expand the steps between the clots to
form a weak lattice or gel. Clots can be destroyed under shear
stresses and show shear thinning behavior.*®

Fig. 8 also reveals that the viscosity value of the PS-1 sample
is less than that of the PS-2 sample. The reason for the lower
viscosity may be due to the polydispersity of polystyrene
suspension. If small particles are located in the vacancies
within the network of larger particles, the maximum volume of
particles and the minimum amount of void among the particles
are obtained.** According to previous studies, a significant
reduction in the viscosity of suspensions containing a mixture
of relatively coarse and fine particles was observed compared to

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Table 5 Characteristics of the PS-1 suspension sample
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Initial water Initial NaCl

Characteristics Polymer (g) SLS (g) Cetyl alcohol (g) Stearyl alcohol (g) content (mL) conc. (M)
PS-1 4.00 1.70 2.04 1.36 150 0.003

Zeta potential Average particle Polydispersity Conductivity Viscosity range Durability of
Characteristics (mVv) size (nm) index range (uS cm™ ) (mPa s) stability (day)
PS-1 —51.5 425.5 0.50 889-894 0.004-0.025 =7

the suspensions containing only coarse particles. On the other
hand, suspensions containing large amounts of fine and
medium particles show little difference in viscosity compared to
the suspensions containing fine particles. As a result, where the
smaller particles are placed among the larger particles, it would
reduce the inter-particle gaps and ultimately reduces the
viscosity. Therefore, polydispersity of particles decreases the
viscosity at small stresses.”” As was provided in Table 4, the
polydispersity of the PS-1 and PS-2 samples is not significantly
different, but the size of particles in the PS-1 sample is larger
than that in the PS-2 sample. According to the viscosity diagram
in which the viscosity of the PS-1 sample is less than that of the
PS-2, it seems that the sample PS-1 may contain both coarse and
fine particles which reduced its viscosity.

Overall, examination of the rheology of the PS-1 and PS-2
suspension samples showed that since the prepared suspen-
sions contain solids with a weight percentage of less than 0.25,
they exhibit an almost Newtonian behavior.** However, at such
conditions, the behavior of the suspensions varies between
Newtonian and non-Newtonian states. The PS-1 sample behaves
shear thickening and shear thinning at low and high strain
values, respectively. However, the PS-2 sample exhibits shear
thinning behavior at all strain values under study.

The aqueous suspension of polystyrene was prepared by the
phase inversion method and its stability was evaluated using
visual observations along with zeta potential, particle size, and
conductivity measurements. The rheological behavior of the
suspensions was also investigated. As a summary, the physical
and chemical characteristics of the PS-1 sample, which was
identified as the most stable and optimal prepared suspension,
are provided in Table 5.

4. Conclusions

e Measurement of electrical conductivity showed that by
increasing the electrolyte salt concentration, the phase inver-
sion temperature decreases.

e Visual observations revealed that increasing the salt
concentration reduces the stability of the final prepared
suspension.

o All prepared suspensions have a zeta potential of less than
—50 mV. Therefore, according to DLVO theory, they are elec-
trostatically stable. Increasing the salt concentration leads to
decreasing the thickness of the electrical double layer and thus
increasing the absolute value of the zeta potential.

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

e The conductivity measurement of suspensions revealed
that the PS-1, PS-2 and PS-3 samples have viable stability, i.e. no
accumulation of particles was observed on the measuring probe
and the conductivity was almost constant over time.

e The results of particle size measurements exhibited that
increasing the salt concentration leads to increasing the particle
size and also, in some cases, increasing the polydispersity
index. The optimal value of the polydispersity belongs to the PS-
3 sample and the particle size of the PS-2 sample was minimal
among the samples. Nevertheless, the results revealed that the
PS-1 sample possesses desirable values in terms of particle size
and polydispersity index.

e Increasing the salt concentration adversely affects the
stability and structure of the final suspensions made by the
phase inversion method. However, variation in the ratio and
concentrations of co-surfactants exhibited little effect on the
particle size and stability of the suspensions. Given that the PS-1
sample was different from the PS-3 sample only in the amount
of salt, their phase inversion temperature and stability were not
much different.

e The rheology of the PS-1 sample exhibited shear thickening
and shear thinning at low and high strain values, respectively. A
plateau was also observed in the viscosity of both PS-1 and PS-2
samples at low strain values, indicating a partial instability that
disappears by applying stress to the suspension sample.

e The results of rheological examinations of PS-2 sample
showed that this sample is shear thinning and has viscoelastic
behavior. Changing the amount of co-surfactant ratio resulted
only in a slight change in the rheological behavior of the
suspension samples.
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