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Fully sulfonated poly(styrenesulfonate) brushes were grown from the surface of colloidal silica particles
and used to prepare stable trichloroethylene-in-water and heptane-in-water Pickering emulsions. These
particles were highly charged and colloidally stable in water but could not be dispersed in trichloroethylene
or heptane. Both two-phase (emulsion plus neat water) and three-phase (emulsion separating neat oil and
water phases) systems were observed, with water-continuous emulsion phases in all cases. Emulsion
phases containing as much as 83% (v/v) oil were stable for over six months. Poly(styrenesulfonate)-grafted
particles were very efficient emulsifiers; stable emulsion phases were prepared when using as little as 0.04
wt% particles. The emulsifying effectiveness of the poly(styrenesulfonate)-grafted silica particles can be
attributed to the hydrophobicity of the vinylic polymer backbone that makes this highly charged
polyelectrolyte unusually surface active at the oil/water interface.

1. Introduction

Oil-and-wateremulsionsstabilizedbycolloidalparticles,
commonly called Pickering emulsions, have been known
since the early 20th century.1,2 Whereas conventional
surfactant or polymeric emulsifiers work on the basis of
oil/water interfacial tension reduction, Pickering emul-
sions can be formed with no reduction of interfacial tension.
Such emulsions are often distinguished by excellent
stabilityandhighdiscontinuousphasevolumefractions.3-7

The preference for emulsions of the oil-in-water (o/w) or
water-in-oil (w/o) type is dictated primarily by the wet-
tability of the dispersed particles, with preferentially
water-wetted particles favoring o/w, and preferentially
oil-wetted particles favoring w/o emulsions.8,9 Binks and
Lumsdon found that hydrophobized silica particles sta-
bilized w/o emulsions containing as much as 70% (v/v) of
the discontinuous water phase.4 Above 70% (v/v) water,
emulsions inverted to the o/w type. Conversely, hydrophilic
silica stabilized o/w emulsions that inverted to w/o as the
oil content exceeded 70% (v/v). Midmore found that highly
stable o/w emulsions containing as much as 81% (v/v) oil
could be formed by silica particles that had been flocculated
by adsorption of water-soluble hydroxypropylcellulose.5

Latex particle-based emulsions demonstrate a variety of
behaviors. Noninvertable w/o emulsions were formed with
hydrophobic polystyrene latex particles, provided the oil
was a nonsolvent for polystyrene, whereas either o/w or
w/o emulsions could be stabilized by polystyrene chains
dissolved in the oil.10

It has been well established that the emulsification
mechanism is based on particle adsorption at the oil/water
interface, yet the exact manner in which particle adsorp-
tion controls stability is not yet understood. It is known
that emulsion stability depends on the type and size of
the colloidal particles.10 Stable emulsions have been
observed to form with either monolayer or submonolayer
particle coverage at the oil/water interface.5,6,11,12 A
fascinating process of adsorbed particle rearrangements
and bridging upon contact of opposing interfaces has been
implicated in the Pickering emulsion coalescence mech-
anism.13 The stability against droplet coalescence derives
mainly from the energetic penalty of displacing the
adsorbed particles from the interface. The role that particle
flocculation plays is not yet clear. In the case of paraffin-
oil/water emulsions stabilized by silica particles, floc-
culation by hydroxypropylcellulose was found to be
essential for forming a stable emulsion.5 Those emulsions
were broken when the silica flocs were disaggregated by
increasing the pH. Flocculation was found to play an
important, but apparently more complex, role in the case
of toluene/water emulsions stabilized by hydrophilic silica.
Binks and Lumsdon found that the greatest emulsion
stability could be achieved when silica was weakly
flocculated. More-extensive flocculation had a destabiliz-
ing effect on their emulsions.3

Recently, advances have been made in developing
environmentally responsive Pickering emulsions based
on polymer-functionalized particles. A set of pH-responsive
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emulsions were prepared with polystyrene latex particles
that were sterically stabilized by block copolymers of
methyl methacrylate and 2-(dimethylamino)ethyl meth-
acrylate (DMAEMA). These particles produced stable
dodecane/water emulsions at pH 8 where the polymers
were uncharged, whereas charging of the amine groups
at low pH destabilized the emulsions.14 This type of
particulate emulsifier did decrease the oil/water interfacial
tension as it adsorbed, due to the interfacial penetration
by polymer segments. Similarly pH-sensitive emulsions
have also been produced by polystyrene core particles
surrounded by a shell of a statistical copolymer of
DMAEMA and ethylene glycol dimethacrylate (EGMA)15

and polystyrene latex stabilized by poly(2-(dimethylami-
no)ethyl methacrylate-b-methyl methacrylate).16 Particles
displaying these partially ionizable copolymers demon-
strated pH-sensitive emulsification, whereas particles
with fully nonionic EGMA homopolymer shells were good
emulsifiers at both high and low pH. The low-pH condition
that led to unstable emulsions with the polyelectrolyte-
modified particles also led to lessened interfacial tension
reduction, owing to decreased interface penetration by
the cationic polymer.16

Here we report on the emulsifying characteristics of
hydrophilic silica particles modified with an anionic brush
of the strong polyelectrolyte, poly(styrenesulfonate) (PSS).
The brush is grown from the surface of the silica colloids
by atom transfer radical polymerization (ATRP),17 hence
providing an irreversibly attached polyelectrolyte brush.
We operate under low-ionic-strength conditions where the
particles are fully dispersed in water; hence, particle
flocculation is removed from consideration in the emul-
sificationprocess.Unlike thepH-dependent, or “annealed,”
charging behavior of DMAEMA polymers, PSS forms a
“quenched” brush whose charge is independent of pH or
ionic strength.18 We show that these highly charged
spherical brush particles significantly decrease the oil/
water interfacial tension and produce stable, noninvert-
able o/w emulsions that contain as much as 83% (v/v) oil
dispersed in the emulsion phase. These PSS-grafted
particles are highly efficient emulsifiers, stabilizing o/w
emulsions using as little as approximately 0.04 wt%
particles without co-emulsifiers. This is far less than the
1-2 wt% particle concentrations typically used for Pick-
ering emulsions.4,10,14-16

The oil used here is trichloroethylene (TCE). This is not
a commonly studied oil in the Pickering emulsion litera-
ture. Our interest in this oil derives from a separate
interest in the adsorption and remediation characteristics
of PSS-grafted nanoparticles in TCE-contaminated aqui-
fers.19 TCE is a widespread environmental contaminant.
It is denser than water (1.46 g/cm3), is sparingly water-
soluble (1100 mg/L), and has an interfacial tension of
approximately 30 mN/m against water at room temper-
ature. We also briefly examined the emulsifying character
of the PSS brush-coated particles for the less-polar oil
heptane, finding behaviors that were generally similar to
those observed for TCE.

2. Experimental Section
2.1. Materials. All water was deionized by reverse osmosis

and further purified by a MilliPore MilliQ Plus system of ion
exchange and carbon cartridges, and filtered with 0.45 µm
nominal pore size polycarbonate filters. HPLC grade trichloro-
ethylene was purchased from Fisher Chemicals and used as
received. Chlorodimethylsilane (Aldrich, 98%) was distilled prior
to use. Allyl 2-bromo-2-methylpropionate (Aldrich, 98%), plati-
num divinyltetramethyldisiloxane complex (Gelest, 2% Pt),
2-methyl-1,4-naphthoquinone (Aldrich, 98%), and 20-nm silica
colloids (30% dispersion in methyl isobutyl ketone, from Nissan)
were used as received. One-hundred-nanometer nominal diam-
eter silica particles (Nyacol 9950) were supplied by Eka Chemi-
cals. The dynamic light scattering intensity distribution for
Nyacol 9950 showed a peak diameter of 106 nm with a 39 nm
distribution width. Styrene (Acros, 99%) was passed through a
column filled with alumina, degassed by bubbling with nitrogen,
and stored in the dark at -5 °C. Copper(I) bromide (Acros, 98%)
was purified according to a previously reported procedure.20

Toluene (Fisher, 99.8%) was distilled and stored under nitrogen.
Immediately before use, both monomer and solvent were purged
with N2 for at least 30 min. If not specified, all other reagents
were purchased from commercial sources and used without
further purification.

2.2. Synthesis of 2-Bromoisobutyrate Functional Silica
Initiator. Polyelectrolyte-coated silica particles were prepared
by sulfonation of polystyrene chains that were grafted from silica
colloids via ATRP. The first step was the synthesis of 2-bromo-
isobutyrate-functionalized silica colloids that served as the
colloidal ATRP initiator. First, 1-(chlorodimethylsilyl)propyl-2-
bromoisobutyrate intermediatewaspreparedbythehydrosilation
of allyl 2-bromoisobutyrate and chlorodimethylsilane, following
a modification of a previously reported procedure.21 Thus,
chlorodimethylsilane (8.5 mL, 7.2 g, 76 mmol) and allyl-2-
bromoisobutyrate (7.55 mL, 47 mmol) were added via syringe to
an oven-dried, 100-mL, three-neck flask equipped with a magnetic
stir bar and a reflux condenser. The flask was then placed in an
ice bath and stirred for 30 min. In the meantime, 2-methyl-1,4-
naphthoquinone (26.2 mg, 0.15 mmol) and Karstedt’s catalyst
(0.8 mL, 0.075 mmol) were added to a 4-mL scintillation vial and
stirred until the solids were dissolved, forming a clear solution
that was then slowly added (over ∼30 min) to the reaction
mixture. The reaction was allowed to proceed for 24 h at room
temperature. The excess chlorosilane was removed under vacuum
(1-5 mmHg for 8 h), and the 1-(chlorodimethylsilyl)propyl-2-
bromoisobutyrate product was distilled at 55 °C and 5 × 10-8

mmHg.
Next, the 1-(chlorodimethylsilyl)propyl-2-bromoisobutyrate

was employed in the synthesis of the colloidal silica initiator by
modifying a previously reported procedure.22 An oven-dried, 100-
mL, three-neck round-bottom flask, equipped with a reflux
condenser and magnetic stirring bar, was evacuated while being
cooled and backfilled with nitrogen. Then, 10 g of silica dispersion
(30% SiO2 in methyl isobutyl ketone) and 1-(chlorodimethylsilyl)-
propyl-2-bromoisobutyrate (1.15 mL, 4.9 mmol) was added via
syringe. The flask was placed in a thermostated oil bath, and the
reaction mixture was refluxed for 24 h at 60 °C. After being
cooled to roomtemperature,hexamethyldisilazane (2mL,9mmol)
was added and the reaction mixture was held for 12 h under
reflux at 35 °C. Precipitated salts formed during the reaction
were removed from the reaction mixture by filtering through
filter paper. The clear orange filtrate that contained the
suspended particles was then added dropwise to 200 mL of hexane
under vigorous stirring. After 15 min, the particles were allowed
to separate overnight. The top clear layer was removed, and the
bottom suspension layer was centrifuged at 1500 rpm for 2 h.
Then, the upper supernatant layer was removed, fresh hexane
was added, and the procedure was repeated 16 times. After that,
particles were dried in a vacuum at 40 °C overnight. The colloidal
silica initiator was obtained as pale yellowish powder (2.5 g, 84%
yield; 3.2% Br).
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2.3.PolystyreneGraftingfromColloidalSilicaInitiators
by ATRP. A 50-mL Schlenk flask equipped with a magnetic stir
bar was charged with 30 mg (0.2 mmol) of CuBr and 0.5 g (0.2
mmol Br) of colloidal silica initiator, evacuated for 30 min, and
backfilled with nitrogen. Then, 11.5 mL (10.4 g, 0.1 mol) of styrene
and 0.5 mL of toluene as internal standard were added to the
Schlenk flask via syringe. After the solids were dispersed, three
freeze-thaw cycles were performed, and 0.04 mL (30 mg; 0.2
mmol) ofN,N,N′,N′′,N′′-pentamethyldiethylenetriamine (Aldrich,
98% purity) was added as a ligand. The flask was then placed
in an oil bath at 80 °C and stirred for 36 h. Afterward, the reaction
mixture was diluted with 15 mL of toluene, and 10 mL of deionized
water was added and stirred for 30 min in air. This procedure
results in extensive removal of catalyst, as previously reported.23

Polystyrene-grafted silica particles were isolated and purified
by precipitation into an excess of methanol and recovered by
filtration. Conversions were determined on a Shimadzu GC-17A
gas chromatograph equipped with a flame ionization detector,
using a capillary column (CEC-Wax, 30 m × 0.53 mm × 1.0 µm,
Chrom Expert Co.). Monomer conversion was 32%. A small
fraction of the sample was sacrificed to determine the molecular
weight of the grafted polystyrene. This was done by first detaching
polymer chains from the silica particles in the presence of aqueous
HF, according to a previously reported procedure.22 Molecular-
weight measurements were performed against polystyrene
standards on a gel permeation chromatography system consisting
of a Waters 515 pump, Waters 717plus Autoinjector, Polymer
Standards Service 105, 103, and 102 Å columns, and a Waters 410
RI detector. Tetrahydrofuran was used as eluent with a flow
rate of 1 mL/min (30 °C). The molecular weight of the polystyrene
chains was 12 400 g/mol, corresponding to a nominal degree of
polymerization of 120. The polydispersity index was 1.12.

2.4. Sulfonation of Grafted Polystyrene to Poly(styre-
nesulfonate). The silica-grafted polystyrene chains were sul-
fonated using the acetyl-sulfate method, which allows a high
degree of modification without degrading the polymer chains.
Thus, 10 mL of chloroform and 2.2 mL (2.208 g; 21.6 mmol) of
acetic anhydride were charged to an Erlenmeyer flask in an ice
bath. Then, 0.8 mL (1.26 g; 12.8 mmol) of H2SO4 (95%) was slowly
added under stirring. Separately, in a round-bottom flask, 1.5
g of polystyrene-grafted silica particles was dispersed in 30 mL
of chloroform, and then the acetyl sulfate mixture was added
under stirring. The flask was placed in an oil bath and kept
overnight at 60 °C. After deactivation with 50 mL of methanol,
the reaction mixture was neutralized with sodium bicarbonate
and dialyzed to remove salts. The organic-aqueous mixture was
processed in a rotary evaporator, removing chloroform and∼80%
of the water. Then, a large excess of acetone was added and the
evaporation was continued until solid polyelectrolyte-coated silica
particles were obtained. The sulfonation reaction was monitored
by NMR. 1H NMR spectra were recorded on a 500 MHz Brucker
Avance spectrometer, using CDCl3 and D2O as lock solvents for
unmodified and sulfonated polymer, respectively, and tetra-
methylsilane (Aldrich) as standard.

The NMR spectra (Figure 1) show the disappearance of signal
from the aromatic proton in the para position, indicating an
almost complete modification of polystyrene with sulfonic acid
groups. Accordingly, the signal for meta aromatic protons was
shifted downfield (∼0.5 ppm). Elemental analysis of the PSS-
grafted silica particless25.42% (w/w) C; 2.45% (w/w) H; 8.32%
(w/w) S; 51.16% (w/w) silica ashsindicated that 98% of the styrene
units were sulfonated, confirming the NMR result.

2.5. Colloidal Characterization. The PSS-grafted silica
particles, hereafter referred to as PSS-si, were characterized for
size and ú-potential using dynamic light scattering and elec-
trophoretic mobility measurements, both of which were conducted
with a Malvern Zeta Sizer 3000 HAS instrument. The ability of
PSS-si particles to adsorb at the TCE/water interface was probed
via the effect of particles on the TCE/water interfacial tension,
as measured by the Du Nöuy ring method using a platinum-
iridium ring. Suspensions of PSS-si particles in filtered (0.45
µm) 1 mM NaHCO3 buffer were homogenized by ultrasonication
using a sonic dismembrator (Fisher Model 550) prior to the

addition of neat TCE to the sample vial for interfacial tension
measurements. Interfacial tensions were first measured after
48 h of equilibration, and again after 7 days. Because TCE is
denser than water, the ring was used in the “push-down” mode,
following the procedures detailed by Zuidema and Pilz.24 All
sample vials were cleaned with Nochromix and exhaustively
rinsed with Millipore-treated water prior to use.

2.6. Emulsification Protocol. PSS-si suspensions in filtered
1 mM NaHCO3 (pH 7.7-8.3) solution were first homogenized for
12 min by cycling the sonic dismembrator on for 30 s and off for
30 s. This homogenized suspension was then added to neat TCE
and again homogenized with the sonic dismembrator for 6 min.
The resulting emulsions were left undisturbed in sealed glass
vials at room temperature. Approximately 2-3 h were required
before a distinct emulsion phase separated from the neat liquid
phase(s). After 48 h of undisturbed storage, samples of the
emulsion phase were removed by Pasteur pipet for droplet size
and conductivity characterization.

Droplet sizes were measured by optical microscopy. Images
were recorded by a Sony 77 CCD camera and analyzed with
Scion Image 1.62a software on a Macintosh G3 computer.
Emulsion-phase conductivity was measured by a Copenhagen
Radiometer CDM3 instrument with a model CDC314 glass probe.

3. Results and Discussion

3.1. Colloidal Characterization. A material balance
calculation based on the grafted polystyrene degree of
polymerization, the elemental analysis, and the size of
the silica particles indicates a grafting density of 210 PSS
chains per silica particle. Given the nominal 20 nm
diameter of the silica particle, this corresponds to ∼1.5
nm2/chain. This value, together with the 0.698 nm2 cross-
sectional area of a polystyrene chain,25 indicates a dense
polyelectrolyte brush. The apparent hydrodynamic radius
of the PSS-si particles was 55 ( 5 nm, indicating a PSS
brush thickness of approximately 45 nm. The contour
length for a PSS chain having a nominal degree of
polymerization of 120 is 32 nm. That the apparent brush
thickness exceeds the contour length of the chains may
be attributed to the polydispersity of the polymer and of
the silica core particles. Nevertheless, the evidently high
degree of chain stretching in the PSS brush is expected
on theoretical grounds and is consistent with previously
reported dynamic light scattering measurements for PSS
brushes grafted from polystyrene nanoparticles.18 Those
measurements indicated brush thicknesses approximately
equal to the contour length for ionic strength conditions
similar to the current conditions.

The ú-potential of the PSS-si particles, calculated from
the electrophoretic mobility by the theory of O’Brien and

(23) Sarbu, T.; Pintauer, T.; McKenzie, B.; Matyjaszewski, K. J.
Polym. Sci., A: Polym. Chem. 2002, 40, 3153.

(24) Zuidema, H. H.; Pilz, G. P. Anal. Chem. 1948, 20, 1244.
(25) Boyer, R. F.; Miller, R. L. Macromolecules 1977, 10, 1167.

Figure 1. 1H NMR spectra for silica-grafted polystyrene before
(lower spectrum) and after (upper spectrum) sulfonation.
Disappearance of the para proton signal is consistent with
nearly complete sulfonation of each aromatic ring.
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White,26,27 was -77 ( 3 mV in the presence of 1 mM
NaHCO3. The PSS-si particles were readily and stably
dispersed in aqueous 1 mM NaHCO3, but they could not
be dispersed in TCE. Because of their high ú-potential,
their excellent colloidal stability in water, and their
complete lack of dispersibility in TCE, we consider these
particles to be overall hydrophilic, yet as will be discussed
below, the nonpolar vinylic backbone of the PSS grafts is
responsible for the emulsifying properties of these par-
ticles.

3.2. Interfacial Tension Lowering. Figure 2 shows
that PSS-si particles decreased the TCE/water interfacial
tension appreciably. For comparison, unmodified silica
particles having approximately the same radius (50 nm)
as that of the PSS-si particles had no effect on the
interfacial tension, as expected. This demonstrates that
thegraftedPSSchainspenetrated theTCE/water interface
as the particles adsorbed. PSS homopolymers in aqueous
solution decreased the TCE/water interfacial tension to
22.5 and 14.5 mN/m at concentrations of 1 and 5 mg/mL,
respectively, confirming that PSS is surface active.

3.3. Emulsion Characteristics. The properties of a
series of samples prepared with varying TCE/water ratios
and particle concentrations are summarized in Table 1.
In all cases, the emulsion phase was judged by electrical
conductivity measurements and verified by the drop test
to be o/w. Although in each case partial coalescence or
sedimentation produced at least one phase with excess
pure liquid, the emulsion phases stabilized by PSS-si

particles were very stable. Their visual appearance and
relative phase volumes were stable for more than six
months. The only exceptions were the emulsions prepared
with the lowest particle loadings (for example, less than
0.09 mg of PSS-si particles per mL of total volume). Both
two-phase (bottom water-continuous emulsion phase with
excess water top phase) and three-phase (middle water-
continuous emulsion phase separating excess oil bottom
phase and excess water top phase) were observed. Recall
that TCE is denser than water, so water forms the top
phase.

Figure 3 shows a representative optical micrograph of
the emulsion prepared with a 2.5:7.5 volumetric ratio of
TCE/water, containing 0.75 mg of PSS-si particles per
mL of total sample volume. Most droplets were apparently
flocculated, appearing to move together in clusters under
the microscope. A micrograph of a heptane-in-water
emulsion sample prepared with 0.50 mg/mL of PSS-si
particles and an overall 1:5 heptane/water ratio is shown
in Figure 4.

We sampled the emulsion phase from each TCE/water
preparation for conductivity measurement. The emulsion
conductivity generally increased with increasing particle
content. Emulsion phase conductivities ranged from ∼20
to 4000 µS/cm. The conductivity of neat TCE is less than
1 µS/cm. The same is true for water-saturated TCE,
prepared by equilibrating TCE in contact with an aqueous
0.1 mM NaHCO3 solution. The measured conductivities

(26) O’Brien, R. W.; White, L. R. J. Chem. Soc., Faraday Trans. 1978,
77, 1607.

(27) Mangelsdorf, C. S.; White, L. R. J. Chem. Soc., Faraday Trans.
1990, 86, 2859.

Table 1. Emulsion Characteristics for Different TCE/Water Ratios and Particle Loads

TCE/water
v/v

PSS-si mass/
total vol
(mg/mL) no. of phases

volume of
emulsion

phasea (mL)

emulsion phase
oil volume

fraction shelf life
conductivityb

(µS/cm)
mean droplet diametera

( standard deviation (µm)

1:9 9.00 2 (emulsion + H2O) 2.3 0.43 >6 months 4300 12 ( 4
0.90 2 (emulsion + H2O) 1.5 0.67 >6 months 300 12 ( 7
0.09 2 (emulsion + H2O) 1.2 0.80 <3 days 22 190 ( 180

2.5:7.5 7.50 2 (emulsion + H2O) 3.3 0.76 >6 months 1700 16 ( 14
0.75 2 (emulsion + H2O) 3.0 0.83 >6 months 280 12 ( 18
0.075 2 (emulsion + H2O) 2.8 0.89 <3 days 30 89 ( 50

5:5 5.00 3 0.8 0.49 >6 months 4200 8 ( 11
0.50 3 0.8 0.64 >6 months 750 38 ( 20
0.050 2 (no emulsion) - - - - -

7.5:2.5 2.50 3 ∼0.4 - <3 days -c 9 ( 5
0.25 3 0.2 0.52 <3 days 1000 20 ( 12
0.025 2 (no emulsion) - - - - -

a Total sample volume was 10 mL in all cases. b Conductivity and droplet size determinations were made after 48 h. After 6 months,
there was no change in the macroscopic appearance of the emulsion. c Emulsion phase could not be assayedsemulsion broke when a sample
large enough for conductivity measurements was pipetted.

Figure 2. TCE/water interfacial tension as a function of the
particle concentration in water for (9) unmodified silica particles
and (2) PSS-grafted silica particles at room temperature.

Figure3. Optical micrograph of the TCE/water emulsion phase
sampled from a preparation containing 0.75 mg/mL of PSS-si
particles and a 2.5:7.5 TCE/water ratio. The emulsion phase is
83% (v/v) TCE.
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were sufficiently large to conclude that the continuous
phase in each emulsion was water.

We calculated the aqueous volume fraction in each
emulsion phase from the relative phase volumes, with
results listed in Table 1. This shows that the emulsion
conductivity generally decreased with decreasing water
content in the emulsion phase. Emulsion phases that had
similar water volume fractions, but originated from
samples made with different overall TCE/water ratios or
particle loadings, did not necessarily have similar con-
ductivities. Low-water-content emulsion phases that had
lower conductivities tended to be less stable than those
with higher conductivities. Conductivity differences may
reflect the differing amounts of PSS-si particles and their
counterions dispersed in the emulsion phase. No w/o
emulsions were observed, suggesting that TCE/water
emulsions stabilized by PSS-si particles are noninvertable.
This is typical of Pickering emulsions stabilized by
particles that are strongly wetted by one of the liquids.6,28

In contrast to the PSS-si emulsifiers, particulate emulsi-
fiers based on DMAEMA/EGMA allow inversion,15 as do
traditional hydrophilic or hydrophobic silica particulate
emulsifiers.4

We note that stable (>6 month shelf life) water-
continuous emulsions were formed containing as much
as 83% (v/v) oil, provided a sufficient particle concentration
was used. An 80% (v/v) oil emulsion phase prepared with
an overall 1:9 TCE/water ratio and 0.09 mg PSS-si/mL
was not stable, while the 83% (v/v) oil emulsion phase
prepared with an overall 2.5:7.5 TCE/water ratio and 0.75
mg PSS-si/mL was stable. From Table 1, it is evident that
stable emulsions can be formed with very little PSS-si

particle addition: emulsion phases with greater than 6
month stability were formed using only 0.04-0.07 wt%
PSS-si. In contrast, other particulate emulsifiers typically
are added at approximately 1-2 wt%.4,10,14-16 For example,
it has been shown that water/cyclohexane emulsions were
unstable against coalescence if the hydrophobic latex
particle concentration was less than approximately 1
wt%.10

The droplet size information in Table 1 indicates that
the size distribution was more sensitive to the particle
loading than to the water-content of the emulsions. This
may be rationalized in terms of the particle inventory
available to partition to the droplet surfaces. Analyzing
the micrographs for each of the two-phase samples, we
determined the mean droplet volume and mean droplet
surface area. Then, on the basis of the total volume of
TCE in the emulsion phase, we calculated the total TCE/
water interfacial area in the emulsion phases. The mean
interfacial area available per PSS-si particle was then
calculated. (This would correspond to the mean excluded
area per particle, assuming every particle in the system
adsorbed to a TCE/water interface.)

Neglecting changes in the conformation of the PSS
chains that penetrate the TCE/water interface, the
nominal cross-sectional area of a ∼100 nm diameter PSS-
si particle is ∼8000 nm2. Any calculated mean area per
particle that was less than ∼8000 nm2 would indicate
that PSS-si particles were in excess of the amount needed
to cover all of the TCE/water interface with a particle
monolayer. Inspecting Table 2, it is evident that there
was an excess of PSS-si particles in all of the two-phase
systemssthere were far more PSS-si particles available
than the amount needed to cover all TCE droplet surfaces
with a particle monolayer. Thus, not all particles were
adsorbed.

Although these calculations are approximations, it can
be noted that the least-stable emulsions were those where
the total amount of particles in the system started to
approach the minimum number required to complete a
monolayer. We see that small droplets are a key char-
acteristic of a stable emulsion. Consider the 1:9 TCE/water
sample prepared with 9 mg PSS-si/mL. This stable
emulsion had droplets with a mean surface area of 481
nm2. The particle inventory was such that there were 37
nm2 of TCE/water interface created for every particle in
the system. When the particle concentration was cut by
a factor of 10, to 0.9 mg/mL, the total particle inventory
was still far in excess of that needed to cover all of the
small droplets with a monolayer, and the emulsion phase
still demonstrated >6 month stability. Now, if the total
particle loading were decreased by a factor of 100, to 0.09
mg/mL, there would be 3700 nm2 for every particle if the
same population of small droplets (as existed in the 1:9
TCE/water sample with 9.0 mg PSS-si/mL) were to be
stabilized. This begins to approach the nominal cross-
sectional area of a PSS-si particle. Accordingly, PSS-si at
a concentration of 0.09 mg/mL was insufficient to stabilize
many small droplets; instead, a smaller number of very
large droplets formed in an unstable emulsion. These
approximations suggest that a monolayer of adsorbed
particles is a minimal requirement for emulsion stability
in this system. This differs from Midmore’s finding that
Pickering emulsions could be stabilized at well below
monolayer coverage by hydroxypropylcellulose-flocculated
silica.5 Perhaps the interfacial tension reduction that was
characteristic of the PSS-si particles was essential for their
utility as emulsifiers.

With reference to the interfacial bridging mechanism
of coalescence noted above,13 perhaps an ability of some(28) Binks, B. P.; Clint, J. H. Langmuir 2002, 18, 1270.

Figure 4. Optical micrograph of the heptane/water emulsion
phase sampled from a preparation containing 0.50 mg/mL of
PSS-si particles and a 1:5 heptane/water ratio.

Table 2. Particle Inventory for Two-Phase TCE/Water
Systems with Water-Continuous Emulsiona

TCE/water
PSS-si

(mg/mL)

mean
interfacial

area/particle
(nm2)

mean droplet
surface area

(µm2)
mean droplet
volume (µm3)

1.0:9.0 9.00 37 481 1120
0.90 214 616 2540
0.09 140 2.03 × 105 1.28 × 107

2.5:7.5 7.50 348 1390 10 600
0.75 181 1370 20 200
0.075 1130 33 400 7.82 × 105

a Apparent interfacial area per particle, assuming all particles
are adsorbed at the TCE/water interface. Droplet areas and volumes
determined via microscopic image analysis.
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of the grafted PSS chains to bridge across the thin aqueous
gap between opposing TCE/water interfaces is what allows
the droplets to coalesce at submonolayer coverages.
Without more direct measurements of the interfacial
particle coverages in these emulsions (the PSS-si particles
are too small to employ the microscopic techniques
normally used to measure droplet coverages for larger
particulate emulsifiers), it is difficult to draw any firm
conclusions on this matter.

To examine the particular contribution of the grafted
PSS brush to the emulsification mechanism, we used the
same emulsification protocol as described above for a 1:9
TCE/water sample with a particle loading of 9.0 mg/mL,
only substituting the 100-nm unmodified (hydrophilic)
silica particles for the PSS-si particles. Whereas the PSS-
si particles produced a highly stable emulsion for that
composition, no emulsion was formed with the bare silica
particles. Instead, the TCE and the aqueous silica
suspension rapidly phase-separated. The poor emulsifying
power of small silica particles is consistent with the prior
work of Midmore.5 The grafted PSS brush was essential
for emulsifying TCE in water using PSS-si.

Although the PSS chains were grown from covalently
bound initiators on the silica surface, we allowed for the
possibility that there could be some free PSS in solution
if the bond to the silica particle were unstable. Thus, we
prepared additional samples with TCE/water ratios of 1:9,
but in place of the PSS-si particles, we substituted the
supernatant of a centrifuged PSS-si suspension as the
aqueous emulsifier solution. In this way, particles were
removed but all of the free PSS that might have been
available to stabilize the emulsions would be present.
These samples produced no emulsion phase. Thus, the
PSS-siparticlesweredirectly responsible for theemulsions
we describe, with no artifactual contributions from free
PSS chains in solution.

Finally, we sought to address differences between the
PSS-si stabilized Pickering emulsions and ordinary emul-
sions prepared with free PSS chains. We followed the same
emulsification protocol described above for TCE/water
ratios of 1:9 and 2.5:7.5, using dissolved PSS chains in
place of the PSS-si particles as the emulsifying agent.
This PSS had a degree of polymerization of 200. The free
polyelectrolyte was added in the amount that would be
available if the entire mass of polymer grafted to the PSS-
si particles were in fact freely availablesi.e., as if all the
grafted polyelectrolyte had detached from the particles
used in the PSS-si emulsions and become available to
adsorb at the TCE/water interface. Table 3 summarizes
these results. For a 1:9 TCE/water ratio, a two-phase
system formed with an emulsion phase containing droplets
of average diameter of 25 ( 6 µm. The emulsion phase
was highly stable to coalescence. This sample was meant
for comparison with the 1:9 TCE/water emulsion prepared
with 0.9 mg PSS-si/mL. The latter also produced a two-
phase system with a highly stable emulsion phase, but
with smaller, 12(7 µm diameter, droplets. The 2.5:7.5
TCE/water sample, prepared with free PSS as the
emulsifier, produced a relatively unstable (<3 days) three-
phase system with very little emulsion phase. The

emulsion phase contained 75.5 ( 25-µm diameter droplets.
This sample was to be compared with the 2.5:7.5 TCE/
water emulsion prepared with 0.75 mg PSS-si/mL. The
latter produced a two-phase system with a highly stable
(>6 months) emulsion containing 12(18 µm droplets.
Thus, the PSS-si particles tended to produce more-stable
emulsion phases and to disperse more TCE, compared to
emulsions prepared with free PSS chains.

Since PSS brushes are quenched, the results shown
here demonstrate that o/w emulsions can be stabilized by
particles modified by highly charged polyelectrolyte
brushes. This is attributed to the hydrophobic character
of the PSS backbone. All of the charge in these nearly
100% sulfonated chains resides on aromatic side groups.
The vinyl backbone is sufficiently nonpolar, and evidently
sufficiently distant from the charged sulfonate groups, to
allow these chains to adsorb at the oil/water interface.
This ability of PSS to adsorb to an oil/water interface even
when fully charged is what distinguishes the PSS-si-based
emulsions from the pH-sensitive emulsifying ability of
particles that display weak polyelectrolyte grafts, where
adsorption only occurs when the polymer is neutral.16

While pH sensitivity can be a desirable trait for a stimulus-
responsive material, for conditions where pH-insensitive
emulsification is desired, particles with PSS brushes may
be attractive.

4. Conclusions
Trichloroethylene-in-water Pickering emulsions with

greater than 6-month stability were produced with highly
charged PSS brushes grafted at high density from silica
particles.All emulsionswerewater-continuous, suggesting
that these particles produce noninvertable emulsions.
These grafted particles were readily dispersed and col-
loidally stable in water, so particle flocculation prior to
emulsification played no role. They could not be dispersed
in trichloroethylene. The ability of these hydrophilic,
charged particles to function as emulsifiers is attributed
to the hydrophobic character of the PSS vinyl backbone
that favors adsorption to the oil/water interface despite
a large negative charge. Compared to other particulate
emulsifiers reported in the literature, these PSS-grafted
silica particles produce emulsion phases that are stable
to coalescence at extremely low concentrations, as low as
0.04-0.07 wt%.

Acknowledgment. This research was funded in part
by the Office of Science (BER), U.S. Department of Energy,
Grant No. DE-FG07-02ER63507, and in part by the United
States Environmental Protection Agency (R830898).
Although the research described in this paper has been
funded by the U.S. EPA, it has not been subjected to the
Agency’s required peer and policy review and therefore
does not necessarily reflect the views of the Agency, and
no official endorsement should be inferred. Any opinions,
findings, and conclusions or recommendations expressed
in this material are those of the authors and do not
necessarily reflect the views of the Department of Energy.
The authors thank the rest of the EMSP project team at
CMU for insightful and helpful discussions.

LA050654R

Table 3. Control Experiments Using Emulsifying Agents Other than Silica-Grafted Poly(styrenesulfonate) Brush
Particles

emulsifier
TCE/water

(v/v)
emulsifer mass/

total vol (mg/mL) no. of phases and characteristics shelf life
mean droplet
diameter (µm)

silica 1:9 9.0 no emulsion - -
free PSS 1:9 0.45 2 (o/w emulsion + water) >3 weeks 25 ( 6
free PSS 2.5:7.5 0.375 3 (<0.2 mL middle emulsion phase) <3 days 75 ( 25
supernatant 1:9 0.9 no emulsion - -
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