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ABSTRACT: Dynamic light scattering (DLS) was used to investigate steric stabilization and flocculation
of dilute poly(2-ethylhexyl acrylate) (PEHA, M,, = 92K) emulsions in liquid CO, at 25 °C by monitoring
changes in droplet size over time at various CO, densities. Two steric stabilizers were investigated: a
homopolymer, poly(1,1-dihydroperfluorooctyl acrylate) (PFOA, My, = 1 x 10°), and a block copolymer,
polystyrene (M, = 4.5K g/mol)-b-PFOA (M, = 25K). For a concentration of 0.03 wt %, aggregates of
PS-b-PFOA were observed in CO, with an average hydrodynamic diameter of approximately 80 nm and
a polydispersity index of 0.2—0.3 from the method of cumulants. Critical flocculation densities (CFDs)
of PEHA emulsions were determined by lowering the CO, density at constant temperature to induce
flocculation. The CFDs of the emulsions agree closely with the ® point density of PFOA in CO, for both
the homopolymer and block copolymer stabilizers. Above the CFD, the emulsions have an average droplet
size of 400—600 nm and are stable over several hours. With shear, the average droplet size of emulsions
stabilized with PS-b-PFOA decreases with time because of shear-enhanced flocculation, and subsequent
sedimentation of the flocculated droplets. The flocculation of the emulsion is attributed to a depletion

mechanism induced by PS-b-PFOA aggregates in solution.

Introduction

Liquid or supercritical carbon dioxide is an appealing
alternative to many traditional liquid solvents for
materials processing, extraction processes, and chemical
reactions due to its low cost and environmentally benign
nature. However, most nonvolatile hydrophilic and
lipophilic compounds have low solubility in CO, because
of its low polarizability per volume and lack of a
permanent dipole. Surfactants can be used to increase
solubilization into CO, by forming thermodynamically
stable water-in-CO, microemulsions.’=* Furthermore,
surfactants with sufficiently long tails can sterically
stabilize latexes in carbon dioxide formed by dispersion
polymerization®~7 and by precipitation with a com-
pressed fluid antisolvent.8® However, very few com-
mercially available surfactants are soluble in CO,,1011
and relatively little is known about the design of
surfactants for interfaces containing CO,. In order to
develop effective surfactants, it is essential to have a
fundamental understanding of surfactant aggregation,
phase behavior, and colloidal stabilization and floccula-
tion mechanisms in CO..

Materials with low solubility parameters, such as
those containing silicon and fluorine, have been found
to be highly soluble in CO; at moderate temperatures
and pressures.12~15 These substances have been coined
“COg,-philic” because they are chemically dissimilar to
both “hydrophilic” and “lipophilic” compounds.12 Sur-
factants can be designed with a “CO,-philic” group, and
a “COz-phobic” group that may be either hydrophilic or
lipophilic in nature. Thus, either hydrophilic or lipo-
philic materials may be dispersed in a CO, continuous
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phase in the form of microemulsions, emulsions, or
latexes.

In order to provide steric stabilization, a surfactant
must overcome the attractive van der Waals forces
between emulsion droplets in solution. According to
Napper, attractive droplet—droplet forces become sig-
nificant at distances on the order of 5 nm or less for
colloidal-sized droplets.’® An effective stabilizer must
have a high enough molar mass to prevent the droplets
from approaching closer than this distance. A signifi-
cant development in the use of surfactants for steric
stabilization in CO, came with the discovery of poly-
meric compounds that are highly soluble in CO, at
moderate conditions.'21417 Poly(1,1-dihydroperfluoro-
octyl acrylate) (PFOA) is soluble in CO, to 5 wt % at
moderate pressures (125 bar), even with the molecular
weight exceeding 1 x 108.28 It should be emphasized
that the actual backbone length of PFOA is only a small
fraction of that of a hydrocarbon surfactant with the
same molecular weight due to the high molecular weight
of the fluorinated side chain. A recent small angle
neutron scattering investigation demonstrated that
PFOA has a positive second virial coefficient in CO,,
indicating that CO, is a thermodynamically good solvent
for this polymer at moderate pressures.!®

Flocculation can be induced in a sterically stabilized
system by reducing the solvating power of the continu-
ous phase for the stabilizing moiety, through changes
in temperature or pressure or by addition of an anti-
solvent. Many experimental studies of sterically sta-
bilized dispersions have shown that there exists a point
at which very small changes in the temperature of the
continuous phase result in a dramatic change in steric
stability. This “critical flocculation temperature” is
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strongly related to the ® point of the stabilizing moiety
in free solution.1® At the ® point, the stabilizing
moieties collapse. The degree of collapse versus tem-
perature is sharp for infinite molecular weight and
becomes more gradual as molecular weight decreases.
After collapse, steric repulsion becomes much weaker.
Flocculation has been induced by either increasing or
decreasing temperature. In many cases, critical floc-
culation temperatures were found to correspond to the
© temperature for either the upper critical solution
temperature (UCST) or the lower critical solution tem-
perature (LCST).2° The concept of an analogous “critical
flocculation density” in compressible solvents has not
been explored experimentally.

Dynamic light scattering (DLS) is used commonly to
measure hydrodynamic diameters of micelles, emul-
sions, and latexes from several nanometers up to 1—2
um, as reviewed thoroughly in the literature.?*=23 It has
provided a great deal of information about micelles and
microemulsions in supercritical xenon, ethane, and
propane.?4=27 Small angle X-ray (SAXS) scattering has
been used to discover graft copolymer micelles up to 25
nm in diameter in supercritical CO,.226 Dynamic light
scattering would be particularly useful for character-
izing emulsions in CO,, which have not been studied
previously by scattering techniques.

Our objective is to achieve a fundamental understand-
ing of the mechanisms of emulsion stabilization and
flocculation in CO; by utilizing in-situ measurements.
In this study, dynamic light scattering (DLS) is utilized
to investigate steric stabilization and flocculation of
emulsions, emulsion droplet size, surfactant aggrega-
tion, and surfactant phase behavior in CO,. We chose
to study poly(2-ethylhexyl acrylate) (PEHA, M,, = 9.2
x 10%) as an example of a moderately polar organic
liquid dispersed phase that is insoluble in CO,. Fur-
thermore, it was chosen to emulate poly(methyl meth-
acrylate) latexes formed in CO, by dispersion polymer-
ization®18 and precipitation with a compressed fluid
antisolvent.8 The stabilizers, PFOA and a polystyrene—
PFOA block copolymer (PS-b-PFOA), have recently been
shown to stabilize polymer latexes produced during
dispersion polymerizations in C0O,.5>18 By forming dis-
persions with shear rather than by polymerization, the
experimental conditions are much more clearly defined,
and size measurements can be made in-situ, which is
important for examining stabilization and flocculation
mechanisms. DLS was used to measure emulsion
droplet size and the intensity of scattered light over time
to study the mechanisms of flocculation and sedimenta-
tion at various densities. Also, the effect of shear in
the form of stirring and recirculation through a 100 um
i.d. capillary tube on the stability of the emulsion was
examined. To provide a basis for the experiments with
emulsions, we first present results of DLS studies of
stabilizer phase behavior and of the aggregation of PS-
b-PFOA in CO,. The determination of emulsion droplet
size is complementary to our companion study?930 of
turbidimetry and interfacial tension measurements, for
the same dispersed phase and surfactants. Together,
these three techniques provide a thorough description
of the emulsion properties.

Experimental Section

Materials. Poly(2-ethylhexyl acrylate), PEHA (M,, = 92K,
M, = 32K), was synthesized by Air Products and Chemicals
(Allentown, PA) and used as received. The PFOA stabilizer
had a molecular weight of approximately 1 x 10%. The PS-b-
PFOA block copolymer had a PS M, of 4.5 x 10% and a PFOA
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Mn of 2.5 x 10%. The polydispersity index of the PS block was
determined by gel permeation chromatography and found to
be 1.7. The polydispersity of the PFOA block could not be
measured due to its insolubility in common solvents. However,
it was estimated that the entire block copolymer has a
polydispersity index greater than 2.0. Both stabilizers were
synthesized and characterized at the University of North
Carolina>2°3! and were used as received. Instrument grade
carbon dioxide (99.99% purity) was filtered through a 0.5 um
porous metal filter before use.

DLS Measurements. Dynamic light scattering measure-
ments were made using a Brookhaven model BI-2030 AT
digital correlator with 72 real time channels. The incident
beam was from a 15 mW helium—neon laser (1 = 632.8 nm)
mounted to a Brookhaven model BI-200 goniometer. A Lauda
model RMS-6 recirculator provided temperature control of the
scattering cell in the goniometer. All measurements were
taken at a scattering angle of 90°.

All of the physical properties of the continuous phase were
assumed to be equivalent to that of pure CO,. The CO, density
was calculated from Wagner's equation of state.®? The viscos-
ity was obtained using the correlation proposed by Vesovic.3?
The refractive index was calculated from a virial equation for
the molar refractivity of CO, at 25 °C.3* The average droplet
size and polydispersity were determined from the autocorre-
lation function using a second-order method of cumulants
analysis.®®

Apparatus. The stainless steel high-pressure cell for DLS
is shown in Figure 1. The 0.82 cm? scattering cell consists of
two sections that were bolted together using a flange and
sealed with a Teflon O-ring. The lower section of the cell
contained three sapphire windows at right angles, each 0.635
cm in diameter by 0.229 cm thick. The aperture for each
window was approximately 0.3 cm in diameter. The diameter
and height of the axial cavity were 1 and 0.95 cm, respectively.
The windows were sealed with Teflon O-rings and held in place
with threaded stainless steel caps that fit flush to the outer
cell body. The lower half of the cell was submerged in a
temperature-controlled xylene bath in the goniometer and the
upper half of the cell was insulated. Measured sizes obtained
from the high-pressure cell were compared with those from a
standard glass light scattering cell using an aqueous polysty-
rene latex standard at ambient pressure. Size measurements
were repeated three times for each cell. The mean average
diameter measured using a standard glass cell was 506 nm,
while the average diameter measured using the high-pressure
cell was 520 nm, a satisfactory result.

The complete apparatus for studies of phase behavior and
emulsion droplet size is shown in Figure 2. The light scat-
tering cell was connected to a 28 mL magnetically stirred
variable-volume view cell that has been described elsewhere.36
The contents of the view cell were recirculated and filtered
through the scattering cell using a Milton/Roy Minipump. A
0.318 cm diameter 0.5 um porous metal filter (MOTT Metal-
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lurgical) was used to remove particulates before phase behav-
ior measurements or forming emulsions. A 0.318 cm diameter
2 um (Valco) filter was used to filter emulsions, as the finer
filter would restrict the flow of the emulsion droplets. Two
three-way valves were used to switch between the two filters.
The dispersed phase was introduced via a 7.1 uL. sample loop
connected to a six-port rotary valve (Valco). The shear
necessary to form the emulsion was obtained by recirculating
the heterogeneous mixture through a 5 cm long fused silica
capillary with an inner diameter of 100 um and an outer
diameter of 190 um. The capillary was sheathed in a 5 cm
long section of PEEK tubing with a Y/36 in. outer diameter and
a0.01 in. inner diameter. The pressure seal was made on the
PEEK tubing, and the capillary was held in place by compres-
sion of the ends of the PEEK tubing around the capillary. Since
a variable volume cell was used, the total volume of the flow
system was dependent upon the pressure. At the pressure
used for injection and recirculation of the dispersed phase, the
volume of the system was 12.3 mL. At the lowest pressure
studied, the volume of the system was 13.5 mL. Pressure was
controlled with a 100 mL Ruska manual syringe pump and
measured to £0.2 bar with a Sensotec digital pressure gauge.

Procedure. A solution of 0.05 wt % stabilizer/CO, was
used for both the PFOA and PS-b-PFOA emulsion stability
studies. The stabilizers were dissolved in CO, at 25 °C and
172—207 bar (0.90—0.92 g/mL) while the contents were stirred
for at least 8 h. After the stabilizer was dissolved, the solution
was recirculated through the 0.5 um porous metal filter for
10—15 min at a flow rate of 4 mL/min to remove any
particulate matter. The phase boundary of the stabilizer was
then determined by measuring the average scattered intensity
from the light scattering cell as the pressure was lowered in
increments. Each intensity measurement was taken after a
period greater than 10 min when the temperature and pres-
sure became constant. The pressure was lowered in smaller
increments near the phase boundary to reduce the effects of
thermal gradients. The point at which the scattered intensity
began to increase sharply agreed with the onset of slight visual
turbidity in the view cell to within £2 bar, although the
intensity measurements provided a more objective means of
assigning a phase boundary. On the basis of visual measure-
ments of phase boundaries before and after filtration, the 0.5
um filter did not remove a significant fraction of the surfactant
because the pressure of the phase boundary remained con-
stant.

After the stabilizer phase boundary was determined, the
emulsion was formed by introducing the PEHA into the
stabilizer/CO, solution at 172.4 bar and 25 °C (0.896 g/mL)
through the silica capillary at a flow rate of 4 mL/min. Since
a single head piston pump was used, the actual recirculation
rate pulsed from approximately 0—8 mL/min. The view cell
was stirred during recirculation to obtain a homogeneous
mixture throughout. The emulsion was recirculated through
a 2 um filter before entering the light scattering cell. Once a

Macromolecules, Vol. 30, No. 17, 1997

homogeneous mixture was obtained, the visual turbidity of the
emulsion did not appear to change during 15 min of recircula-
tion.

Theory
The intensity autocorrelation function is given by

G,(r) = OOt + 7)1 1)

where I(t) is the intensity of scattered light at a given
time and 7 is a delay time. Provided that the number
of particles in the scattering volume is large enough,
the intensity autocorrelation function is related to the
modulus of the field autocorrelation function g;(r) by?!

G,(r) = A+ B9, (@)

where A and B are instrumental factors.
For a solution of monodisperse spherical particles,

01(7) is given by
9,(7) = exp(—q°D1) €)

where q = (4mnl/lp) sin(6/2), n is the refractive index of
the continuous phase, 1o is the wavelength of the
incident light, 6 is the scattering angle, q is the
scattering vector, and D is the diffusion coefficient of
the droplets in solution. From the diffusion coefficient,
the hydrodynamic diameter can then be calculated using
the Stokes—Einstein equation:

_ kT
~ 3and ()

where Kk is Boltzmann’s constant, T is the temperature,
71 is the viscosity of the continuous phase, and d is the
hydrodynamic diameter of the particle.

For a solution of polydisperse spherical particles, the
method is essentially the same except that eq 3 above
is no longer a single exponential function but is multi-
exponential. The cumulants method is employed to
obtain an average droplet size and polydispersity index
from g1(2).3% In this method, the natural log of gi(7)
versus 7 is fitted to a second-order polynomial. The
coefficient of the first-order term is an average decay
rate, g?D, where D is the average diffusion coefficient.
Equation 4 is used to calculate an average droplet size
from D. The coefficient of the second-order term is
defined as a polydispersity index, which goes to zero for
a monodisperse solution.

Dynamic light scattering requires low concentrations
of the dispersed phase so that the effects of multiple
scattering and droplet—droplet interactions on the
measured droplet size can be avoided. The upper
concentration limit is dependent upon the scattering
path length and the ratio of refractive index of the
dispersed phase and continuous phase. Typically, mul-
tiple scattering effects will begin to occur when the
volume fraction of the dispersed phase is above 10-3—
107421 Multiple scattering will cause the intensity
autocorrelation function Gy(7) to decay at a faster rate,
and the size measured by DLS will then be smaller than
the actual size. Multiple scattering will also cause the
laser beam to spread out into a “halo”; this behavior was
not observed at the concentrations used in this study.
Other reasons that suggest multiple scattering was
negligible are that the emulsions were only slightly
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Figure 3. Phase boundary of 0.03 wt % PFOA and 0.03 wt %
PS-b-PFOA at 25 °C from average scattered intensity.

turbid in appearance and the dispersed phase concen-
tration was only 0.04 wt %.

Results

Phase Behavior. The phase boundary for 0.03 wt
% PFOA in CO, determined by the average scattered
intensity is shown in Figure 3 at 25 °C. The intensity
increases modestly at approximately 120 bar and then
increases sharply at 110 bar. The phase boundary or
cloud point was assigned as 110 bar. Since the PFOA
sample is somewhat polydisperse, the slight increase in
scattered intensity observed at 120 bar is likely due to
the precipitation of a small fraction of higher molecular
weight material. Recently, the phase behavior of PFOA
of the same molecular weight was measured visually
over a wide range of concentrations and temperatures
in CO,.2® This system exhibits lower critical solution
temperature type phase behavior. None of these previ-
ous measurements were carried out below 30 °C or at
concentrations lower than 0.09 wt %. However, our new
results at 0.03 wt % and 25 °C agree with trends in the
earlier measurements extrapolated to lower concentra-
tions and temperatures.

The phase behavior of 0.03 wt % PS-b-PFOA at 25
°C is also shown in Figure 3. The sharp increase in
scattered intensity below 110 bar indicates a cloud point.
The sharper phase boundary for this block copolymer
versus PFOA may indicate a lower polydispersity for
this sample. At a concentration of 0.03 wt %, the cloud
points of PFOA and PS-b-PFOA are the same. This is
strictly coincidental, since the lower molecular weight
PS-b-PFOA will cause the phase boundary to shift to a
lower pressure, while the addition of the CO,-insoluble
polystyrene block will shift the phase boundary to a
higher pressure.

A phase behavior test was done to determine if a
fraction of PEHA was soluble in CO,. PEHA was added
to attempt to form a solution of 0.009 wt % at 25 °C
and 345 bar, but very little dissolved. When the
pressure was reduced to 83 bar, the CO, phase became
slightly opaque, indicating that a very small amount of
PEHA had dissolved at 345 bar. This small amount of
solubilized PEHA did not give any signal in DLS
experiments for a constant pressure of 172 bar.
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Figure 4. Average hydrodynamic diameter of PS-b-PFOA
aggregates at 0.03 wt % and 25 °C showing two different
experiments at the same conditions.

PS-b-PFOA Aggregate Formation. Block copoly-
mers of polystyrene and PFOA have been shown to form
aggregates in CO,, as determined by small angle
neutron scattering.3%37 Aggregates of fluorinated sur-
factants generally are not amenable to study with light
scattering due to the low difference in refractive index
between most fluorinated compounds and C0O,.383° We
found that an autocorrelation function was not discern-
ible for PFOA/CO; solutions above the phase boundary,
indicating that the 0.5 um filter removed dust success-
fully. The optical contrast was too low since the
refractive index of PFOA is 1.34 and that of CO; is
approximately 1.20—1.24 at these conditions. It may
be possible to determine solution properties of PFOA
in CO; using light scattering at smaller angles where
the scattered intensity is higher. However, measure-
ments were limited to 90° due to the geometry of the
high-pressure scattering cell. For PS-b-PFOA solutions
at 25 °C, the autocorrelation function was well above
the baseline at all pressures above the cloud point.
Inversion of the autocorrelation function indicated the
presence of large aggregates in solution. These ag-
gregates are observable because of their large size as
well as the improved optical contrast between CO; and
stabilizer due to the addition of the polystyrene block
(ng = 1.59).

Figure 4 gives the average hydrodynamic diameter
calculated from the correlation function versus pressure
for the PS-b-PFOA solution at 25 °C for two experiments
at the same conditions. At the higher pressures in the
one-phase region, the measured diameters range from
approximately 75 to 90 nm, and the polydispersity index
calculated from the method of cumulants analysis was
0.2—0.3. The average diameter obtained by DLS is
heavily weighted by larger aggregates. Given this fact
along with the high polydispersity of the aggregates, a
significant amount of the distribution is likely due to
smaller micelle-like aggregates.

The rather large PS-b-PFOA aggregates were likely
due to the polydispersity in each of the copolymer blocks.
The ratio of PFOA to PS must be some minimum value
for the copolymer to dissolve in CO, at a given temper-
ature and pressure. A fraction of the copolymer may
have a lower PFOA to PS ratio and thus remain
insoluble at the conditions studied. This hypothesis was
supported by further phase equilibria measurements.
The PS-b-PFOA solution was clear in appearance at the
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Figure 5. Stability of 0.04 wt % PEHA emulsion with 0.03
wt % PFOA stabilizer at pressures well above the stabilizer
phase boundary.

concentration studied by DLS (0.03 wt %). At 0.1 wt
%, the PS-b-PFOA solution had a slight orange tint,
indicative of Rayleigh scattering, at 345 bar and 25 °C.
At 0.35 wt %, the PS-b-PFOA solution was slightly
turbid in appearance at the same conditions. Therefore,
itis likely that a small fraction of the 0.03 wt % solution
was not fully soluble at the conditions studied. Single
chains or even micelles can adsorb to this dispersed
fraction, producing large aggregates. This behavior may
be analogous to the very large particles observed by light
scattering for poly(propylene oxide)—poly(ethylene ox-
ide)—poly(propylene oxide) (Pluronic L64) solutions near
the critical micelle temperature.”° This triblock copoly-
mer with a molecular weight of approximately 2900 is
composed of approximately 40% ethylene oxide by
weight. In this study, the insoluble fraction of Pluronic
L64 was removed by filtration of the large particles and
the anomalous behavior was no longer seen.

Emulsion Stability at High CO, Densities. The
PEHA was injected at 25 °C and 241.4 bar without
stabilizer. Initially, the PEHA was dispersed into the
view cell, forming a slightly turbid emulsion. However,
the resulting emulsion was very unstable. After recir-
culating for 5 min, the PEHA had completely settled
from the CO,. Very weak scattering was measured from
the DLS cell after recirculation. The approximate size
appeared to be >2 um.

To study the effect of a stabilizer, PEHA was injected
into PFOA in CO; solution at 172.4 bar and 25 °C. For
this emulsion, the initial recirculation (shear) time
before taking measurements was 15 min. At the
recirculation rate used, this time corresponds to recir-
culation of 5 residence volumes, which should be suf-
ficient to form a homogeneous mixture. The resulting
emulsion was slightly turbid in appearance. The aver-
age droplet size was measured repeatedly at the same
conditions over a 2 h period, as shown in Figure 5. The
reproducibility of the particle size formed was ap-
proximately £50 nm. The emulsion was then recircu-
lated for an additional 5 min to shear the solution.
Recirculation was then stopped, and the pressure was
reduced to 137.9 bar. Repeated size measurements
were then taken at 137.9 bar and 25 °C for an additional
2 h period. The droplet sizes ranged between 500 and
650 nm with an average polydispersity index of 0.3 from
the method of cumulants analysis. The average droplet
size changed very little throughout the experiment,
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Figure 6. Effect of recirculation time (shear) on the average
droplet size for 0.04 wt % PEHA emulsion with 0.03 wt % PS-
b-PFOA stabilizer at 25 °C and pressures well above the
stabilizer phase boundary.

indicating good steric stabilization. Little, if any, floc-
culation occurred at either pressure.

For the emulsions stabilized with PS-b-PFOA, it was
found that the droplet size was very dependent upon
the emulsification conditions. The average droplet size
obtained was reproducible to approximately +50 nm.
Figure 6 shows the results of two experiments in which
the recirculation (shear) time was varied. In one
experiment, the initial emulsion was recirculated for 5
min before taking measurements at 172.4 bar for 2 h
(open circles), followed by 5 min of additional recircula-
tion and depressurization to 137.9 bar (filled circles).
In the second experiment, the initial recirculation time
was 10 min (open squares), with 5 min of additional
recirculation before the readings at 137.9 bar (filled
squares). Unlike the case for the emulsion stabilized
with PFOA, increased recirculation of the PS-b-PFOA
stabilized emulsion results in an appreciable decrease
in average droplet size. Visual observations in the view
cell also indicated that an increase in the recirculation
time results in clarification of the emulsion with a small
pool of PEHA forming at the bottom of the view cell.

Turbidity measurements were carried out to further
investigate the effect of shear on the emulsion in the
presence of PS-b-PFOA (Figure 7), by following a
procedure described elsewhere.?® The apparatus was
identical to the DLS apparatus except the 90° scattering
cell was replaced with a transmission cell of 1.0 cm path
length. Turbidity measurements were carried out at
633 nm using the same PS-b-PFOA and PEHA concen-
trations used in the DLS measurements. The PEHA
was injected at 172.4 bar and 25 °C and recirculated
for 5 min prior to taking measurements. Repeated
measurements of emulsion turbidity were taken for 15
min; then the emulsion was recirculated for an ad-
ditional 5 min. This procedure was repeated four times.
The turbidity of the emulsion dropped dramatically
during each recirculation period. Since the measured
droplet size decreases along with the turbidity, it is
unclear weather the reduction in turbidity is due
primarily to the lower scattered intensity of smaller
particles or to the presence of a smaller dispersed phase
volume fraction due to flocculation and sedimentation.
However, visual observations of the formation of a small
pool of PEHA bulk phase at the bottom of the variable
volume view cell indicate that at least some of the
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Figure 7. Effect of recirculation time (shear) on the emulsion
turbidity at 633 nm for 0.04 wt % PEHA emulsion with 0.03
wt % PS-b-PFOA stabilizer at 25 °C. Recirculation rate of 4
mL/min.

reduction in turbidity is due to sedimentation and
coalescence of flocculated emulsion droplets.

Several factors may potentially contribute to the
reduction in acrylate particle size with shear for the PS-
b-PFOA stabilized system. (1) The mixing of CO,-
soluble surfactant with the injected dispersed phase
increases with recirculation, leading to a reduction in
the interfacial tension, such that smaller and smaller
droplets are produced by shear. The smaller droplets
scatter less light and would reduce the turbidity. (2)
Greater mixing time of acrylate droplets with the
surfactant solution can convert emulsion droplets to
transparent microemulsion droplets. (3) Microemulsion
droplets or surfactant aggregates may destabilize the
emulsions through a depletion mechanism, which is
accelerated by shear. (4) Shear degrades the stabilizer
or dispersed phase. However, shear degradation ap-
pears to be negligible on the basis of the lack of any
change in emulsion turbidity or stability for cumulative
shear times of up to 2 h.?°

The first factor may be shown to play a small role.
The interfacial tension between CO; and PEHA is 0.55
dyne/cm at 45 °C and 310 bar.?° This interfacial tension
is sufficiently low to allow PEHA emulsion droplets to
be formed in CO, without a surfactant, but the droplets
flocculate from collisions due to Brownian motion if not
protected sterically.?%3% When the PEHA is initially
injected through the capillary, there is little time for
the surfactant to adsorb to the interface before droplet
breakup occurs. However, after just 5 min of recircula-
tion, the emulsion droplet size is stable without recir-
culation over a 2 h period. On the basis of a companion
study of acrylate emulsions in CO,, the emulsion
droplets would have settled rapidly if they were not
stabilized by surfactant.2%30 Also, the growth of pre-
cipitated acrylate on the bottom of the view cell with
further recirculation suggests that emulsification due
to recirculation was diminishing, not increasing.

To evaluate the importance of the second factor in the
reduction of emulsion turbidity, the solubilization of
PEHA into PS-b-PFOA micelles was measured. The
procedure has been described previously.? To prevent
emulsion formation, the mixture was stirred gently.
Experiments were done using the same PS-b-PFOA to
PEHA ratio as in the DLS experiments (3:4 by weight).
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It was not possible to dissolve 0.04 wt % PEHA with
0.03 wt % PS-b-PFOA at 25 °C at pressures up to 379
bar. Additional experiments were done at a higher PS-
b-PFOA to PEHA ratio (50:3 by weight) using a slightly
different molecular weight PS-b-PFOA (PS My, = 3.7K,
PFOA M,, = 27K). From these experiments, 0.50 wt %
PS-b-PFOA was unable to significantly solubilize 0.03
wt % PEHA at 25 °C at pressures up to 380 bar. These
findings indicate that very little of the PEHA is solu-
bilized and the formation of a transparent microemul-
sion is not a major factor in the reduction of emulsion
turbidity.

The PEHA emulsions studied with DLS had a weight
ratio of stabilizer to dispersed phase higher than is
normally used for steric stabilization.’® In our compan-
ion study, it was shown that a ratio of PS-b-PFOA to
PEHA of 0.03 could successfully stabilize an emulsion.2®
The PS-PFOA to PEHA ratio used in DLS measure-
ments was 0.75. The excess surfactant not adsorbed to
the PEHA emulsion droplets can exist as unimers and
aggregates in the continuous phase. The concentration
required for PS-b-PFOA to aggregate may be estimated
from the discontinuity in the PS/CO; interfacial tension
with PS-b-PFOA concentration for a slightly different
molecular weight block copolymer (PS My, = 3.7K, PFOA
My, = 27K).** The concentration of PS-b-PFOA used for
the PEHA emulsions is at least 1 order of magnitude
higher than that required for aggregate formation. The
molecular weight of the copolymer used for the DLS
study had a slightly higher polystyrene to PFOA ratio,
and as a result, should begin to aggregate at even lower
concentrations. Surfactant aggregation is clearly evi-
dent in CO,, as was shown in Figure 4. Thus for 0.03
wt % surfactant, aggregates should continue to exist in
the continuous phase even after a portion of the sur-
factant adsorbs to the PEHA interface.

Previous studies have demonstrated that excess mi-
cellized or microemulsified surfactant can act to desta-
bilize emulsion droplets through a depletion mecha-
nism.*2 Upon the close approach of two emulsion
droplets, the aggregates are excluded from the region
between the two emulsion droplets. This results in an
osmotic pressure difference that forces the two droplets
together. The shear and turbulent flow produced during
recirculation increase the rate of depletion flocculation
by increasing the number of collisions between emulsion
droplets. From Figure 6, the average droplet size after
a total of 15 min of recirculation approaches the
measured size of the surfactant aggregates shown in
Figure 4. This suggests that the PEHA is largely de-
emulsified due to sedimentation of large flocculated
droplets, leaving the surfactant aggregates in solution.
This mechanism is supported by the presence of a PEHA
phase at the bottom of the view cell. On the basis of
all of the evidence, shear-enhanced depletion floccula-
tion of emulsion droplets by surfactant aggregates
appears to be the most likely cause of the decrease in
droplet size.

Critical Flocculation Density Determination. A
critical flocculation density for the emulsion was deter-
mined by examining the effect of decreasing CO, density
on the average droplet size. This approach is comple-
mentary to a companion study of PEHA emulsion
stability using turbidity measurements.2® Once again,
the emulsion was formed at 172.4 bar and 25 °C using
a recirculation time of 15 min. Size measurements were
taken without any additional recirculation, and the
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Figure 8. Critical flocculation density of 0.04 wt % PEHA
emulsion stabilized with 0.03 wt % PFOA. CO; densities in
regions A through F are given in g/mL.

pressure was lowered in increments. The sizes of the
increments were decreased as the phase boundary of
the stabilizer was approached. Figure 8 shows the
results for the PFOA-stabilized emulsion. Average size
and intensity measurements are plotted versus time for
the various CO; densities, since density is a better
measure of the solvating power of CO, than pressure.
At densities well above the phase boundary for PFOA
(>0.847 g/mL), the average droplet size changes little
with time. When the density is reduced from 0.847 to
0.838 g/mL, the average droplet size increases from 543
to 700 nm. As the CO, density was further lowered to
0.829 g/mL, the average droplet size increased rapidly
to 1200 nm. A repeated measurement at the same
density 5 min later indicated that the average size had
decreased to 730 nm. The immediate increase in
average droplet size later followed by a reduction in
average droplet size is indicative of simultaneous floc-
culation and sedimentation of the emulsion.*® The
initial increase in the average droplet size is due to the
formation of droplet aggregates during flocculation. The
larger flocs then settle from the scattering volume faster
than smaller ones, reducing the average droplet size.
Additional flocculation and sedimentation were ob-
served as the CO; density was lowered further to 0.824
g/mL.

The increase in droplet size between 0.847 and 0.838
g/mL indicates the onset of flocculation. This CFD
agrees very closely with the value of 0.84 g/mL for the
same system at higher concentrations determined from
turbidity measurements.?® The correlation of © point
density with the CFD is not as well-defined theoretically
for homopolymer stabilization as it is for adsorbed block
copolymers. However, the CFD corresponds closely to
the cloud point density of PFOA shown in Figure 3. The
cloud point density (0.834 g/mL) should be close to the
O point density for PFOA at 25 °C, because the molar
mass of PFOA is extremely high, approaching infinity.2°

Sedimentation of the flocs can also be observed by
decreases in the average scattered intensity of the
emulsion, also shown in Figure 8. The intensity changes
little with time above the CFD. Below the CFD,
however, the scattered intensity decreases continuously.
Visual observations of the emulsion through the view
cell indicated that the emulsion became clear after 20
min at 0.009—0.014 g/mL below the phase boundary,
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Figure 9. Critical flocculation density of 0.04 wt % PEHA
emulsion stabilized with 0.03 wt % PS-b-PFOA. CO, densities
in regions A through D are given in g/mL.

and a small pool of PEHA was observed at the bottom
of the view cell.

Figure 9 shows the results for the PEHA emulsion
stabilized by PS-b-PFOA. Due to the instability of the
emulsion with recirculation, this emulsion was formed
at 172.4 bar and 25 °C with only 5 min of recirculation.
As for emulsions with PFOA, the average size of the
emulsion droplets remains relatively constant at ap-
proximately 525 nm at CO, densities well above the
stabilizer phase boundary (>0.838 g/mL). When the
density is lowered from 0.838 to 0.824 g/mL, a sharp
increase in average droplet size to 1100 nm is observed.
Thus, the CFD for this system also corresponds almost
exactly to the ® point density of the stabilizing block,
PFOA, in CO..

The behavior of the emulsion stabilized with PS-b-
PFOA below the CFD is markedly different than that
of the PFOA-stabilized emulsion. The flocculated drop-
let sizes did not become quite as large as with PFOA-
stabilized emulsions. Also, the decay in droplet size due
to sedimentation of the emulsion droplets was much
slower for the PS-b-PFOA-stabilized emulsion below the
CFD. The PS-b-PFOA-stabilized emulsion droplets
reached an average diameter of 1100 nm below the CFD,
and after 1 h, the diameter fell to approximately 850
nm. In contrast, the average droplet size of the PFOA-
stabilized emulsion increased rapidly to 1200 nm below
the CFD but fell to 700 nm within 5 min due to
sedimentation. As discussed by O'Neill et al.?® the
PFOA homopolymer has a very high molecular weight
and can adsorb to more than one emulsion droplet below
the phase boundary. This bridging flocculation can
enhance the rate of flocculation and cause the differ-
ences seen for the two different stabilizers below the
CFD.

Conclusions

The critical flocculation density (CFD) of sterically
stabilized PEHA emulsions has been determined by
measuring changes in droplet size and scattered inten-
sity with decreasing CO; density. The results are in
good agreement with a companion study in which
critical flocculation densities of the same systems were
determined by turbidimetry.2® For emulsions stabilized
with PFOA homopolymer as well as those stabilized
with the block copolymer PS-b-PFOA, the CFD is very
near the © point of the stabilizing moiety in CO,. Just
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below the CFD, emulsions stabilized with PFOA exhibit
a sharp increase in average droplet size, followed by a
sharp decrease, indicating flocculation and subsequent
sedimentation.® Emulsions stabilized with PS-b-PFOA
exhibit a slower flocculation rate below the CFD, due
to greater surfactant adsorption and the absence of
bridging flocculation.?® The PS-b-PFOA-stabilized emul-
sion clarified when the emulsion was sheared through
recirculation and stirring, as indicated by DLS and
turbidimetry. The reduction in turbidity is due to
depletion flocculation induced by PS-b-PFOA aggregates
in solution and subsequent sedimentation of the floc-
culated droplets. Large PS-b-PFOA block copolymer
aggregates are observed in solution, which may be due
to a dispersed insoluble MW fraction of the block
copolymer.
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