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ABSTRACT: Environmentally benign clay particles are of great interest for
the stabilization of Pickering emulsions. Dodecane-in-synthetic seawater
(SSW) emulsions formed with montmorillonite (MMT) clay microparticles
modified with bis(2-hydroxyethyl)oleylamine were stable against coalescence,
even at clay concentrations down to 0.1% w/v. Remarkably, as little as 0.001%
w/v surfactant lowered the hydrophilicity of the clay to a sufficient level for
stabilization of oil-in-SSW emulsions. The favorable effect of SSW on droplet
size reduction and emulsion stability enhancement is hypothesized to be due to
reduced electrostatic repulsion between adsorbed clay particles and a
consequent increase in the continuous phase (an aqueous clay suspension)
viscosity. Water/oil (W/O) emulsions were inverted to O/W either by
decreasing the mass ratio of surfactant-to-clay (transitional inversion) or by
increasing the water volume fraction (catastrophic inversion). For both types of
emulsions, coalescence was minimal and the sedimentation or creaming was
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highly correlated with the droplet size. For catastrophic inversions, the droplet size of the emulsions was smaller in the case of the
preferred curvature. Suspensions of concentrated clay in oil dispersions in the presence of surfactant were stable against settling.
The mass transfer pathways during emulsification of oil containing the clay particles were analyzed on the droplet size/stability
phase diagrams to provide insight for the design of dispersant systems for remediating surface and subsurface oceanic oil spills.
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1. INTRODUCTION

Natural clays, such as montmorillonite (MMT) and kaolinite,
are known to disperse oil by forming oil mineral aggregates
(OMAs). These aggregates are beneficial for dispersing oil
spilled on beaches and in oceans' and form naturally as clay
particles adsorb hydrophobic compounds, such as organic
cations present in crude oil. As these compounds lower the
hydrophilic—lipophilic balance (HLB), the clay particles
become more surface active at the oil—water interface. This
facilitates dispersion of oil at the ocean surface under shear
produced by waves.”* Large OMAs where the typical particle/
oil mass ratio is large (e.g, 1:6 to 5:1) are sufficiently dense
whereby they may settle on the seabed.* Despite extensive
studies of these aggregates, little attention has been given to
stabilization of oil droplets in the form of stable oil-in-seawater
Pickering emulsions where the clay/oil mass ratio is much
smaller. If the HLB of clay particles is modified with an
appropriately chosen surfactant, then the particles make it
possible to disperse oil droplets with extremely low dispersant
concentrations. In the case for the Deepwater Horizon spill, the
dispersant/oil concentration was large, about 1:5.

In Pickering emulsions, solid amphiphilic particles adsorb
strongly at the interface and provide a barrier against droplet

coalescence.”® The wettability of the particles, characterized by
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the contact angle 6, influences the emulsion curvature and
stability.” A wide variety of particles have been utilized
including silica®*™'? carbon black,”>™*° iron oxide,"*™*° and
natural materials such as clay. Clay particles offer several
distinctive advantages as emulsifiers: (i) They are natural,
environmentally benign, and may be cost-effective for large
scale applications.”® (ii) As a consequence of the plate-like
geometry, smaller masses are required to effectively cover a
droplet interface relative to spherical particles.”' (iii) The clay
surfaces may be modified readily with amphiphiles to
manipulate the contact angle at the oil—water interface.”” (iv)
They often form three-dimensional viscous networks in water,
which may enhance stabilization of emulsified oil droplets.**
Both nanosized and microsized clay particles have been used
to stabilize emulsions. Whereas the average diameter is only 30
nm for synthetic Laponite, it is much larger, typically 0.1 to 2
um for natural MMT. Although Laponite and MMT have
similar thickness and density for fully exfoliated single platelets,
the BET surface area of solid Laponite powder is between 350
and 400 m*/g, but only 30 to 100 m*/g for MMT given much
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less exfoliation.”* Thus, it is possible that a smaller amount of
surfactant would be required to modify the lower surface area
for the micron-sized MMT particles relative to Laponite
nanoparticles when partial exfoliation® occurs in the presence
of an aqueous phase.

Given that clay particles are negatively charged and thus
highly hydrophilic, their surfaces are typically modified with
cationic surfactants via ion exchange to lower the HLB and
raise the interfacial activity. Various studies have demonstrated
that natural MMT may be modified in situ with cetyltrimethy-
lammonium bromide (CTAB),**” polyethylenimine,*® ethoxy-
lated quaternary alkylamine,” or dodecyltrimethylammonium
bromide (DTAB)* to stabilize oil/water (O/W) emulsions.
Commercial organoclays (for example, MMT after cation-
exchanged with quaternary alkylamine salts) have a contact
angle greater than 90° and stabilize water/oil (W/O)
emulsions.””* Several studies showed that synthetic Laponite
upon in situ cation exchange with protonated amines, such as
octadecylamine,®® poly(oxypropylene)diamines,®* and short-
chain aliphatic amines,>® also stabilize O/W emulsions. In
addition to cationic modifiers, nonionic surfactants including
glycerol monostearate, alkyl polyglucoside, and Span 80, have
also been utilized to modify MMT***° and Laponite®” clays to
stabilize O/W emulsions. The adsorption of the surfactant is
driven by ion—dipole interactions with exchangeable cations on
the clay surface and hydrogen bonding with the oxygen or
hydroxyl groups.>®

The high effective ionic strength of seawater of ~700 mM
makes the formation of emulsions with clay particles
challenging. The substantial Debye screening of electrostatic
interactions may produce excess aggregation of clay particles
and also modify particle adsorption onto an oil-seawater
interface. In contrast, high salinities may provide benefits.
Paunov et al.>® demonstrated with a thermodynamic model that
the adsorption of charged particles at the oil—water interface
increases with added salt upon reducing the energy penalty of
accumulating charged particles at the interface. In addition, salt
addition can also reduce the kinetic repulsive adsor}gtion barrier
between like-charged particles and oil droplets.***

The effect of salt on emulsion stabilization has been
investigated experimentally for a variety of types of particles
at an ionic strength well below that of seawater. Ashby et al.*!
found that stable emulsions formed when Laponite particles
were flocculated in 100 mM NaCl solutions, whereas they were
not formed for the case of pure water. Binks et al”'!
demonstrated that the stability of O/W emulsions against
coalescence could be improved by slightly flocculating silica
particles upon adding up to 0.1 mM CaCl, or 2—5 mM LiCl,.
Lagaly et al.** showed that 10 mM NaCl or 1 mM CaCl,
enhanced the stability of emulsions prepared with MMT and
nonionic surfactants against coalescence. For the extreme ionic
strengths in seawater with the high concentration of divalent
ions, new concepts may be required for modifying the surface
properties of clay particles to stabilize 0il/SSW emulsions, while
avoiding droplet coalescence.

Emulsions undergo phase inversion from W/O to O/W
observed for either transitional or catastrophic inversion.*”~** A
transitional phase inversion is governed by a change in the
curvature of the interface by modifying the HLB of a surfactant
or particle by varying, for example, temperature, pH, and
salinity. In contrast, “catastrophic phase inversion” is observed
upon varying the water volume fraction ¢,,. For an intermediate
¢,, the emulsion type is determined primarily by the bending

energy (preferred curvature). According to Bancroft’s rule, the
phase favored by the amphiphile is the continuous phase.*’
However, for a very low value of ¢, the favorable entropy of
dispersing water in oil will produce a W/O emulsion even if the
HLB is high and the surfactant or particle favors water. These
inversions have been investigated for functionalized silica,*™*8
titanium dioxide,*’ iron oxide,'® and latexes.>° For emulsions
stabilized with a mixture of particle and surfactant, only
transitional phase inversions were investigated for MMT
combined with CTAB,”” Laponite combined with Span
80,°"%> layered double hydroxide (LDH) combined with
sodium dodecyl sulfate (SDS),> calcium carbonate combined
with fatty acids,>* and silica combined with double chain
cationic surfactants.>*® Relatively little is known about the
interplay between transitional and catastrophic phase inversions
for particle/surfactant systems, and how they influence
emulsion properties and stabilities, even without salt present.

Herein, dodecane-in-seawater emulsions were stabilized with
natural MMT clay microparticles upon increasing the hydro-
phobicity (contact angle) by adsorption of a dilute oil soluble
surfactant, bis(2-hydroxyethyl)oleylamine (E-O/12). Given
that neither the high HLB clay nor low HLB surfactant alone
stabilized these emulsions, the clay and surfactant were found
to act synergistically. It was also demonstrated that an oil phase
containing amphiphiles may be dispersed into droplets even
though neither the microsized clay nor the unprotonated
surfactant were dispersible in synthetic seawater (pH 8.2) even
at high shear. Remarkably, the emulsions were formed even
with only 0.001% w/v surfactant, far below the values of 0.01 to
1% w/v commonly used in other studies.****73%3%2 The
synergistic emulsion formation and stabilization was pro-
nounced in SSW. The interfacial and emulsion properties
were explained in terms of the thermodynamic driving force for
particle adsorption onto the oil—water interface, the kinetic
adsorption barrier, and the high viscosity of aqueous clay
suspensions. Both droplet size and emulsion stability were
investigated over a wide range of surfactant/clay mass ratios,
which governs the emulsion curvature, either O/W or W/O,
and water volume fraction. From these measurements, phase
inversion formulation-composition maps were constructed to
identify both transitional inversion (curvature change) and
catastrophic inversion (change in water volume fraction).
Although these inversions have received little, if any, attention
for the case of seawater, they are of great practical importance.
We demonstrate that the clay-based dispersant could be
colloidally stable in an oil phase at a high concentration
(20% w/v with a viscosity of 278 cP at a shear rate of 10 s™")
and then sheared to disperse the oil in seawater. Collectively,
these properties reflect the possibility of high storage stability,
which is desirable for a broad range of practical applications,
including oil spill remediation.

2. EXPERIMENTAL SECTION

2.1. Materials. Natural MMT (VAN GEL ES) was received as fine
powder from R.T. Vanderbilt Company. The cation exchange capacity
(CEC) of VAN GEL ES was approximately SO mequiv/100 g per
information provided by the manufacturer. Bis(2-hydroxyethyl)-
oleylamine (Ethomeen O/12LC or E-O/12), CH,(CH,),CH=
CH(CH,)3sN(CH,CH,0H),, was a gift from AkzoNobel Company.
Muscovite mica sheets were obtained from Electron Microscopy
Sciences. Synthetic seawater (SSW) was purchased from Ricca
Chemical Company and used as received (pH 8.2). Dodecane was
obtained from Acros Organics Company and passed through a basic
alumina column to remove polar impurities prior to use. Deionized
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Figure 1. (a) Microscopic image of 1% w/v MMT particles in dodecane. (b) TEM image of MMT particles in DI water. (c) Typical size and size
distribution of 1% w/v MMT particles in dodecane, SSW, and DI water, respectively, from static light scattering (Malvern Mastersizer). The
experiments were also performed in dodecane, DI water, and SSW (not shown) with 0.001 wt % E-O/12 and the results were essentially identical to

the distributions without surfactant.

(DI) water was prepared with a Nanopure II water purification system
(Barnstead Company).

2.2. Interfacial Tension Measurements. The dodecane—SSW
interfacial tension was measured using axisymmetric drop shape
analysis of an aqueous pendant drop. The seawater drop was
equilibrated for 5 min in dodecane, which contained a known
concentration of surfactant and clay particles. For the dodecane
samples containing surfactant and clay particles, they were allowed to
equilibrate overnight in the dodecane without aqueous phase present
before measurements. The drop shape profile was fitted to the
Young—Laplace equation using a commercial package (CAM200, KSV
Ltd,, Finland). The reported mean value of the interfacial tension was
an average of 10 measurements acquired every 10 s and the standard
deviation was typically within 1% of the mean value.

2.3. Contact Angle Measurements. Mica was used as a model
clay substrate. Although mica may not be a perfect match for MMT
because of its higher surface charge density, it is similar in both
composition and crystal structure to many clays®® and can be easily
cleaved to produce smooth and uniform surface for contact angle
measurements. Freshly cleaved mica sheets were equilibrated over-
night with surfactant at various concentrations in dodecane. A drop of
~10 uL SSW was placed on a mica surface and the drop shape profile
was analyzed with a software package (CAM200, KSV Ltd., Finland)
to obtain the contact angle.

2.4. Preparation of Modified Clay Suspensions and
Emulsions. Oil-based clay suspensions were prepared by mixing
MMT particles with E-O/12 surfactant in dodecane using an IKA
Ultra-Turrax T-25 with an 8 mm head operating at 13 500 rpm for 10
min at room temperature. Emulsions were prepared by combining DI
water or SSW and dodecane containing a given amount of surfactant-
modified clay suspension to a total volume of 10 mL and emulsified
with the same homogenizer operated at 13 500 rpm for 2 min at room
temperature. Clay and surfactant concentrations are denoted as mass
percent per total sample volume (% w/v) and water volume fraction
¢, is given as the fraction of aqueous phase to the total sample
volume. Immediately after emulsification, the emulsion type was
determined from the conductivity measured with a Cole—Parmer EC
conductivity meter equipped with a Pt/Pt black electrode. The
emulsion type was also inferred by observing the outcome of a drop of
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emulsion added to either pure oil or pure water. If a droplet of
emulsion dispersed in water, it was aqueous continuous, and if it
dispersed in oil, it was oil continuous.

2.5. Characterization of Clay Particles. BET surface analysis of
clay powder was performed with nitrogen sorption using a
Quantachrome Instruments NOVA 2000 high-speed surface area
BET analyzer at a temperature of 77 K. Prior to measurements, the
sample was degassed in vacuum for 3 days at room temperature. The
specific surface area was determined in the relative pressure range (P/
P,) of 0.0 to 0.40. Transmission electron microscopy (TEM) imaging
was performed on a FEI TECNAI G2 F20 X-TWIN instrument. A
drop of ~20 uL dilute aqueous dispersion of clay particles was
deposited onto a 200 mesh carbon-coated copper TEM grid and air-
dried prior imaging. Optical microscopy of clay particles was
performed with a Nikon Eclipse ME600 light microscope fitted with
a Photometrics digital camera. Clay size and size distribution in a
medium (DI water, SSW or dodecane) were measured with a Malvern
Mastersizer S static light scattering (SLS) instrument with a 1S mL
stirred optical sample cell filled with the corresponding medium.
Refractive indices of 1.33, 1.42, and 1.52 were used for aqueous phase
(DI and SSW), dodecane, and MMT, respectively.

2.6. Characterization of Emulsion Properties. Freshly prepared
emulsions were transferred to capped glass test tubes with a diameter
of 16 mm and a length of 125 mm. The emulsion stability to the
gravity-induced phase separation was assessed by monitoring the
creaming front position for O/W emulsions or the sedimentation front
for W/O emulsions as a function of time using a Nikon D5100 camera
with a Phottix TR-90 time controller. The digital photos were analyzed
with Image] software (US National Institutes of Health). The
emulsion stability was quantified as the time required to resolve
20% of the initial volume of the continuous phase. Emulsion droplet
size distributions were measured using a Malvern Mastersizer S with a
1S mL stirred optical sample cell. Approximately 20 uL of emulsion
was added to the sample cell filled with SSW (for O/W) or dodecane
(for W/0O). Optical microscopy of emulsions was performed with a
Nikon Eclipse ME600 light microscope fitted with a Photometrics
digital camera.
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Figure 2. (a) Dodecane/synthetic seawater interfacial tension of E-O/12 with and without 2% w/v MMT. (b) Adsorption isotherm of E-O/12 on
MMT particles determined from data in panel a by material balance. Note that the surfactant and MMT were equilibrated in the dodecane phase

without aqueous phase present.

3. RESULTS AND DISCUSSION

3.1. Properties of Clay Particles. The BET surface area of
as received MMT powder was measured to be 51.5 m?/g. As
shown by optical microscopy in Figure la, the size of MMT
particles in dodecane was quite large, 10—50 pm. Upon
hydration in DI water, the TEM image in Figure 1b showed
that the MMT partially exfoliated to form small stacks of
platelets with a particle size between 1 and 5 pum. The static
light scattering measurements (Figure 1c) showed that the
average clay size was 3, 6, and 30 pm in DI water, SSW, and
dodecane, respectively. Again, the clay underwent exfoliation in
the aqueous media. In each case, the polydispersity was
relatively large. The particle size was larger in SSW than that in
DI water, resulting from substantial particle aggregation by
significant electrostatic charge screening.

3.2. Effect of Surface Modification of Clay Particles on
Interfacial Properties and Partition Behaviors. The
dodecane/SSW interfacial tension (y) was reduced by the
addition of E-O/12 in dodecane up to ~1% w/v E-O/12. At
higher concentrations, y did not decrease further (Figure 2a),
indicating a critical reverse micelle concentration of E-O/12 in
dodecane of ~1% w/v. As a control, the dodecane/SSW
interfacial tension was measured without addition of surfactant
in the absence and presence of clay particles. It did not change
with the addition of bare clay particles, suggesting that surface-
active contaminants were not present. At a given surfactant
concentration, the interfacial tension increased when clay
particles were added. This difference was due to the adsorption
of surfactant on the particle surface, leaving less free surfactant
available for adsorption at the 0il/SSW interface (Figure 2a).

To quantify the extent of surfactant adsorption on clay
particles in oil, the adsorption isotherm was determined by a
material balance by quantifying the free surfactant concen-
tration from the measured interfacial tension.**” As shown in
Figure 2b, the adsorption increased rapidly with surfactant
concentration and then reached a plateau. The suspension pH
was 8.2 with only MMT present and was found to be nearly
constant with addition of E-O/12, where 0.1% w/v E-O/12
increased the pH to 8.4. The maximum adsorption was found
to be about 0.28 mmol/g, which was much smaller than the
values from 0.7 to 1.3 mmol/g for other alkyl ammonium salts
on MMT particles.*® For a measured BET surface area of 51.5
m?/g, the upper bound on the adsorption density was 5.4
pmol/m* with an area per surfactant of 30 A>. However, the
area per surfactant will be considerably larger than this value, as
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the MMT undergoes significant exfoliation in the presence of
water (Figure 1).

The wettability alteration of MMT surfaces by adsorption of
surfactant was evaluated by contact angle measurements using
mica as a surrogate material. The contact angle of a SSW drop
on a mica sheet was plotted as a function of the surfactant
concentration in the oil phase (Figure 3). The contact angle in
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Figure 3. Contact angle of synthetic seawater drop on mica (used as a

surrogate for MMT) in the presence of dodecane as a function of E-
/12 concentration.

the absence of surfactant was 33°, which is similar to the value
of 31° for a DI water drop on a mica sheet in liquid paraffin.*®
With increasing surfactant concentration, the contact angle
increased and reached to 95° at 0.4% w/v E-O/12. This
increase in hydrophobicity results from the surfactant tails
extending into the oil phase, whereas the two ethylene oxide
(EO) groups and the amine in the headgroup interact with the
clay dipoles and char§ed sites, as has been observed for other
nonionic surfactants.””> Here E-O/12 is essentially unproto-
nated in SSW at pH 8.2 (see Supporting Information Figure
S1).

The partitioning behavior of the clay particles with different
surface modification extents were compared with that of
unmodified clay particles (Figure 4). One milliliter of dodecane
containing clay particles was applied onto the top of 1 mL of
SSW under quiescent conditions. The unmodified clay particles
settled from the oil due to gravity and then entered the aqueous
phase. At low mass ratios of surfactant to clay (e.g, 0.02), a
significantly smaller amount of particles entered the aqueous
phase. At high mass ratios of surfactant to clay (e.g., 0.1 or 0.2),

dx.doi.org/10.1021/am502187t | ACS Appl. Mater. Interfaces 2014, 6, 11502—11513
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Figure 4. Partitioning behavior of unmodified and modified MMT clay
particles after 1 week. The clay concentration in all samples was kept at
0.5% w/v with respect to the total volume of dodecane and synthetic
seawater. The mass ratios of surfactant to clay in (a) to (e) were 0,
0.02, 0.05, 0.1, and 0.2, respectively. Clay was observed in the bottom
of the aqueous phase in panels a and b, but not in the aqueous phase in
panels d and e as the modified clay became more hydrophobic.

nearly all modified clay particles were trapped at the oil/water
interface and the particles did not enter the aqueous phase.
Similarly, Binks et al.>* observed that commercial organoclay
particles initially introduced in isopropyl myristate (IPM)
sedimented down to the IPM—water interface. The drastic
difference in the partitioning behavior between the unmodified
and modified clay particles was consistent with the surface
hydrophilicity/hydrophobicity determined from the contact
angle. From the point of view of practical dispersants for oil in
water, the small loss of particles to the aqueous phase as a
consequence of the low hydrophilicity surfaces would be highly
beneficial.

3.3. Effect of Surfactant Modification of Clay and
Salinity on Emulsion Properties. In a control experiment
without any added surfactant, MMT clay particles were too
hydrophilic to stabilize emulsions. Similarly, emulsions formed
with E-O/12 surfactant alone with a concentration below 0.1%
w/v in the unprotonated state were very unstable and resolved
within seconds either with or without added salt. Here the HLB
was too low for an unprotonated amine with only two ethoxy
groups. For example, the partition coefficient for E-O/12 was
estimated to be on the order of 107 from the measured partition
coefficients of a series of ethoxylated alkylamines with two EO
groups between heptane and alkaline water.”? However, the
combination of MMT and E-O/12 will be shown to be
synergistic for formation of stable emulsions with relatively
small amphiphile concentrations.

Macroscopic and microscopic observations of the emulsions
formed in DI water and SSW are shown in Figure 5. With the
same clay and surfactant concentration, the emulsion creamed
much more slowly with added salt as shown in the photograph
of the test tubes. When DI water was changed to SSW, the
viscosity of the continuous phase increased from 1.3 to 8.5 cP,
improving creaming stability. For the SSW case, the creamed
aqueous phase was clear, indicating that most clay particles
were incorporated in the emulsion phase. In contrast, the
creamed aqueous phase in the DI water case was turbid, which
suggests that many clay particles were released from the
emulsion phase. The optical microscopic images also showed
that the spherical oil droplets in the SSW case were much
smaller. The time-dependent droplet size distributions of the
DI water and SSW cases are compared in Figures Sc and Sd.
The initial droplet size decreased from 180 to 86 um when the
continuous aqueous phase was changed from DI water to SSW.
The droplet size in the DI water case increased over time while
the droplet size in the SSW case remained almost the same
even after 1 day. Collectively, the emulsions formed in SSW
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Figure 5. Photographs of emulsion resolution after 1 h (insets in panels a and b) and optical microscopy images of a dodecane-in-DI water emulsion
in panel a and a dodecane-in-synthetic seawater emulsion in panel b, and the corresponding time-dependent droplet size distributions for the
dodecane-in-DI water emulsion in panel c and for the dodecane-in-synthetic seawater emulsion in panel d. The emulsions were prepared with 1% w/
v MMT and 0.001% w/v E-O/12 (1/0.001) at a water volume fraction of 0.5.
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were composed of smaller droplets and were more stable to
coalescence and creaming.

As shown in Figure 6, the droplet size in the DI water case
decreased from 180 to 75 pm when the surfactant

200
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E-O/12 (% wiv)

Figure 6. Initial droplet size of O/W emulsions with 1% w/v MMT
and three E-O/12 concentrations, formed with DI water (red) or
synthetic seawater (blue). The water volume fraction was 0.5.

concentration increased from 0.001 to 0.05% w/v, given the
ability of shear to overcome the Laplace pressure for the lower
y. Additionally, the modified clay particles became more
hydrophobic at higher surfactant concentrations, favoring
adsorption onto the oil—water interface for stabilization against
coalescence of initially formed oil drops. For the same increase
in surfactant concentration, the initial droplet size in the SSW
decreased only slightly from 86 to 62 pm. Remarkably, the
droplet size was only 86 pm for an extremely low E-O/12
concentration of 0.001% w/v. The high salinity facilitated initial
formation of small droplets during emulsification process by
driving the clay particles from the brine phase to the oil/water
interface. This salt effect was less pronounced at a high
surfactant concentration (e.g., 0.05% w/v), where the dominant
effect was that of surfactant on lowering y. A secondary effect is
greater wettability alteration of the clay with the increase in
surfactant concentration, which drives the clay particles to the
interface.

As shown in Figure 7a, the combination of clay with a
concentration ranging from 0.1 to 1% w/v and surfactant with a
concentration from 0.001 to 0.1% w/v led to a strong

synergistic stabilization for dodecane-in-SSW emulsions at a
water volume fraction of 0.5. For all of the cases presented in
Figure 7, the emulsion type was O/W and no phase inversions
were observed. The phase inversions induced by further
increasing surfactant-to-clay ratio or varying water volume
fraction will be presented in Figure 9 and discussed in Section
3.5. These emulsions were quite stable to coalescence since the
average droplet size and size distribution changed little over
time (Supporting Information Figure S2). No coalescence was
observed even at the lowest MMT concentration of 0.1% w/v.
The largest initial droplet size was above 200 ym at low
amphiphile concentrations. Only a very small surfactant
concentration was required relative to the clay concentration
for all the cases. For the lower clay concentrations, the droplet
size decreased down to 100 ym as the surfactant concentration
increased, presumably because of a reduction in interfacial
tension, as well as modification of the clay surface. However, as
the clay concentration increased to ~0.8% w/v, 50 um droplets
were formed even at the lowest surfactant concentration.
Without surfactant, the droplets were however on the order of
millimeters in diameter, consistent with the little reduction in
the interfacial tension (small surface pressure). Without clay,
the surfactant at 0.001% w/v did not produce emulsions. Thus,
we attribute the synergistic effect of the extremely low
surfactant concentration of 0.001% w/v in either DI water
(Figure Sc) or SSW (Figures Sd and 7a) to modification of the
clay by the surfactant, which may influence exfoliation and
interfacial activity. Furthermore, this effect was even stronger
for SSW as the salt drove the clay toward the interface. When a
sufficient amount of clay (>0.8% w/v) was added, only a very
small amount of surfactant (as low as 0.001% w/v) is required
to obtain O/W droplets below 70 ym, which is the desired oil
droplet size for biodegradation by bacteria in the ocean.'*
The resolution of the emulsions was primarily because of
creaming, given the aforementioned small amount of
coalescence, as shown in Figure 7b. The contours were
relatively vertical suggesting the emulsion stability was
influenced primarily by the clay concentration, and relatively
little by the surfactant. As the MMT concentration increased
from 0.1% to 0.5% and to 1% w/v, the viscosity of the
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Figure 7. Contour maps of initial droplet size (a) and emulsion stability (time to resolve 20% of the continuous phase) (b) for dodecane-in-synthetic
seawater emulsions prepared with various concentrations of MMT and E-O/12 at a water volume fraction of 0.5. The black dots represent O/W

emulsions.
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SSW at a water volume fraction of 0.5.

continuous phase increased from 1.2, to 2.7, and to 8.5 cP (see
Supporting Information). Accordingly, the creaming rate would
be reduced given that creaming rate is inversely proportional to
the viscosity. In addition, the reduction in the droplet size with
the increasing MMT concentration could also decrease the
creaming rate, which is proportional to the square of the
droplet size. A theoretical creaming rate can be calculated from
the Stokes’ law which balances buoyancy against viscous drag of
a spherical droplet in a dilute system. When the hindered effect
on the creaming rate due to a substantial dispersed phase
volume is considered, the empirical Richardson—2Zaki®
equation can be used to estimate a corrected creaming rate.
For nearly all the cases, the experimental stability was found to
be between the stability from the Stokes’ law and that from the
Richardson—Zaki model (Supporting Information Table S1).
Other factors such as droplet size polydispersity and
interdroplet attraction may also need to be taken into account
for a better prediction of the creaming stability.

The high salinity in SSW raises the thermodynamic driving
force for clay particle adsorption at the O/W interface by
reducing the energy penalty of concentrating the charged
particles at the interface.’® The work W, required to bring
charged particles to the interface is given by>®

A 2 2
(ozxw,f - o:;)w,i )

~

W, ~
2e,€ K
0¢r

e

(1)
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where A is the area of the oil—water interface, &, is the dielectric
constant of vacuum, €, is the relative dielectric constant of the
electrolyte solution,  is the Debye screening parameter, 6,,¢ is
the effective charge density of the interface after particle
adsorption, and o, is the initial charge density of the interface
before particle adsorption. Thus, the barrier W, is proportional
to the Debye length ™', which decreases with the square root
of the ionic strength.

Emulsion formation relies on overcoming the barrier for
adsorption of the particles at the oil—water interface on the
basis of DLVO theory. The adsorption of particles onto the
droplet interface is governed by the balance between the
hydrodynamic force pushing the particles toward the droplet
surface and the repulsive electrostatic force hindering the
adsorption of particles. For turbulent flow in a rotor-stator
mixer for emulsification, the hydrodynamic driving force F;,
between a particle and an oil droplet can be estimated from the
expression,él

E.~ az,oceZBRz/3 (2)
where a is the particle radius, R is the oil droplet radius, p, is
the continuous phase density, and ¢ is the rate of energy
dissipation per unit mass. The adsorption of the negatively
charged clay particles onto negatively charged oil droplet
interfaces, due to spontaneous and preferential adsorption of
hydroxyl ions,”> must overcome the electrostatic repulsion. The
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Figure 9. Contour maps of (a) initial droplet size and (b) emulsion stability (for resolution of 20% of the continuous phase) as a function of the
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emulsions.

high ionic strength of SSW leads to substantial electrostatic
charge screening such that the kinetic repulsion barrier between
clay particles and oil droplets becomes negligible, thereby
promoting the approach of clay particles to newly formed bare
oil drops during emulsification, as observed recently for a
related system.'” Furthermore, the average size of clay particles
increased from 3 pm in DI water to 6 um in SSW (Figure 1),
which increases F,;.. Similarly, Golemanov et al.** reported that
the formation of stable W/O emulsions with charged latex
particles required a relatively high concentration of electrolyte
in the aqueous phase to lower the electrostatic barrier to
particle adsorption at the oil/water interface.

The plate-like structure of MMT is highly efficient for
stabilizing oil—water interfaces with minimal mass of material®'
in contrast to spherical particles with a relatively greater amount
of mass in the normal direction to the interface. For spheres,
the maximum capillary pressure PT™* responsible for stability
against droplet coalescence is inversely proportional to the
sphere radius a, that is P7™ o 1/ a,.%> However, the adsorption
energy AE, which is the energy required to remove a sphere
from the oil—water interface, is proportional to a/, that is AE
aj. Here, the maximum capillary pressure requires a small
radius while a strong adsorption energy requires a large radius.
For plate-like particles with two length scales, thickness & and
lateral size 2ag, the aforementioned dichotomy for spheres may
be overcome. Here, thickness h could serve as a reasonable
proxy for sphere diameter in the role of preventing droplet
coalescence. The maximum capillary pressure is therefore given
by P « 1/h. The plate lateral size primarily determines the
adsorption energy, which is expressed as AE o ag’
Consequently, plate-like particles with high aspect ratios
(2a4/h) are more effective emulsion stabilizers®* than spheres
for a given mass. In essence, a smaller mass blocks a larger
fraction of the interface.

In summary, when MMT particles are combined with E-O/
12 surfactant, as low as 0.001% w/v of surfactant corresponding
to only a small fraction of the mass of clay, was required to
achieve the desired wettability of the clay particles for the oil—
water interface. The presence of seawater further promotes the
emulsification efliciency and stabilization effectiveness, owing to

a combined effect of a smaller electrostatic kinetic adsorption
barrier, an enhanced viscosity of the continuous phase, and an
increased thermodynamic driving force for particle adsorption.
Whereas a model oil dodecane was utilized in this study, ionic
compounds in crude oil such as anionic naphthenic acids may
influence the surface of the clay particles, but likely to a lesser
extent than cations.

3.4. Nonsettling Concentrated Clay Dispersions in Oil.
Although the dilute MMT-based dispersant system (1% w/v)
successfully emulsified and stabilized the oil droplets, the initial
dispersions of large clay particles (not exfoliated in oil) and
surfactant in the oil were not colloidally stable and settled
within minutes. For practical applications, such as dispersants
for oil leaks, it would be desirable to have high storage stability
in a lipophilic phase that can wet oil. It is shown in Figure 8a
that the surfactant modified MMT clay particles become stable
against settling at a high clay concentration with the mass ratio
of surfactant-to-clay fixed. Unmodified MMT particles settled
within seconds regardless of particle concentration (Figures 8al
and 8a3). After modification with surfactant to enhance wetting
of clay by oil, 1% w/v MMT clay particles with 0.1% w/v E-O/
12 settled within minutes (Figure 8a2) while 20% w/v MMT
clay particles with 2% w/v E-O/12 exhibited negligible settling
over at least 1 day (Figure 8a4). The viscosity of this
concentrated clay-based dispersant was found to be 278 cP at a
shear rate of 10 s™'. The settling of clay particles was
dramatically hindered due to the increased particle volume
fraction whereby the clay particles formed a viscous gel.

A typical example of using such a concentrated clay
dispersant for the formation and stabilization of dodecane-in-
SSW emulsions is given in Figure 8b. Upon dilution and
emulsification which mimics the delivery and application of
dispersant for treating oil spills, the resulting clay-based
dispersant produced an O/W emulsion with an average droplet
size of 60 yum and a creaming stability of 20 min at a water
volume fraction of 0.5. For the same final concentrations of clay
and surfactant, an initially dilute dispersant formed an O/W
emulsion with an average droplet size of 64 ym and a creaming
stability of 15 min at the same water volume fraction. Thus, the
dilution process does not change the dispersant performance.
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Figure 10. Optical microscopic pictures of the emulsions prepared at various combinations of mass ratio of surfactant to clay and water volume
fraction: (a) spherical O/W droplets, (b) elongated O/W droplets, (c) small W/O droplets, (d) large W/O droplets, and (e) w/O/W droplets. The

total concentration of clay and surfactant was fixed at 1.1% w/v.

3.5. Phase Inversions and Associated Emulsion
Properties. The global behavior of the role of the mass ratio
of surfactant-to-clay (HLB formulation variable) and the water
volume fraction on emulsion type, droplet size, and stability
may be best understood on a phase diagram. As has been
shown for surfactant-stabilized emulsions,** a formulation-
composition bidimensional map (Figure 9) was constructed at
a fixed total concentration of MMT and E-O/12 of 1.1% w/v.
All of the detailed data used to construct the map are shown in
Supporting Information Table S2. The bold black solid line
represents the boundary between O/W and W/O emulsions.
The emulsion type was inverted from O/W to W/O either by
increasing the mass ratio of surfactant-to-clay (transitional
inversion) in a particular range of ¢, or by decreasing ¢,
(catastrophic inversion). Both O/W and W/O emulsions were
quite stable against coalescence given that the droplet size and
size distribution varied little over time (see Supporting
Information Figure S3). The primary emulsion destabilization
mechanism is therefore gravity induced phase separation, that is
creaming for O/W emulsions and sedimentation for W/O
emulsions, as quantified in Figure 9b. The emulsion stability
will be shown to be correlated with the droplet size.

We begin by considering changes in [E-O/12]/[MMT] for a
fixed ¢, to examine the transitional inversion in curvature. For
all of the results to this point, ¢,, was 0.5 and the [E-O/12]/
[MMT] ratios were low such that the HLB was high and only
O/W emulsions were present. In Figure 9, the [E-O/12]/
[MMT] ratio was increased to invert the curvature to a W/O
emulsion for a range of ¢,,. At an immediate ¢, (e.g, 0.5), the
O/W droplet size was moderately large between 50 and 200
um for a [E-O/12]/[MMT] ratio smaller than 0.3S.
Accordingly, the emulsion stability was between 10 and 100
min. For the highest [E-O/12]/[MMT] ratio, a W/O emulsion
was formed with a very small droplet size (<20 ym), along with
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a higher emulsion stability of around 1000 min. The smaller
W/O droplet size is mainly due to the presence of larger
amount of surfactant available for reducing the interfacial
tension. Interestingly, the stability did not become low at the
transitional inversion as it does for surfactant stabilized
emulsions®® where it is easy to generate channels for
coalescence by changes in curvature with the small bending
moment.®® For the adsorbed particles, it appears that the
interface is more rigid and these channels do not form. At a
high ¢, (>0.7), the stability of the corresponding O/W
emulsions was poor (~1 min), independent of the [E-O/12]/
[MMT] ratio. Similarly at a low ¢,, (<0.3), the corresponding
W/O emulsions exhibited very low stability because of large
droplet size.

We now consider changes in ¢,, at a fixed [E-O/12]/[MMT]
ratio to examine catastrophic phase inversions. For a [E-O/
12]/[MMT] ratio below 0.35 (e.g, 0.15), the emulsion
morphology inverted from O/W to W/O at a catastrophic
inversion point of ¢, = 0.35. For the O/W emulsions,
Bancroft’s rule was observed and the droplet size was between
50 and 100 ym. On the left side, where the curvature was the
opposite of the preferred curvature, the droplet size was much
larger (~400 um). The preferred curvature is the curvature
favored by the contact angle of the amphiphiles at the interface
independently of any influence on the curvature from droplet
interactions which are influenced by the oil/water ratio. For
example, the curvature is the opposite of the preferred
curvature in the bottom-left and top-right corners of the
phase diagram. The preferred curvature is often measured at
equal volumes of oil and water. Similarly for a [E-O/12]/
[MMT] ratio above 0.35 (e.g, 0.4), the preferred curvature was
W/O emulsions according to Bancroft’s rule and the droplet
size was small (~20 pum). Correspondingly, the O/W
emulsions on the right side of the inversion boundary, where
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the curvature was opposite of the preferred curvature consisted
of large droplets (~200 ym). The smaller droplet size for the
preferred emulsion type has also been reported by Binks et
al.***® using silica particles and by Stiller et al.** using TiO,
particles. As the [E-O/12]/[MMT] ratio increased from 0.2 to
0.35 and to 0.4, the value of ¢, where catastrophic inversion
occurred increased from 0.35 to 0.65 and to 0.75. Thus, the
required ¢,, for catastrophic inversion increased with the
hydrophobicity of modified clay particles. This trend is in good
agreement with Kaptay’s prediction that the water volume
fraction where catastrophic inversion occurred increased with
the contact angle of solid particles.””

Optical micrographs of the emulsion droplet morphology are
also shown for various surfactant-to-clay ratios and water
volume fractions in Figure 10. The sizes of the droplets were
consistent with the SLS results. At ¢, = 0.5 and [E-O/12]/
[MMT] = 0.15, an O/W emulsion with spherical droplets of SO
um was formed (Figure 10a). Elongated O/W droplets were
observed at ¢, = 0.5 and [E-O/12]/[MMT] = 0.25 (Figure
10b). Nonspherical O/W droplets stabilized with surfactant-
modified solid particles have been previously reported.””*® The
W/O droplet size was about 10 ym at ¢,, = 0.5 and [E-O/12]/
[MMT] = 0.4 (Figure 10c) and about 80 pm at ¢,, = 0.2 and
[E-O/12]/[MMT] = 0.25 (Figure 10d). w/O/W emulsions
were observed at ¢, = 0.8 and [E-O/12]/[MMT] = 0.25
(Figure 10e). The dominant aqueous phase volume determined
the outer continuous phase to be water while the mass ratio of
surfactant-to-clay was high enough to form W/O droplets to be
embedded in large water drops.

This clay/surfactant dispersant system demonstrates remark-
able tunability and flexibility for obtaining various emulsion
properties in terms of droplet size, emulsion stability, and
droplet morphology by varying formulation and composition
variables. In addition, understanding the influence of the
transitional and catastrophic phase inversions on the associated
emulsions properties would facilitate the design and develop-
ment of novel dispersants for dispersing oil in seawater where
the dispersant is expected to be introduced from the oil phase,
but then favors the aqueous side of the interface upon
emulsification.

4. CONCLUSIONS

For dodecane-in-SSW emulsions formed with various concen-
trations of MMT clay (0.1-1% w/v) and E-O/12 surfactant
(0.001-0.1% w/v) at a water volume fraction of 0.5,
coalescence of oil droplets was negligible and the primary
emulsion destabilization mechanism was creaming. The clay
particles alone were too hydrophilic and the surfactant too
hydrophobic to form these emulsions, yet the combination was
highly synergistic to form oil droplets as small as 60 gm. Thus,
the surfactant interacted with the clay particles and increased
the contact angle (decreased HLB of the clay) at the oil—water
interface. Even when slightly lowering the HLB of MMT clay
particles with only 0.001% w/v surfactant, oil-in-SSW
emulsions were still formed. The pronounced synergistic effect
of emulsion formation and stabilization in SSW are due in part
to reduced electrostatic repulsion between adsorbed clay
particles and an increase in the continuous phase viscosity.
This surfactant/clay system enabled phase inversion from
W/O to O/W emulsions either by decreasing the mass ratio of
surfactant-to-clay [E-O/12]/[MMT] (transitional inversion) or
by increasing water volume fraction ¢, (catastrophic
inversion). For both types of emulsions, coalescence was
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minimal at all conditions reported, and destabilization resulted
primarily from gravity induced phase separation, which was
strongly correlated with the droplet size. For intermediate
values of ¢, increasing the [E-O/12]/[MMT] ratio inverted
the curvature to a W/O emulsion, where the droplet sizes were
the smallest resulting in the highest stabilities. For catastrophic
inversions, the droplet size of the emulsions was smaller in the
case of the preferred curvature. At high ¢,, the creaming was
faster given the more dilute oil droplets and reduction in
interdroplet hydrodynamic interactions.. Stable dispersions of
concentrated clay in oil were obtained at high clay
concentrations, which is of interest for storage stability in
practical applications. The initially concentrated dispersions
were diluted and sheared in seawater, whereby the mass transfer
pathways crossed the catastrophic boundary resulting in 60 ym
oil droplets. The ability to mimic actual processes with these
mass transfer pathways on the droplet size and stability
formulation-composition diagrams will be useful for designing
dispersant systems for various applications including remediat-
ing oil spills with waves and in subsea jets.
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