Communications

3012

Nanoemulsions

DOI: 10.1002/anie.200705362

Nanoemulsions Induced by Compressed Gases**
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An emulsion is a heterogeneous system consisting of at least
two immiscible liquids. Emulsions have been an important
research topic for years, and they are widely used in cleaning,
material science, chemical reactions, manufacturing,
enhanced oil recovery, and many other processes.”””! Emul-
sions with submicrometer droplet size—so-called nanoemul-
sions—have attracted much attention in recent years.** As a
result of their small droplet size, such nanoemulsions may
appear transparent or translucent. Furthermore, they present
unusual properties relative to the macro- or microemulsions;
for example, the droplets in nanoemulsions are better
dispersed than those in macroemulsions, and they also possess
a higher stability against sedimentation, creaming, floccula-
tion, and coalescence. In contrast to microemulsions, a lower
surfactant concentration is required for the formation of
nanoemulsions, and the volume fraction of the dispersed
component can be much larger. Several techniques for
preparing nanoemulsions have been reported; these include
applying mechanical energy,!'” changing the temperature,
or using additives.'>!¥ It is known that the use of additives,
such as co-surfactants or salts, may lead to higher material
costs as well as to the contamination or modification of the
products by these additives. The development of effective,
controllable, and environmentally benign methods to prepare
nanoemulsions is challenging and of great importance.

Compressed gases (for example, CO,) are very soluble in
many organic solvents, their solubility depending on the
temperature and the pressure. Dissolution of gases in liquids
can change the properties of the liquid solvents considerably.
Therefore, the properties of liquid solvents can be tuned
continuously by controlling the pressure of the gases.' This
principle has been applied to different processes, such as
tuning the properties of chemical reactions,™>!'! controlling
the stability of reverse micelles,"” material processing,'*2"]
polymerization promotion,”! and as to change the character-
istics of the mobile phase in HPLC.”? The applications of gas-
expanded liquids have been recently reviewed.”!

Here, we demonstrate—for the first time—that com-
pressed gases, such as CO,, ethylene, ethane, and propane, can
induce the formation of a number of nanoemulsions with the
following special advantages: 1) the surfactant concentration
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can be very low; 2) the nanoemulsions can be formed in a
wide range of water-to-oil volume ratios; 3) formation and
breakage of the nanoemulsions are reversible and can be
controlled by pressurization and depressurization; 4) the gas
can be easily removed by reducing the pressure; 5) the
method is environmentally benign. Furthermore, conven-
tional additives are usually strongly polar (or ionic) liquids or
solids whereas in our method nonpolar gases are used. The
mechanism of the formation of nanoemulsions using nonpolar
gases can be very different from that observed with conven-
tional additives. Therefore, this study may trigger further
work on several interesting fundamental and practical topics.
As examples, we investigated the applications of CO,-induced
nanoemulsions in the preparation of cross-linked porous
polystyrene materials as well as the ability of CO, to stabilize
emulsions in enhanced oil recovery. We achieved promising
results in both cases. A possible mechanism for the formation
of this kind of nanoemulsions is also discussed.

The water/sodium bis-2-ethylhexylsulfosuccinate (AOT)/
isooctane system (with a surfactant concentration of
0.02gmL™" and equal volumes of water and isooctane)
becomes completely turbid upon stirring, which agrees with
the water/AOT/isooctane ternary phase diagram reported in
the literature.” Interestingly, we found that the turbid
emulsion became more transparent as CO, was added to
the system under stirring, and a complete transparent
emulsion was obtained when the CO, pressure reached
3.78 MPa at 303.2 K. Subsequently, with continuously increas-
ing CO, pressure, the transparent emulsion changed into
turbid again. This change can be clearly observed in
Figure 1a—g. Here, we define the pressure at which the
emulsion becomes completely transparent as the “transpar-
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Figure 1. Photographs of the H,0/AOT/isooctane system at 303.2 K
and CO, pressures of: a) 0 MPa, b) 3.55 MPa, c) 3.64 MPa,

d) 3.78 MPa, €) 3.90 MPa, f) 4.01 MPa, and g) 4.45 MPa; h) corre-
sponds to (d) after releasing of CO,; i-m) correspond to (a), (c), (d),
(e), and (g), respectively, after phase separation for 72 h; [AOT] =
0.02 gmL™", water/oil (1:1, v/v).
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ency pressure” Pp. The transparency of the emulsion at Py is
indicative of much a smaller droplet size relative to the turbid
emulsions at lower or higher pressures. In addition, the
formation of the nanoemulsion was reversible and could be
repeated by controlling the pressure. After releasing CO,, the
nanoemulsion shown in Figure 1d changed into a turbid
emulsion, as shown in Figure 1h. However, the transparent
nanoemulsion (Figure 1d) could be recovered by compress-
ing the gas again to 3.78 MPa.

It is known that both micro- and nanoemulsions are
transparent. Sedimentation analysis is often used to differ-
entiate between them because a microemulsion is thermody-
namically stable whereas a nanoemulsion is not. We studied
the stability of the emulsions at different conditions. Our
experiments demonstrated that the transparent emulsion
shown in Figure 1d was not thermodynamically stable. The
emulsion separated into water-rich and isooctane-rich phases
after stirring had been stopped for a certain time. Therefore,
we conclude that the transparent emulsion shown in Fig-
ure 1d is a nanoemulsion. The photographs of the emulsions
at different pressures after phase separation are shown in
Figure 1i-m.

The stability of emulsions can be evaluated qualitatively
by determining the phase-separation rate or the dependence
of the volume of the aqueous phase on time after stopping the
stirrer. We found that the increase in the volume of water—
caused by dissolution of CO,—was negligible under our
experimental conditions. Therefore, the stability of the
emulsions at different pressures can be characterized by the
variation in the ratio between the aqueous phase and the total
volume of water and isooctane with time. The results,
obtained at different CO, pressures, are shown in Figure 2.
In the absence of CO,, the H,O/AOT/isooctane system was
very unstable, and the aqueous phase appeared within one
minute after stopping the stirrer; complete phase separation
occurred after about 7 h. However, by adding CO,, the time
for complete phase separation could be significantly pro-
longed. At a pressure of 3.78 MPa, the aqueous phase
appeared after the stirrer had been stopped for about
15 min and it took about 60 h for complete phase separation
to occur. At higher CO, pressures, the emulsion was turbid
but still very stable.
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Figure 2. Dependence of the ratio of the separated aqueous phase and
the total liquid mixture (V,/V;) on time for the system H,O/AOT/
isooctane at 303.2 K and CO, pressures of 0 MPa (m), 2.15 MPa (o),
3.64 MPa (a), 3.78 MPa (), and 4.72 MPa (e); [AOT] = 0.02 gmL™",
water/oil (1:1, v/v).
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We studied the emulsion cross-linking polymerization of
styrene at 313.2 K in the emulsion system water/AOT/styrene/
toluene/diethylenebenzene (where diethylenebenzene acts as
the cross-linker). The ratio of water/styrene/toluene/diethy-
lenebenzene was 2.6:1.5:1:0.08 (v/v) and the concentration of
AOTwas 0.02 gmL"". The P;of the system determined at this
temperature was 6.80 MPa. Turbid emulsions were formed at
lower or higher pressures. Transmission electron microscopy
(TEM) images of the cross-linked polystyrene products
obtained from the emulsions at different pressures are
shown in Figure 3. In the absence of CO, and at pressures

Figure 3. TEM images of cross-linked polystyrene obtained at 313.2 K
and a) 0 MPa, b) 4.16 MPa, c) 6.80 MPa, and d) 7.45 MPa;
[AOT]=0.02 gmL™", water/monomer phase (1:1, v/v).

of 4.16 and 7.45 MPa (at which turbid macroemulsions were
formed with larger droplets), the cross-linked polymer
particles exhibited sizes and shapes that were typical for
polymerization products in conventional macroemulsions
(Figure 3a,b,d). Interestingly, in the nanoemulsion at
6.80 MPa, a porous polymeric material with an average pore
size of about 20 nm was obtained (Figure 3c). Emulsion
polymerization has been widely studied (including the
emulsion cross-linking polymerization of styrene). In macro-
emulsion polymerization, microparticles are generated via
the capture of free radicals by micelles, which exhibit an
extremely large oil/water interfacial area. In general, mono-
mer droplets are not effective in competing with micelles to
capture the free radicals generated in the aqueous phase,
because of their relatively small surface area, and they mainly
serve as reservoirs to supply the growing particles with
monomer and surfactant species;?! therefore, spherical
particles are usually produced. Nanoemulsion polymeri-
zations show quite different particle nucleation and growth
mechanisms than those of conventional macroemulsion
polymerizations.”*?”) The monomers are mainly polymerized
in situ because of the much larger monomer/water interfacial
area, and therefore, the morphology of the cross-linked
polymers reflects the microstructure of the nanoemulsions. In
this case, we can deduce from the porous structure of the
cross-linked polystyrene that the oil formed a continuous
phase, in which nanoscaled water droplets were dispersed.
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Both compressed CO, and surfactants have been widely
used in enhanced oil recovery.**?! Compressed CO, can
expand the oils, reduce their viscosity, and provide a driving
force for oil recovery. Surfactants, on the other hand, can
reduce the water/oil interfacial tension to emulsify the
mixture. An efficient emulsification can then increase the
recovery rate. We also studied the effect of CO, on the
stability of the water/AOT/crude oil emulsion system. The
concentration of AOT was 0.02 gmL~" and the crude-oil-to-
water ratio was 1:1 (v/v). The results are demonstrated in
Figure 4. An obvious phase separation could be observed
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Figure 4. Photographs of the H,O/AOT /crude oil system at 303.2 K in
the absence of CO, [with stirring (a) and 30 min after stopping the
stirrer (b)] and in the presence of CO, [P = 6.61 MPa, with stirring (c)
and 24 h (d) and 48 h (e) after stopping the stirrer]; f) corresponds to

photograph (c) after releasing of CO, for 30 min; [AOT] =
0.02 gmL™", water/oil (1:1, v/v).

30 min after stopping the stirrer in the absence of CO,
(Figure 4b). However, CO, could stabilize the emulsion
efficiently. At a pressure of 6.61 MPa, no evidence of
separation was observed up to 24 h after turning off the
stirrer (Figure 4d). Evident phase separation was observed
after 48 h (Figure 4¢). The reversibility and repeatability of
the stabilization process in this emulsion was also tested. For
the emulsion at 6.61 MPa, separation could be observed after
releasing CO, for 30 min (Figure 4 f). This result is interesting
for the petroleum industry because CO, can enhance
emulsification, thus providing a driving force for oil recovery,
and after the oils have been recovered, the emulsions can be
demulsified quickly by releasing CO, at ambient pressure.
We also studied the effect of the concentration of AOT,
the temperature, the water-to-oil volume ratio, and the
number of carbon atoms in the oil (n-alkanes) on the value
of Pr. The microstructure of the nanoemulsions was further
characterized by means of conductivity measurement and
UV/Vis spectroscopy. Besides the described system, which
contains the anionic surfactant AOT, we also studied the
formation of compressed-gas-induced nanoemulsions in sys-
tems containing other two surfactants, namely, cetyltrimethy-
lammonium bromide (CTAB, a typical cationic surfactant)
and TritonX-100 (a commonly used nonionic surfactant).
Nanoemulsion formation induced by other gases, namely,
ethylene, ethane, and propane was also investigated. We
found that P; decreased with increasing surfactant concen-
tration and decreasing temperature, and that the nanoemul-
sions could be formed in a wide range of water-to-isooctane
volume ratios. Also, the value of P;was observed to increase
with increasing number of carbon atoms in the n-alkanes,
which acted as oils. The cationic and nonionic surfactants
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could also form gas-induced nanoemulsions, and all the gases
tested herein were found to induce the formation of nano-
emulsions. The value of P was found to be lower in those
systems exhibiting a better compatibility between the gas and
the surfactant chains. The polarity of the water droplets in the
nanoemulsions was similar to that of the bulk water.
Furthermore, the size of the droplets in the nanoemulsions
was the smallest, which is consistent with the direct observa-
tion shown in Figure 1. Detailed results and discussions to the
experiments described in this paragraph are presented in the
Supporting Information.

The results presented above indicate that the gas-induced
formation of nanoemulsions is a general phenomenon. At
present, it is still challenging to provide an exact mechanism
for this interesting behavior (although it is of great impor-
tance from both theoretical and practical points of views).
Further studies are thus required. One of the main reasons for
this phenomenon could be that the gas molecules can insert
into the water/oil interfacial films formed by the surfactants
because of their smaller sizes (relative to those of the oils).
The insertion of the gas molecules may increase the natural
curvature (reducing radius) of the dispersed droplets, if the
gases in the films exist mainly in the shallow region
(Scheme 1b). Therefore, the size of the droplets is reduced
and nanoemulsions can be formed at a suitable pressure.
However, if an excess of gas is added, the gas molecules can
also penetrate into deeper regions of the interfacial films, thus
making the hydrocarbon tails of the surfactants become more
parallel again; therefore, the curvature of the droplets
decreases with the pressure, that is, the size of the droplets
increases with the pressure (see Scheme 1c). The insertion of
gases into the interfacial films also increases the rigidity of
those films, which is favorable for enhancing the stability of
the emulsions. Therefore, the emulsions can also be stabilized
by gases at higher pressures, although in those cases, the
droplet sizes are larger than those of nanoemulsions. This
argument not only explains how the size of the emulsions
changes with the pressure, but it can also clarify other
experimental results obtained in this work, for example:
1) The value of Princreases with increasing number of carbon
atoms in the oils (n-alkanes). It is more difficult for an alkane
with a longer chain to penetrate into the interfacial films
effectively.” Thus, more gas is needed to insert it and form
the nanoemulsions; 2) The gases can induce the formation of
nanoemulsions, although our experiments showed that n-
pentane does not exhibit this property because of its larger
size; 3) A gas exhibiting a good compatibility with the
surfactant chains has a lower P; value, because it is easier
to insert it into the interfacial region. Detailed discussions are
presented in the Supporting Information.

a) ol b)
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Scheme 1. Induction of nanoemulsions and stabilization of emulsions
by insertion of gases (——) into the interfacial region of the emul-
sions.
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In summary, we have shown that compressed gases, such
as CO,, ethylene, ethane, and propane, can induce the
formation of nanoemulsions with special characteristics. We
believe that this new type of nanoemulsions will extend the
scope of fundamental research and applications in this area.
Future work will include additional studies on the mecha-
nisms involved as well as an evaluation of the possible
applications of gas-induced nanoemulsions and gas-stabilized
emulsions in different fields like materials science, chemical
reactions, and the pharmaceutical and oil industries.

Experimental Section

The apparatus used for the phase-behavior investigations was similar
to that employed previously for studying reverse micelle solutions at
elevated pressures.'”! It consisted of a view cell with stirrer, a high-
pressure pump, a constant-temperature water bath, and a pressure
gauge. In a typical experiment, the desired amount of surfactant,
water, and oil were added into the view cell and the mixture was
stirred. After thermal equilibrium was reached, the gas was charged
into the view cell to the desired pressure, and the phase behavior was
observed.

The apparatus described above was also used to study the
polymerization process. In the experiment, a known amount of AOT
was dissolved in a mixture of styrene/toluene/DVB (1.5:1:0.08 v/v/v).
Then, water was added to the organic solution (upon stirring) until the
volume of both phases was equal. The concentration of AOT was
0.02 gmL~". After stirring for 30 min, the initiator potassium perox-
ydisulfate was added to the emulsion upon stirring ([K,S,05] =
0.9mgmL™"). The autoclave containing the emulsion was then
transferred into a water bath at 313.2 K. Then, CO, was charged
into the autoclave to the desired pressure (upon stirring). Finally,
after a reaction time of 24 h, the gas was released. The separated
product was characterized by TEM with a TECNAI 20 PHILIPS
electron microscope.

The chemicals and equipment used, as well as the procedures for
the UV/Vis and conductivity measurements, are given in the
Supporting Information.
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