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Synergistic interactions at the interface of nanoparticles (bare colloidal silica) and surfactant (caprylamidopropyl beta-
ine) led to the generation of viscous and stable CO2-in-water (C/W) foams with fine texture at 19.4 MPa and 50�C.
Interestingly, neither species generated C/W foams alone. The surfactant became cationic in the presence of CO2 and
adsorbed on the hydrophilic silica nanoparticle surfaces resulting in an increase in the carbon dioxide/water/nanopar-
ticle contact angle. The surfactant also adsorbed at the CO2–water interface, reducing interfacial tension to allow for-
mation of finer bubbles. The foams were generated in a beadpack and characterized by apparent viscosity
measurements both in the beadpack and in a capillary tube viscometer. In addition, the macroscopic foam stability was
observed visually. The foam texture and viscosity were tunable by controlling the aqueous phase composition. Foam sta-
bility is discussed in terms of lamella drainage, disjoining pressure, interfacial viscosity, and hole formation. VC 2013
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Introduction

Carbon dioxide has been used for decades for miscible
displacement of oil in tertiary enhanced oil recovery
(EOR).1–4 However, CO2, as a consequence of its low den-
sity (�0.05 to 0.5 g/mL) and low viscosity (�0.01 cP), often
rises too high in the reservoir (gravity override), or fingers
unevenly resulting in poor sweep efficiency.5,6 The apparent
viscosity of CO2 in porous media may be increased by a fac-
tor of 10 to 1001 by forming foams with surfactants that
stabilize the aqueous lamellae separating CO2 bubbles.6 Tra-
ditionally, surfactants have been used to generate emulsions
and foams of CO2 and water by designing the proper hydro-
philic/CO2-philic balance (HCB) of the surfactant, analogous
to the hydrophilic/lipophilic balance (HLB).7

The HCB influences the interfacial properties of an amphi-
phile, including the preferred curvature of the CO2–water
interface and the efficiency of the surfactant for lowering the
interfacial tension.8 The HCB has been defined as

1=HCB 5
AAC 2AAA 2ACC

AAW 2AAA 2AWW

(1)

where Aab indicates the interaction pair potential between a and

b with A 5 amphiphile, C 5 CO2, and W 5 water.7,9 For surfac-

tants, the tails contribute primarily to AAC and the head primar-

ily to AAW. A significant challenge to surfactant design for

CO2–water systems is that the low polarizability/volume of CO2

often results in weak solvation of the surfactant tails resulting in

a very high HCB.7 Here, the surfactant may favor water to such

an extent that it adsorbs only weakly at the CO2–water interface,

at a level insufficient for foam formation and stabilization.

The presence of surfactant at the interface may limit foam
destabilization via multiple mechanisms, including drainage
of lamellae, coalescence, and Ostwald ripening.10 Surfactants
with low HCBs have been used to stabilize water-in-CO2

(W/C) microemulsions11–13 and emulsions,14,15 while surfac-
tants with high HCBs stabilize CO2-in-water (C/W) emul-
sions16,17 and foams.10 Several studies have focused on
nonionic surfactants for C/W emulsions and foams,10,16,18,19

especially surfactants with “stubby” branched tails to aid in
solubilization by CO2. Various other classes of surfactants
have also been investigated for C/W emulsions and foams,
including poly(vinyl acetate) surfactants,18,19 ethoxylated sul-
fonates,20,21 sulfobetaines,20,22 and amines.

Recently, silica nanoparticles have been used to stabilize
emulsions and foams with W/C23 and C/W9,23–25 curvatures.
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An advantage of nanoparticles for stabilization of CO2 foams
is that they may irreversibly adsorb at CO2–water interfaces,
potentially providing longer term stability than traditional
surfactants which dynamically adsorb and desorb at the
interface.26 Nanoparticles can be produced from chemically
stable, abundant, low cost, and environmentally benign mate-
rials such as silica and clay.27 Changes in the magnitude of
AAC with respect to AAW indicate changes in the wettability
of the nanoparticle surface by CO2 and water. The macro-
scopic manifestation of the relative interactions between the
nanoparticles’ surface, CO2, and water is the contact angle
(h), depicted in Figure 1. The contact angle is generally con-
sidered a key parameter for explaining particle behavior at
interfaces.28 However, it is typically only measured for flat
surfaces such as silica wafers, rather than for nanoparticles
at interfaces.29–31

Generally, bare silica nanoparticles are too hydrophilic to
stabilize C/W foams,9 but surface modification by formation
of covalent bonds has been used to lower the HCB. Silica
nanoparticle surfaces have been modified with CO2-philic
fluorinated ligands for W/C emulsions,23 hydrophobic
dichlorodimethylsilane (DCDMS) for C/W emulsions25 and
foams,9 and amphiphilic poly(ethylene glycol) (PEG) for
C/W foams.8,24 While providing permanent attachment to
the nanoparticle surface, the covalently modified particles
often do not lower interfacial tension significantly at
oil–water32 or CO2–water interfaces.

In situ surface activation of silica nanoparticles by adsorp-
tion of surfactant has been demonstrated as a facile route for
formation of O/W emulsions33–36 and A/W foams.37 This
method does not require covalent grafting37 and also offers
the opportunity for free surfactant to adsorb by itself at the
oil–water interface to lower interfacial tension (c). 37,38

Additionally, mixed nanoparticle and surfactant amphiphiles
can provide novel interfacial phenomena including double
phase inversions based on surfactant concentration29 and
synergistic emulsion formation.33 Although amine surfactants
may be used for in situ surface activation of silica nanopar-
ticles, they often cause flocculation of the particles even at
low concentrations of surfactant.33,39 Recently, carboxybe-
taines have been used for wettability alteration of kaolinite
clay particles via electrostatic interaction with negatively
charge sites on the clay.40 Partyka et al.41 found that carbox-
ybetaines tend to adsorb on silica roughly an order of magni-
tude lower than protonated amine surfactants of the same tail
length at pH 7.5, but their adsorption at lower pH was not
investigated. Lower adsorption on silica may be beneficial as
higher surfactant concentrations may be used without caus-
ing nanoparticle flocculation. Additionally, carboxybetaines
are known to have high salinity tolerance and, thus, are of
interest for EOR applications.42–44

The objectives of this study were to generate viscous and
stable C/W foams with fine texture with a mixture of silica
nanoparticles and a surfactant and to explain the behavior in
terms of interfacial properties. To our knowledge, previous
studies have examined either a surfactant or nanoparticle,
but not both together. The foam formation is shown to be
aided by interfacial tension (c) reduction from the surfactant,
whereas the foam stability may be expected to be augmented
by adsorption of nanoparticles at the CO2–water interface.
We utilize a zwitterionic carboxybetaine surfactant capryla-
midopropyl betaine (CAPB) that becomes cationic upon pro-
tonation in the presence of CO2. Interestingly, neither the
surfactant nor the nanoparticles alone stabilized foam. C/W
foams were generated in a beadpack and characterized by
the apparent viscosity measurements both in the beadpack
and in a capillary tube viscometer, as well as the macro-
scopic foam stability. The mechanism for the form formation
and stability is explained qualitatively in terms of c and car-
bon dioxide/water/silica contact angle (h). To more fully
characterize the binary amphiphile, in situ surface activation
of the nanoparticles with the surfactant was characterized in
aqueous solution in terms of dynamic light scattering (DLS)
and zeta potential measurements. A key challenge was to
design a system whereby the surfactant did not cause the
nanoparticles to flocculate. The factors that may have con-
tributed to foam stabilization by the nanoparticle/surfactant
composite amphiphiles include lack of excessive amphiphile
precipitation at the CO2–water interface, slow lamella drain-
age, sufficient disjoining pressure, high interfacial viscosity,
and resistance to hole formation. The ability to form stable
C/W foams with enhanced stabilities with the combination
of nanoparticles and surfactant has the potential to aid
advancement of CO2 EOR.

Materials

Bare colloidal silica nanoparticles (NexSil 20, Nyacol
Nano Technologies) were purchased as a 40% aqueous dis-
persion. CAPB was a gift from Rhodia (Mackam OAB,
batch UP1K17X18). As per the certificate of analysis pro-
vided by the manufacturer, the solution was 37.6% solids
including 6.5% NaCl. The NaCl is a byproduct of the beta-
ine synthesis.45 As additional impurities are unknown, a con-
centration of 30% CAPB was assumed for calculations in
this study, based on the typical CAPB concentration per the
manufacturer.

HCl (1N solution, Fisher Scientific), NaOH (1N solution,
Fisher Scientific), NaCl (ACS Grade, Fisher Scientific),
HNO3 (ACS Plus Grade, Fisher Scientific), NaHCO3 (ACS
Grade, Fisher Scientific), dodecane (99%, Acros Organics),
and CO2 (research-grade, Matheson) were used as received.
Deionized (DI) water (Nanopure II, Barnstead, Dubuque, IA)
was used for all experiments.

Methods

Preparation and characterization of aqueous dispersions

Dispersions of nanoparticles with surfactant and/or NaCl
in water were prepared by adding dilute nanoparticle disper-
sions to dilute solutions of CAPB, followed by a solution of
NaCl in DI water. All nanoparticle, surfactant, and NaCl
concentrations are given as % w/v in the aqueous phase. The
NaCl concentrations given in this study are based on the
added NaCl to the nanoparticle dispersions and surfactant

Figure 1. Schematic illustrating the CO2/water/solid
contact angle.

cCW, cSC, and cSW represent the CO2/water, solid/CO2,

and solid/water interfacial tensions, respectively.
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solutions. The NaCl from the stock CAPB solution added an
additional 0.002% to 0.1% NaCl for CAPB concentrations of
0.01 to 0.5%, respectively. The additional NaCl was consid-
ered insignificant as the nanoparticle/surfactant mixed system
behavior was a very weak function of NaCl concentration up
to 3% NaCl added to the solution. The nanoparticle and sur-
factant mixtures were �pH 8 before any acid or base was
added. Where specified, pH was adjusted to 4, 6, or 8
(within 60.05 pH units) by adding 1N HCl or NaOH solu-
tion while stirring and monitoring the pH with a pH meter
(Oakton pH 11 series with Oakton WD-35801-00 probe,
Oakton Instruments). Dispersions of 0.1% colloidal silica
with 0 to 0.5% CAPB were characterized at room tempera-
ture (22 6 1�C) with a Brookhaven ZetaPALS instrument to
determine the zeta potential and the hydrodynamic diameter
of the particles. The Smoluchowski equation was used to
convert the measured mobility to zeta potential and the
CONTIN model was used to fit the DLS data.

Determination of surfactant isoelectric point

Titration was used to determine the isoelectric point (pI)
of the surfactant where 100 mL of 1% CAPB solution was
first adjusted to pH 10.09 with 2.4 N NaOH solution and
then 5–50 mL aliquots of 1N HCl solution were added while
stirring the surfactant solution. The pH of the surfactant so-
lution was measured with a pH meter (Oakton pH 11 series
with Oakton WD-35801-00 probe, Oakton Instruments) and
recorded after each aliquot of HCl solution was added.

Interfacial tension and contact angle measurements

Axisymmetric drop shape analysis of a captive bubble was
used to determine the CO2–water interfacial tension (c) and
the contact angle (h) between CO2/water/silica wafer. The
apparatus and techniques were adapted from previous studies
of interfacial tension46 and contact angle.31 The high-pres-
sure cell that held the stage was pressurized with CO2 to
6.65 MPa (absolute) and held at room temperature
(22 6 1�C). The solution was stirred for 30 min with excess
CO2 present to ensure that the aqueous phase was saturated
with CO2 before measurements were taken. The CO2 bubble
profile shape when captured on the stage was analyzed
according to the Laplace equation to calculate c and h made

with the stage. The average and standard deviation of the
calculated interfacial tension or contact angle for four bub-
bles were recorded, where 10 measurements were taken of
each bubble every 5 s. For interfacial tension measurements,
the stage was cut from a polished quartz wafer (item number
SOX101005S2 from MTI Corp.). For contact angle measure-
ments, the stage was cut from a silica-coated silicon wafer.
To produce the silica coating on the silicon wafer (mirror-
polished Si, Wafer World), it was cleaned with DI water and
placed in 15.8 N HNO3 solution overnight.33 The resulting
silica-coated wafer was then neutralized with NaHCO3,
washed with DI and ethanol, and dried prior to use.

C/W foam formation, apparent viscosity measurement,
and stability determination

The C/W foams were formed and characterized in an ap-
paratus described elsewhere.9 A diagram of the apparatus
used to generate C/W foams is shown in Figure 2. Nanopar-
ticle dispersions were prepared as described above, without
adjusting the pH prior to use. All experiments were done at
19.4 MPa (absolute) and 50�C, using a total flow rate of 1.5
mL/min and a CO2:water phase ratio of 3:1 by volume. The
system pressure was maintained within 0.2 MPa for all
experiments. The apparent viscosity of the foam in the bead-
pack (0.38 cm ID 3 11.3 cm long, filled with 180 mm spher-
ical glass beads, porosity of 0.34, pore volume of 0.436 mL,
and permeability of 22.5 darcy) was calculated from the
pressure drop using Darcy’s Law, treating the foam as a sin-
gle phase.1 At a flow rate of 1.5 mL/min, the shear rate in
the beadpack is 1130 s21, the superficial velocity is 0.220
cm/s, and the residence time is 17.4 s. The beadpack shear
rate and superficial velocity used in this study may be found
in field applications near an injection well where most foam
generation is expected.6 The apparent viscosity of the foam
in the capillary tube (0.0762 cm ID 3 195 cm long, volume
of 0.889 mL, and permeability of �19,000 darcy) was calcu-
lated from the pressure drop across the capillary tube using
the Hagen–Poiseuille equation. At a flow rate of 1.5 mL/
min, the shear rate at the wall of the capillary tube is 576
s21, the superficial velocity is 5.482 cm/s, and the residence
time is 35.6 s. Per manufacturer’s information, the accuracy
of the differential pressure reading is 60.25% of full scale,

Figure 2. Diagram of apparatus for C/W foam generation, measurement of viscosity and long-term foam stability.
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which is equivalent to 60.15 cP in the capillary and 60.31
cP in the beadpack.

O/W emulsion formation, stability, and microstructure
determination

To generate O/W emulsions, 1.5 mL of nanoparticle dis-
persion and 1.5mL of dodecane were loaded into a 1 dram
vial (capacity of 3.7 mL) and sonicated for 1 min with a
Branson Sonifier (VWR Scientific, model 250) equipped
with a microtip. The microtip was held just above the oil–
water interface to avoid entraining air during O/W emulsion
formation. Digital photographs were taken of the vials to re-
cord macroscopic emulsion behavior. Microstructure was
recorded with optical micrographs of the emulsions. The
micrographs were taken of 20 mL of O/W emulsion removed
from the center of the emulsion phase and placed on a slide
with a glass cover slip. Droplet sizes were measured using
ImageJ software, using a calibration slide as a standard.

Results

Isoelectric point determination

The CAPB surfactant was titrated with HCl to find the
isoelectric point (pI) in DI water. Figure 3 shows the pH of
a 1% CAPB sample as a function of added HCl solution,
where the pI is indicated by the inflection point at pH � 6.4.
For the experiments in this study where CO2 and water are
present, the pH will be well below this point and the surfac-
tant will be positively charged (Scheme 1).

DLS and zeta potential measurements

DLS was used to determine the hydrodynamic diameter of
the silica particles as a function of CAPB concentration at
pH 4 and 6 (Figure 4a). The results show consistent particle
hydrodynamic diameters of �28 nm at CAPB concentrations
up to 0.25%, indicating that no detectable particle floccula-
tion occurred after 40 h of aging.

Figure 4b shows the zeta potential of silica nanoparticles
(0.1%) at pH values of 4, 6, and 8 as a function of CAPB
concentration. The zeta potential of the nanoparticles was
strongly negative without surfactant as expected for silica.
At pH 4, where the surfactant is cationic, the zeta potential
increased much more strongly than at pH 6 where it was
zwitterionic. At pH 8, where it was mildly anionic, the num-
ber of negative charges added by the surfactant appeared to

be lower than the number of negative charges lost from the
silica. With the lower local dielectric constant from the
adsorbed surfactant and increase in the number of silanol
groups with adsorbed hydrophobe from the surfactant tail,
the number of dissociated silanol groups appears to have
decreased. At pH 4 with 0.5% CAPB, the nanoparticle dis-
persion became opaque immediately after preparation and
showed significant settling in 1–2 min as the electrostatic
repulsion became small.

Captive-bubble interfacial tension and contact angle
measurements

The results of the CO2 captive bubble c and h measure-
ments are summarized in Table 1. The high-pressure cell
was held at room temperature (22 6 1�C) and 6.65 MPa. A
temperature of 22�C was assumed for fitting the bubble pro-
file. At these conditions, CO2 is a liquid and has a density of
0.772 g/mL. As solvation of surfactant tails by CO2 is
known to be a strong function of density,7 these conditions
were chosen to give a similar CO2 density to the target foam
formation conditions (50�C and 19.4 MPa), where the CO2

density is 0.776 g/mL. A CAPB concentration of 0.25% in
the water phase decreased the CO2–water interfacial tension
by 11.9 mN/m and caused the CO2/water/silica h to increase
by 11.5�. An attempt was made to determine the solubility
of CAPB in CO2 at a fixed CAPB concentration of 0.15%
w/w. Even at 34.6 MPa and 22�C, it was not soluble. Thus,
in the captive bubble and h measurements the concentration
of surfactant in the CO2 phase may be assumed to be small,
such that the surfactant concentration in the water phase
remained essentially constant.

C/W foam texture and viscosity

C/W foams were generated at 50�C and 19.4 MPa with a
CO2:water phase ratio of 3:1 by volume. CO2 is a supercriti-
cal fluid at these conditions with a density of 0.776 g/mL,
very similar to the density used for c and h measurements.
Representative examples of C/W foam texture are given in
Figure 5, showing a very fine foam (Figure 5a), an interme-
diate texture (Figure 5b), and a very coarse foam (Figure
5c). The example fine texture foam was generated with 1%
silica nanoparticles and 0.05% CAPB with 1% NaCl in solu-
tion. The example intermediate texture foam was generated
with a lower silica nanoparticle concentration of 0.1%,
resulting in large CO2 bubbles. The example coarse foam
was also generated with 0.1% nanoparticles, but with no salt
present. These examples demonstrate that the texture of the
foam may be tuned by adjusting the aqueous phase
composition.

The apparent viscosity of the CO2 and aqueous phase mix-
ture in the beadpack and capillary tube are summarized in
Figures 6 and 7, respectively. For all of these foams, the
highest viscosity foams (> 10 cP in capillary and> 50 cP in
beadpack) were very white with fine texture as shown in
Figure 5a. Foams with intermediate viscosities (5–10 cP in
capillary and 25–50 cP in beadpack) tended to have

Figure 3. Titration curve of 100 mL 1% w/v CAPB with
1 N HCl.

The inflection point at pH ~ 6.4 indicates the isoelectric

point (pI) of the surfactant. [Color figure can be viewed

in the online issue, which is available at

wileyonlinelibrary.com]

Scheme 1. CAPB reversibly switches between a zwit-
terion above the pI and a cation below the
pI.
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intermediate texture as shown in Figure 5b. Low viscosity
foams (2–5 cP in capillary and 10–25 cP in beadpack) had
very coarse textures as shown in Figure 5c. When the mix-
ture viscosity was less than �2 cP in the capillary and less
than �10 cP in beadpack, at most only single lamellae were
visible in the view cell indicating no foam was observed.

Figures 6 and 7 show the apparent viscosity as a function
of silica nanoparticle concentration while holding the CAPB
concentration fixed at 0.05% (Figures 6a and 7a), and as a
function of CAPB concentration while holding the nanopar-
ticle concentration fixed at 1% (Figures 6b and 7b). Salin-
ities of 0%, 1%, and 3% NaCl are shown for both
concentration variation methods. When the CAPB concentra-
tion was held constant, the salinity did not affect the appa-
rent viscosity. A weak increase in viscosity with increased
salinity was observed when the nanoparticle concentration
was held constant (Figures 6b and 7b). In both the beadpack
and the capillary, foam was not formed with either surfactant
or nanoparticles. However, in each case the foam viscosity
increased with increasing nanoparticle concentration or
CAPB concentration, while holding the other species con-
stant. The values of viscosity reached 36 cP in the capillary,
which is quite large for a surfactant concentration of only
0.05%. The rate of increase of the viscosity as a function of
nanoparticle concentration between 1.5% and 3% slowed sig-
nificantly in both the beadpack (Figure 6a) and capillary
tube (Figure 7a). The rate of increase as a function of CAPB
concentration between 0.1% and 0.5% slowed significantly
in both the beadpack and the capillary. Interestingly, the
apparent viscosity of the foam was higher in the beadpack
than in the capillary for all but the lowest viscosity experi-
ments (Supporting Information Figure S1). The nanoparticle
dispersions did not visibly flocculate between creation and
the end of the foam experiment (2–12 h) at the conditions
tested in this study. Periodically, the beadpack permeability
was tested with DI water to verify that the beadpack proper-
ties had not measurably changed due to filtration or irreversi-
ble adsorption of nanoparticle and surfactant aggregates. No
decrease in permeability from the initial value of 22.5 darcy
was noted throughout the experiments, indicating the nano-
particles did not appreciably plug the pore throats.

C/W foam stability

After foam formation and viscosity characterization, two
foams were held in the view cell for 20 h to observe their
long-term stability. Foam generated with 1.5% bare colloidal
silica and 0.05% CAPB (0% NaCl) is shown in Figures 8a,
b, immediately after the flow experiment was stopped and
after 20 h, respectively. The initial viscosity of the foam was
70 cP in the beadpack and 36 cP in the capillary. No foam
resolution (by height) was observed, but the foam did
become slightly less opaque white. Foam generated with 1%
bare colloidal silica and 0.1% CAPB at a salinity of 3%
NaCl is shown in Figures 8c, d, immediately after the flow
experiment was stopped and after 20 h, respectively. The ini-
tial viscosity of the foam was 71 cP in the beadpack and 34
cP in the capillary. The foam became noticeably less opaque
white in the upper 20% of the cell, but remains very opaque
white throughout the rest of the volume. Stability observa-
tions lasting weeks or months may also be of interest for
EOR applications, but were outside the scope of this study.

Effect of pH on interfacial properties

To investigate the effect of pH on the interfacial proper-
ties of the nanoparticle/surfactant mixed system, dodecane-
in-water emulsions (1:1 dodecane:aqueous phase, by volume)
were generated at pH values of 4, 6, and 8. The aqueous
phases chosen were 1% bare colloidal silica with 0.05%
CAPB, and 1% bare colloidal silica with 0.05% CAPB (con-
centrations given in aqueous phase). The emulsified volume
of dodecane and emulsion macroscopic texture are shown in
Figure 9 after 1 h of aging. In the nanoparticle-only emul-
sions (left column), the amount of dodecane emulsified

Table 1. Effect of CAPB on c and h at 22�C and 6.65 MPa

(qCO 2
5 0.772)

Aqueous Phase c 6 Std. Dev. (mN/m)a h 6 Std. Dev. (�)b

DI water 28.3 6 1.0 28.1 6 1.3
0.25% w/v CAPB 16.4 6 1.4 39.6 6 1.6

aMeasured using polished quartz wafer.
bMeasured using silica-coated wafer.

Figure 4. (a) Size distributions of 0.1% w/v bare colloidal silica measured by DLS at pH 4 and 6 with 0%, 0.1%,
and 0.25% CAPB after aging for 40 h.

The average hydrodynamic diameter for each run was 28 6 2 nm. (b) Zeta potential of 0.1% w/v bare colloidal silica at pH 4, 6,

and 8 as a function of CAPB concentration. [Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com]
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decreased from pH 4 to pH 6 to pH 8. Also, the emulsions
were not opaque white, which indicates that they are likely
composed of very large or very disperse droplets. In the sur-
factant-only emulsions (center column), no significant frac-
tion of dodecane was emulsified at any pH tested. In the
mixed surfactant/nanoparticle emulsions (right column), no
excess dodecane was visible after emulsification at all pH
conditions tested. The amount of excess water phase
increased from pH 4 to pH 6 to pH 8, and the emulsion also
looked less bright white at pH 8, likely indicating larger or
more disperse droplets.

To further investigate the microstructure of the surfactant
and nanoparticle stabilized emulsions, micrographs were
taken of emulsified oil droplets after 1 day (Figure 10) and
14 days (not shown). The average droplet sizes increased
slightly from pH 4 to 6 and significantly increased at pH 8.
The oil droplet size distribution is given in Supporting Infor-
mation Figure S2 at pH 4, 6, and 8 at 1 day and 14 days.
The average droplet sizes remained constant after 14 days,
as did the droplet-size distributions (Supporting Information
Figure S2).

Discussion

Nanoparticle and surfactant effect on CO2–water c

Surfactants with the proper HCB can adsorb at the CO2–
water interface to reduce the interfacial tension. The surface
pressure of the surfactant, Ps, defined by co 2 c, where co is
the interfacial tension between CO2 and water without sur-
factant, may be used to define the surfactant efficiency. In
the present study, 0.25% (w/v) CAPB had a moderate sur-
face pressure of 11.9 mN/m at 22�C and 6.65 MPa (CO2

density of 0.772 g/mL). At CO2 densities of 0.75–0.78 g/
mL, Adkins et al.8 and Chen et al.46 found Ps in the range
of 18 to 26 mN/m for several ethoxylated nonionic surfac-
tants at concentrations of only 0.01%. The ethoxylated non-
ionic surfactants had molecular weights of 33 to 43 that of
CAPB, which may contribute to greater Ps values and sur-
factant efficiencies. The poor efficiency of CAPB (low Ps)
may be a consequence of a very high HCB, reflecting lim-
ited solubilization by CO2 of the hydrophobic tail compared
to strong solubilization by water of the quaternary amine in
the head group. The head group interactions include charge–
dipole interactions as well as hydrogen bonding with the

Figure 5. Representative examples of C/W foam in the view cell at 50�C, 19.4 MPa with (a) fine texture, (b) interme-
diate texture, and (c) coarse texture.

Foam is visible in the center of the window in the vertical channel between Teflon spacers. The Teflon spacers have been darkened

with photo editing software to highlight the channel. Dark regions in the channel indicate absence of foam. Window diameter is

1.4 cm and visual path length is 0.8 cm. [Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com]

Figure 6. Particle-surfactant mixture stabilized C/W foam viscosity measured in the beadpack with 0%, 1%, and
3% w/v NaCl at 50�C, 19.4 MPa.

Viscosity is shown as a function of (a) silica nanoparticle concentration with fixed 0.05% CAPB concentration and (b) CAPB con-

centration with fixed 1% silica nanoparticle concentration. [Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]
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carboxylic acid. The amide group in the surfactant “tail”
also has a hydrogen bond acceptor (AC@OA) and donor
(ANHA),47 and thus would also likely prefer to interact with
water than CO2, contributing further to the high HCB. The
efficiency of carboxybetaine surfactants at lowering interfa-
cial tension is expected to be a function of pH, as

Figure 7. Particle-surfactant mixture stabilized C/W foam viscosity measured in the capillary tube with 0%, 1%,
and 3% w/v NaCl at 50�C, 19.4 MPa.

Viscosity is shown as a function of (a) silica nanoparticle concentration with fixed 0.05% CAPB concentration and (b) CAPB con-

centration with fixed 1% silica nanoparticle concentration. [Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com]

Figure 8. C/W foam stability in view cell at 50�C, 19.4
MPa.

(a) and (b) are 1.5% silica nanoparticles 1 0.05%

CAPB, t 5 0 and 20 h, respectively. (c) and (d) are 1%

silica nanoparticles 1 0.1% CAPB 1 3% NaCl, t 5 0 and

20 h, respectively. Foam is visible in the center of the

window in the vertical channel between Teflon spacers.

The Teflon spacers have been darkened with photo edit-

ing software to highlight the channel. Dark regions in

the channel indicate absence of foam. Window diameter

is 1.4 cm and visual path length is 0.8 cm. [Color figure

can be viewed in the online issue, which is available at

wileyonlinelibrary.com]

Figure 9. O/W emulsions prepared with 1:1 dodecane:-
water (by volume) stabilized at pH 4, 6, and 8
with 1% silica nanoparticles (NP), 0.05%
CAPB, and 1% NP 1 0.05% CAPB.

Photographs taken 1 h after emulsion formation. The

outside diameter of the vials is 1.47 cm. [Color figure

can be viewed in the online issue, which is available at

wileyonlinelibrary.com]
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protonation of the carboxylic acid group in the surfactant
head group makes the surfactant cationic48 and, thus, more
hydrophilic. In a CO2–water saturated system, the pH would
naturally fall below the pI of the surfactant for CO2/water
systems and, thus, would always be in the higher HCB cati-
onic form. In the presence of an excess CO2 high pressure
supercritical fluid phase, the CO2 is a strong buffer and it
becomes difficult to raise the pH above about 6 even with
strong base.49

When silica nanoparticles and betaine surfactant are used
together in the aqueous phase, intermediate c lowering is
expected compared to a system without nanoparticles pres-
ent. Bare silica nanoparticles alone are not expected to lower
interfacial tension based on previous studies at the oil/water
interface (Vignati), although this phenomena is not fully
understood. Nanoparticles coated with amphiphilic polymers
may decrease c, which has been observed in oil–water sys-
tems with iron oxide nanoparticles coated with copolymers
of poly(acrylic acid) and poly(butyl acrylate)50 and silica
nanoparticles grafted with poly(styrene sulfonate)51 and
poly(2-(dimethylamino)ethyl methacrylate).52 The polymers
in these studies had molecular weights between 12 kDa and
30 kDa, and can interact with a large interfacial area to pro-
vide c reduction.

In the current work, surfactant that is not adsorbed to the
silica nanoparticles would be free to adsorb at the CO2–water
interface to lower the interfacial tension. The relative affinity of
surfactant for adsorption at the CO2–water and silica–water
interfaces would likely be a function of pH as well, where weak

adsorption on the nanoparticles would leave more surfactant
free to adsorb at the CO2–water interface to lower c.

Surfactant effect on contact angle

The contact angle between a nanoparticle surface (P) with
CO2 and water is controlled by the interfacial tensions
between the three phases, as described by Young’s equation

cos h5
cPC 2cPW

cCW

(2)

where the nomenclature is shown in Figure 1. Silica surfaces
contain deprotonated silanol groups (SiO2) above pH �2.
The surfaces are expected to have a high cPC and a low cPW

because of the weak and strong solvency for charged species
by CO2 and water, respectively.31 If surfactant adsorbs on
the silica surface such that the head group interacts with the
negatively charged surface,41,53 the effective surface charge
will be reduced and the surfactant hydrophobic tail will add
hydrophobicity.

As there is great difficulty in accurately determining nano-
particle contact angles at fluid–fluid interfaces,53,54 this study
used a flat silica surface as a model for the silica nanopar-
ticle surfaces, following the method reported by Binks
et al.33,55 The experimentally observed increase in h between
CO2/water/silica wafer with added surfactant (decrease in
cos h) indicates that the decrease in the numerator was larger
than that in ccw. The decrease in cPC 2 cPW with surfactant
may be explained from the hydrophilicity. The adsorbed

Figure 10. Optical micrographs of emulsions stabilized with 1% silica nanoparticles (NP) 1 0.05% CAPB at (a) pH 4;
(b) pH 6; and (c) pH 8.

Micrographs taken 1 day after emulsion formation.
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surfactant decreases the hydrophilicity (raises cPW). This
change may be expected to reduce cPC and raise cPW as
observed, but the individual changes in cPC and cPW are
unknown.56

The observed asymptotic trend in increasing zeta potential
(Figure 4b) suggests that a surfactant bilayer or hemimicelle
layer was not formed on the nanoparticle surface under the
conditions investigated.29 If so, we would have expected the
zeta potential to become positive due to the added cationic
surfactant head groups. The observed increase in h on a flat
silica surface and the absence of bilayer or hemimicelle for-
mation suggest that the CO2/water/nanoparticle surface h
increases monotonically with adsorbed surfactant under the
conditions investigated.

Foam formation, texture, and viscosity

To form a CO2 bubble or droplet, the external (shear)
stress applied to the interface must exceed the Laplace pres-
sure (Pc), where Pc 5 2c/R. The balance between the applied
stress and Pc can be described by the Weber number

We 5
GlsR

c
(3)

where G is the shear stress (du/dz), ms is the continuous
phase shear viscosity, and R is the bubble radius.57 Above a
critical value of We, the shear breaks up the droplets into
smaller ones.57 The low c of CO2–water binary systems
(20–30 mN/m) contributes to a larger We and may aid in the
formation of smaller bubbles (fine texture foams) than for
oil/water emulsions. The presence of nanoparticles and sur-
factant may further increase We by increasing ms and
decreasing c, respectively. Together, nanoparticle and surfac-
tant mixed systems were shown to favor smaller bubbles
(finer foams) than either nanoparticles or surfactant alone in
Figure 5c. Once formed, nanoparticles and surfactant can
adsorb on the bubble surfaces to sufficiently stabilize them
for viscosity measurement and texture observation (�1 min).

There was a strong correlation between foam texture and
viscosity in the present study, which is expected based on
the work by several investigators.58–60 The formation of
foam increases the apparent viscosity of a dispersed gas
phase because of slugs of liquid between bubbles, resistance
to deformation by the bubbles, and surface tension gradients
across bubbles.59 Finer foams have more lamellae and bub-
bles per unit length than coarser foams, and thus are
expected to produce higher viscosities.

Foams tended to show higher viscosities in the beadpack
than in the capillary, which may be due to several factors
governing the foam rheology. Falls et al.61 discussed the
influence of capillary pressure on the curvature of lamellae
in porous media as well as the presence of pore constrictions
which can add resistance to lamellae movement through the
beadpack. Furthermore, foam formation is expected in the
beadpack, where lamellae are continuously created by mech-
anisms such as leave-behind, snap-off, and lamella division.6

The shear rate is higher in the beadpack than in the capillary
as well, and shear thickening behavior is often seen in foam
flows, and is dictated by quality.62

The viscosity and texture of the foams were influenced
markedly by the presence of both the nanoparticles and the
surfactant (Figures 6 and 7). The synergistic behavior of the
mixed surfactant and nanoparticle system was evident in that
neither the surfactant alone nor the nanoparticles generated

foams. Similar synergy has been observed in terms of foam
or emulsion formation in A/W37 or O/W29,63 systems,
respectively. For example, Cui et al.29 used short fatty acids
with cationic CaCO3 nanoparticles to generate toluene-in-
water emulsions, whereas the nanoparticles or the shortest
fatty acids alone were poor stabilizers. The synergistic emul-
sion formation was attributed to the in situ surface activation
of the nanoparticle with adsorbed fatty acids, demonstrated
by decreased zeta potential of the positively charged par-
ticles and increased h of air/water/bulk CaCO3 surface. The
short fatty acids alone were not expected to significantly
lower c, but fine bubbles were generated due to the high G
provided by a homogenizer. In the current study, the surfac-
tant was effective at both in situ surface activation of the
silica nanoparticles, as shown in the zeta potential, and in
lowering c, allowing for generation of finely textured foams
with the low G provided by the sandpack.

We propose that the nanoparticle and surfactant adsorbed
together at the CO2–water interface to allow foams to flow
through the beadpack and capillary tube and be observed in
the viewcell. A simplified configuration of the adsorbed spe-
cies at the CO2–water interface is given in Figure 11a, which
has been adapted from other investigators.29,55 The surfactant
may either be free in water, independent of the nanoparticles
at the CO2–water interface or adsorbed on the nanoparticle
surface. The model is consistent with the decreased surface
charge of the silica nanoparticles due to adsorption of the
protonated carboxybetaine surfactant, increased contact angle
of the in situ surface activated nanoparticles adsorbed at the
CO2–water interface, and decreased c due to surfactant
adsorbed at the CO2–water interface. The model of the
potential positions of the amphiphiles will be utilized below
to explain the mechanisms responsible for the stabilization
of the CO2–water interface.

Stabilization mechanisms

Lamella Drainage. In a C/W foam, aqueous lamellae
separate CO2 bubbles and prevent the bubbles from coalesc-
ing. The lamellae experience a disjoining pressure (Pd)64–66

due to electrostatic, steric, structural, and additional short-
range repulsive forces which counteract the van der Waals
attraction between the two film surfaces.10,67 The cationic
protonated CAPB and the anionic nanoparticles will contrib-
ute electrostatic repulsion to Pd; however, the opposite
charges for the two amphiphiles will cause some cancellation
of charge. The nanoparticles may also contribute to Pd via
structural effects that increase the osmotic pressure due to
organization of particles in the lamella66,68,69 and contribute
mechanical disjoining forces due to nanoparticle flocs
“bridging” the lamellae.54 The liquid in the lamellae drains
due to gravity and capillary forces which reduces lamellae
thickness. The contribution due to gravity is ignored in this
discussion because of the relatively high density of CO2

(0.776 g/mL), the small bubble size, and the fact the lamel-
lae are very thin. The drainage due to capillary forces,
described by Reynolds for the flow of liquid from between
two approaching solid plates, may be expressed as

VRE 5
2dhf

dt
5

hf
3

3lcRfilm
2

� �
DPfilm (4)

where hf is the film thickness, Rfilm is the film radius, and
DPfilm 5 2(Pc 2 Pd(hf)).

70 Thus, a decrease in Pc due to a
reduction in c with surfactant and an increased Pd due to
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both nanoparticles and surfactant may be expected to slow
film drainage. Marangoni stabilization, which increases with
gradients in c,71 may further provide resistance to flow and
contribute to stabilization of lamellae.

In the Reynolds equation (Eq. 4), the viscosity of the aqueous
lamella (mc) is considered constant, which may be an oversim-
plification. Adsorbed nanoparticles may increase the interfacial
viscosity,72–75 which may further slow lamella drainage and sta-
bilize foams.74,76 Murray et al.74 measured the interfacial vis-
cosity of n-tetradecane/water interface and found a synergistic
increase when both starch particles and sodium caseinate, an
interfacially active protein, were adsorbed at the interface. The
increase in interfacial viscosity due to adsorbed nanoparticles
may slow diffusion of species near the interface, further contrib-
uting to stability. For example, an increase in interfacial viscos-
ity could be beneficial in slowing Ostwald ripening, which can
be significant in C/W foam destabilization due to the appreci-
able solubility of CO2 in water.

Hole Formation. Foams may be destabilized by coales-
cence due to hole formation in the aqueous lamellae separat-
ing bubbles. Holes appear because of thermal fluctuations
that produce spatial and density variations in the film.77,78

Lamellae drainage acts to thin the aqueous lamellae, which
reduces the work required to open a hole and increases the
probability of hole formation.79 If the radius of the hole
exceeds a critical value, then the hole will grow and the
foam film will rupture. Adkins et al.10 considered the forma-
tion of a CO2 hole in a C/W/C film stabilized with a surfac-
tant that prefers the aqueous phase. They proposed that the
weak solvation of hydrocarbon tails by the CO2 phase upon
the start of hole formation would resist bending of the inter-
face and arrest growth of the hole and prevent coalescence.

The nanoparticles in the present study also prefer the
aqueous phase, and are also expected to resist bending of
the interface to allow a CO2 hole to form in lamellae. The
adsorption energy, E, for a uniformly coated nanoparticle at
a CO2–water interface is given by

E5pr2c 16cos hð Þ2 (5)

where r is the particle radius.28 A 28 nm diameter particle at
a CO2–water interface with surfactant lowering c to 17 mN/

m would have an E 5 103 to 104 kT, depending on h. This
energy would provide essentially irreversible adsorption to
the CO2–water interface and the orientation of the nanopar-
ticle more toward the water side would provide a barrier to
resist interface bending to produce a CO2 channel curved
about water on each side of the channel (Figure 11b). Quan-
titatively, bending of the interface to expose more nanopar-
ticle surface to the CO2 phase would be unfavorable, as
changing h by even 1� would require an energy of 1012102

kT. Furthermore, this bending would expose more surfactant
tails to CO2, which is also unfavorable. Thus, we propose
that both the nanoparticles and surfactant would tend to
resist hole formation via CO2–water interface bending about
water.

Conclusions

Viscous and stable C/W foams with fine texture were gen-
erated with a nanoparticle (bare colloidal silica) and surfac-
tant (CAPB) mixture and described in terms of the relevant
interfacial phenomena that influence foam texture, viscosity,
and stability. The foam formation was aided by interfacial
tension (c) reduction from the surfactant, while the foam sta-
bility may be expected to be augmented by adsorption of
nanoparticles at the CO2–water interface. Electrostatic inter-
actions between the cationic portion of the surfactant head
group and the negatively charged silica surface facilitated
adsorption of surfactant on the silica nanoparticles, reducing
the HCB of the nanoparticles. The lower HCB increased
adsorption at the CO2–water interface. The in situ surface
activation of silica with adsorbed surfactant was character-
ized in terms of an increased zeta potential of the silica
nanoparticles and an increased CO2/water/silica contact
angle. The nanoparticle/surfactant dispersion remained stable
as demonstrated by DLS, as surfactant tail–tail interactions
were too weak to cause flocculation of the nanoparticles.
The adsorption of surfactant at the CO2–water interface did
not lower the interfacial tension enough for foam formation.
However, in the presence of the silica nanoparticles textured
foams were formed with bubbles too small to be visible
(<100 mm diameter with a maximum viscosity of 79 cP in
the beadpack and 36 cP in the capillary tube. The surfactant

Figure 11. Simplified schematic of silica nanoparticles with protonated carboxybetaine surfactant at (a) a CO2–
water interface; (b) in an aqueous lamella between CO2 bubbles connected by a CO2 hole.

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com]
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and nanoparticles also imparted long-term stability to the
foam, where no resolution (by height) occurred in 20 h for
the most stable foam observed. The stability was favored by
various factors including an increase in disjoining pressure
and interfacial viscosity, which mitigate lamella drainage
and Ostwald ripening, and the unfavorable bending of the
interface around the water phase, which resists hole
formation.
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