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Abstract
The efficacy of several nanoparticles [silica (Si), nan-
oclays, fly ash and iron oxide (IO)] in stabilizing CO2

foam is studied via flow experiments in a microfluidic
device. The resulting foam is characterized using mod-
ified bulk foam tests. Size and uniformity of nanoparticle
(NP) dispersions are quantified using dynamic light
scattering. Results indicate that the size distribution and
surface charge of the particles are influential parameters
on the stability and formability of the foam, which in turn
have a direct relationship with oil recovery performance.
Si, nanoclays and fly ash NPs assisted by surfactant
mixtures generate stable foams and result in high ultimate
oil recoveries (over 90%). Even though IO-surfactant
mixtures generate foams with relatively inferior stability
characteristics and ultimate recovery, approximately three
quarters of the IO NPs are recovered once exposed to a
magnetic field. Unlike nanoclays and fly ash, the use of Si
and IO NPs as foam stabilizers results in significant
improvements in recovery at much smaller pore-volumes
injected (*10 PVIs).
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1 Introduction

Carbon dioxide (CO2) Enhanced Oil Recovery (EOR) pro-
vides potential opportunities for CO2 utilization and
long-term storage [1, 2]. The relative low density and

viscosity of CO2 may contribute to unfavorable volumetric
sweep efficiencies resulting from severe channeling and
gravity override [3]. CO2 foam has been proposed as an
alternative to mitigate these shortcomings [4] but has not
been widely implemented in field applications due to con-
cerns related to foam instability. NPs may serve as effective
foam stabilizers with minimal losses in the subsurface due to
their relatively high adsorption energy values under reservoir
conditions [5, 6]. Foam stability and formability impact
foam mobility and sweep efficiency in porous media and
result in various oil recovery performances [7]. In this work,
a microfluidic device featuring a porous medium, fabricated
to represent a Berea sandstone [8], is used to visualize and
characterize NP-stabilized CO2 foam flow behavior, using
silica (Si), nanoclays, by-product fly ash, and recyclable
iron-oxide (IO) NPs. Foam properties are investigated using
modified bulk foam tests, and their efficacy as an injectant is
studied using displacement experiments in the microfluidic
device.

2 Experiments

Four different types of nanoparticles are investigated:
amorphous fumed silica T30 (unmodified, 100% SiOH
coverage), nanoclays, fly-ash (two stage wet-grinded), and
IO NPs (synthesized by a co-precipitation method). NPs are
dispersed in deionized (DI) water and mixed with laurami-
dopropyl betaine (LAPB) and alpha-olefin sulfonate
(AOS) surfactant mixtures. The NP/surfactant solution, CO2

gas and a 30,000 ppm sodium chloride brine are used as
injectants. A Gullfaks Blend crude oil with a viscosity of
45.9 cp serves as the resident fluid. A Brookhaven
Zeta PALS instrument is used to characterize particle size
distribution and zeta potential at 20 °C. The stability and
formability of foams stabilized by various NPs are quantified
via modified bulk foam tests, where foam generation as a
function of time is measured using a transparent graduated
cylinder [8, 9]. The microfluidic device features a pore
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network with an area of 1.6 in. � 1.4 in., and has a porosity
of approximately 40%, and a permeability of approximately
0.35 Darcy. The relationship between oil recovery and foam
stability is analyzed using high resolution images of the
porous medium during experiments. The recovered IO NPs
are quantified using a HACH DR/4000U spectrophotometer.

3 Results

Particle diameters and polydispersity indices are presented in
Table 1 [8, 9]. All NP samples have net charges
(zeta-potential) lower than −30 mV, which indicates a high
stability [10]. Results from modified bulk foam experiments
are presented in Table 2. The porous medium is initially
saturated with brine, followed by the injection of 40 pore
volumes (PVs) of the crude oil. Prior to foam flooding, 8
PVs of brine are injected at a rate of 4 µL/min, resulting in a
recovery of approximately 40%.

4 Discussion

All four NPs improve foam stability compared to the use of
surfactants alone. Differences in stability of the four
NP-assisted foams may be explained by differences in partial
particle flocculation, contact angle and the resulting rear-
rangements at the foam lamella [11]. The absorption of the
surfactant mixtures on Si and fly ash NP surfaces may result
in contact angles between CO2, aqueous phase and NP
surfaces (60°–70°) that lead to an improved foam stability
[12, 13]. In addition, arrangement of Si and fly ash NPs at
the interfaces in the CO2-surfactant solution has a significant
effect on maximum capillary pressure, which contributes to
foam stability [14, 15]. In general, the improved stability of
CO2 foams due to the use of NPs results in higher oil
recoveries compared to foams assisted by surfactants only
[16]. The addition of Si, fly ash and nanoclay NPs in the
surfactant mixtures results in stable foams and relatively
high ultimate recoveries of over 90% (Fig. 1). Even though

Table 1 Particle hydrodynamic
diameters and zeta potential of
different NPs dispersion

NP Diameter ± std. dev, nm Polydispersity index Zeta potential, mV

Nanoclay 424.8 ± 4.2 0.181 −52.12

Silica 179.3 ± 1.4 0.141 −57.23

Fly ash 232 ± 2.1 0.151 −53.64

Iron oxide 192 ± 27 0.136 −48.01

Table 2 CO2 foam formability
and stability

NP Concentration, ppm Concentration, ppm Formability, min Stability, min

Nanoclay 1000 1000 3.6 184

Silica 1000 1000 3.7 210

Fly ash 1000 1000 4.6 238

Iron Oxide 1000 1000 4.7 118

n/a n/a 1000 4.5 83
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Fig. 1 Oil recovery as a function
of PVs injected. Each experiment
is repeated three times

62 F. Guo and S. A. Aryana



the use of IO NPs in surfactant mixtures is not as effective in
generating stable foams and recovering the resident fluid,
approximately three quarters of the IO NPs are recovered at
the outlet using a magnetic field. As seen in Fig. 1, the use of
Si and IO NPs as foam stabilizers results in significant
improvements in recovery after approximately ten
pore-volumes injected (PVI), whereas significantly larger
PVIs are needed to achieve similar recovery gains using fly
ash and nanoclays.

5 Conclusions

This study focuses on the efficacy of four types of NPs in
stabilizing CO2 foams and on the resulting improvements in
oil recovery due to foam injection in a microfluidic device.
Fly ash NPs, a by-product from coal fired power plants, are a
promising stabilizer of CO2 foams. Their use in EOR pro-
cesses may serve as a venue for their underground disposal
and may improve the economics of CO2 utilization and
storage by replacing more expensive materials. IO NPs do
not appear to be as effective as fly ash in stabilizing CO2

foams; nevertheless, a significant portion of IO NPs may be
recovered by subjecting the outflow stream to a magnetic
field. The optimal choice of NPs as a foam stabilizer may
depend not only on the stability of the resulting foam, but
also on the PVI needed to recover the resident fluid and the
associated material cost and operational expenditure.
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