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Abstract

Capillary forces result in the trapping of the oleic phase in porous media even

after extensive flushing with brine. Alkali-surfactant-polymer formulations

drastically diminish capillary forces, whereas adding polymer to the water

phase increases viscous forces, resulting in highly efficient extraction of the

residual oil. However, by virtue of its scale, the above process requires a large

quantity of chemicals, which poses a threat to the environment. Here, we dem-

onstrate that replacing the polymer with a gas such as nitrogen, flue gas, or

carbon dioxide achieves equally superior oil extraction efficiency when using a

much smaller amount of chemicals. Mobilized oil is first displaced as a con-

tinuous phase (oil-bank) and then as an oil-in-water dispersion. Microflow

visualization experiments reveal that dispersed oil spreads at the gas–liquid
interface (surfactant solutions) due to the presence of adsorbed surfactant

molecules. Our dry-cleaning extraction of hydrocarbons has a wide spectrum

of applications and is particularly useful for the production of hydrocarbons

from underground formations while mitigating the impact of chemicals on

the environment.
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1 | INTRODUCTION

Extraction of hydrocarbons or their derivatives from
porous media plays a critical role in many industrial
applications and scientific endeavours. Examples include
extractive production of crude oil from deep geological
formations,[1] clean-up of nonaqueous liquids phases
from shallow subsurface,[2] and dry-cleaning of clothes
stained by oily fluids.[3]

Production of crude oil, as a prototypical process, is
done in three main stages. First, crude oil is expelled

from the formation due to the expansion of hydrocar-
bons, water, and the compaction of formation rock.
When pressure is too low to ensure further oil extraction,
either water or gas is injected into the formation to
increase the production. Extraction of hydrocarbons by
these secondary recovery methods is limited due to two
main mechanisms, operating at the microscopic and
macroscopic levels. Microscopically, oil displacement by
water or immiscible gas proceeds until the oleic phase
disintegrates into blobs, which are immobilized at the
largest pores due to capillary forces.[4] Capillary pressure
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in porous media obeys the Young–Laplace equation
Pc ¼ J Swð Þ2γcosθ=r, where γ is the oil/water interfacial
tension (IFT), θ is the oil/water/rock contact angle, r is
the mean pore radius, and J (Sw) a monotonically
decreasing function of water saturation (water volume
fraction). Trapping of oil can be described in terms of the
capillary number, defined as the ratio of viscous to capil-
lary forces. On the other hand, macroscopically, contact
between displacing water or gas and displaced oil may be
severely limited due to viscous fingering, gravity segrega-
tion, and preferential flow through higher permeability
streaks, also known as channelling.

Improving oil extraction beyond the above secondary
recovery requires: (a) mobilization of residual oil and
(b) improving sweep efficiency. Mobilization of residual
oil is currently achieved either by drastically decreasing
oil–water IFT controlling capillary forces[5] or, to a lesser
extent, by treating porous media chemically to render it
water- and oil repellent.[6] Carefully formulated alkali-
surfactant systems reduce oil–water IFT by up to four
orders of magnitude.[7] Sweep efficiency is improved by
increasing aqueous phase viscosity, by adding hydro-
philic polymers to it.[8] Such a conventional alkali-
surfactant polymer (ASP) approach ultimately increases
the volume fraction of the aqueous phase in the pores to
nearly 100%. This implies that large quantities of
chemicals are used, which could adversely impact the
environment.[9]

The premise of the paper was that gas injection,
instead of polymer, in conjunction with alkali-surfactant
could yield superior oil extraction efficiencies, compara-
ble to ASP, while using up to several times smaller
amounts of chemicals. Such a dry extractive production
method is particularly advantageous for low permeability
media, for which polymer retention can cause severe
clogging.[10] Successful extraction of oil by the above co-
injection of gas and alkali-surfactant requires foaming of
gas, that is, the dispersion of gas into liquid stabilized by
a surfactant. In this innovative alkali-surfactant-foam
(ASF) process, foaming imparts gas with a much higher
viscosity than either water or oil, ensuring good sweep
efficiency.[11–13] The ASF concept has been facing two
main obstacles, namely,[14] (a) tendency of oil to destabi-
lize foam and (b) difficulty in finding a single surfactant,
which could provide ultralow oil–water IFT and be a
good foaming agent.

This paper reports on a macroscopic porous media
flow study showing that the two obstacles mentioned ear-
lier can be lifted. The core-flood study reported by Guo
et al.[15] is reinterpreted in combination with new micro-
flow model studies to gain a better understanding of the
ASF displacement processes.

2 | EXPERIMENTAL

2.1 | Materials and methods

Brine was prepared by dissolving pro-analysis sodium
chloride (Fisher Scientific) in de-ionized water. Crude oil
had an API gravity of 37.82 and a viscosity of 2.78
± 0.01 cP at 60�C. The selected surfactant, an internal
olefin sulphonate (IOS 2024, Stepan), was supplied in an
aqueous solution with an active content of 73.0 ± 0.5 wt.
%. Nitrogen gas supply from a 200 bar (1 bar = 100 kPa)
cylinder was controlled using a pressure regulator and a
mass-flow controller. Extensive preliminary screening of
surfactants showed that IOS2024 had adequate foaming
characteristics and the ability to generate ultralow
IFT.[15]

The core-flood experiments were done using Bentheimer
sandstone cylindrical core samples, with 3.8 ± 0.1 cm diame-
ter and 17.0 ± 0.1 cm length. The porosity and permeability
of the porous samples used were, respectively, 21 ± 1% and
1.2 ± 0.1 Darcy. The outcrop rock material was chosen
because it is clean (it consists of more than 99% quartz),
macroscopically homogenous, and isotropic.

2.2 | Setup and procedures

Gas and the formulated alkali-surfactant solution (AS) were
co-injected into the sandstone cores using a high precision
piston pump (Pharmacia P 500). Outlet pressure was kept at
2.0 MPa using an in-house made high precision backpressure
regulator. Effluents were collected using a FRAC-200 frac-
tional collector (Pharmacia Biotech). Gas and liquid injection
rates, the pressure-drop, and liquid production rates were
monitored using an in-house made data acquisition system.
The core was CT scanned at time intervals during the experi-
ments using a third-generation SAMATOM Volume Zoom
Quad Slice CT scanner[16] to map the fluid saturations. The
sequence of the macroscopic flow experiments was as fol-
lows: air was removed from the porous medium by flushing
it with 99% CO2 gas for 30 min at atmospheric pressure;
about 10 PV of brine were injected at 0.5 ml/min, with back-
pressure first at 0.1 MPa till brine breakthrough and then at
2 MPa, to dissolve completely any remaining CO2 and
ensure 100% brine saturation; crude oil was injected down-
wards until irreducible water fraction Swc = 0.19 ± 0.01 was
established (no more water production); brine was injected
(5 PV) simulating water flooding process until irreducible oil
fraction Sor = 0.48 ± 0.02 was established; the porous
medium was pre-flushed with 0.3 PV AS; finally, AS and N2

were co-injected at 0.23/0.1 and 0.4 cm3/min, respectively, to
generate ASF (foam quality= 80%).

2 ZITHA AND GUO



The visual flow cell embodies a quasi-two-dimensional
(2D) flow pattern obtained by chemical etching of a glass
plate. The etching process creates cylindrical pillars with
diameters varying from 200–400 μm and having an average
depth of nearly equal to 25 μm. The pillars are irregularly
distributed over an area of 6 cm in the axial flow direction
and 3 cm across, so that pore size ranged from 50–600 μm.
The microflow model experiments were performed at room
temperature and atmospheric pressure. The procedure for
the micromodel experiment is similar to that used for the
core-floods except for the absence of the AS pre-flush. The
microflow model was first flushed with CO2, evacuated,
and then saturated with brine. Next, brine was displaced
by crude oil until connate water saturation was reached,
and then, the microflow model was waterflood until resid-
ual oil saturation was reached. Finally, N2 gas and the AS
solution were co-injected into the microflow model to gen-
erate the foam and mobilize the residual oil.

3 | RESULTS AND DISCUSSIONS

3.1 | Core-floods

The key finds from the core-flood experiments are
depicted in Figure 1A–C. This figure was reported earlier
by Guo et al.[15] but here we revisited and reinterpreted
them afresh to form a coherent whole with the microflow
model studies discussed in the next section. Figure 1A
depicts oil saturation profiles along the length of the
porous medium determined from the CT scan images
after primary drainage (dark cyan), after imbibition
(blue), and at two times during the AS pre-flush (red and
black). A well-defined in-situ oil bank is formed during
the AS slug injection. The spread of the transition zone
behind the oil bank is due to the unstable displacement
of the mobilized oil by the AS solution because the AS
solution is less viscous than the oil. The transition from
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FIGURE 1 Characteristics of displacement in the alkali-surfactant-foam (ASF) process. (A) Oil saturation profiles determined from the

CT images. (B) CT images of displacement profiles in the ASF drive process. (C) Efficiency of crude oil extraction by ASF from a Bentheimer

sandstone sample and evolution of pressure drop (blue line). Cumulative recovery factor (grey circles). The oil bank breaks through at

approximately 0.55 PV. A long tail-shaped production is observed after a sharp oil bank
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the peak of oil in the bank (So = 0.62) to the remaining
oil fraction after water-flooding (So = 0.45) is sharper for
the opposite reason, although it is still slightly smoothed
due to dispersion.

Figure 1B shows the CT scan images obtained for the
ASF drive process, that is, during the co-injection of N2

gas and AS following the AS pre-flush. PV = 0 corre-
sponds to the start of the ASF drive. Stable foam genera-
tion is demonstrated by the frontal foam displacement,
especially in the 0.33 PV, where the core has been well
swept by the 0.3 PV AS pre-flush. The orange colour
indicates the water-flooded residual oil, whereas the
blue indicates gas and surfactant solution. The foam
front seems stationary, but the fact that gas breaks
through the outlet of the porous medium at 0.7 PV indi-
cates that foam remains sufficiently stable even beyond
0.33 PV.

Figure 1C shows the oil cut in the effluents (black
squares), the cumulative recovery factor (grey circles),
and the pressure drop (blue line). The oil cut first rises
steeply to a maximum value of 0.58, then drops sharply
to 0.25, and finally diminishes slowly to nearly zero.
Breakthrough of the oil bank occurs at approximately
0.55 PV and the long tailing oil production ensues, con-
sistently with the saturation profiles and the CT scan
images. The cumulative recovery factor increases first lin-
early to 0.48 and then at a diminishing rate to 0.95. The
pressure drop, on the other hand, increases from 35 to
about 65 mbar, first relatively steeply (between 0.08–0.15
PV) and then with a smaller slope. This behaviour corre-
sponds essentially to the formation of the oil bank as the
AS slug mobilizes the residual oil. The slower increase
corresponds to the displacement of an already formed oil
bank, which grows with further oil mobilization. During
ASF flooding, pressure drop increases from 60–95 mbar
as a result of the change in total injection rate from 0.23–
0.5 cm3/min upon switching from AS to AS and N2 injec-
tion. The total flow rate was increased to allow accurate
control of gas flow rate as the mass flow controller could
not properly handle lower gas rates. After an initial
jump, the pressure drop continued to rise, indicating
good foam generation and propagation. The pressure
drop reaches a maximum of about 125 mbar at 0.8 PV
and then decreases. Finally, after 1.2 PV, the pressure
drop stabilizes to an average plateau of about 85 mbar
while showing fluctuations with an amplitude of about
20 mbar. The mobility reduction factor (MRF)
corresponding to the plateau was estimated to be
MRF = 1.22. An intriguing implication of these findings
is that foam with a viscosity only slightly larger than
that of brine provides sufficient mobility control to
make ASF an enhanced oil recovery (EOR) process. To

gain insight into these and other features, we examined
residual oil recovery ASF from a visual microflow cell.

3.2 | Microflow analysis

Figure 2A shows a snapshot of the co-injection of N2 and
surfactant solution with a foam quality of 80% in the
absence of oil. Note that the foam quality in this case was
slightly lower than in the porous media case to prevent
the foam from becoming too dry. Developed foam con-
sists of bubbles of variable sizes separated from each
other by lamella or larger bodies of fluids. As expected
from earlier studies of foam in porous media, characteris-
tic bubble and pore sizes were comparable.[17] Bubble
coalescence or rupture was hardly observed during foam
propagation; bubbles and lamellae proved to be highly
deformable and crossed the smaller pores without split-
ting. This is probably due to the specific nature of the sur-
factant used, which gave the foam bubbles the unique
ability to stretch and contract without breaking.[18-20]

To examine the influence of oil on the stability of
foam, we co-injected AS and N2 at the residual oil satura-
tion condition. Figure 2B shows a snapshot of the foam
texture in the presence of oil. It illustrates that foam bub-
bles formed near the injection point have propagated and
spread over the entire cell surface. When bubbles contact
oil, either oil spread on the bubble surface or formed a
thin lens at the front of the bubble, that is, a pseudo-
emulsion film, which travelled with bubbles. Spreading
or lensing of oil at the N2/AS interface had no noticeable
effect on foam stability. It only caused the displacement
of residual oil. This elucidates the observed tailing oil
production regime in the macroscopic porous media. The
absence of an oil bank in the visual microflow experi-
ments can be explained by the fact that, since pores are
very large, water injection was highly efficient in reduc-
ing the residual oil. Figure 2C illustrates the sequence of
microscopic events observed when travelling foam bub-
bles came into contact with oil during flow from left to
right. In the dashed circle, we traced one gas bubble to
examine the formation and propagation of the lamella.
The different phases were distinguished by the grey value
of each phase in the image. At t = 0, the gas bubble had
just been squeezed through the narrow pore throat when
the front of the foam bubble came into contact with the
oil blobs. At t = 0.5 s, the oil blob was emulsified into
small droplets; the droplets were dislodged by the
advance of the foam bubbles. In the meantime, the oil
spreads on the front of the foam bubble. At t = 1.0 s, the
foam bubbles continued to advance and made contact
with the neighbouring gas bubbles. The pseudo-emulsion
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film was formed at the border of the gas/oil/aqueous
phases. This film remained stable and moved forward
regardless of the oil spreading on the surface. During the
movement, the travelling liquid film started to elongate
from 121–148 mm at t = 1.5 s and t = 3.0 s.

4 | CONCLUSIONS

We have demonstrated that ASF can efficiently extract
oil from porous media when the amount of chemically
activated fluids used is substantially reduced. The
designed alkaline-surfactant formulation provided ultra-
low IFT and proved to be a rather good foaming agent.
The ASF achieved an extraction efficiency of nearly 100%
in both macroscopic porous media and micromodel flow
experiments. It was found that ASF extracts oil by a
mechanism combining the formation of an oil bank and
the transport of emulsified oil by flowing lamella. The
visual flow experiments revealed that in the dispersed
flow regime, oil extraction is due to oil spread at the
gas–water interface.
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(A) (C)

(B)

FIGURE 2 Direct visualization of foam propagation in the micromodel during the co-injection of alkali-surfactant solution (AS) and N2

(flow is from left to right): (A) snapshot of the foam texture in the absence of oil. The foam flows from the inlet (right) to the outlet (left).

Spherical objects are grains. (B) Snapshot of foam texture in the presence of the residual oil when foam propagates. (C) A sequence of

microscopic events that occur when the travelling foam bubbles come into contact with the remaining oil. The solid, oil, aqueous, and gas

phases are labelled S, O, A, and G, respectively
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