Downloaded via UNIV AT BUFFALO STATE UNIV NEW YORK on March 19, 2021 at 00:31:18 (UTC).

See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

energy:fuels

pubs.acs.org/EF

Microfluidic Investigation of Salinity-Induced Oil Recovery in Porous

Media during Chemical Flooding

Sung wan Park, Jonghyun Lee, Hongkyu Yoon, and Sangwoo Shin*

Cite This: Energy Fuels 2021, 35, 4885-4892

I: I Read Online

ACCESS |

[l Metrics & More |

Article Recommendations ‘

@ Supporting Information

ABSTRACT: High and low salinity water flooding are common oil recovery processes
performed in the oil fields for extracting crude oil from the reservoir. These processes are
often performed sequentially, naturally establishing non-uniform salinity in the porous
subsurface. In this article, we investigate oil transport in porous media induced by salinity
change upon flooding with high and low salinity water. As we observe a large number of
impervious dead-ends from three-dimensional imaging of the actual reservoir, we identify that
these areas play an important role in oil recovery where the oil transport is governed by the

Salinity

salinity change rather than hydrodynamics. The salinity gradients induced upon high salinity

water flooding provide pathways to enhance the transport of oil drops trapped in the dead-end regions via non-equilibrium effects.
However, above a critical salinity, we observe a rapid aggregation of drops that lead to the complete blockage of the pore space,
thereby inhibiting oil recovery. We also find that, at an intermediate salinity where the drop aggregation is modest, the aggregation
rather promotes the oil recovery. Our observations suggest that there exist optimal salinity conditions for maximizing oil recovery

during chemical flooding.

1. INTRODUCTION

Crude oil is the largest non-renewable source of energy that
still has the highest demand worldwide as of 2019." In general,
the oil is extracted from the underground reservoir by first
drilling a well directly down to the subsurface, thereby
recovering approximately 10% of the initial oil (primary oil
recovery).” Often, another well is drilled adjacent to the
existing well, which serves as an injection well to flood the
reservoir with inexpensive water (commonly seawater) so as to
further extract the remaining oil (secondary oil recovery);’ the
secondary oil recovery can recover up to approximately 20—
40% of the crude oil that was held in the original reservoir.”

With the added economic expense of drilling a secondary
well, further extractions are typically done through tertiary oil
recovery, or the enhanced oil recovery process. Enhanced oil
recovery, which has the potential to remove an additional 30—
60% of oil from the original reservoir, involves the injection of
chemically engineered fluids such as polymers/surfactants/
alkali solutions and low salinity water to improve the sweep
efficiency and pore-scale displacement.”

Low salinity water flooding is a relatively recently developed
chemical flooding that uses water with salinity ranging from
1000 to 2000 ppm to enhance oil recovery.”® The benefit of
using low salinity water over other chemicals is the simplicity,
environmental friendliness, and low cost of operation. While
many lab and field studies have proven the improved recovery
in low salinity water flooding for decades, it still lacks
understanding and general consensus on the key mecha-
nism.”°~" Most of the suggested possible mechanisms
responsible for enhanced efficiency in low salinity water
flooding are related to static interfacial phenomena such as the
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wettability and capillarity effects.”"'" In contrast, mechanisms
attributed to non-equilibrium transport phenomena of
components of saline solution and their interactions with oil
phase are rather rarely discussed in the literature and thus are
not well understood.

In secondary and tertiary recovery with saline water, ie.,
seawater and low salinity water flooding, respectively, displace-
ment fluids are mixed with preceding solutions, commonly
multiple times through which a non-uniform salinity is
established within the tortuous reservoir spatially and
temporally."' In addition, Saffman—Taylor instability (viscous
fingering) further promotes such non-uniform salinity."”
Recently in the colloids community, solute gradients have
been identified as a pathway to accelerate the transport of
colloids including oil drops in dead-end pores via non-
equilibrium physicochemical processes, particularly by diffu-
siophoresis, suggesting its possible relevance in salinity-
mediated water flooding.'*~*°

In this article, we investigate the oil transport in porous
media induced by salinity change upon flooding. We show that
the oil transport within the dead-ends can have a significant
impact on the overall oil recovery efficiency depending on the
water salinity and its local gradients. As it is unfeasible to
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Figure 1. Fabrication of a two-dimensional model microfluidic reservoir from the three-dimensional morphology of an actual subsurface. (a) Thin
section image of a Selma Chalk sample. The white region represents microfractures, and the dark gray region represents clay seams. (b) Stack of
focused ion beam scanning electron microscopy (FIB-SEM) images at a 15.6 nm resolution in the slicing (z-) direction. Serial sectioning of 962
slices was performed. (c) The 2-D SEM images were interpolated and assembled into a 3-D pore structure. (d) The 3-D image was further
processed to obtain a depth-integrated 2-D image with similar porosity and connectivity for microfluidic design. White is the solid phase, and black
is the pore phase. (e) Fabricated microfluidic porous media using the 2-D reconstructed geometry in (d) as the photolithography mask. (f) Lattice
Boltzmann simulation of the flow field in the same 2-D porous media shown in (e). The color legend indicates velocity magnitude normalized by
the maximum flow velocity. The red arrows in (d) and (f) indicate dead-end regions, which exhibit zero flow velocity.

directly visualize and characterize the underground reservoir in
real-time during oil recovery operations, it is important to
perform lab-scale visualization of the oil displacement in the
subsurface, which will allow a deeper understanding of the
transport processes so as to achieve better recovery
efﬁcacy.u’22 In this regard, the use of microfluidic devices
offers easy real-time visualization that models the oil recovery
in porous reservoirs due to the channel materials typically
being transparent (e.g, glass, polydimethylsiloxane (PDMS),
poly(methyl methacrylate) (PMMA), and UV-curable
epoxy).”’ Here, we use actual reservoir data to closely mimic
the morphology of the porous subsurface with transparent
microfluidic devices. Rather than investigating the well-studied
wetting behavior induced by the salinity effects, we focus on
the transport aspect of oil dynamics during saline water
flooding, particularly at high oil volume fraction, which will
provide a unique understanding of the water flooding via a
non-equilibrium transport process (i.e., diffusiophoresis) that
has been largely overlooked in the petroleum literature.

2. MATERIALS AND METHODS

2.1. Fabrication of Model Microfluidic Reservoirs. We created
model microfluidic porous media from a full three-dimensional (3-D)
morphology of an actual subsurface reservoir (Figure 1). A 1 inch
diameter plug of Selma group chalk (Navarro Formation) was
extracted from the core (1891.1 m belowground surface) near
Escatawpa, Mississippi, USA, where the porosity and permeability of
the core plug were measured as 12.5—16.7% and 0.012—0.108 mD,
respectively (Figure la). Core sampling was performed during the
National Energy Technology Laboratory’s Southeast Regional Carbon
Sequestration Partnership Phase IL>* From this sample, serial
sectioning and imaging was performed via focused ion beam scanning
electron microscopy (FIB-SEM; FEI Helios 600 Nanolab DualBeam)
of 962 slices, equivalent to approximately 15 ym in the slicing (z-)
direction, and 16 ym X 10 ym per image (Figure 1b). Subsequently,
the stack of SEM images was binarized and then assembled into a 3-D
pore structure (Figure 1c).”® In this study, the 3-D structure was
further processed with depth averaging and iterative thresholding to
obtain a depth-integrated two-dimensional (2-D) image with similar
porosity and connectivity (Figure 1d). For this step, a particular
porosity was used to determine the threshold value, and then the
resulting depth-averaged 2-D field was used to compute the
permeability. After a few iterations, we were able to select the final
thresholding value with a consistent effective permeability. In this
particular dataset with relatively shallow depth and fractures, the
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difference of both porosity and permeability values between the
depth-averaged 2-D and the original 3-D images was less than 5% and
10% (at a relative scale), respectively. As shown in Figure 1d, the
actual porous media is highly non-uniform, exhibiting a wide range of
local permeability. Notably, the underground reservoir contains a
large number of non-permeable dead-end re§ions (red arrows), which
is often neglected in oil recovery studies.””*

We used this reconstructed 2-D image as a mask for fabricating the
model microfluidic reservoir, which is shown in Figure le. The device
was upscaled to meet the microfabrication limits where the mean
permeability is 4.8 um” The microfluidic channels were made via
standard soft lithography. Polydimethylsiloxane (PDMS; Dow
Corning) was poured onto the master mold and cured at 75 °C.
Then, the channel was plasma-treated to activate the surface for PVA
coating and bonding. A 1 wt % polyvinyl alcohol (PVA) solution was
flown through the pre-bonded channel for 10 min. Then, the channel
was dried in the oven for complete bonding of the device.

2.2. Pore Flow Simulations. The fluid velocities in this study are
small so that the Stokes equation can be used to obtain the velocity
field at the pore scale. In this work, the lattice Boltzmann (LB)
method was used to solve the steady-state, incompressible water flow
using Palabos,”® an open-source parallel LB solver that has been
applied to flow and transport problems in microfluidic devices.”” >° A
3-D, 19 velocity (D3Q19) model with a single relaxation time in a
regular voxel was used with no-slip boundary conditions imposed at
all solid boundaries in the micromodel via a bounce-back boundary
condition. Fixed pressure and normal outflow boundary conditions
are imposed along the inlet and outlet, respectively, and the resulting
steady flow field is scaled to the Darcy velocity used in the
experiment. The model domain was the same as the actual
microfluidic device with dimensions of 20 X 2.65 X 0.04 mm® A
voxel size of 3.1 um was used. One of the advantages of the LB
method is its ability to represent complex pore geometries based on
image analysis techniques without the need for further rendering or
complex meshing processes. Simple bounce-back boundary conditions
can be easily imposed on solid boundaries obtained from the
segmented imaging results (Figure 1d), and the resulting flow field is
shown in Figure 1f.

2.3. Emulsion Preparation and Interfacial Tension Measure-
ments. Decane emulsion was prepared by adding 10 vol % of decane
in water that contains 0.01 M SDS and varying amounts of NaCl. All
the chemicals were purchased from Sigma-Aldrich. Then, decane was
emulsified using a sonicator and vortex mixer. Decane—water
interfacial tension was measured using an inverted pendant drop
method. A small volume of decane was pushed into a pool of water
from underneath through a syringe needle. An image of the drop
attached to the tip of the needle was taken using a camera (Nikon
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Figure 2. Oil removal in microfluidic porous media by a series of high and low salinity water flooding. Initially, the porous media is filled with
decane emulsion containing a 0.01 M NaCl solution (first column). High salinity water is flooded (flow approaching from left to right) where the
second column images show immediately upon flooding (~10 s after flooding) and the third column images show 10 min after the flooding. Then,
low salinity water (0.01 M NaCl) is injected to mimic low salinity water flooding. All the solutions contain 0.01 M sodium dodecyl sulfate (SDS)

for drop stabilization.

D3400) and then processed with MATLAB to obtain the drop
curvature and the interfacial tension.

2.4. Microfluidic Experiments and Data Processing. Decane
emulsion was filled into an empty channel followed by injection of
saline water that also contains 10 mM SDS and varying amounts of
NaCl using a syringe pump (Pump 11 Pico Plus Elite, Harvard
Apparatus). The drops were visualized with an inverted microscope
(DMi8, Leica). The images were processed with Image] and
MATLAB to obtain the area fraction of the decane emulsion to
estimate the recovery factor. To accurately measure the area fraction
of the oil drop, the following steps were implemented. Initially, a stack
of the bright-field images was imported into Image] to remove the
background noise by adjusting the image threshold. The boundaries
of the oil drops were identified and then filled in with Image]. The
pore walls were accounted for by processing a blank channel without
the oil drops. After binarizing, the images were further processed
through MATLAB to count the total pixel intensity, which represents
the total oil fraction.

3. RESULTS AND DISCUSSION

3.1. Microfluidic Investigation of Salinity Water
Flooding in Model Porous Reservoirs. Using the micro-
fluidic device shown in Figure le, we study secondary and
tertiary oil recovery with high and low salinity water. The
flooding sequence is shown in Figure 2, which mimics high
salinity water flooding (secondary recovery) followed by low
salinity water flooding (tertiary recovery). We start off by filling
the entire porous media with decane emulsion (volume
fraction ~0.1) suspended in 0.01 M NaCl, where the salinity
resembles that of relatively fresh groundwater (Figure 2; first
column).>" The size of the oil drops is widely dispersed,
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ranging from a few microns to nearly S0 ym in diameter. The
oil drops are stabilized by adding 0.01 M sodium dodecyl
sulfate (SDS) to the suspension, which is one of the most
widely used anionic surfactants in enhanced oil recovery.” As
we aim to focus on the transport aspect of the dynamics of
suspended oil drops, we deliberately avoid adhesion and
wetting of decane drops on the pore surface by coating the
entire channel with PVA, which is a hydrophilic polymer.**

Then, we flood the oil-filled porous media with high salinity
water (secondary oil recovery; second column in Figure 2). We
vary the NaCl concentration of the injecting solution, ranging
from 0.01 M (no contrast; control) to 1 M (seawater). The
injecting solution also contains 0.01 M SDS to maintain the
surfactant concentration constant throughout the experiments
so as to mitigate any unwanted surfactant-gradient-induced
dynamics. The injection flow rate is kept constant, where the
inlet and permeability Reynolds numbers are estimated as,
respectively, Re; = UL/v = 0.45 and Re, = Uk"?/v = 0.0048,
where U; = 6.9 mm/s is the inlet mean flow speed, L = 57 um
is the hydraulic diameter of the channel inlet, U, = 2.0 mm/s is
the mean flow speed in the microfluidic porous media, k = 4.8
um? is the mean permeability of the porous media, and v = 0.9
mm?/s is the kinematic viscosity of the fluid. U, and k are
obtained from numerical simulations (e.g, Figure 1f).

After injecting the high salinity water for 10 min, we switch
the injecting solution to 0.01 M NaCl to mimic low salinity
water flooding through a high salinity reservoir. The flooding is
continued for another 10 min. For each process, we compare
before and after images of the porous media, ie., successive
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image columns in Figure 2, to estimate the recovered oil drops
during a particular experiment. We define the recovery factor
as (n; — ng)/n; where n; and n; are the area fraction of the oil
drops before and after each step, respectively.

Upon initial injection, most of the drops are swept away by
the pore flow within 10 s as the drops are freely suspended.
However, a substantial amount of oil drops still remain in the
dead-end regions due to the lesser influence of the flow, as
shown in the second column of Figure 2. The flow simulation
results shown in Figure 1f also confirm negligible advection in
the dead-end pores. Based on the image analysis, we estimate
that roughly 30—40% of the oil drops remain in the pores soon
after the injection has taken place (Figure 3a), which happens
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Figure 3. Recovery factors for successive flooding steps. The recovery
factors are evaluated and averaged from four different locations
including the area shown in Figure 2. (a) Recovery factor immediately
after the initial flooding has begun. (b) Recovery factor after 10 min
of high salinity water injection. (c) Recovery factor after 10 min of
low salinity water injection. The error bars represent standard
deviation of results obtained from eight experimental trials across four
different pore geometries.

to coincide with the typical recovery eflicacy of seawater
flooding.” The remaining oil drops are more or less constant
across various injecting solution salinity (Figure 3a) since the
oil transport is mainly governed by hydrodynamics during this
stage.

However, after injecting for 10 min and measuring the
remaining oil, we observe a stark difference in the recovery
factor depending on the salinity of the injecting water; the
recovery factor increases with the salt concentration up to 0.5
M followed by a sudden drop at 1 M (Figure 3b). As the
saltwater replaces the initially occupying solution, transient
salinity gradients are established in the regions in which the
fluid flow is negligible compared to diffusion. Such low Péclet
number environments easily arise in low- and non-permeable
regions such as dead-end pores, as evidenced by the wide
distribution of zero velocity regions in the flow field
simulations (red arrows in Figure 1f). The salinity gradients
that are established within these regions may provide enhanced
transport pathways for oil drops via non-equilibrium processes,
possibly via diffusiophoresis and Marangoni propulsion.**

Diffusiophoresis is a process by which colloids can
spontaneously undergo a directed motion via non-equilibrium
colloid-solute interactions in the presence of local chemical
gradients, where the colloid migration velocity can be
expressed as u = M;VInc.”> M, is the diffusiophoretic
mobility that sets the direction and the magnitude of the
colloid velocity under a given chemical concentration profile.
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For negatively charged drops in NaCl solution, as is the case in
our experiments since the drops are stabilized with anionic
surfactants, M is positive, thus making them migrate up the
NaCl concentration gradients;'® this will cause the drops to
migrate out of the dead-ends. Similarly, Marangoni (solutal
capillary) propulsion, which arises in the presence of interfacial
tension gradients, causes the drops to migrate in the same
direction since NaCl reduces the interfacial tension via charge
screening of the surfactant head groups..36 Therefore,
increasing the salinity contrast will provide more driving
force for the drops to escape from the dead-ends via the
gradient-driven processes, which can contribute to the
enhanced recovery factor.

Such a directed motion also implies that a subsequent
injection of low salinity water will change the drop motion in
the opposite direction, i.e., into the dead-end pore, due to the
reversed gradients; this will act against recovering oil. In fact, as
shown in Figure 3c the introduction of low salinity water does
not provide any substantial improvement in oil recovery. These
observations suggest that diffusiophoresis and Marangoni
propulsion may not play a favorable role in the oil recovery
during low salinity water flooding, but rather beneficial during
high salinity water flooding.

3.2. Salinity-Induced Oil Dynamics at High Salinity.
While the gradual enhancement in the recovery factor during
high salinity water flooding can be explained by diffusiopho-
resis and Marangoni effects, it remains unclear why the
recovery factor suddenly drops above 0.5 M of the injecting
solution (Figure 3b). As we speculate that the variation in the
recovery factor is attributed to the oil dynamics occurring in
the dead-end pores, we employ idealized dead-end pores to
mimic deep dead-ends in the reservoir, which will allow us to
better visualize and understand the observed oil recovery
trends, particularly at high salinity. A long, slender dead-end
pore (width X height X length = 45 X 40 X 800 um?) is
connected perpendicular to the flow channel (see Figure 4a for
example). Experiments are performed similarly to the porous
media experiments: (1) fill oil suspension in the dead-end
pores; (2) inject high salinity water through the flow channel
for 10 min (high salinity water flooding), which will introduce
salinity gradients along the pore; and then (3) inject low
salinity water (0.01 M) for another 10 min (low salinity water
flooding), which will reverse the direction of the salinity
gradients within the pore. As the diffusiophoretic motion is
induced by the diffusion of solutes, 10 min provides sufficient
time scale for the solutes to diffuse across the pore as the salt

diffusion time is about ~/*/D =7 min, which also
corresponds to the characteristic time scale for the duration
of diffusiophoresis. Here, / = 800 ym is the channel length and
D = 1607 um?/s is the ambipolar diffusivity of NaCl in water.””
The detailed experimental procedure can also be found in our
previous diffusiophoresis studies.”**

Figure 4a—c (Movie S1) show the image sequence of drop
motion in the straight dead-end pores under various salinity
contrasts. At NaCl concentrations below 0.5 M, it is shown
that, during the high salinity water flooding (first 10 min), the
trapped oil drops gradually migrate toward the pore entrance.
Despite the fact that the drops are relatively large and closely
packed such that one might expect significant hydrodynamic
boundary effects, gradient-induced migration provides suffi-
cient driving force for the drops to migrate persistently along
the narrow pores. The main reason for such effective migration
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Figure 4. Migration of decane drops in straight dead-end pores by
salinity gradients. Similar to porous media experiments shown in
Figure 2, we inject high salinity water through a flow channel that is
initially filled with decane emulsion suspended in 0.01 M NaCl. After
10 min of injection, we switch to low salinity water injection. We vary
the NaCl concentration of injecting solution during high salinity water
flooding, where (a) is 0.1 M, (b) is 0.5 M, and (c) is 1 M. All the
solutions contain 0.01 M SDS for drop stabilization. (d) Interfacial
tension of decane in water with varying NaCl concentrations
measured by the reverse pendant drop method. The saline solution
also contains 0.01 M SDS. The insets illustrate salinity-dependent
surfactant adsorption and desorption at the oil—water interface.

is due to the reduced hydrodynamic interaction experienced by
a phoretic particle, where the adjacent flow field induced by
the phoretic particle decays much faster (~1/r) than a particle
being dragged through the solution (~1/r) such that the
phoretic motion is less sensitive to the surroundings. Thus, the
drops experience only short-range hydrodynamic interactions
with neighboring boundaries,”* allowing them to slip through
the tight pores without experiencing significant hydrodynamic
retardation.

The gradient-induced motion gradually slows down over
time as the salinity gradient ceases out, which sets the
migration distance, and thus the recovery limit. Then, upon
low salinity water injection (¢>10 min), the drops start to move
back into the pore as expected. The asymmetric migration
behavior in which the drop migrating into the pore (10<¢<20
min) is more persistent than moving out of the pore (0<t<10
min) is attributed to the logarithmic dependence of
diffusiophoresis (migration velocity u ~VIn ¢),"”*' indicating
that diffusiophoresis is the dominant migration mechanism
over Marangoni propulsion (u &~Vc) presumably due to the
large zeta potential of the surfactant-stabilized drops (& — 90
mV)*® and small interfacial tension difference induced by NaCl
gradients."®

The gradient-dependent directional migration is consistent
up to 0.5 M. However, at 1 M, we observe a peculiar behavior
in which the drops start to rapidly adhere to one another soon
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after being exposed to the high salinity water (Figure 4c). Such
a rapid aggregation results in the formation of a large oil
cluster, which grows large enough to subsequently block the
pore so that it stops moving immediately (~2 min). The
blockage is not a consequence of drops wetting on the wall, but
by continuous aggregation of freely suspended drops.

The rapid demulsification appears to be attributed to the
reduced electrostatic repulsion between the drops, thus
allowing the drops to approach closer and subsequently adhere
together by the attractive van der Waals interaction. However,
due to the surfactants present at the interface, the drops do not
completely coalesce, but they undergo a partial coalescence,
resulting in a foam-like structure (Figure 4c). The formation of
such structures depends on the stability of the thin film present
in between the adjoining drops, which is determined by the
electrostatic, van der Waals, and steric interactions that set the
disjoining pressure of the film.*

Another unconventional mechanism that can possibly
contribute to the partial coalescence is the salting-out effect.*’
Due to the excess amount of NaCl present in high salinity
water, the surfactants can be “salted out” from the interface,
resulting in increased interfacial tension. For instance, Figure
4d shows the salinity-dependent decane—water interfacial
tension measured by the reverse pendant drop method. As
commonly expected, the interfacial tension decreases as the
NaCl concentration is increased until 0.5 M due to the charge
screening.36 However, the trend reverses more or less above
0.5 M where the interfacial tension starts to increase with NaCl
concentration, which is the direct evidence of the salting-out
effect. The salted-out surfactants can then form micro-
emulsion,” micelles,** or aggregates,45 all of which can
contribute to the increased stability of the thin film present
between the drops and thus the partial coalescence.

The salinity-induced rapid demulsification acts against oil
recovery, which is the key reason for the reduced recovery
factor at high salinity (1 M) in the porous media experiments.
The dead-ends found in the actual subsurface are seldom
straight, but rather curved or branched with a narrow neck, as
shown in Figure 1. These features make the aggregated oil
clusters to be tightly locked in place, making them even harder
to recover (Figure 5a). As we estimate the recovery factor in
dead-end pores for various injection concentrations, we
observe a similar trend as in porous media, where the recovery
factor gradually increases up to 0.5 M followed by a sudden
drop at 1 M, as shown in Figure Sb. We note that the reverse
diffusioosmotic flow occurring along the pore surface does not
play a role in the oil dynamics due to the presence of PVA
coating on the pore walls, which is often used in PDMS-based
microfluidic devices to minimize any electrokinetic phenom-
ena.*

3.3. Enhanced Drop Removal at Intermediate Salinity
by Partial Clustering. The consequence of drop aggregation
is not always detrimental to the oil recovery, but it also offers
some promising aspects. As the electrostatic and salting-out
effects depend on the salinity, the degree to which the partial
coalescence occurs is observed to be dependent on the salt
concentration. For instance, while the NaCl concentration at
0.1 M shows no visible drop—drop adhesion, as observed from
the intact spherical boundaries of the drops shown in the top
panel of Figure 6a, at 0.5 M, we start to observe a weak drop
adhesion as evidenced by the distinct contact interfaces
(Figure 6a, middle panel). At 1 M, we observe a strong
demulsification, which is characterized by more aggressive
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Figure S. Salinity-induced drop aggregation hinders oil recovery. (a)
Some close-up images of oil demulsification in deep dead-ends in the
porous media experiments during high salinity water flooding (1 M
NaCl). Images in the top and bottom rows are taken, respectively,
before and after flooding the porous media with 1 M NaCl for 10 min.
All the scale bars are 100 um. (b) Recovery factors obtained from the
dead-end pore experiments in Figure 4 during high salinity water
flooding (blue bars). For comparison, similar data for porous media
experiments under similar experimental conditions (Figure 3b) are
also included (gray bars). The error bars for the dead-end pore
experiments represent the standard deviation of four experimental
runs, where each run is an average of five measurements from the five
neighboring pores.

aggregation with a significantly larger contact area due to the
reduced electrostatic repulsion and surfactant salting-out effect
(Figure 6a, bottom panel).

Interestingly, the ways in which the drops escape from the
pores differ depending on the degree of drop—drop adhesion.
While the strong drop aggregation at 1 M does not allow the
drops to escape (because of the blockage), the drops at 0.5 M
are loosely adhered to form smaller segments (e.g, see the
transition between O and 2 min in Figure 4b) that allows
migration toward the pore entrance via diffusiophoresis. As the
drops approach near the entrance where the channel flow
becomes significant (x~ pore width*”), the drops begin to
experience strong viscous drag from the main channel flow,
which carries away the drops. Since the drops are held
together, once the leading side of the cluster reaches the pore
entrance, the fluid shear drags the cluster so that the entire
cluster is pulled out of the pore immediately (Figure 6b).

Such an effective oil removal is clearly captured in the
kymograph of the drops analyzed from the results in Figure 4b
(or Figure 6b), as shown in Figure 6¢c. The dark streaks
represent the drop trajectories. It is shown that the adhesion-
mediated removal is observed by the sudden disappearance of
the drop trajectories. The effect continues until the salinity
gradients cease out, as indicated by the red arrows in Figure 6c.
The consequence of such clustered oil removal is the enhanced
recovery efficiency. On the other hand, at 0.1 M where no
aggregation is observed, the drops escape from the pore
individually one by one (Figure 6d). Such salinity-dependent

4890

+3s

Time (min) Time (min)

Figure 6. Weak drop adhesion allows enhanced drop recovery from
the dead-end pores. (a) Close-up images of decane drops suspended
at different salinity water 10 min after high salinity water flooding.
Images at 0.5 and 1 M show visible partial coalescence. (b) Image
sequence of clustered drops escaping during high salinity water
flooding with 0.5 M NaCl. (¢, d) Kymographs of the decane drops
during high salinity water flooding with (c) 0.5 M NaCl and (d) 0.1
M NaCl (from Figure 4a,b).

oil dynamics indicate that an optimal operation condition may
exist for high salinity water flooding, suggesting a potential
strategy to maximize oil recovery.

It is noteworthy to mention that the rapid demulsification is
not irreversible as they can be re-emulsified when exposed to
low salinity water. During the subsequent low salinity water
injection, the cluster starts to re-emulsify as shown in the latter
stage (t>10 min) in Figure 4c. Subsequently, the released
individual drops are able to undergo diffusiophoresis once
again, which now makes the drops to go even further deep into
the pore, thus hindering the oil recovery process.

4. CONCLUSIONS

In summary, we have demonstrated how salinity-dependent
drop—drop and drop—solute interactions can directly impact
the local oil dynamics in porous media and thus the recovery
performance during high and low salinity flooding. Using full
3-D, actual subsurface data, we have created a 2-D microfluidic
reservoir for studying oil recovery on a miniaturized chip. By
injecting high and low salinity water to the microfluidic porous
media, which mimics, respectively, the secondary and tertiary
recovery processes, we have shown that the oil recovery can be
significantly influenced by the salinity of the injected solution.
Our results reveal that the oil recovery enhances as the salinity
is increased in high salinity water flooding due to the gradient-
driven transport processes taking place in the deep pore space.
However, above a critical salinity, which we found to be ~0.5
M in our experiments, we observed a rapid aggregation of
drops that led to the complete blockage of the pore, thereby
hindering oil recovery. We have also found that, at
intermediate salinity where the drop aggregation is mild, the
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drop aggregation, in combination with diffusiophoresis, in fact
helps oil recovery. Moreover, as we have recently identified
that suspended colloids can be trapped and rapidly grow into a
large cluster near merging flow junctions via diffusiopho-
resis,** ™" the salinity-induced drop aggregation may possibly
arise not only in impervious dead-ends but also in permeable
pore networks, suggesting that the gradient-driven transport
processes may be prevalent across the entire porous media
during flooding during certain operating conditions. Our study
also warrants a combined study of oil and fines transport and
wetting phenomena induced by the salinity change to gain a
holistic understanding of the high and low-salinity water
flooding processes.”’
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(Movie S1) Migration of decane drops in dead-end
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