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ABSTRACT

The main objective of this work is to evaluate the effect of the simultaneous use of a surfactant
mixture and magnetic iron core-carbon shell nanoparticles on oil recovery via a microfluidic
study based on the rock-on-a-chip technology. The surfactant solution used for all experiments
was prepared based on a field formulation and consisted of a mixture of a hydrophilic and a
lipophilic surfactant. Magnetic iron core-carbon shell nanoparticles with a mean particle size of
60 nm and a surface area of 123 m*g” were employed. The displacement experiments consisted
of waterflooding, surfactant flooding and nanoparticle-surfactant flooding and were performed
using PDMS (polydimethylsiloxane)-glass microdevices type random network. The
characteristics and design of the microfluidic device allowed to emulate a mixed wettability of a
porous medium. Then, the oil was displaced by injecting the solution at a constant injection rate,
until steady-state conditions were obtained. Furthermore, the effect of three injection rates
corresponding to 0.1 ft-day”, 1 ft-day”, and 10 ft-day” was investigated. The increase in the
injection rate favored the oil recovery percentage. In addition, for all injection rates, the oil
recovery decreased in the following order: nanoparticle-surfactant flooding > surfactant flooding
> waterflooding. The nanoparticle-surfactant system at the injection rate of 1.9 pL-min’
presented the highest oil recovery (i.e., 84%). Likewise, nanoparticle-surfactant flooding showed
a more stable displacement front and consequently, the highest capillary number among the
injection fluids. Oil recovery by waterflooding was the lowest among the evaluated systems due
to the viscous fingering phenomena under different injection rates. In addition, it can be observed

that for all injection rates, the presence of the surfactant mixture and nanoparticles reduce the



viscous fingering effect. The results can be used to visually and quantitatively analyze the role of

the simultaneous use of nanoparticles with surfactants in enhanced oil recovery processes.

KEYWORDS: Microfluidic; enhanced oil recovery; nanoparticles; surfactant.

1. INTRODUCTION

Chemical enhanced oil recovery (CEOR) refers to the injection of fluids and chemicals into a
reservoir to modify the rock/oil/brine interactions in order to increase oil recovery (Alvarado and
Manrique, 2010; Sheng, 2010). CEOR methods include the addition of chemical agents to
increase areal and vertical sweep efficiency and also pore-scale displacement efficiency of crude
oil (Muggeridge et al., 2014). These chemicals should lead to cost-effective operations to be
considered as an option for developing matured fields in times of the low price of crude oil barrel

(Afolabi, 2015).

The purpose of CEOR is to increase the capillary number, which consists of the ratio between
the viscous forces and capillary forces (Salager, 2005). For increasing the capillary number and
consequently, the oil recovery percentage, there are four possibilities: to increase the flow rate of
injection fluid, to increase the viscosity of the injection fluid, to reduce the interfacial tension
(IFT) between the crude oil and injection fluid, and/or the alteration of the porous medium
wettability. Specifically, surfactant injection has been employed to impact the last two

mechanisms (Jang and Chon, 2014; Kargozarfard et al., 2019; Moslemizadeh et al., 2016).



However, in some EOR processes water fingers through the oil phase may occur (Mai and

Kantzas, 2009), which affects sweep efficiency and consequently, oil recovery percentage.

Hence, the use of nanotechnology in chemical enhanced oil recovery processes has increased due
to its high impact in the reduction of the interfacial tension (IFT) between crude oil and water
(Moghadam et al., 2015; Zargartalebi et al., 2014; Zargartalebi et al., 2015), the alteration of
wettability of porous medium (Ehtesabi et al., 2013; Kazemzadeh et al., 2019; Li et al., 2015),
the increase in viscosity of injection fluid, and a possible modification of flow pattern
(Bennetzen and Mogensen, 2014; Kazemzadeh et al., 2019). Nanoparticles can be modified by
adjusting their particle size, surface area, chemical reactivity, catalytic capacity, among others
(Christian et al., 2008). Among the different nanoparticles that have been employed, magnetic
iron core-carbon shell nanoparticles have been used due to their double functionality (Bennetzen
and Mogensen, 2014): the core determines the magnetic properties and the possibility to recover
and re-use the nanoparticles in a subsequent EOR process and the shell determines the binding
affinity with the surfactant (Betancur et al., 2019a). The magnetic iron core-carbon shell
nanoparticles showed a high thermal stability at reservoir conditions, which indicated that the use
of these nanoparticles does not cause formation damage problems as it can be observed from the
pressure drop curves in the displacement tests carried out by Betancur et al. (Betancur et al.,
2019a). Also, the simultaneous use of magnetic iron core-carbon shell nanoparticles and a
surfactant mixture achieved to reduce the IFT to the ultralow value of 1x10™* mN-m’ (1><10'7
N'm™) at a nanoparticle concentration of 100 mg:L™". In addition, a final oil recovery of 98% was

obtained (Betancur et al., 2019a).

Although the good results that have been obtained with the use of iron core-carbon shell

nanoparticles including high recovery percentage in displacement tests under reservoir



conditions, the EOR mechanisms are not fully understood yet. Consequently, the use of
nanoparticles combined with conventional chemicals used in EOR has been the focus of several
investigations using microfluidic devices to facilitate a better understanding of the displacement

of two or more fluids in a porous medium at a laboratory scale (He and Xu, 2016).

Microfluidic devices are a good alternative for flooding tests because of their small size and the
reduction of time of calculations, which can take days through conventional laboratory tests
(Gogoi and Gogoi, 2019). These features make microfluidic devices a cost-effective alternative
to choose a particular treatment before to be tested in field level. For instance, several
researchers have focused their work in the use of microfluidic for determining the effect of
different chemicals in emulsion behavior and modification of rock wettability (Baret et al., 2009;
Kenzhekhanov, 2016; Maurya et al., 2018; Meybodi et al., 2011; Mohajeri et al., 2015; Priest et
al., 2011; Romero-Zeron et al., 2007; Soo and Radke, 1986; Soo et al., 1984; Xu et al., 2017). Xu
et al. (Xu et al., 2017) applied microfluidic to evaluate the effect of a nanofluid based on silica
gel nanoparticles and a non-ionic surfactant (Tween 40) on emulsion stability and sweep
efficiency in EOR processes. The combined effect of nanoparticles and surfactant prevented
droplet coalescence and then, increased the emulsion stability in these systems. This effect was
attributed to the synergy between the nanoparticles and surfactant in the oil-water interfaces and
contributed to a higher areal sweep efficiency. Maurya et al. (Maurya et al., 2018) presented
similar results related to the synergistic effect of surfactant and nanoparticles on oil-in-water
(O/W) emulsion stabilization at reservoir conditions. The authors used silica gel nanoparticles,
an anionic sodium dodecyl sulfate (SDS) and cationic cetyltrimethylammonium bromide
(CTAB) as surfactants. The nanoparticles in the presence of the surfactant prevented the

coalescence of the droplets and reduced the interfacial tension (IFT) at the oil-water interface



even at harsh reservoir conditions. Other authors indicated that the increase in oil recovery is due
to the decreasing of IFT, the wettability alteration, the modification of flow pattern (Mohajeri et

al., 2015) and the increase of viscosity of fluid injection (Cheraghian et al., 2017).

These applications were achieved through surfactant-nanoparticle systems using microfluidic
devices without considering other variables that play a fundamental role in oil recovery
applications such as the effect of injection rate and capillary number. Therefore, this work aims
to investigate the main displacement mechanisms of the use of magnetic iron core-carbon shell
nanoparticles and surfactant in enhanced oil recovery processes through microfluidic studies. For
understanding the ratio between viscous and capillary forces in the presence of different injection
fluids, the influence of three injection rates was evaluated: 0.1 ft-day™ (3.5x107 m's™), 1 ft-day™
(3.5x10° m-s™), and 10 ft-day' (3.5x10° ms"'). Likewise, the interfacial tension crude
oil/injection fluid and viscosity of the different injection fluids was measured for determining the
capillary number. The formation and growth of fingers were monitored during the tests to
evaluate the viscous fingering phenomenon. The injection fluids used for microfluidic tests were
brine, surfactant mixture solution and nanofluid based on magnetic iron core-carbon shell
nanoparticles and the surfactant mixture (Betancur et al., 2019a). All experiments were
performed with a low nanoparticle concentration corresponding to 100 mg-L™. It is expected that
this study will allow for a better understanding of the displacement mechanisms during injection

of a nanofluid and the role that play this type of smart fluids as an alternative chemical in EOR.

2. EXPERIMENTAL SECTION

2.1.Materials



2.1.1. Aqueous phase

A synthetic brine was employed for the preparation of the aqueous phase for all experiments and
was formulated based on saltwater of a Colombian field. The total dissolved solids (TDS%) was
7850 mg-L™" and was selected based on the lowest interfacial tension value obtained in a previous
study (Betancur et al., 2019b). Sodium chloride (NaCl 99%, PubChem, United States), potassium
chloride (KCI 299%, PubChem, United States), dihydrate calcium chloride (CaCl,-2H,0 =99%,
Sigma-Aldrich, United States) and dihydrate magnesium chloride (MgCl,-6H,O 299%, Sigma-
Aldrich, United States) were used for the preparation of the synthetic brine. Therefore, a
synthetic brine with 6.46 g-L"' of NaCl, 0.136 gL' of KCI, 1.05 g-L" of CaCl,-2H,0 and 0.20

gL of MgCl,-2H,0 was used for all tests.

2.1.2. Crude oil

A Colombian intermediate crude oil with 33° API was used as the oleic phase. The crude oil has
a dynamic viscosity of 117.6 cP and surface tension of 32.4 mN-m™ (3.24 x10? N'-m™) at 25 °C
(298 K). The average content of saturated, aromatics, resins and asphaltenes (SARA) was
determined with an latroscan MK-6 thin layer chromatograph based on IP 469 method (Institute,
2011). The content of saturated, aromatic, resins and asphaltenes were 53.9%, 26.2%, 12.2% and

7.7%, respectively (Betancur et al., 2019a).

2.1.3. Surfactant mixture

A mixture of a predominantly hydrophilic surfactant (S1) and a hydrophobic surfactant (S2)

were employed for the surfactant mixture and were provided by Ecopetrol S.A. (Colombia) using



an 80:20 ratio based on previous works (Betancur et al., 2019a; Betancur et al., 2019b). For the
preparation of surfactant mixture, S1 was added to the synthetic brine before adding the S2
surfactant. The hydrophilic-lipophilic balance (HLB) of the S1 and S2 surfactants mixture was
determined through interfacial tension measurements with a force tensiometer, K11 (Krtss,
Germany) according to the method proposed by Chun et al. (Chun and Martin, 1961). The HLB
of the surfactant mixture was 18. Additional details about the preparation of surfactant mixture
and its characterization can be found in the previous work of this research group (Betancur et al.,

2019b).

2.1.4. Magnetic iron core-carbon shell nanoparticles

The magnetic iron core-carbon shell nanoparticles used for the nanoparticles-surfactant flooding
were synthesized based on a one-step hydrothermal method (Betancur et al., 2019a; Moreno-
Castilla et al., 2017). The mean particle size and surface area of the nanoparticles was 60 nm and
123 m*g", respectively. The nanoparticles showed thermal stability at high temperature and high
pressure according to the displacement tests carried out in a previous study (Betancur et al.,
2019a). For the preparation of the nanoparticle-surfactant solution, the salts were dissolved in the
deionized water followed by the surfactant mixture (surfactant S1 was added to the water and
then, surfactant S2) and after, were dispersed the dry powder nanoparticles. Additional details
about the synthesis and characterization of nanoparticles can be found in previous works
(Betancur et al., 2019a; Betancur et al., 2019b). Table 1 summarizes the properties of the

injection fluids used for the displacement tests at 25 °C (298 K).



Table 1. The viscosity of the injection fluid and interfacial tension values between the injection

fluid and crude oil used for the displacement tests in a microfluidic device at 25 °C (298 K).

2.2. Methods

2.2.1. Design and fabrication of the microfluidic devices

To understand the effect of simultaneous use of the surfactant mixture and the magnetic iron
core-carbon shell nanoparticles on oil recovery, several oil displacement tests were performed in
microfluidic devices with a random network for different injection rates. The microfluidic porous
media devices were fabricated in chemically inert polymer polydimethylsiloxane (PDMS).
Details of the fabrication process have been described in previous work (Olmos et al., 2019).
Briefly, in the first step, the microchannel network was designed using Layout Editor Software
(Germany) and then, it was transferred to Thermal Imaging Layer (TIL). Subsequently, the
female photopolymer mold (Fmold) fabrication was performed. Then, the photopolymer plate
was washed and exposed to UVC light at 10 J for 17 min and UVA light at 4 J for 2 min on the
front side. After, the epoxy resin mold was fabricated. For this, a mixture of epoxy resin and
curing agent (Cristal-Tack, Novarchem — Argentina) was poured onto the female photopolymer
mold to replicate the design in high relief. After curing, the epoxy resin mold (ERmold) was
peeled off from the Fmold to form the male mold. Subsequently, a mixture of PDMS and curing
agent in a 10:1 weight ratio (Sylgard 184 Silicone Elastomer Kit) was poured onto the ERmold
and left in an oven at 40 °C (313 K) overnight. After curing, the PDMS replica was peeled off
from the mold and holes for inlets and outlets of the channels were punched using a 1 mm
diameter biopsy puncher (Integra Miltex®Ted Pella, Inc, United States). Finally, the PDMS
replica was irreversibly bonded to a glass wafer after exposure to oxygen plasma produced by a

BD-10A High-frequency generator (Electro-Technic Products, USA) for 120 s. The pattern and



the physical descriptions of the microfluidic devices used in the present study are presented in
Figure 1 and Table 2, respectively. The design consists of an inlet and an outlet channel and a

random network.

Figure 1. Design of the microfluidic device with the random network - magnified image of
pores/grains in the porous media is shown in blue. The microfluidic porous media devices were

fabricated in polydimethylsiloxane (PDMS) and glass.

Table 2. Measured dimensions and calculated areal properties for the microfluidic device with a

random network.

2.2.2. Displacement tests

Displacements tests were carried out to evaluate the performance of a nanofluid based on a
surfactant mixture and magnetic iron core-carbon shell nanoparticles for oil recovery. These tests
consisted of the following stages: waterflooding (brine injection), surfactant flooding (surfactant
mixture of S1 and S2) and nanoparticle-surfactant flooding (nanoparticles-surfactant solution) at
the last stage. All tests were performed at 25 °C (298 K) temperature and atmospheric pressure.
The injection rates of the brine, surfactant mixture, and nanoparticle-surfactant solution were
0.019 pL-min™ (3.17x10"° L-s™), 0.19 pL-min™ (3.17x10® L's™), and 1.9 pL-min™ (3.17x10™®
L's™), corresponding to 0.1 ft-day’, 1 ft-day’, and 10 ft-day”, respectively. These values were
selected by choosing lower and higher values of the recommended injection rate of 1 ft-day” in a

field application (De Ferrer, 2001). The synthetic brine, the surfactant mixture, and the magnetic



iron core-carbon shell nanoparticles were used for the preparation of the nanofluid and consisted
in the addition of the salts to the deionized water, followed by the addition of surfactant mixture
and then were added the dry powder nanoparticles (Betancur et al., 2019b). The samples were
stirred at room temperature for 2 h. The concentration of the surfactant was determined based on
the previous interfacial tension measurements (Betancur et al., 2019b), where the lowest crude
oil/aqueous phase interfacial tension was obtained at a concentration of surfactant mixture of
2000 mg-L". The dosage of nanoparticles was 100 mg-L™" (Betancur et al., 2019a). Before the
displacement tests, the nanoparticle-surfactant solution was subjected to an ultrasonic bath (Elma

Schmidbauer GmbH, Germany) for 1 h to disperse the nanoparticles in the solution.

Figure 2 shows a schematic representation of the microdevice visualization setup. For each oil
displacement experiment, the microfluidic device was initially saturated with oil at an injection

'. Then, the oil was displaced by injecting the solution of study at a chosen

rate of 8.3 pL-min
injection rate using an OEM syringe pump (Chemyx Inc, United States), until steady-state
conditions were obtained. A Canon T3-I Rebel digital camera was used to capture the images of
the oil displacement tests. The images were created from a stack of multiple acquisitions over the
area of the device (Avendafio et al., 2019; Rosero et al., 2018). Digital images were captured in

1-10 min intervals. Displacement experiments were performed in different microdevices for all

fluids.

Figure 2. Schematic diagram of the microdevice visualization setup: (1) Digital camera, (2)

microfluidic device, (3) light source, (4) OEM syringe pump, (5) waste storage, (6) computer. To



enable fluid flow through the microdevice, the microports were adjusted into the inlet and outlet

chambers of the microfluidic devices.

2.2.3. Image Analysis

To calculate the oil recovery percentage of the flooding experiments, the standard image analysis
using software Fiji -Image J (Schindelin et al., 2012) was used. Due to the high contrast between
the oil and the injection fluids in the obtained images, it was possible to differentiate the two
phases by defining a proper threshold range and convert them to binary images (Kargozarfard et
al., 2019; Lacey et al., 2017; Rodriguez de Castro et al., 2015). Thus, the difference between the
initial state of the black pixels and the final state was interpreted as recovered oil. Also, the
breakthrough time (tb) was calculated from the images. The tb is defined as the earliest time at

which the injecting fluid reaches the outlet of the chip in the microfluidic system(Kargozarfard et

al., 2019).

2.2.4. Contact angle measurements

The contact angle tests were performed for evaluating the effect of the nanofluid based on the
surfactant mixture and magnetic iron core-carbon shell nanoparticles on the wettability of both
materials of microfluidic devices. PDMS and a glass slide were employed as the solid substrates.
To evaluate the effect of the injection fluid on the wettability of both materials, PDMS and the
glass wafer were submerged in each injection fluid for 24 h and then were dried at room
temperature according to a modified procedure of previous works (Betancur et al., 2018; Giraldo

et al., 2013). For contact angle tests, five drops of the crude oil were placed in different areas of



the solid substrate. The volume of the drop was controlled with a 5-pL syringe. For determining
the contact angle of the drop with the surface, sessile drop technique was used (Drelich, 2013).
The contact angle tests were performed with an Attension theta optical tensiometer (Biolin
Scientific, Sweden) at 25 °C (298 K) and atmospheric pressure. The images were processed
using software Fiji -Image J. The same procedure was employed for establishing the wettability

to the water of solid substrates (PDMS and glass) (Betancur et al., 2018).

3. RESULTS AND DISCUSSION

The microfluidic devices represent a micro-reservoir that is saturated with crude oil (He and Xu,
2016). Most of the reservoir rocks have a mixed state of wettability (Giraldo et al., 2013), i.e.,
there are not completely water-wet or oil-wet. Therefore, for representing more adequately a
micro-reservoir, a hydrophobic (Ginn and Steinbock, 2003) (PDMS) and a hydrophilic surface
(Kaneda et al., 2012) (glass wafer) were used for the fabrication of the microfluidic devices.

Incremental oil recovery is mainly attributed to the reduction of interfacial tension and
wettability alteration (Agi et al., 2018; Maghzi et al., 2012; Morrow, 1990). In this sense, the
effect of the injected fluids on the wettability alteration of PDMS and glass surfaces was
evaluated by contact angle measurements using the sessile drop technique (Drelich, 2013). The
injection fluids used for the contact angle experiments were brine, surfactant mixture of S1 and
S2 and the nanoparticle-surfactant solution based on magnetic iron core-carbon shell
nanoparticles and surfactant mixture of S1 and S2. As it can be seen in Figure 3, the PDMS and
glass surfaces provide an oil-wet and mix-wet condition, respectively. After the treatments (i.e.,
brine, surfactant mixture, and nanoparticle-surfactant solution), the contact angles decreased for

both surfaces, therefore the wettability is altered providing water-wet surfaces. On the PDMS,



the contact angle for brine decreases from 108.6 to 29.3° and 32.1° for surfactant mixture
solution and nanoparticle-surfactant solution, respectively. Similarly, the contact angle for oil
decreases from 41.6° to 22.5° (surfactant mixture solution) and 28.7° (nanoparticle-surfactant
solution). Meanwhile, on the glass substrate, the contact angle of the drop of brine for both
treatments decreases to values lower than 17°. These results indicate that the nanoparticle-
surfactant solution is altering the wettability of the solid surfaces and are in agreement with work
previously reported (Betancur et al., 2019a), where the mixture between the surfactant and
magnetic iron core-carbon shell nanoparticles generates surfaces with a more water-wet
condition. In addition, Maghzi et al. (Maghzi et al., 2012) reported an enhanced oil recovery by
the effect of the water-wet surface due to glass surface coating with silica-nanoparticles.

The results suggest that the alteration of the wettability of PDMS and glass surfaces can be
associated with the nature of the surfactants and these substrates. Therefore, the changes in the
wettability of solid surfaces are determined by the orientation of the surfactant (Somasundaran
and Zhang, 2006). According to the results of Figure 3, the glass surface showed a mixed state of
wettability. Therefore, in the glass/air system, the charged head groups of surfactant molecules
can be oriented towards the surface of the glass or the air. In this way, electrostatic or Van der
Waals interactions (Parsegian, 2005) can exist between the charged head groups of the surfactant
and the brine. Meanwhile, for the crude oil drop, the interactions with the glass surface coated
with the surfactant can be Van der Waals type. Likewise, PDMS presented an oil-wet condition.
The hydrophobic tail of the surfactant molecules is oriented towards PDMS surface with the
charged head groups exposed. Therefore, the mechanisms responsible for the wettability
alteration can be electrostatic interactions between the brine and the PDMS surface and Van der

Waals between crude oil and PDMS surface.



The mechanisms associated with the alteration of wettability using nanoparticle-surfactant
solution are similar to those described for surfactant systems. In this case, the systems consist in
nanoparticles with adsorbed surfactant and free surfactant non-adsorbed onto the nanoparticles
(Betancur et al., 2019a) and the wettability changes are determined by the orientation of these
systems. Therefore, the substrates (i.e., glass or PDMS) can be coated with free surfactant or
nanoparticles with adsorbed surfactant onto their surface. Magnetic iron core-carbon shell
nanoparticles present hydrophobic groups in the surface, which favor the adsorption of surfactant
molecules onto nanoparticles by the lipophilic group (Betancur et al., 2019b) and the hydrophilic
groups can be exposed. Thus, the nanoparticles with adsorbed surfactant can present electrostatic
interactions with the brine. Similarly, the interactions between the nanoparticles with adsorbed
surfactant and the drop of crude oil can be of Van der Waals type. For the PDMS, Van der Waals
interactions can exist between the nanoparticles with adsorbed surfactant and the drop of crude
oil. The same type of interactions can occur between the nanoparticles with adsorbed surfactant
and the glass surface. In this case, the interactions between the nanoparticles with adsorbed

surfactant and the brine also are of electrostatic type.

Figure 3. Contact angle values for treated surfaces with surfactant mixture of S1 and S2
and nanoparticle —surfactant solution (based on the magnetic iron core-carbon shell
nanoparticles and surfactant mixture of S1 and S2) and untreated surfaces: (a) Glass

surface, (b) PDMS surface.

The sweep efficiency of different fluids under several injection rates was determined. The

efficiency of each fluid in displacing oil is obtained by measuring the areal ratio of invaded



channels (white) to the area of the total channels, referred to as oil recovery. Figure 4 exhibits the
oil displacement by waterflooding, surfactant flooding and nanoparticle-surfactant flooding,
respectively, at the breakthrough time-varying the injection rate. The time required for the frontal
saturation to reach the producing phase (i.e., breakthrough time) in porous media was obtained
from the images. The experimental results obtained for the different stages of displacement tests
at the breakthrough time and final recovery are shown in Table 2. As observed in Table 2, the oil
recovery at the breakthrough time and injection rate of 0.19 pL-min™', was the highest compared
with the injection rates of 0.019 pL-min” and 1.9 pL-min™ for all displacement tests. These
results are in agreement with the observations in Figure 4, where at the injection rate of 0.19
pL-min” a more homogeneous sweep was observed. Higher oil recovery at breakthrough at 0.19
pL-min” could be related to the residence time of the injection fluid in the porous media,
facilitating a better interaction between fluid-fluid and fluid-surface. The breakthrough time for
nanoparticle-surfactant flooding was 270 min, 102 min and 6 min at 0.019 pL-min™, 0.19
pL-min™, and 1.9 puL-min”, respectively. At the injection rate of 1.9 uL-min™" the residence time
is the lowest among the injection rates, then the nanoparticle-surfactant solution does not have
enough time to generate a significant effect on capillary forces. Likewise, the injection rate of
0.019 pL-min™ is a very low rate to achieve a considerable effect of the viscous forces and then,

to increase the oil recovery.

The cumulative injection volume at the breakthrough time was 0.38 PVI, 0.55 PVI, and 0.73 PVI
at the injection rate of 0.19 pL-min™ for waterflooding, surfactant flooding and nanoparticle-
surfactant flooding, respectively. These results could be related to the fact that the displacement

front is more stable at 0.19 pL-min”. In other words, the fingers caused by the difference of



viscosity of the displaced fluid and the injection fluid are wider and the sweep displacement is
more efficient at breakthrough. On the other hand, the cumulative injection volume at the
breakthrough was the highest for nanoparticle-surfactant flooding because of the synergy
between the surfactant mixture and the nanoparticles. Both chemicals could be contributing to

the viscous and capillary forces, which at the same time favor the oil recovery.

Figure 4. Distribution of fluids during waterflooding, surfactant-flooding (surfactant mixture of
S1 and S2), and nanoparticle-surfactant flooding (nanofluid based on the magnetic iron core-
carbon shell nanoparticles and surfactant mixture of S1 and S2) at the breakthrough time-varying
the injection rate. The black area corresponds to the crude oil that is being displaced by the

injection fluid (white).

Table 3. Experimental results obtained from waterflooding, surfactant-flooding (surfactant
mixture of S1 and S2), and nanoparticle-surfactant flooding (nanofluid based on the magnetic
iron core-carbon shell nanoparticles and surfactant mixture of S1 and S2) using microfluidic

devices of PDMS and glass.

Figure 5 shows the oil distribution during the different stages of the displacement tests:
waterflooding, surfactant flooding and nanoparticle-surfactant flooding at final state varying
injection rate. At 0.019 pL'min” injection rate, the injection fluid displaces the crude oil in a

similar flow pattern. In addition, viscous fingering is observed in all cases at 0.019 uL-min™". The



viscous fingering is a phenomenon caused by viscosity and density differences between the
fluids involved (Kueper and Frind, 1988), among other variables. In this study, the viscosity ratio
between the displaced fluid (i.e., crude oil) and the displacing fluid (i.e., brine, surfactant mixture
or nanoparticle-surfactant solution) is about 10. Thus, the injected fluid displaces a more viscous
fluid (crude oil), the displacement front is unstable, resulting in viscous fingering (Peters and

Flock, 1981).

Figures S1, S2, and S3 included in the supporting information show the microfluidic device
images of oil distribution during water flooding, surfactant flooding, and nanoparticle-surfactant
flooding at an injection rate of 0.019 pL-min™, 0.19 pL'min”, and 1.9 pL-min”', respectively. As
shown in Figure S1, when 0.3 porous volume (PV) was injected at 0.019 pL-min”, the
displacement front becomes unstable, resulting in viscous fingering. Similar behavior was also
observed at 0.19 pL-min™ and 1.9 pL-min™ for waterflooding. However, as can be seen in Figure
S2 and S3 of Supporting Information, at the injection rates of 0.19 pL-min™, and 1.9 pL-min’,
respectively, there was a significant growth of the fingers after 0.3 PVI. This situation results in a
more homogeneous flow pattern and consequently, there was an increase in the areal sweep

efficiency.

On the other hand, as observed in Figure 5, at 0.19 pL-min™" and 1.9 pL-min” injection rates the
surfactant mixture and, nanoparticle-surfactant solution displace the crude oil in a more
homogeneous flow pattern. In addition, the fingers start to grow for waterflooding and are almost
nonexistent for surfactant flooding and nanoparticle-surfactant flooding. This growth of fingers
increased the areal sweep efficiency and consequently, the oil recovery. As observed in Figure 5,

the increase of injection rate implies a growth of the fingers. Kargozarfard et al. (Kargozarfard et



al., 2019), who studied three injection rates of 0.2 mL-min”, 0.5 mL-min™, and 1 mL-min™' and

its effect in areal sweep efficiency showed an equivalent trend with increasing injection rate.

Figure 5. Distribution of fluids during waterflooding, surfactant-flooding (surfactant mixture of
S1 and S2), and nanoparticle-surfactant flooding (nanofluid based on the magnetic iron core-
carbon shell nanoparticles and surfactant mixture of S1 and S2) at final state varying the
injection rate. The black area corresponds to the crude oil that is being displaced by the injection

fluid (white).

The pore-scale visualization of media during waterflooding, surfactant flooding and
nanoparticle-surfactant flooding at an injection rate of 0.19 pL-min” is depicted in Figure 6. The
images of the waterflooding show that oil tends to adhere to the walls of pores and throats. In
contrast, during the surfactant flooding and nanoparticle-surfactant flooding was observed that
the thickness of the oil layer attached to walls decreased significantly. Indeed, the visualization
of the microdevice during the nanoparticle-surfactant flooding indicates a higher sweep
efficiency. Thus, the nanoparticle allows a higher release of oil from the walls of pores and
throats, and therefore an increase in oil recovery was observed. It can be further concluded that
during the waterflooding the system presents oil wettability, which implies a greater difficulty in
mobilizing residual oil. The presence of surfactant generates a more water-wet condition that
enhances oil recovery. The highest oil recovery from nanoparticle-surfactant fluid also can be
associated with the ability of magnetic iron core-carbon shell nanoparticles to alter the
wettability of porous media. These results are in agreement with the contact angle values

observed in Figure 3. Another important factor that probably enhanced the sweep efficiency is



related to the formation of the emulsions. The contact of the surfactant with the oil and the
shearing forces can cause emulsify the oil to O/W emulsions or bi-continuous micro emulsion,
which enhance the oil deformability and decrease the flow resistance giving as result an

enhanced oil recovery (Ahmed and Elraies, 2018).

Figure 6. Detailed view of the pore space occupation after waterflooding, surfactant flooding
(surfactant mixture of S1 and S2) and nanoparticles-surfactant flooding (nanofluid based on the
magnetic iron core-carbon shell nanoparticles and surfactant mixture of S1 and S2) at
breakthrough time. The black area corresponds to the crude oil that is being displaced by the

injection fluid (white). Flow injection: 0.19 pL-min™.

Figure 7 shows the oil recovery curves for waterflooding, surfactant flooding and nanoparticle-
surfactant flooding at different injection rates: 0.019 uL'min™, 0.19 pL'min”, and 1.9 uL-min™.
As observed, the oil recovery decreased in the order: 1.9 pL'min™ > 0.19 pL'min” > 0.019
uL-min™. The increase of the injection rate of the injection fluid favors the viscous forces, which
produces an increase of capillary number. The experimental results also showed that the oil
recovery decreased in the order: nanoparticle-surfactant flooding > surfactant flooding >
waterflooding in all different flow rate cases. Figure 7a presents the oil recovery at an injection
rate of 0.019 uL-min”'. At this injection rate, the oil recovery percentages were 34, 36 and 41%
for waterflooding, surfactant flooding and nanoparticle-surfactant flooding, respectively. This
similar behavior can be associated with a low injection rate. At this injection rate, the capillary
number does not change significantly for increasing the oil recovery percentage. These results

are in a good agreement with the low areal sweep efficiency caused by viscous fingering



phenomenon at 0.019 pL-min”. The behavior reported in the literature, the oil recovery by
waterflooding is known to be low for the adverse viscosity ratio between the oil and the injected

water, especially in heavy crude oils (Mai and Kantzas, 2009).

Meanwhile, at injection rates of 0.19 uL~min'l (Figure 7b), and 1.9 uL-min’1 (Figure 7c),
waterflooding showed significant differences in the percentages of oil recovery than those
obtained with surfactant flooding and nanoparticle-surfactant flooding. In addition, it is observed
that nanoparticle-surfactant flooding achieved the highest oil recovery percentages among the
evaluated treatments. The highest oil recovery percentage was obtained for the nanoparticle-
surfactant flooding system at an injection rate of 1.9 uL-min™. This increase in oil recovery can
be related to the synergy between the nanoparticles and the surfactant mixture and the changes of
the capillary number using nanoparticles in the injection fluid. On the other hand, the oil
recovery percentage can be associated with the residence time of each injection fluid in the
porous medium. In Figure 7, it is observed that at the injection rate of 1.9 pL-min (Figure 7c),
the oil recovery is maximum after of 15 PVI. This behavior can occur due to surfactant mixture
or nanoparticle-surfactant solution do not have enough time for generating a significantly effect
on interfacial tension or wettability of porous medium. In contrast, as observed in Figure 7a, at
the injection rate of 0.019 pL-min”, the percentage of oil recovery is maximum after
approximately 1 PVI. At 0.019 uL-min”, the injected fluid (surfactant mixture or nanoparticle-
surfactant solution) can interact for longer with the porous medium and the crude oil, which

favor the increase of oil recovery at lower PVI.

Figure 7. Oil recovery curves as a function of pore volumes injected for the waterflooding,
surfactant flooding (surfactant mixture of S1 and S2) and the nanoparticle—surfactant flooding

(nanofluid based on the magnetic iron core-carbon shell nanoparticles and surfactant mixture of



S1 and S2) at different injection rates: (a) 0.019 pL-min™, (b) 0.19 pL-min”', and (c) 1.9 pL-min

! The displacement tests were conducted in a microfluidic device of PDMS and glass.

Oil recovery as a function of capillary number for brine, surfactant mixture and nanoparticle-
surfactant injection fluid at different injection rates is shown in Figure 8. As observed, the
capillary number decreases in the following order: 1.9 pL-min™ > 0.19 pL'min™" > 0.019 pL-min”
! These results are in agreement with the oil recovery percentages presented in Figure 7, where
the highest capillary number was obtained for the injection rate of 1.9 pL-min”. Similarly, the
capillary number varied from 6.3x10™ to 6.3x10° for brine, 1.4x10° to 1.4x10™* for surfactant
mixture and, 1.4x10* to 1.4x107 for nanoparticle-surfactant fluid injection. The field data
indicates that the oil recovery percentage is very low when the capillary number is below 10
and is near to 100% when the capillary number is above 10° (Salager, 2005). Although all
experiments do not produce exactly the same transition, increasing the capillary number by three
or four orders of magnitude can increase oil recovery by about 100% (Salager, 2005). Indeed, the
capillary number for nanoparticle-surfactant flooding at 1.9 pL-min” was 1.4x107 and was
obtained an oil recovery percentage of 84%. Meanwhile, at an injection rate of 1.9 uL-min™,
capillary number and oil recovery obtained with waterflooding were 6.3x10° and 54%,
respectively. These capillary numbers are in agreement with the typical values of the capillary
number for reservoir conditions (Satter and Igbal, 2015). As observed in Table 1, the
nanoparticle-surfactant solution presented a viscosity slightly higher than that observed with the
brine and surfactant mixture. Likewise, the nanoparticle-surfactant solution showed the lowest
interfacial tension crude oil/aqueous phase at 25 °C (298 K) among the treatments. These results

are in agreement with those obtained by several authors, who indicated that in practice high



values of capillary number necessarily imply with low interfacial tension of crude oil/water
system (Melrose, 1974; Taber, 1969). Additionally, the high injection rate increases the capillary

number, which facilitates oil recovery.

Figure 8. Oil recovery as a function of capillary number for waterflooding, surfactant flooding
(surfactant mixture of S1 and S2) and nanoparticles-surfactant flooding (nanofluid based on the
magnetic iron core-carbon shell nanoparticles and surfactant mixture of S1 and S2) at injection

rates of 0.019 pL'min™", 0.19 pL'min™", and 1.9 pL-min™".

4. CONCLUSIONS

Oil displacements tests were performed in a microfluidic device in order to evaluate the effect of
magnetic iron core-carbon shell nanoparticles and a surfactant mixture for being applied as an
EOR method. The different stages of the displacement tests were waterflooding, emulating a
secondary recovery process, and surfactant and nanoparticle-surfactant flooding, which were
applied to emulate EOR methods. The influence of the injection rate was evaluated and was
varied at different rates of 0.019 pL-min”, 0.19 uL'min™ and 1.9 pL-min”. Mechanisms as the
wettability alteration of porous media, decreasing of interfacial tension, increasing of viscosity
and the modification of flow patterns led a successful oil recovery enhancing. Recovery by
waterflooding was the lowest among the evaluated systems. This behavior can be related to the
viscous fingering observed due to the viscosity differences between the displaced and the
injection fluid. The final oil recovery was the highest for the injection rate of 1.9 pL-min" among

0.019 and 0.19 pL-min"'. The increase of the injection rate favored the viscous force of the



injection fluid and then, there was an increase in the capillary number. Indeed, the capillary
number for nanoparticle-surfactant flooding at 1.9 pL-min™ was 1.4x10? and was obtained an oil
recovery percentage of 84%. The increase of capillary number could be associated with the
synergy between the surfactant mixture and nanoparticles for reducing the interfacial tension
crude oil/aqueous phase. In addition, in all cases, nanoparticle-surfactant flooding led the highest
oil recovery among the evaluated injection fluids. At the injection rate of 0.019 pL-min™ did not
present significant changes in the capillary number due to the low injection rate and viscous

fingering phenomenon was observed.

The distribution of fluids during waterflooding, surfactant flooding and nanoparticle-surfactant
flooding showed significant differences after 0.3 PVI of the injection fluid. At an injection fluid
of 0.019 uL'min’, the viscous fingering was notable for all cases and was significantly reduced
at 0.19 pL'min” and 1.9 pL-min”". Similar results were observed at the breakthrough time.
However, the distribution of fluids images showed growth of fingers for surfactant flooding and
nanoparticle-surfactant flooding even after 0.3 PVI. In these cases, the displacement front was

more stable and then, a significant increase in oil recovery was observed.

A decrease in IFT of crude oil/brine system from 23.4 mN'm™ to 2.7 mN-m” and 0.03 mN-m™
for the crude oil-surfactant and crude oil-nanoparticle-surfactant, respectively was observed. The
addition of surfactant and a mixture of nanoparticles and surfactant slightly increased the brine
viscosity. That is a surfactant and a mixture of nanoparticles and surfactant increase 60% and 64
% of the brine viscosity, respectively. Therefore, oil mobility control was influenced by the
viscosity, which resulted in a better mobility ratio and less viscosity difference between oil and
injection fluid. On the other hand, the nanoparticle-surfactant solution achieved to modify the

wettability of the substrates of microfluidic device. These results were achieved at a nanoparticle



concentration of 100 mg-L™, which indicates that the simultaneous use of nanoparticles and

surfactants could become a cost-effective alternative in EOR processes.
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Injection Fluid Viscosity (cP) Interfacial tension(mN-m)

Brine 4.34 23.40
Surfactant mixture 10.72 2.70

Nanoparticle-surfactant solution 12.00 0.03




Description Dimensions

Device length (mm) 56.0
Porous medium length (mm) 26.5
Width (mm) 12.7
Average depth (um) 99.9
Pore volume (uL) 23.9
Porosity (%) 70.9
Absolute permeability (D) 5.71
Pore throat size (mm) 0.1-0.6

Grain size range (mm) 02-1.2




Cumulative

Injection injection volume Oil recovery Final oil
. J Breakthrough ! at
Injection rate Time (min) at breakthrouah  "€covery
(uL-min?) breakthrough ; g (%)
; time (%)
time (PVI)
0.019 304 0.24 17.4 34.1
1.90 5 0.40 29.8 54.1
0.019 251 0.20 18.0 35.9
Surfactant 0.19 69 0.55 51.8 62.9
flooding
1.90 6 0.48 43.6 79.4
) 0.019 270 0.22 22.0 40.5
Nanoparticle —
Surfactant 0.19 102 0.81 56.9 73.9
flooding 1.90 6 0.48 46.7 84.0
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HIGHLIGHTS

A microfluidic investigation using nanoparticles and surfactant was performed for
oil recovery.

The increase in the injection rate increased capillary number and, thus the oil
recovery.

The nanoparticle-surfactant flooding presented the highest oil recovery.

The simultaneous use of nanoparticles and surfactant reduced viscous fingering
effect.

The nanoparticle-surfactant solution modified the wettability of substrates of

microfluidic devices.
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