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Enhanced oil recovery

Increasing the number of depleted reservoirs and global demand for energy have left us with low alter-
native but to use new ways to extract more hydrocarbon. Amongst different material used for tertiary oil
recovery, surfactant injection has proved very promising solutions, such as interfacial tension reduction
and wettability alteration. Without any harm to the environment and meanwhile being economically
feasible, natural surfactants have been attracted researchers in recent years. Cedr extraction which is
produced from Zizyphus Spina Christi leaves has shown some beneficial characteristics like IFT reduction
and wettability alteration. However, the amount of IFT reduction is not considerable, so we decided to
augment its effectiveness by adding two different nanoparticles. In this investigation, three concentrations
(0.01, 0.05 and 0.1 wt%) of both graphene oxide (GO) nanosheet and GO/TiO2 nanocomposite was added to
Cedr extraction solution to study their potential on IFT reduction and improving the ultimate oil recovery.
The concentration of 0.05 wt percent showed the lowest IFT in both solutions. At this concentration, the IFT
of GO/TiOz-augmented solution and GO-augmented solution were measured of 10.5 and 12.3 mN/m,

respectively. While the bare Cedr solution showed 23.8 mN/m at its critical micelle concentration. The
coreflooding tests were also performed at the aforementioned concentrations. Final oil recovery reached to
65% of original oil volume in GO/TiOz-augmented solution, compared to 56% in GO-augmented solution
case and 40% in bare Cedr solution case. Scanning Electron Microscopy images were also taken from the
rock samples exposed to nanofluids to investigate any severe harm to the permeability. Images showed low
tendency of both particles to adsorb on rock surface and plug large pores.

© 2020 Southwest Petroleum University. Publishing services by Elsevier B.V. on behalf of KeAi

Communications Co. Ltd. This is an open access article under the CC BY-NC-ND license (http://

creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

The world demand for petroleum and other liquid fuels will be
increasing dramatically between 2010 and 2040 specially in non-
OECD countries with 38% and developing Asia countries with
85%, which will create an additional demand of 33 MMMbbl [1,2].
However, only about one third of original-oil-in-place (OOIP) can be
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reached by primary and secondary production methods, and the
rest would remain unrecoverable. Moreover, the number of giant
field exploration has decreased dramatically to meet these
increasing demand so finding new ways to produce more oil in
tertiary stage is one of the researcher’s priorities [1,2].

Chemical flooding is one of these ways that increases production
by changing fluid-fluid and/or rock-fluid interactions. Amongst
chemical methods, surfactant flooding is one of the most important
subsets which has been used for several years to reduce interfacial
tension and change reservoir rock wettability towards more water-
wet [3]. Although, they may not be economically feasible because of
their required high concentration, not to mention causing envi-
ronmental problems. So finding new substances to solve these
problems is crucial.
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Natural surfactants have received a great attention as alterna-
tives, due to their low prices and environmentally friendly manner,
yet lowering IFT, changing wettability and enhancing oil recovery
[3,4]. In the past few years, several studies have been performed to
find out the effects of different kinds of natural surfactant. Some of
these bio-based surfactants are olive, spistan, prosopis, mulberry,
zizyphus spina christy, soapnut, matricaria chamomilla and gly-
cyrrhiza glabra which have been examined for this purpose [5].

Khorram Ghahfarokhi et al. (2014) used olive leaves as natural
surfactant and reported an IFT reduction of about 22.5 mN/m (from
36.5 to 14). They also tested spistan and prosopis surfactants and
reached to IFT of 16.5 mN/m and 21.5 mN/m, respectively [6]. Ahmadi
et al. (2013) reported 26 mN/m IFT reduction (from 44 to 18) using
mulberry leaves [7]. One of the first plants which has been used as
natural surfactant by Chhetri et al. (2009), was soapnut. The results
showed IFT reduction from 19 mN/m to 2.5 mN/m [8]. Shadizadeh
et al. (2015) used another kind of natural surfactant which called
matricaria chamomilla that showed significant interfacial tension
reduction at its critical micelle concentration (CMC) from 30.63 mN/
m to 12.57 mN/m [9]. The other bio-based compound which has been
used as natural surface active agent is glycyrrhiza glabra [ 10]. Ahmadi
et al. (2012) represented the experimental results of this natural
surfactant that reduced IFT values from 33 mN/m to 9 mN/m. Deymeh
et al. (2012) used the extraction of a plant named Seidlitzia Rosmar-
inus as a cationic natural surfactant to reduce interfacial tension and
further oil recovery [11].

Cedr extraction (CE) is a nonionic natural and biodegradable sur-
factant that can be produced from Zizyphus Spina Christi leaves. It
consists of a non-polar sapogenin and a polar part including several
saccharide residues [12—14]. Due to its abundance and low price and
higher potential for IFT reduction compared to other natural surfac-
tants, Ahmadi et al. used this compound for the first time [15].

However, Cedr solution is not still showing a satisfactory
reduction of IFT, so we should add another material to the based
fluid to further decrease in IFT. One type of these materials that have
been proved having great potential to reduce IFT are nanoparticles.
Nanoparticles effectively provided a bridge between atomic struc-
tures and bulk materials. Due to their very small size, they have
much higher surface to volume ratio compared to the bulk materials.
Having larger surface causes presence of considerably more atoms at
surface which leads to higher surface activity [16].

Among different nanoparticles, NiO, SiO», TiO», carbon nanotube
(CNT) and Al,03 have revealed IFT reduction [17—20].

Soluble core-shell hyperbranched polymers (HBPAMs), con-
sisting nano-silica as core, hyperbranched polyamidoamide
(PAMAM) as subshell and linear hydrophilic chains as outermost
layer synthesized and utilized for core flooding that these type of
core-shell polymers represented robust behavior for EOR [21]. The
hydrophobically attractive silica nanoparticles (ASNPs) synthesized
and incorporated in a smart nanofluid system for EOR and regu-
lated their flow properties in rock pores [22]. A star-like hydro-
phobically associative polyacrylamide (SHPAM) utilized in EOR
processes in harsh reservoir conditions [23]. The robust potential of
SHPAM as a polymer flooding candidate in high temperature and
high salinity reservoirs where harsh conditions associated with
lack of fresh water constrained the applications of conventional
polymers [23]. Solutions of polyacrylamide and dispersed silica
nanoparticles in polyacrylamide (DSNP) with different salinities
used as the injectants. The effect of silica nanoparticles on the
polyacrylamide performance during polymer flooding of heavy oil,
measured in different salinities that oil recovery enhanced when
injectant viscosity has been increased [24].

2-dimensional nanosheet of graphene oxide and some of the
modified forms of it also revealed very interesting characteristics.
Graphene oxide (GO) is a nanosheet of sp2 hybridized carbon atoms
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arranged closely in a honeycomb crystal lattice. It is a zero bandgap
semiconductor showing interesting properties. For example,
wonderful thermal and electronic conductivity, flexibility and very
large surface to volume ratio make it so popular among researchers
working on capacitors, batteries, heavy metal ions removal and
degrading of pollution [25,26]. GO also shows amphiphilic behavior
making it a potential candidate to lower interfacial tension between
water and oily products. The edges of sheets show hydrophilic
behavior due to their carboxylic acid groups, while the basal plane
behaves hydrophobic because of their phenol and epoxide groups
[27,28].

Some graphene-based nanocomposites also showed unique
results in IFT reduction. Functionalized graphene-based silica
nanocomposite found to reduce IFT substantially and increase oil
recovery in a saline based solution [29]. Janus nanoparticles, which
produced by tuning the Janus balance of GO with alkyl amid, also
showed more oil recovery compared to GO particles. The main
mechanism behind the enhancement is the encapsulation of oil and
slug-like displacement in water wet reservoirs. Both particles also
showed a small precipitation after 30 days in heptane/brine system,
because of their amphiphilicity and as result their high tendency to
accumulate at interface [30]. TiO, is an inexpensive industrial
product manufactured by millions of tons every year for different
purposes such as pigment, paint additives, and sunscreen. In
addition, its specific electronic structure, surface area and stability,
and electrical properties, make it extremely popular for photo-
catalytic, photosynthesis and photovoltaic applications especially
in nanoscale [31].

In enhanced oil recovery, TiO, nanoparticles reported to be an
especially effective material. Nowrouzi et al. experimented
different TiO, particle sizes and concentrations to change IFT,
wettability and viscosity. Smaller sizes and higher concentrations
showed successful results of reducing IFT and changing reservoir
rock wettability to hydrophilic. While, larger sizes and higher
concentrations illustrated more viscosity increase. Nowrouzi et al.
also reported the successful addition of TiO, nanoparticles to
carbonated water to change the wettability of rock to hydrophilic
and increase oil recovery [32,33].

Because of TiO, wide bandgap, these particles are mostly active
under ultra violet (UV) light. while, GO/TiO, composite showed
more photocatalytic activity compared to bare TiO, under visible
light. This is believed to be because of the GO sheets. These sheets
are great electron-acceptor/electron-transporter which eases
transportation of photo-generated electrons and reduces recom-
bination of electrons and holes. Besides, GO sheets improve
pollutant absorption and light intensity [25,26]. Many researchers
have successfully tested this nanocomposite for some water
pollutant degradation [34,35].

However, its efficiency in enhanced oil recovery has been un-
known till now. In this investigation, we have made a comparison
between GO/TiO, nanocomposite and GO nanosheets at natural
surfactant based solution on IFT reduction and ultimate oil recovery
at different concentrations. These nanocomposites prepared by
hydrothermal process at acidic condition to couple more TiO;
nanoparticles to GO basal plane to increase the plane hydropho-
bicity. The results showed more IFT reduction and recovery factor in
the case of using nanocomposite.

2. Materials and methods
2.1. Nanoparticles
Graphene oxide (7—10 layers) nanoplatelet with thickness of

3.4—7.0 nm was purchased from US Research Nanomaterials. TiO,
nanoparticle was synthesized in laboratory according to the
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Fig. 1. Simple illustration of GO/TiO, nanocomposite.

method reported in literature [34] and then, GO/TiO; (1:7 wt
percent ratio) nanocomposite were prepared through hydrother-
mal method. Briefly, an appropriate amount of GO was dissolved in
20 mL absolute ethanol and 10 mL deionized water. Then a specific
amount of TiO, was added to the prepared solution and sonicated
for 2 h. Next, the mentioned suspension was transferred to a sealed
hydrothermal autoclave and placed in an oven at 120°C for 3 h.
Finally, the resulted composite dried at room temperature. Fig. 1
illustrates a simple schematic of the prepared composite. The red
spheres represent TiO; particles while the honeycomb sheet simply
illustrate GO.

2.2. Characterization

The three prepared samples and nanoparticle adsorption on
rock surface after coreflooding were subjected to elemental anal-
ysis by Field Emission Scanning Electron Microscopy (FESEM) and
Energy-Dispersive x-ray Spectrometry (EDAX) by TESCAN MIRA-3
device. FESEM was used to provide Micrographs illustrating the
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Fig. 2. FESEM micrographs of (a) GO, (b) TiO, and (c) GO/TiO,, and their corresponding
EDAX patterns.
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morphology and the nature of samples. Energy dispersive x-ray
spectrometer at high vacuum mode with 15 kV accelerating voltage
was also used to show the elemental composition of samples.

Fig. 2 demonstrates FESEM graphs of GO, TiO, and GO/TiO, and
their corresponding EDAX patterns. Homogeneous anchoring of
spherical TiO, particles on graphene oxide sheets can be clearly
observed from the surface morphology of GO/TiO; in Fig. 2(c). EDAX
patterns also show characteristic peaks attributable to carbon, ox-
ygen and titanium atoms in the structure of the synthesized
nanocomposite.

2.3. Cedr extraction

Cedr (Zyziphus Spina Christi) is a tree which commonly found in
the middle east countries like Iran, Iraq and Jordan [13]. Saponins
are surface-active agents which can be found in Zyziphus Spina
Christi (ZSC) in high concentration [13,36]. Their structure consists
of hydrophobic and hydrophilic parts. Hydrophobic part is a non-
polar sapogenin and the hydrophilic part is polar and water-
soluble. The insoluble part consists of a triterpenoid and the
another part is a combination of several saccharide residues which
connected to hydrophobic side via glycoside bonds (Fig. 3). The
combination of these two parts makes them able to become foam in
the presence of oil and water. The aforementioned plant was
collected from the south of Iran and the Saponin molecules
extracted by spray dryer method. The extracted powder is light
brown and is soluble in water and alcohol.

2.4. Rock sample and brine

A carbonate rock of Asmari reservoir formation outcrop, in
Khuzestan province Iran, was chosen and used through this study.
Core plugs were cut by core plugging machine (Fars EOR Technology
Company). The physical properties of samples are listed in Table 1.
Then, the prepared samples were placed in Dean-Stark apparatus to
get clean from water and possible hydrocarbons. Toluene was used
as the solvent in this apparatus. After that, the samples transferred
in an oven at 110°C for one day to get free of possible water.

In this work, Persian Gulf water sample with a density of
1.0305 g/cm? and pH of 7.7, which was taken from Khuzestan coast,
was used as brine. The ion composition of the brine sample is listed
in Table 2.

2.5. Surfactant solution preparation

Surfactant solutions with concentration of 1—-6 wt% were pre-
pared by mixing Cedr extraction with brine by magnetic stirrer for
5 min. In this work, pendant drop method was used to measure the
CMC value. The values of IFT versus concentration are shown in
Fig. 4.

2.6. Porosity and permeability measurement

The porosities of three prepared core plugs were measured by
Boyle’s law porosimeter. In the structure of the porosimeter, there
are two closed cylinders with specified volume and a valve between
them controlling their connection. One of the cylinders was filled
by nitrogen gas with known pressure while the other one contained
our sample. The valve opened and the stabilized pressure was read.
Next, by using the Boyle’s equation (Equation (1)) porosity was
mathematically calculated.

PVi = PV, (1)

where Py and P, are the pressure in the first cylinder and the
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stabilized pressure. V; is the volume of the first cylinder and V> is
the sum of Vy and pore volume (V}). By dividing the pore volume to
core plug volume the porosity was measured for these samples
[37].

For permeability measurement, coreflooding test was utilized.
First, we put one of our plugs in core holder and started injection of
fluids with different rates and recorded their corresponding pres-
sure differences between two ends of the sample. Then, by using
the Darcy equation (Equation (2)) and plotting q/A vs 4P/L and
measuring the tangent of the curve the permeability for that
sample was calculated [38].

q = k-A-AP/L (2)

where q, k, A, 4P, and L are the injection rate, permeability, cross
sectional area, differential pressure of both ends, and length of the
plugs, respectively. The porosity and permeability of plugs are listed
in Table 1.

2.7. Nanofluid preparation, IFT measurement and core flooding

Different concentrations of nanoparticles (0.01, 0.05, 0.1wt%)
were chosen to prepare nanofluids. Then these weights were added
to Cedr-based solution at CMC value. Finally, nanofluids were ho-
mogenized under ultrasonic condition for 30 min.

There are several methods for IFT measurements such as using a
microbalance, measurement of capillary pressure, analysis of the
balance between gravity and capillary forces and analysis of
gravity-distorted drops [39]. Pendent drop is one of the consider-
ably more common ways of IFT measurement was chosen to
measure IFT in this research (see Fig. 5). This method is based on
balance analysis between gravity and capillary forces. A pendent
droplet which is in a stable condition, follows the Young-Laplace’s
formula (Equation (3)).

v(i—kl) = AP = APy — 4pgD (3)
Ri R
where, Ry and R; are the principal radii of curvature, v is the surface
tension, and 4P is the pressure difference across the drop interface
(the exterior pressure minus the interior pressure). By considering
the drop apex as the reference point, 4Py is the difference in
pressure at the reference point and 4pgD is hydrostatic pressure.
The surface of the liquid tends to minimize the excess energy of
the surface by forming a spherical shape. However, in presence of
gravitational field the final shape is different depending upon the
competition between these two forces. This analytical solution is
precise only if the drop is in sphere shape and this condition is
possible only if Y — . In other circumstances, the interfacial ten-
sion can be easily evaluated by dimensions of pendant drop and

f-D-Glucuronic acid
COOH

OR,O O -D-Fucose
HO
OH(
R, 0 (o)
LCNp/ Ho/@ @
f-D-Xylose oy a-L-Rhamnose
OH RO on
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Fig. 3. Cedr extraction molecule.
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Table 1
Physical properties of prepared core plugs.

Plug No. Length (cm) Diameter (cm) Porosity (%) Permeability (mD)
1 74 3.7 17.25 20.0
7.4 3.7 15.00 17.0
3 7.4 3.7 17.90 20.5
Table 2

Persian Gulf water analysis obtained from
reference [29].

Ion mg/L
c 23,000
S0 3350
HCOs. 166
Mg?*+ 2996
Ca%t 267
Na?*+ 11,750
K -

Ba?* 0.09
Fe?+ 0.42
Sr2t 34

Lit -

TDS 40,270

using numerical solutions to the above equation. In the other word,
the theoretical shape of drop which numerically fit the image
captured by the camera leads to evaluation of interfacial tension.
However, modern devices use image analysis software to do the
matching automatically [39,40].

In this test, kerosene (p = 0.9 g/cm?) used as the oil phase to fill
the cell and the transfer vessel was filled by different solutions.
Fig. 6 shows a simple schematic of IFT device (VIT 6000, Fars EOR
Technology Company).

The coreflooding apparatus is generally composed of injection
pumps, accumulator, core holder, and collector as illustrated in
Fig. 7. All the three cleaned samples were put in core holder one by
one and flooded with brine with rate of 0.4 mL/min until the rates
of injection and production became equal. Then they were flooded
with Koupal’s oil (one of the Iranian oil fields, u = 9.6 cp and
°API = 30) with rate of 0.4 mL/min until no water observed, then all
of the three samples were submersed in oil at 65°C and ambient
pressure for 2 weeks. Then, sample #1, sample #2 and sample #3
were flooded at reservoir pressure and temperature with natural
surfactant solution, GO-surfactant and GO/TiO»-surfactant solu-
tions respectively with equal injection flow rate of 0.4 mL/min, and
then the produced oil was recorded.

30 |
25 r

10

IFT value/(mIN/m)

O 1 1 1 1 1 ]
1 2 3 4 5 6

Cedr concentration/%

Fig. 4. IFT versus Cedr concentration for determining the critical micelle
concentration.
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Fig. 5. Pendant drop method.
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Fig. 6. A simple schematic of IFT device.
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Fig. 7. Schematic of coreflooding system utilized in this study.

3.1. Interfacial tension

Interfacial tension (IFT) measurements were conducted for both
prepared nanofluids to evaluate the best solution and the best
concentration (IFT between kerosene and sea water at ambient
condition was 39 mN/m).

As mentioned before, the IFT value of surfactant solution at its
CMC was measured 23.8 mN/m. The results showed that the IFT
values drop sharply after adding nanoparticles (Fig. 8). This is
believed to be due to the fact that surfactant molecules and
nanoparticles tend to inhabit at the interface due to their amphi-
philic quality which could lead to a layer mixed of both NPs and
surfactant molecules which attract water and hydrocarbon mole-
cules simultaneously. These attraction forces bring two phases,
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Fig. 8. Dynamic interfacial tension resulted by different fluids.

which were previously immiscible, closer to each other, increasing
their miscibility and so the IFT reduction takes place (Fig. 9).

The novel nanocomposite proves more efficiency compared
with the other nanoparticle especially at low concentrations. As
they have more hydrophilicity, they are more eager to accumulate
at the oil-water interface. It is interesting to note that the IFT values
for different solutions and different concentrations decrease
steadily as time passes because nanoparticles and surfactant mol-
ecules have time to reach to the oil-water interface.

Also noteworthy is the fact that in both nanofluids, the results
show that IFT decreases first, then slightly increases with increasing
concentration. This reduction in IFT is believed to be because of
adsorbing more nanoparticles and surfactant molecules on the
interface. On the other hand, the increase in IFT value, might be due
the fact that with increasing concentration more than the optimal
level, the charge density is increased and attractive forces over-
come the repulsive forces causing the particles to agglomerate [19].
According to another report, high concentration of nanoparticles
makes barriers that prevent surfactant molecules to reach to the
oil-water interface. At the same time the concentration of free
surfactant molecules is decreased with their adsorption on nano-
particles [40].

3.2. Coreflooding

Concentration of 0.05wt% of nanoparticles was chosen to
perform the coreflooding test. Fig. 10 illustrates the effectiveness of
novel nanocomposite-augmented surfactant that increased recov-
ery factor 9% more, compared to GO nanofluid-augmented and 25%
more, compared to natural surfactant alone.

It is proposed that IFT reduction was the most important factor
for enhancing oil recovery. With IFT reduction the oil, which was
previously immiscible in water, becomes miscible and leaves the
pores with the injected fluid. Gradient in disjoining pressure is also
reported in different investigations to be another controlling factor
in oil separation. By self-accumulation of nanoparticles in oil-water
interface, the entropy of the whole suspension increases as well as
the pressure on the interface resulting in removal of oil from
reservoir rock [41].

Log jamming is also believed to be beneficial in some occasion.
As water molecules are smaller than nanoparticles, they move
faster than these particles and leave them behind so these particles
block some pores. This blockage builds up the pressure on the
nearby pores and forces their oil to leave. After the oil removal, the
pressure decreased and the aforementioned blockage is vanished
[42].
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3.3. SEM

According to a previous study [30] on the adsorption of
amphiphilic GO particles on rock surface, after exposing sample to
nanofluid, large pores still remained open, which shows the low
possibility of these particles to decrease permeability substantially
during injection. This is believed to be due to the fact that after
exposing these samples to the aforementioned fluids, nanoparticles
mainly assemble at the oil water interface but not the rock surface
so do not decrease permeability considerably [30].

In this work, three small sections of carbonate rock were cut.
Then, these samples were submersed in crude oil for a week to
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simulate real reservoir condition. After that, they exposed to sea
water, GO-surfactant solution and GO/TiO,—surfactant solution.
Finally, these samples used to take some SEM images. Fig. 11,
demonstrating the SEM images, shows that large pores are still
open.

4. Conclusions

The effects of GO/TiO, nanocomposite and GO nanosheet in
natural surfactant (Cedr extraction) based solution on IFT reduc-
tion, adsorption on rock samples and final oil recovery were stud-
ied. The novel nanocomposite-augmented-surfactant solution
aided to recover approximately 9% more oil in comparison to GO
nanofluid-augmented-surfactant solution at reservoir condition.
This is proposed to occur mainly due to more ability of first solution
in IFT reduction. This further reduction is believed to be controlled
by the fact that coupling TiO, nanoparticles to the basal plane of GO
nanosheets increases the amphiphilicity, so their tendency to
assemble at the oil water interface increases. As a result, these
phases, which were immiscible before, come closer so their ten-
dency to solve in each other increases. In addition, the SEM images
of rock samples in different nanofluids showed that large pores still
remained open due to the accumulation of these particles at the oil-
water interface. Furthermore, it should be noted that this nano-
composite is much more economically feasible compared to GO
nanosheets. Thus, it is reasonable to summarize that, being more
efficient in lowering IFT, increasing recovery factor, and much more
economical feasibility make this novel nanocomposite a much
better candidate for future EOR applications.

Fig. 11. SEM images of rock samples of A, B, and C exposed to seawater, GO-surfactant solution, and GO/TiO,-surfactant solution, respectively.
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