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Abstract

The effects of the main components of crude oil, especially resin and asphaltene fractions, are essential concerns for efficient
enhanced oil recovery (EOR) processes, especially during chemical injection processes. This importance comes from the
nature of these two fractions which can act as surface active agents with undeniable effects on the used chemical for inter-
facial tension (IFT) reduction and wettability alteration. In this way, the effect of silicon oxide nanoparticles (SiO,-NPs)
concomitant with two ionic liquids (ILs), namely 1-dodecyl-3-methyl imidazolium chloride ([C;,mim][Cl]) and 1-octadecyl-
3-methyl imidazolium chloride ([C,gmim][Cl]), is investigated on the wettability alteration and IFT reduction using synthetic
oils prepared by dissolving the extracted resin and asphaltene fractions with a concentration of 1-5 wt%. The measurements
reveal that the effect of resin fraction is less than the asphaltene fraction for IFT reduction and wettability alteration. The
sole presence of resin fraction reduces the IFT from 35.3 to 28.3 mN/m as the concentration is increased from 1 to 5 wt%,
while a similar increase in the asphaltene fraction concentration reduces the IFT from 35.5 to 19.1 mN/m. Besides, the results
reveal that the presence of [C;,mim][Cl] in the range of 0—1000 ppm leads to a reduction in IFT from its maximum value of
35.3 to 0.81 mN/m, while in the case of [C,gmim][Cl] with similar concentration variation, IFT is reduced from 35.3 to 0.7
which means the better effect of IL with longer chain length on the IFT reduction. Further analysis revealed that the effect
of asphaltene fraction on the IFT is higher than resin fraction since the minimum IFT value was observed for [C gmim]
[C1] with the value of 0.58 mN/m, while the contact angle (CA) values revealed revers effect for asphaltene fraction com-
pared with the resin fraction. In general, regardless of the used IL, it seems that ILs leading to better wettability conditions
which are crucial for EOR purposes and even better IFT values that can mobilize the trapped oil toward production points.
Besides, further measurements revealed a positive effect of SiO,-NPs concomitant with the ILs to move the wettability
toward the strongly water-wet condition with CA values of 29.2° and 28.3° for SiO,-NPs concentration of 1000 ppm and
1000 ppm of concentration for [C;,mim][Cl] and [C,smim][Cl], respectively, for resinous synthetic oil (RSO) (5 wt%) while
no meaningful effect regarding the SiO,-NPs presence at the different concentrations (100-2000 ppm) is found on the IFT
reduction. A similar trend is observed for asphaltenic synthetic oil (5 wt%)/aqueous solution (SiO,-NPs with a concentra-
tion of 1000 ppm +ILs with a concentration of 1000 ppm) which reduces the CA to 26.3° and 37.8° for [C;,mim][Cl] and
[C,smim][Cl]), respectively.
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H Shape-dependent parameter ALO, Aluminum oxide
ASO Asphaltenic synthetic oil
CA Contact angle
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CMC Critical micelle concentration

CuO Copper oxide

EOR Enhanced oil recovery

Fe, 0, Iron oxide

FTIR Fourier-transform infrared spectroscopy
GC Gas chromatography

IFT Interfacial tension

ILs Ionic liquids

MgO Magnesium oxide

MgSO, Magnesium sulfate

NISOC National Iranian South Oil Company

NPs Nanoparticle

OOIP Original oil in place

ppm Part per million

PSNP Polysilicon NPs

RSO Resinous synthetic oil

Si0, Silicon oxide

Si0,-NPs Silicon oxide nanoparticles

TAN Total acid number

TiO, Titanium oxide

wt% Percentage by weight

[C;gmim][C]l] 1-Octadecyl-3-methyl imidazolium
chloride

[C;,mim][C]] 1-Dodecyl-3-methyl imidazolium chloride

Introduction

It is well accepted that only 30% of the original oil in
place (OOIP) is recovered after primary and secondary oil
recovery processes. On the other side, the increasing rate
of energy consumption, population, and reservoir deple-
tion (shortage of energy) forced the oil companies to pro-
pose new methods for a higher rate of oil recovery from the
depleted reservoirs which is known as enhanced oil recovery
(EOR) methods (Cheraghian 2015; Abhishek et al. 2015). In
general, the EOR processes can be categorized into different
methods mainly chemicals (Moradi et al. 2017; Barahoei
et al. 2016; Hosseini et al. 2020; Najimi et al. 2019; Zabihi
et al. 2020a, b; Zeinolabedini Hezave et al. 2014), thermal
methods, low salinity water injection, smart water injection,
carbon dioxide injection, etc. (Lashkarbolooki et al. 2019;
Rajaei et al. 2013; Zabihi et al. 2020a, b). Among different
EOR methods, chemical and carbon dioxide (CO,) injection
(which are applicable chemicals for different industries such
as pharmaceuticals and oil industries) are gaining increasing
attention although chemical injection is widely examined,
especially when the oil price increases (Najimi et al. 2020;
Nowrouzi et al. 2022a, b; Nowrouzi et al. 2019a, 2019b,
2020a, b; Nowrouzi et al. 2020a, b, 2021a, b, ¢, 2022a, b).
Unfortunately, since using only one EOR method can-
not provide the desired outcomes for extracting the trapped
oil from the reservoirs, various hybrid and innovative
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techniques were proposed and examined to recover trapped
oil from abandoned or depleted reservoirs (Cheraghian
2016). In this way, during the past decade, a new concept
that combines the advantages of different EOR methods
such as surfactant injection, nanoparticle (NPs) injection
and smart water injection is introduced since using one
EOR method is disabled to activate multiple mechanisms.
Among the different methods which can be combined with
each other, nanotechnology is one of the most widely inter-
ested EOR methods dealing with particles in the range of
1-100 nm (Khalil et al. 2017). In the light of its unique char-
acteristics NPs were widely used in EOR industries for IFT
reduction, (Zaid et al. 2013; Amirsadat et al. 2017), chang-
ing the wettability of rock surface toward water-wet condi-
tion (Al-Anssari et al. 2016; Saien and Gorji 2017), viscosity
modification and even enhancing the swelling factor of the
crude oil (Ehtesabi et al. 2015), producing nano-emulsion
(Bobbo et al. 2012), selective pore plugging (Anganaei et al.
2014; Hashemi et al. 2013), and disjoining pressure (Ave-
yard et al. 2003; McElfresh et al. 2012a, b), or even increas-
ing the thermal conductivity of the rocks using metal-based
NPs. NPs are on the radar since they can change the wetta-
bility, reduce the IFT, and disjoining pressure which means
better sweep efficiency (Rodriguez et al. 2009). Considering
all of these unique features, NPs are going to be examined
by different researchers to find if they can reduce the IFT,
change the wettability of the surfaces or not (de Castro et al.
2017; Moradi et al. 2015; Suleimanov et al. 2011).

For example, Onyekonwu and his coworker (Onyekonwu
and Ogolo 2010) investigated the possible effect of poly-
silicon NPs (PSNP), e.g., lipophobic and hydrophilic, and
hydrophilic and lipophobic for changing the wettability of
rock surfaces which is highly required through EOR pro-
cesses. Also, several researchers (Cheraghian and Hendran-
ingrat 2016; Hendraningrat et al. 2013a, b; Torsater et al.
2012) reported the significant effect of silica-based NPs on
changing the rock surface wettability. Moreover, Moham-
madi et al. (Mohammadi et al. 2014) used the aluminum
oxide-NPs (Al,0;-NPs) for the sandstone reservoir to inves-
tigate their effects during the EOR processes by changing
different effective parameters, namely rock surface wettabil-
ity. After that, Tarek (Tarek 2015) investigated combina-
tions of different types of NPs as an alternative to individual
applications of NPs to provide possible synergy between
NPs from different types. In detail, Tarek reported that using
a mixed solution of different NPs such as Al,O;, iron oxide
(Fe,O5-NPs) and silicon oxide (SiO,) was more effective
than the solution that includes only one type of NPs.

According to these findings and the fast growth of using
NPs, many researchers are going to examine the effect of
these particles in different industries, especially EOR pro-
cesses (Cheraghian and Hendraningrat 2016; Sheng 2010).
More recently, several investigations have performed using
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copper oxide (CuO)/Titanium oxide (TiO,)-NPs/polyacryla-
mide, magnesium oxide (MgO), y-Al,05, and TiO,-NPs,
to find the effect of different NPs on the IFT and contact
angle (CA) of the binary systems (Nowrouzi et al. 2022a, b;
Nowrouzi et al. 2019a).

For example, Nowruzi and his colleagues (Nowrouzi
et al. 2022a, b) reported that the IFT experienced a further
reduction as the NPs and ions existed in the system. They
reported that an optimum IFT value of 4.68 mN/m was
achieved for the solution including 2000 ppm of magnesium
sulfate (MgSO,)+ 500 ppm of MgO concomitant with the
NPs. Furthermore, the measured CA values revealed that
the modified water with salts is more effective for wettabil-
ity alteration, especially if it is combined with NPs. They
reached the minimum CA value of 18.33° using optimum
chemical formulation which means highly hydrophilic con-
ditions of the rock surface. Furthermore, they performed
several core flooding experiments using an optimum chemi-
cal formulation containing nano-y-Al,O; leading to maxi-
mum oil recovery of 64.1-68.7% based on the original oil
in place (OOIP).

Unfortunately, using NPs for EOR purposes has an intrin-
sic drawback that must be eliminated before using these par-
ticles in the field scale. This drawback is the precipitation of
NPs in the aqueous solution before being effectively injected
into the reservoir which can bring a catastrophic impact on
the reservoir which is pore plugging consequently leading
to the entrapment of residual oil in the pore networks maybe
forever in severe cases. In other words, the compatibility
of the injectable aqueous solutions into the reservoir has a
great importance since any precipitation of particles may
introduce catastrophic results in the reservoir by trapping
the oil drops forever or long period. In this way, it is highly
required to use a solution that can prevent the precipitation
of NPs or at least retard it for a long period. One of the most
common approaches is the addition of surfactants into the
aqueous solutions leads to prevention of the fast precipita-
tion of NPs. Among the different possible surfactants, using
IL-based surfactants from imidazolium or pyridinium fami-
lies gains a great interest during the past decade due to their
unique features, especially their stability at the harsh salinity
and thermal conditions.

ILs are recently proposed as new solvents which can pro-
vide unique characteristics such as lower melting and glass
transition temperature (Dharaskar Swapnil 2012; Domariska
2005) concomitant with their economic advantages (Chen
et al. 2014), or being non-flammable with a wide range of
solubility and miscibility (Martins et al. 2014), etc. The
reason behind their unique functionalities is their unique
structure which comprises two different sections (cationic
and anionic groups). In detail, it is possible to tailor any type
of IL with a specific characteristic that makes them a good
candidate for different industries. In detail, ILs are molecules

that can be tuned for any specific application such as EOR by
changing the combination of its anions and cations compart-
ments (Khupse and Kumar 2010).

For example, Smit et al. (Smit et al. 1991) and Rajaei
et al. (Rajaei et al. 2013) reported similar results for the ILs
surface activity in the presence of high salinity. In detail,
they reported that the dissolution of cationic ILs in saline
water leads to an interaction between the positive charges
of cationic ILs and negative charges of ions leading to the
accumulation of ILs molecules at the oil-water interface and
occurrence of low IFT values may be with the minimum
value of 10™! mN/m (in special cases 10~ mNm™') which
is not low enough to consider the IFT reduction as the main
effective mechanisms for these types of ILs (Hezave et al.
2013a). So it seems that individual application of ILs is not
satisfactory for oil recovery purposes (Rodriguez-Palmeiro
et al. 2015).

As a final point, crude oil is a combination of a large
number of chemicals may be more than thousands of dif-
ferent compounds mainly divided into resin, asphaltene,
saturates, and aromatics (Overton et al. 2016). So, it is
impossible to correctly characterize crude oil using only one
specific molecular type (Demirbas and Taylan 2015). As an
alternative to eliminate such a limitation, hydrocarbon group
type analysis is commonly employed with the knowledge of
the distribution of major structural classes of hydrocarbons
(Demirbas 2016; Muhammad et al. 2013). Among these
fractions, resin and asphaltene are the most active fractions
which act as a natural surfactant and react with the other
chemicals presented in the solution. Among these two frac-
tions, both of them are vital for crude oil stability but the
resin fraction is responsible to stabilize the asphaltene frac-
tion either (Fakher et al. 2020). In other words, asphaltene
and resin fractions can act as natural surfactants in which
they can manipulate the IFT values and stability of crude
oil and water emulsions. Resin fractions of crude oil include
polar molecules with heteroatoms such as nitrogen, oxygen,
or sulfur which are among the heteroatoms ( Demirbas et al.
2015). The resin fraction is soluble in light alkanes such
as pentane and heptane, but insoluble in liquid propane. In
the literature, few works have reported the properties of the
resins (Aske et al. 2001). The point is that it is possible to
categorize the crude oil fractions into resin or asphaltene
fractions using the fact the H/C ratio of resins is between
1.2 and 1.7 while this value for asphaltene fractions is
between 0.9 and 1.2 although resins are structurally similar
to asphaltenes (Ficken et al. 2002).

Respecting to the important role of the resin and asphal-
tene fractions which are limitedly investigated in the pre-
viously published literature, and since hybrid methods are
applicable methods for higher oil production, a new hybrid
chemical method is proposed in the current investigation.
In this way, for the first time, hybrid solutions including ILs

@ Springer



1966 Journal of Petroleum Exploration and Production Technology (2023) 13:1963-1977

from the imidazolium family, namely 1-dodecyl-3-methyl
imidazolium chloride ([C;,mim][C]]) and 1-octadecyl-3-me-
thyl imidazolium chloride ([C,3smim][Cl]), were selected
as the chemical surfactants and probable stabilizers of the
Si0,-NPs while the sample oils were synthetic types pro-
vided by dissolving a known portion of asphaltene and resin
fractions. In detail, since crude oil is a complex mixture and
performing investigations using crude oil puts the conclu-
sions in a dark, it is highly required to investigate the influ-
ence of different parameters using specific fractions of the
crude oil; resin and asphaltene fractions are the most impor-
tant ones. Besides, since a limited number of investigations
using asphaltene and resin are performed in the literature,
especially in the absence of different chemicals such as NPs
and ILs as the stabilizers, it seems that proposing hybrid
solutions including NPs, ILs from the imidazolium family,
and asphaltene and resin fractions dissolved in the toluene as
the synthetic oil can provide a good insight into the interac-
tions may exist between these chemicals for possible EOR
applications.

Since based on the best knowledge of the authors there
are no reports regarding these complex and hybrid solu-
tions regarding the IFT reduction and wettability alteration
in the presence of resin and asphaltene factions, the current
work is focused on the effect of different combinations of
these chemicals including 1-dodecyl-3-methyl imidazolium
chloride ([C,,mim][Cl]) and 1-octadecyl-3-methyl imidazo-
lium chloride ([C;gmim][CI]) (100-1000 ppm), SiO,-NPs
(100-2000 ppm) and concentrations of resin and asphaltene
fractions (1-5 wt%) on the IFT reduction and wettability
alteration for the first time.

Materials and methods
Materials and solutions

Crude oil with a density of 0.796 gcm™ @ 15 °C was used
as the sample oil for the IFT and CA measurements. The
crude oil which was kindly provided by the National Iranian
South Oil Company (NISOC) from one of the southern Ira-
nian oilfields, comprised N. paraffin of 10.31%, 1. paraffin of
10.884%, olefinic of 0.04%, naphthenes of 9.888%, aromat-
ics of 6.373%, saturates (C;5< C,,) of 6.489%, aromatics
(C15<C<Cy) of 3.466%, unknowns (C <20) of 14.537%
and C,,, of 37.643% according to the gas chromatography
(GC) analysis. Besides, the formation brine with Na* &
K* (73,498 ppm), Ca’** (10,206 ppm), Mg>* (1880 ppm),
Fe** (56 ppm), C1™ (134,881 ppm), HCO;™ (1716 ppm) and
SO42_ (1078 ppm) was used for all of experiments as it was
received.

The worth mentioning point is that the required IL,
namely [C,,mim] [C]] (286.9 g/gmol) and [C,smim][Cl]
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(371.0 g/gmol), was synthesized using 1-methylimidazole,
1-chlorododecyl (Merck/Fluka, purity >99.5%). A brief
description of the used method for synthesizing is previ-
ously reported elsewhere (Hezave et al. 2013b, c). After
synthesizing, the Fourier-transform infrared spectroscopy
(FTIR) was used to characterize the synthesized [C,,mim]
[Cl] and [C,gmim][CI] (Abbood et al. 2022). In addition, the
FTIRs of the synthesized [C;,mim] [Cl] are compared with
those synthesized by Bennet et al. (Bennett and Larter 1997)
to check if the mentioned synthesized method was accu-
rately performed or not. Moreover, the required SiO,-NPs
with a particle size range of 20-30 nm were prepared from
Finenano, Iran with a minimum purity of 99%.

Total acid number (TAN)

The total acid number (TAN) of the used crude oil was
measured based on the ASTM D 664 method which revealed
that the TAN of the crude oil was obtained at about 0.11 mg
KOH/g oil. According to this definition given by Xin-heng
(Xin-heng and Tian 2011), acidic crude oil has a TAN higher
than 0.5 mg KOH/g, and the used crude oil for asphaltene
and resin fractions extraction is not an acidic crude oil.

Extraction of asphaltene and resin

The required asphaltene and resin for preparing the resin-
ous synthetic oil (RSO) and asphaltenic synthetic oil (ASO)
were extracted from crude oil using a standard method
known as IP 143/90 (Petroleum 1985). The reason behind
this extraction and synthetic oils usage is that crude oil is
comprised of thousands of compartments which make it dif-
ficult to extract reliable and generalized conclusions regard-
ing the interactions between different chemicals and crude
oil. In other words, although resin and asphaltene fractions
are active with an essential roles, their effects on different
fluid/fluid or fluid/solid interfaces and interactions are not
well understood (Lashkarbolooki et al. 2014).

According to the results obtained based on the spectro-
scopic analysis, resins and asphaltene fractions consisted of
hydroxyl groups, ester, acid, carbonyl functions, and long
paraffinic chains with naphthenic rings and polar functions
which provide them a surfactant-like structure and nature
with high complexities (Lashkarbolooki et al. 2016; Wu
et al. 1998). Besides, the analyses revealed that although
resin and asphaltene fractions usually appear with each
other, they are different in size, aromaticity, polarity, and
physical appearance.

For isolation purposes, n-heptane with a ratio of 40:1
was used to isolate the asphaltene fraction in the first
stages. After that, the remaining molten and de-asphalted
oil was used to extract the resin fraction using the column
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chromatography method described elsewhere (Amin et al.
2011; Soorghali et al. 2014).

The maltene (de-asphalted oil + n-heptane) was
adsorbed to a silica gel column (Merck, 35-70 mesh
ASTM), followed by rinsing of saturates and aromatics
by a solution of 70:30 n-heptane and toluene. Finally, an
acetone/dichloromethane/toluene mixture with a ratio of
40:30:30) was used to isolate and remove the resins from
the column (Miller 1982; Yarranton et al. 2000).

Moreover, the extracted fractions were analyzed by a
CHNSO analyzer (Thermo Flash EA 1112 series) to iden-
tify the mass ratios of C, H, N, S, and O atoms present in
the resin and asphaltene extracts. According to the find-
ings based on the elemental analysis, it seems that the
resin fraction, which has the H/C ratio of 1.44, has lower
aromaticity than the asphaltene with the H/C ratio of 1.12
which means that the resin molecules are more branched
compared with asphaltene molecules. So, due to the more
branched molecular structure of resin than asphaltene
molecules and the presence of heteroatoms of sulfur and
oxygen with negative charges, resin molecules act like
surfactant which can reduce the IFT value. In this way,
it is highly crucial to investigate the effect of different
chemicals in contact with the RSO and ASO prepared by
dissolving a specific amount of resin or asphaltene fraction
into the toluene for IFT reduction and wettability altera-
tion purposes.

Fig.1 IFT and CA measure-
ments equipment

Contact angle
g , 'ﬂ
drop I_I_/

Interfacial tension (IFT) and contact angle (CA)
measurements

The pendant drop and sessile drop methods are the most
accurate methods for IFT and CA measurements (Yang
et al. 2014), respectively. Respecting this fact, pendant drop
equipment (Fanavari Atiyeh Pouyandegan Exir Co., Arak.
Iran) (see Fig. 1) was used to measure the IFT and CA of
different solutions in the presence of RSO and ASO.

In general, the used pendant drop included different sec-
tions such as an automatic drop dispenser system, image
capturing system, and image processing software. In brief,
the aquarium was filled with the bulk phase and then the
required drop was injected on the tip of the nozzle. At this
point, the drop must be injected to the volume in which
the gravity and buoyancy forces are equal and the drop is
close to being detached from the nozzle. The point is that
not only the volume of the drop must be sufficient, but also
it is highly required to use a proper magnification in which
the maximum space of the image is occupied by the drop
to ensure accurate IFT measurement using the drop shape
analysis approach (see Eq. 1):
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shape-dependent parameter. The H value is depending on
the shape factor value, i.e., S=d/D, where D is the equato-
rial diameter and d is the diameter at the distance D from
the top of the drop. Also, the software is developed in a way
that it is possible to calculate the CA of the drop under the
captive or non-captive condition by injecting the oil drop on
the top of the surface or beneath the thin sections. Using the
aforementioned Equation (Eq. 1), it is possible to analyze the
captured images to calculate the IFT using the drop shape
analysis concept, while the sensible drop concept can be
used to calculate the CA (Adamson and Gast 1967; Andreas
et al. 2002; Stauffer 1965).

The last noteworthy point is that the maximum uncer-
tainty of the measured IFT values which is the average of
at least three independent measurements for each data point
was about+0.2 mN m~! which was impossible to indicate
these uncertainties for the measured IFT values in the plot-
ted IFT values due to a broad range of IFT values measured
in the current investigation.

Results and discussion

Evaluation of performance of ionic liquids (ILs)
on the resinous synthetic oil

The measured IFT and CA values using different concentra-
tions of resin fractions in the toluene, and different concen-
trations of [C;,mim][C]] and [C,smim][Cl] dissolved in the
aqueous solution revealed considerable effects of resin and
IL on the IFT and wettability. In detail, the measurements
revealed that the dissolution of resin in the range of 1-5 wt%
while no chemicals were dissolved in the aqueous solution
led to a reduction in IFT from 35.3 to 28.3 mN/m (Table 1).
This reduction can be related to the nature of resin fraction

for IFT reduction since it has a surface activity that makes
the resin molecules similar to the surfactant molecules.

Besides, the measurements revealed the capability of
resin fraction for changing the wettability of the rock sur-
face toward oil-wet conditions which increased the CA of
the rock surface to a maximum value of 137.1° (see Table 1).

On the other side, the investigations of the results given
in Table 1 revealed that the presence of [C;,mim][C]] in dif-
ferent concentrations of 100—1000 ppm led to a reduction in
IFT for all the examined concentrations of RSO (1-5 wt%)
(see Fig. 2). A closer look into the results depicted in Fig. 2b
revealed that for a specific resin fraction, an increase in the
[C,,mim][Cl] concentration changed the wettability toward
more water-wet condition while an increase in the resin frac-
tion concentration from 1 to 5 wt% changed the rock sur-
face toward more oil-wet condition. The reason behind this
increase in the CA value as a function of resin fraction can
be correlated to the repulsive forces that appear as the resin
concentration increases. In other words, as the concentration
of resin fraction increases, the number of resin molecules at
the rock interface increases which can increase the number
of ILs can be trapped in their structure. As a consequence of
this increase in the resin molecules and trapped molecules of
ILs in the resin structure an enhancement in repulsive forces
is inevitable which moves the ILs molecules to a far distance
to each other to reduce the repulsive forces. So, it is harder
for the ILs molecules to penetrate the resin film formed on
the rock surface in the light of this far distance consequently
leading to lower capability of ILs for wettability alteration
or at least longer time would be required to reach the ulti-
mate effect of ILs for wettability alteration toward water-wet
condition.

In the next stage of this investigation, the effect of longer
chain length IL, namely [C,gmim] [CI] (0-1000 ppm), on
the IFT and CA was investigated at the different concen-
trations of resin fraction. The measurements (see Fig. 3a,

Table 1 The effect of ILs on the IFT and CA of RSO (IL, =[C,,mim][Cl], and IL,=[C,;;mim][Cl])

Resin concentration=1%

Resin concentration =3%

Resin concentration=5%

IL, IL, (ppm) IFT (mN/m) CA IL, IL, IFT (mN/m) CA IL, IL, IFT (mN/m) CA
(ppm) (ppm)  (ppm) (ppm)  (ppm)

0 0 35.3 136.5° 0 0 29.3 1385° 0 0 28.3 137.1°
100 0 22.3 111.1° 100 0 19.8 109.3° 100 0 18.5 115.6°
200 0 132 72.3° 200 0 9.7 88.8° 200 0 8.1 101.5°
500 0 2.1 56.2° 500 0 1.6 70.2° 500 0 1.1 83.2°
1000 0 2.3 48.1° 1000 0 0.9 63.2° °1000 0 0.81 71.2°
0 0 35.3 136.5° 0 0 29.1 1385° 0 0 28.3 137.1°
0 100 21.1 103.6° 0 100 19.2 1163° 0 100 16.7 110.2°
0 200 11.2 91.5° 0 200 8.4 97.8° 0 200 7.2 90.5°
0 500 1.8 79.2° 0 500 1.3 84.6° 0 500 0.9 76.5 °
0 1000 13 69.8° 0 1000 0.7 74.9° 0 1000 0.75 66.4 °
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Fig.2 Effect of [C;,mim][C]] concentration on the, a IFT of RSO,
and b CA of RSO

and b) revealed that similar to the effect of [C,,mim] [CI]
on the IFT, an increase in the IL concentration reduced
the IFT value for all of the examined resin concentrations
and even introduced a higher impact on the IFT compared
with the effect of [C,mim] [C]] (see Fig. 4).

In contrast to the results obtained for the effect of
[C,,mim] [CI] on the CA, the measurements revealed that
there is a shifting point at the resin concentration of 3 wt%
where the effect of [C,gmim] [CI] is different on the CA
(see Fig. 3b). The other point is that, for a constant con-
centration of [C,;gmim][Cl], increasing the resin fraction
from 1 to 3 wt% leads to an increase in the CA (more
oil-wet conditions) while further increase in the resin con-
centration from 3 to 5 wt% reduced the CA which means
more water-wet conditions.

The reason behind this observed shifting point can be
correlated to the longer chain length of [C,gmim] [CI]
compared with [C,,mim] [C]] leading to a more stabi-
lized packing of the IL molecules on the rock surface.
In other words, since the [C,smim] [Cl] has longer chain
length molecules, they can neutralize the repulsive forces
that may appear if they reach the surface leading to better
packing of the IL molecules at the interface and easier
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Fig.4 Comparing the effect of resin fraction in the presence of
[C,mim][C]] and [C;smim][C]] on the IFT

penetration into the resin film formed on the rock surface
render the rock surface toward more water-wet condition.

Evaluation of performance of ionic liquids (ILs)
on the asphaltenic synthetic oil

In general, the IFT measurements revealed the higher impact
of asphaltene fraction on the IFT reduction compared with
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the resin fraction for similar concentrations ranging between
1 and 5 wt% (see Figs. 5a and b and 6).

Similar to the results obtained for RSO, it seems that the
overall trend for the effect of IL concentration on the wet-
tability alteration is the same for all the examined asphaltene
concentrations and it is reducing effect which means more
water-wet surfaces can be obtained using higher concen-
trations of IL. But, a closer look into the results depicted
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in Fig. 5b revealed that for the asphaltene concentration of
3 wt% and IL concentration of 500 ppm which was selected
as the critical micelle concentration (CMC) based on the IFT
measurements, the situation is more complicated.

Surfactants which are normally dissolved in water and
organic solvents are organic compounds comprised of a
hydrophobic tail and a hydrophilic head. Surfactant mol-
ecules are leveled at the liquid level due to their hydro-
philic-hydrophobic structure so that the hydrophilic head is
dissolved in an aqueous solution and the hydrophobic head
avoids it. In general, as the surfactant concertation increases,
it is possible to occupy a higher amount of interface space
using surfactant molecules, and even experience aggrega-
tions of surfactants due to the absorption of the same parts of
each surfactant molecule commonly known as the micelle.
The formation of the micelle reduce the strength of sur-
factant molecules by limiting their release (Schramm 2000;
Torrealba and Johns 2017).

Surfactants are designed and manufactured to reduce the
IFT of water/oil system. When the micelles begin to form,
they form a nucleus like a drop of oil and their ionic head
creates an outer shell that improves contact with water. In
general, it is possible to determine the efficiency of a sur-
factant by measuring the CMC value of each desired sur-
factant. Besides, measuring the CMC is important since it
is an indication of surfactants efficiency. In detail, formation
of the micelles regardless of the CMC point gives the ability
to form an oil-soluble emulsion. In this way, for the sur-
factant with lower CMC value, lower amount of surfactant
is required to reach the minimum IFT value (Joos et al. 1992;
Ward and Tordai 1946).

It is well accepted that there is a direct relationship
between the hydrophobic length and the surfactant capac-
ity for IFT reduction. In other words, longer tails of the
hydrophobic tail mean better efficiency of surfactant at
lower concentrations (Painter et al. 2010). As mentioned
earlier, the IFT reduction due to salinity enhancement can be
explained by the mechanism of the synergic effects of ions
and surfactants. The negatively charged ions neutralize the
positive surface charges of the cationic surfactants which
consequently make it easier the accumulation of surfactant
molecules at the oil-aqueous solution interface leading to
higher IFT reduction.

In detail, it seems that for 3 wt% asphaltene and IL con-
centrations below the CMC value, the wettability reduces
compared with the higher concentration of asphaltene
(5 wt%) while further increase in the IL concentration to
500 and 1000 ppm (higher than the CMC value) moves
the wettability of the rock surfaces toward more water-wet
condition. The reason behind this observed trend can be
correlated to the fact that for the IL concentrations lower
than 500 ppm, the competition between the IL. molecules to
reach the rock surface (penetrate the asphaltenic oil film) and
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asphaltene molecules to stick into the rock surface leading to
accumulation of IL molecules at the interface and undesired
repulsive forces leading to more oil-wet conditions. But, as
the IL concentration reaches the CMC value in which the
IL molecules tend to form micelles, the system gets more
stabilized gradually leading to the easier formation of the IL
bridge on the rock surface and wettability alteration toward
water-wet condition. Moreover, the other possible hypothesis
behind this observed trend can be correlated to the fact that
as the ILs molecules start to form micelles, they would be
more stable considering the surface charge, and at this point,
they can get closer to the rock surface and pack on the rock
surface more easily where they can defeat the bonds existed
between the asphaltene molecules and rock surface and sub-
stitute those molecules and change the wettability toward
more water-wet condition.

But in the case of using [C,gmim] [Cl] for IFT reduction
and wettability alteration, although the IFT variation and
reduction were similar to those patterns that were previously
observed for RSO and ASO, the wettability alteration was
slightly different from that observed for [C,,mim] [CI] and
ASO (see Fig. 7b). In detail, it seems that similar to the
IFT values obtained for [C,,mim] [C]], an increase in the
IL concentration leading to a considerable reduction in the
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Fig.7 Effect of [C,;gmim][C] concentration on the a IFT of ASO and
b CA of ASO

IFT, especially around 500 ppm which can be selected as the
CMC value of the current system.

Moreover, the investigations regarding the effect of
asphaltene and [C;gmim][Cl] concentrations on the wettabil-
ity alteration revealed that there is a shifting point where the
reducing pattern in the CA values changes to an increasing
pattern. This observed trend can be correlated to the higher
concentration of asphaltene molecules at the interface and
their interactions with the IL. molecules leading to repulsive
forces that put the IL. molecules away from the rock interface
leading to the less water-wet condition compared with the
synthetic oils comprised of a lower amount of asphaltene
fraction.

The effect of ILs on the wettability alteration of the rock
surface can be contributed to the two different mechanisms.
In detail, two mechanisms are generally accepted for the
alteration of wettability by surfactant solutions: the creation
of a stable thin film by surfactant on the surface (Salathiel
1973) and the surfactant molecules packing at the surface
(Spinler et al. 2000). When a thin film of water is stable, oil
is spread in the middle of large pores, and water between oil
and rock is generally in bubble form. But, it is possible to
destabilize this thin film by introducing surfactant molecules
in the solution which can be adsorbed in the interface. But
the instability of a thin film of water in the site creates a
continuous oil pathway that mobilizes the oil drops leading
to mixed wettability conditions (Spinler et al. 2000). In other
words, the continuous emission and absorption of surfactant
molecules into the environment change the physical-chemi-
cal properties of the rock, resulting in a continuous pathway
for the production of oil (Ayirala et al. 2006; Jadhunandan
and Morrow 1995; Najimi et al. 2020; Salathiel 1973).

Effect of SiO,"NPs on the IFT and wettability
alteration

In the last stage of this investigation, the solutions including
1000 ppm of [C;,mim] [CI]] and [C,smim] [CI] were selected
as the optimum aqueous solutions for the rest of the IFT
and wettability alteration measurements while the RSO and
ASO with a concentration of 5 wt% were selected as the
sample oils (see Figs. 8 and 9). In this way, the SiO,-NPs
concentration was changed between 100 and 2000 ppm to
find the possible synergy that existed between the synthetic
oils and ILs solutions.

The worth mentioning point is that there are two steps to
prepare the nanofluids: the first step is preparing the nano-
fluid in the meantime that nanoparticles are produced which
means a combination of the fluid and nanoparticles at the
same time that NPs are produced and the second step that
prepared NPs are added to the base fluid and dispersing the
NPs in the base fluid using chemical or physical methods.
Dispersion and stabilizing methods of NPs in the fluid would
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centration of 1000 ppm: a resinous synthetic oil with concentration
of 5 wt% and b asphaltenic synthetic oil with concentration of 5 wt%

include surfactant addition (Yu and Xie 2012), pH control of
the nanofluid (Ghadimi et al. 2011), and ultrasonic vibration
(Chang et al. 2007). Considering the dispersion method of
NPs in the base fluid for this work, using chemicals based
on the IL was employed to keep the NPs dispersed in the
aqueous solution.

The measured IFT values for both ILs and both syn-
thetic oils including resinous and asphaltenic types
revealed that increasing the SiO,-NPs from 0 to 2000 ppm
leads to a complex behavior on the IFT reduction. In
detail, considering the RSO revealed that increasing the
Si0,-NPs for the solution including [C;,mim][CI] from 0
to 200 ppm leads to an increase in the IFT while further
increase in the SiO,-NPs concentration lowers the IFT
values close to the initial condition (solution includes no
Si0,-NPs). But in the case of the aqueous solution which
includes [C,smim][Cl], an increase in the SiO,-NPs con-
centration from 0 to 100 ppm reduced the IFT from 0.75
to 0.66 mN/m which means a 12% reduction in IFT val-
ues. A similar but stronger trend was also observed for the
synthetic oil prepared using asphaltene fraction, especially
for [C,gmim][Cl] since the effect of NPs on the aqueous
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solutions including [C;,mim][CI] was insignificant which
can be ignored. In detail, the measurements revealed that
increasing the NPs concentration from 0 to 2000 ppm for
the solution including [C;,mim][Cl] led to a slight change
in the IFT with no regular pattern while increasing the
Si0,-NPs concentration from 0 to 100 ppm for the aqueous
solution including [C;gmim][C]] ca reduce the IFT value
from 0.58 to 0.46 which is about 20% reduction in IFT. But
a further increase in the SiO,-NPs from 100 to 2000 ppm
faded away the reducing effect of these NPs on the IFT by
modifying the IFT value to a value of 0.55 mN/m which is
rather the same as the solution that includes no SiO,-NPs.
The reducing effect of SiO2-NPs on the IFT can be cor-
related to at least two mechanisms that are related to dis-
persed NPs and available ions in the aqueous solution.
In detail, Li et al. (Lee and Lee 2017) and Dahle (Dahle
2013) reported that it is possible to generate a monolayer
structure at the interface of the saline nanofluid and crude
oil using NPs which can immerge a weak interfacial ten-
sion between immiscible phases which is almost similar
to the function of the surfactants. The point is that the
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resulting concentration is directly proportional to NPs
concentration in nanofluids meaning that the increase of
the concentration intensifies this mechanism and decreases
the IFT (Hendraningrat et al. 2013a, b). But, the point
is that as the NPs concentration increases to a threshold,
the effect of repulsive forces appears which move the
Si0,-NPs to the bulk phase instead of the interface which
reduces the density of the formed monolayer consequently
leading to higher IFT values. In this way, it seems that
there is an optimum concentration for SiO,-NPs leading
to the minimum IFT value.

On the other hand, investigating the effect of SiO,-NPs on
the CA values of different aqueous solutions and synthetic
oils using carbonate rock thin sections revealed a significant
effect of NPs to change the wettability toward more water-
wet conditions. Similar results were reported by Nowrouzi
et al. (Nowrouzi et al. 2019a) that the ability of the used
nanofluids in reducing the CA is more effective than their
effect on the IFT reduction. They reported that increasing
the SiO,-NPs concentration to 1000 ppm with a particle size
of 10 nm and 20 times seawater dilution reduces the CA to
the minimum value of 21.36° which is a strongly water-wet
condition.

The measured CAs revealed that the CA variation was
less dependent on the IL type if the synthetic oil be the resin-
ous type. On the other hand, the measurements revealed that
for the ASO, increasing the chain length of the IL ([C,gmim]
[CI]) leads to lower effect of SiO,-NPs on the wettability
alteration toward water-wet condition. The probable reason
behind this observed trend can be correlated to the possible
repulsive forces that appeared between the aqueous solu-
tion comprised of complex [C;gmim][Cl] 4 SiO,-NPs and
asphaltenic molecules leading to less adsorption of complex
molecules into the interface rendering the surface less water-
wet. In total, the NPs can change the wettability of the rock
surface using the wedge film mechanism while it is possible
to reduce this effect as the ILs existed in the solution. In
detail, ILs are chemicals with a bulky structure in which the
bulk volume of their molecules increases as the alkyl chain
length increases. So, the bulky structure of [C;smim][Cl]
is larger than the [C;,mim][CI] molecules. Respecting this
fact, it seems that the bulky structure of ILs can be a positive
parameter to adsorb the NPs into their structure and easily
transfer them to the rock surface where the IL molecules
can orient due to the surfactant-like structure. On the other
hand, as the bulky structure of ILs gets bigger, the prob-
ability of repulsive forces which can exist between the IL
molecules and the active components existing on the rock
surface increases which can act like a barrier and reduces
the chance of NPs to be transferred into the rock surface for
wettability alteration. According to this possible phenom-
enon, it seems that the repulsive forces that existed between
the asphaltenic molecules and the ILs with C18 chain length

are dominant which can reduce the chance of reaching NPs
adsorbed on the [C;gmim][Cl] to the surface moves the sys-
tem toward less water-wet condition.

The other possible theory which can describe the CA
and wettability change from oleophilic to hydrophilic is
disjoining pressure since it directly increases the crude oil
movement (Sun et al. 2017) which consequently affects
the wettability alteration and IFT. In detail, Chengara et al.
(2004) claimed that the nanofluids form a thin film on the
solid surface by placing themselves in sorted layers, and in
this regard entropy of the suspension increases through the
higher freedom for NPs leading to an emerge in high pres-
sure compared to the volume since the pressure profile figure
is dependent on the size and shape of the NPs. This diffused
film on the rock surface is capable of separating oil, paraffin,
water, and gas from the surface (McElfresh et al. 2012a, b).

The formed thin film of NPs is a result of a pressure
named structural joining pressure, the Brownian motion and
electrostatic repulsion forces (Aveyard et al. 2003). In brief,
Aveyard and his coworkers claimed that NPs size and con-
centration, salinity and fluid temperature, and rock surface
properties are influential to develop the formed layer. For
example, when the concentration of NPs in the nanofluid
was increased, the film will start to expand on a solid surface
leading to more reduction in CA at higher concentrations.

Conclusions

In the current investigation, a hybrid chemical solution
based on the simultaneous dissolution of ionic liquids (ILs),
namely 1-dodecyl-3-methyl imidazolium chloride ([C,mim]
[C1]) and l-octadecyl-3-methyl imidazolium chloride
([C,gmim][Cl]) and silicon oxide nanoparticles (SiO,-NPs),
was proposed for IFT reduction and wettability alteration
using the pendant drop approach. Besides the proposed new
chemical formulation, the effects of these solutions were
investigated on synthetic oils including resin or asphaltene
fraction for the first time on the interfacial tension (IFT)
and contact angle (CA) values. In this way, the concentra-
tions of ILs ranged between 100 and 1000 ppm, SiO,-NPs
ranged between 100 and 2000 ppm, and the concentrations
of resin and asphaltene fractions dissolved in the toluene
ranged between 1 and 5 wt%. According to the performed
measurements, the following results can be highlighted:

e The presence of resin or asphaltene fractions in the tolu-
ene can reduce the IFT values which is an indication of
the surfactant nature of these fractions.

e The presence of ILs, especially [C;gmim][C] in the
range of 100-1000 ppm, reduced the IFT to values of
1.3, 0.7, and 0.75 mN/m for resin concentrations of 1,
3, and 5 wt%, respectively.
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e Measured contact angles revealed the effect of ILs for
moving the rock surface toward water-wet conditions
although increasing the resin concentration from 1 to
5 wt% can reduce the effect of [C;,mim][Cl] for wet-
tability alteration.

e Concerning the measured CA values for the resin/
[C,smim][Cl], it seems that there is a shifting concen-
tration for resin (3 wt%) where the effect of [Cgmim]
[CI] on the wettability alteration changes to being more
effective for wettability alteration toward water-wet
condition.

e The results showed that although the asphaltene frac-
tion is more effective for IFT reduction than the resin
fraction, the dissolution of ILs can reduce the IFT to the
values which are close to the IFT of systems including
the resin fraction. In other words, regardless of the frac-
tions used to prepare the synthetic oils, the presence of
ILs, especially [C;gmim][C]], which has a longer chain
length significantly changes the IFT values to a very low
value.

e The contact angle measurements revealed that for 3 wt%
asphaltene and IL concentrations below critical micelle
concentration (CMC) value, the wettability reduced
compared with the higher concentration of asphaltene
(5 wt%) while further increase in the [C,,mim][Cl] con-
centration to 500 ppm and 1000 ppm which is the CMC
value and higher than that value, the wettability alteration
pattern turn to moving toward more water-wet condition
instead of being more oil-wet.

e The results also revealed that in the case of [C,gmim]
[CI1], there is a shifting point where the reducing pattern
in the CA values changes to an increasing pattern. This
observed trend can be correlated to the higher concen-
tration of asphaltene molecules at the interface and their
interactions with the IL molecules leading to repulsive
forces that put the IL molecules away from the rock inter-
face leading to the less water-wet condition compared
with the synthetic oils comprised of a lower amount of
asphaltene fraction.

e The measurements regarding the effect of SiO,-NPs on
the IFT revealed no meaningful effect of SiO,-NPs on
the IFT reduction although it has a significant effect on
the wettability alteration of rock surfaces toward strongly
water-wet conditions of 29.2° and 28.3° using 1000 ppm
of [C;,mim][C]] and [C;gmim][Cl] and 2000 ppm of
Si0,-NPs for resinous synthetic oil (5 wt%).

¢ Finally, the measurements revealed the higher impact of
Si0,-NPs for wettability alteration toward strongly water-
wet conditions using [C;,mim][CI] compared with the
same concentrations of [C;smim][Cl] which was corre-
lated to the longer chain length of [C;gmim][Cl] which
provides repulsive forces put the SiO,-NPs away from
the rock surface to provide more stabilize condition.
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