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Abstract
Investigation on the hybrid enhanced oil recovery solutions and methods is gaining attention during the last decade since 
they can activate multiple mechanisms such as viscosity reduction, interfacial tension (IFT) reduction, and wettability 
alteration. So, the current work is concentrated on the application of 1-octyl-3-methyl pyridinium chloride ([C8py][Cl]) and 
1-dodecyl-3-methyl pyridinium chloride ([C12py][Cl]) as novel surfactants in the absence and presence of SiO2 nanoparticles 
(SiO2-NPs) for the first time for possible IFT reduction and rock wettability change (contact angle (CA) measurement). In 
this way, the concentration of ionic liquids (ILs) and SiO2-NPs ranged between 0–2000 ppm and 0–1000 ppm, respectively, 
to see the influence of these chemicals on the wettability change and IFT reduction. The point is that the higher concentra-
tions of these chemicals were not examined since using higher concentrations makes it expensive and uneconomic for field-
scale applications. The obtained results revealed that as the pH increases from 3 to 11 in the absence of different chemicals 
(formation brine/basic crude oil), the IFT experiences an increase from 20.3 to 31.2 mN/m, while the situation for CA is 
more complicated. In detail, the results revealed that increasing the pH in the range of 3–11 leads to an increase in the CA 
from 103.2° to 121.3° (increasing pH from 3 to 7) while a further increase in the pH leads to a reduction in CA value from 
121.3° to 118.3°. Moreover, the results revealed that increasing the concentration of [C8py][Cl] from 0 to 2000 ppm led to a 
reduction in IFT value from 20.3 to 0.95 mN/m for pH of 3, from 27.3 to 2.2 mN/m for pH of 7 and from 31.2 to 5.4 mN/m 
for pH of 11. Besides, the measurements for [C12py][Cl] revealed that increasing the concentration from 0 to 2000 ppm leads 
to IFT reduction from 20.3 to 0.74 mN/m for pH of 3, from 27.3 to 0.9 for pH of 7, and from 31.2 to 1.4 mN/m for pH of 11. 
The results demonstrated a higher influence of [C12py][Cl] on the IFT reduction compared with the [C8py][Cl] due to the 
longer alkyl chain length of [C12py][Cl] which means more detergency power. Furthermore, the effects of these two ILs are 
examined on the wettability change which showed that both of the examined ILs are capable to manipulate the wettability 
of the rock surface toward water-wet conditions (53.3°) from oil-wet conditions (121.3°). Also, the influence of SiO2-NPs in 
the range of 0–1000 ppm is investigated on the IFT reduction and wettability change while the concentration of ILs is held 
constant at 2000 ppm since the concentration of 2000 ppm leading to the lowest CA and IFT values for both examined ILs. 
The obtained results reveal that not only the presence of SiO2-NPs with a maximum concentration of 1000 ppm leads to a 
reducing trend on the IFT in particular for the pH of 11 regardless of the used IL but also it changes the surface wettability 
to strongly water-wet condition with minimum CA value of 28.5°. In the last stage, the efficiency of the optimum chemical 
formulations was examined through core flooding experiments using conventional core flooding procedure and the core 
flooding experiments concomitant with the soaking time (30 days). The experiments revealed that the chemical formulation 
under a pH of 3 leads to the highest oil recovery factors while the lowest oil recovery factors are obtained under a pH of 11. 
Besides, the core flooding experiments followed by soaking reveal the ultimate oil recovery of 10.1 and 13.3% based on 
the original oil in place (OOIP) due to better activation of the wettability change mechanism which was 46% higher than 
the situation no soaking was performed. The findings of this study can help for a better understanding of the feasibility and 
applicability of using new hybrid surfactant-NPs-based EOR methods to activate wettability alteration and IFT reduction, 
especially with a main focus on one specific fraction of crude oil (resin fraction) instead of crude oil.
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Abbreviations
Al2O3	� Aluminum oxide
API	� API gravity
bpd	� Barrels produced in a single day
CA	� Contact angle
CMC	� Critical micelle concentration
CTAB	� Cetyltrimethyl ammonium bromide
CuO-NPs	� Copper oxide nanoparticles
EDTA	� Ethylenediaminetetraacetic
EDX	� Energy-dispersive X-ray
EOR	� Enhanced oil recovery
Fe2O3	� Iron(III) oxide
Fe3O4	� Iron (II,III) oxide
IFT	� Interfacial tension
mD	� Millidarcy
NE–SW	� Northeast-southwest
NPs	� Nanoparticles
NNE	� North Northeast
OOIP	� Original oil in place
pH	� Potential of hydrogen/power of hydrogen
SiO2	� Silicon dioxide
SiO2-NPs	� Silicon dioxide nanoparticles
SLS	� Sodium lauryl sulfate
WNW–ESE	� West-northwest/east southeast
X-ray	� X-radiation
ZrO2	� Zirconium dioxide
[C8py][Cl]	� 1-Octyl-3-methyl pyridinium chloride
[C12py][Cl]	� 1-Dodecyl-3-methyl pyridinium chloride
[C12mim][Cl]	� 1-Dodecyl-3-methyl imidazolium 

chloride
[C18Py][Cl]	� 1-Octadecyl-3 methyl pyridinium 

chloride
[C18mim][Cl]	� 1-Octadecyl 3-methyl imidazolium 

chloride

Introduction

The application of enhanced oil recovery (EOR) processes 
gain increasing attention during the past three decades due 
to the lack of energy sources and the reduction in the oil 
production leads to global energy crises. In detail, using the 
natural pressure of the reservoir only 10–15% of the original 
oil in place (OOIP) can be produced, and further oil produc-
tion of about 10–15% can be achieved if the secondary oil 
recovery processes apply into the depleted reservoirs. So, 
more than 65–70% of the OOIP still remained unrecovered 
and must be produced with new innovative methods called 
EOR techniques. The EOR methods are in different types of 
gas injection, chemical injection, in situ combustion, modi-
fied-water injection (such as smart water, low-salinity water, 
etc.), microbial injection, nanoparticles injection, etc. Unfor-
tunately, although different EOR approaches were proposed 
and examined during the past decades, the main drawback of 
the used and examined EOR methods is the limited number 
of activated mechanisms through each EOR process moving 
the researchers toward proposing a new hybrid method that 
can activate multiple mechanisms with the main concentra-
tion on the interfacial tension (IFT) reduction, wettability 
change, viscosity reduction and swelling of crude oil (Cher-
aghian 2015; Abhishek et al. 2015).

In other words, considering the energy crises, and limita-
tions of each EOR method, it is highly required to use hybrid 
methods which can produce more oil at a reliable rate espe-
cially using chemical-based EOR methods (Cheraghian and 
Hendraningrat 2016a). In other words, due to the advantages 
and disadvantages that exist for chemical EOR methods, it is 
highly required to combine the chemical methods with other 
EOR approaches such as low salinity and nanoparticles to 
eliminate the limitations and drawbacks (see Table 1).

Table 1   The advantages and disadvantages of chemical methods

Chemical Advantage Disadvantage

Alkaline IFT reduction and wettability alteration capability, surfactant 
adsorption prevention

Improper for carbonate reservoir, large amount of consumption, 
scale production

Surfactant IFT reduction, increase the aquifer remediation Rock adsorption, costly, micelle formation at the elevated 
concentrations

Polymer Volumetric sweep efficiency modifier, mobility ratio reducer Sensitive to temperature and high salinity, pore plugging risk, 
sensitive to permeability and porosity of reservoir, microbial 
degradation risk

Alkaline-
surfactant-
polymer

Make the application of surfactant cost effective, higher EOR 
efficiency

Sensitive to high salinity and temperature, micro-emulsion 
production, complicated solution investigation procedure
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As a way out, different hybrid methods were proposed 
based on the concomitant application of the low-salinity 
aqueous solution, surfactant solutions, nanoparticles (NPs), 
etc. (Bera and Belhaj 2016; Khalil et al. 2017; Li et al. 2021; 
Negin et al. 2016). Between the EOR processes, using NPs 
is an interesting and new approach since it reduces the IFT, 
changes the wettability of the rock surfaces toward more 
water-wet conditions, reduces the viscosity of the crude oil 
if it dissolves in the crude oil, etc. (Ju et al. 2006; Torsater 
et al. 2012; Zaid et al. 2013) (Al-Anssari et al. 2016; Saien 
and Gorji 2017; Ehtesabi et al. 2015; El-Diasty and Ragab 
2013; Kazemzadeh et al. 2015; Mohammadi et al. 2017; 
Taborda et al. 2016, 2017; Wei et al. 2007). Besides the 
aforementioned possible mechanism can be activated using 
the NPs, it is possible to produce nano-emulsion using NPs 
(Bobbo et al. 2012), plugging the pores in a selective man-
ner (Anganaei et al. 2014; Hashemi et al. 2013), thermal 
conductivity modification (Aveyard et al. 2003; McElfresh 
et al. 2012) manipulating the disjoining pressure (McElfresh 
et al. 2012; Zamani et al. 2012).

Moreover, NPs are good porous-scale transportation 
method since they are capable to penetrate and move through 
narrow pathways and throats makes them a good candidate 
to use as a carrier to deliver specific chemicals to a specific 
destination in the pore structure and network (Rodriguez Pin 
et al. 2009). Considering these advantages of NPs, recent 
studies are concentrated on the application of NPs in the 
EOR processes to recover more trapped oil by activating 
main mechanisms including reducing IFT and wettability 
change besides the other mechanisms aforementioned (de 
Castro Dantas et al. 2017; Moradi et al. 2015; Suleimanov 
et al. 2011). As an example, the effect of polysilicon NPs 
that are lipophobic and hydrophilic, and hydrophilic and 
lipophobic, respectively, are among the most examined ones 
studied during the rock surface wettability change investiga-
tions (Onyekonwu and Ogolo 2010).

Among the different possible NPs, it is well established 
that silica NPs application is a good approach to move the 
wettability of the rock surfaces toward strongly water-wet 

(highly required to produce more trapped oil under con-
stant rate) (Cheraghian 2016; Hendraningrat et al. 2013a, 
b, c; Torsater et al. 2012).

The point is that although silica-based NPs are poten-
tial NPs for EOR purposes, there are other NPs examined 
by different researchers such as aluminum oxide (Al2O3), 
iron oxide (Fe2O3), etc. In detail, Mohammadi et al. 2017) 
performed several experiments to find if Al2O3-NPs are 
capable to produce higher oil from the sandstone rocks. 
Just a year after, Tarek (2015) investigate the idea of using 
a mixture of different NPs including Al2O3, Fe2O3, and 
SiO2 to prepare a hybrid solution for tertiary oil recovery 
purposes which can activate different effective mecha-
nisms. They enlighten this fact that the NPs are applicable 
chemicals not only for thermal conductivity modification 
but also they are potential to activate several effective 
parameters including IFT reduction and wettability change 
(Cheraghian and Hendraningrat 2016b; Sheng 2010) (see 
Table 2).

Similar to the NPs which are recently proposed as new 
chemicals for EOR purposes, a new class of surfactants 
based on the ionic liquids (ILs) is examined during the past 
decades. ILs are a new and interesting class of chemicals, 
especially solvents which have considerable characteris-
tics including high stability under high-salinity conditions 
and elevated temperature makes them a proper candidate 
for EOR purposes where the conventional surfactants lose 
their functionality under these harsh conditions (Chen 
et al. 2014; Dharaskar Swapnil 2012; Domańska 2005) 
(Lee and Kim 2013; Martins et al. 2014; Peng et al. 2011), 
etc. A detailed review performed by Dordzie and Dejam 
(2021) provided good insight regarding the application of 
NPs in the low-salinity solution for the fractured oil reser-
voirs considering the possible mechanisms. Besides, they 
reviewed the possible applications of surfactants along 
with the NPs in the low-salinity conditions which revealed 
the possibility of using this formulation for EOR purposes 
especially in the fractured reservoir types although the 
fine migration problem is concerning which pushes the 

Table 2   The advantages and disadvantages of using NPs for EOR purposes

Chemical Advantages Disadvantages

Nanoparticles Great possibility and many options to manipulate the surface 
property of nanoparticles

High surface to volume ratio
Suitability in harsh environments
Environmental safety
Possibility to have less or no adsorption of nanoparticles on 

the rock surface
Good compatibility with other base liquids and in situ fluids in 

oil reservoirs
Metallic nanoparticles can be separated from oil (or water) and 

collected with magnetic techniques

Cost for manufacturing nanoparticles is still high in many cases
Mechanisms for EOR are not fully understood
Risk of precipitation and pore plugging
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researchers to perform more detailed investigation and 
studies regarding the application of such a formulation in 
fractured reservoirs.

Moreover, Olayiwola and Dejam (2019) performed a 
detailed survey on the application of surfactant-NPs dis-
solved in low-salinity aqueous solutions for both sandstone 
and carbonate reservoirs. According to their review, it is 
obvious that using NPs for EOR purposes is definitely bet-
ter than using only water injection, but NPs injection is not 
more successful than surfactant injection. In this way, NPs 
are used as injectable chemical along with low-salinity water 
(LSW) or chemical agents including surfactants to improve 
the oil recovery. In detail, it is possible to use NPs for fines 
migration prevention appears during LSW injection by con-
trolling the mobility of formation water, and reduce the sur-
factant adsorption on the pore walls of the reservoir.

On the other side, the considerable characteristics of ILs 
which come from their unique structure which is comprised 
of cationic and anionic sections convert these chemicals to 
a new class of surfactant. The point is that due to the unique 
structure of the ILs, it is possible to synthesize ILs for a 
specific task which means that synthesizing specific-task 
ILs is easily available for any desired application. In detail, 
it is possible to fabricate any desired IL for any purpose 
such as EOR processes by tailoring proper cationic and ani-
onic sections to each other (José-Alberto and Jorge 2011; 
Khupse and Kumar 2010). In this way, different researchers 
have investigated the possible applications of different ILs, 
especially from the imidazolium family for EOR purposes 
through reservoirs with harsh and high-salinity solutions 
(Hezave et al. 2013c; Smit et al. 1991).

The results reported by those researchers revealed that the 
dissolution of cationic ILs in the aqueous solution can neu-
tralize the opposite charges that existed in the solution due to 
the dissolved salts which provide the chance of easier pack-
ing of surfactant molecules in the interface which means 
lower IFT values. The results reported by Hezave et al. 
(2013a) demonstrated that this is not only the IFT variation 
that led to higher oil recovery during the EOR processes and 
this is the concomitant effect of IFT reduction and wettabil-
ity change causes more oil production (Rodríguez-Palmeiro 
et al. 2015).

The other point is that besides the chemical combination, 
there is a complicated and undeniable interaction between 
the crude oil type and the chemical combination concomi-
tant with the operating conditions such as pH which dictate 
the higher oil recovery can be achieved or not (Demirbas 
2016; Demirbas and Taylan 2015; Muhammad et al. 2013). 
In this way, it is highly crucial to carefully examine the influ-
ence of crude oil (basic or acidic) on the efficiency of the 
used chemicals. Respecting this fact, in the current inves-
tigation, an alkaline crude oil was selected and examined 
concomitant with the pyridinium-based ILs and SiO2-NPs. 

The point is that among the different possible choices for the 
sample crude oil which are acidic type, basic type, or even 
a specific fraction of extracted resin or asphaltenic one, the 
current investigation was focused on the possible interac-
tions that may exist between the different chemicals and a 
basic crude oil.

In general, crude oil is considered as four different frac-
tions namely aromatics, saturates, resin, and asphaltene 
which the last two fractions have detergency nature which 
makes them like surfactant molecules (Demirbas et al. 2015; 
Lashkarbolooki et al. 2014). This is why several investiga-
tions were focused on the possible interactions that may exist 
between the chemicals and these specific fractions which 
can act as the natural surfactant and consequently affect the 
wettability land IFT of the system (Andersen 1994; Lashkar-
bolooki et al. 2016; Mozaffari 2015; Mozaffari et al. 2021, 
2015; Wu et al. 1998).

As the last point, there are several investigations regard-
ing the application of ILs from the imidazolium family using 
synthetic and crude oils with or without nanoparticles. For 
example, Hezave et al. (2013b) investigated the influence 
of different ILs from imidazolium and pyridinium fami-
lies in the presence of salinity on the IFT and wettability 
of rock surface by performing a limited number of experi-
ments. They reported that the presence of ILs reduced the 
IFT values, especially if salinity existed which reduced the 
repulsive forces that existed among the ILs molecules. Also, 
they claimed that the ILs adsorption of on the rock renders 
the wettability of the rock surface water-wet.

Besides, Abbood et al. (2022) studded the influence of 
SiO2-NPs on the IFT reduction and carbonate rock wetta-
bility change using only one IL with a constant alkyl chain 
length from the imidazolium family using the synthetic oil 
(asphaltenic fraction). They have claimed that the existence 
of 1-dodecyl-3-methyl imidazolium chloride ([C12mim]
[Cl]) in the presence of asphaltenic synthetic oil leads to 
considerable IFT reduction and even a considerable effect 
on changing the wettability to water-wet status. Moreover, 
they have reported that the addition of SiO2-NPs in different 
ranges of concentration considerably changed the wettabil-
ity to strongly water-wet status while its influence on the 
IFT reduction was moderate compared with the addition of 
imidazolium family surfactant. The point is that although 
these investigations used the ILs from imidazolium and 
pyridinium families, no investigations were performed to 
investigate the effect of SiO2-NPs, pyridinium family as one 
of the most effective IL-based surfactants, pH as one of the 
most important operating conditions and basic crude oil.

Furthermore, Abbood et al. (2022) investigated the effect 
of another nanoparticle namely copper oxide (CuO) on the 
IFT reduction and wettability change in the existence of one 
imidazolium-based surfactant namely [C12mim][Cl]. They 
reported that the dissolution of [C12mim][Cl] reduced the 
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IFT value to the minimum value of 0.65 mN/m especially if 
the aqueous solution comprised of formation brine while the 
CuO-NPs presence slightly reduced the IFT. Besides, their 
measurements revealed that although the presence of CuO-
NPs slightly changed the IFT values, wettability change was 
significantly correlated to the presence of CuO-NPs, in par-
ticular if the solution was prepared using formation brine 
(0.65 mN m−1) (see Table 3).

In this way, the concomitant application of basic crude 
oil, pyridinium-based ILs namely 1-octyl-3-methyl pyri-
dinium chloride ([C8py][Cl]) and 1-dodecyl-3-methyl 
pyridinium chloride ([C12py][Cl]) and SiO2-NPs under 
different concentrations of 0–2000 ppm and 0–1000 ppm, 
respectively, were examined for IFT reduction and wettabil-
ity change purposes at pH of 3–11 for the first time accord-
ing to the authors’ knowledge.

The reason behind the selection of 0–2000 ppm as the 
investigation range for the concentrations of ILs is that using 
low concentrations of surfactant may fall below the critical 
micelle concentrations (CMC) of the system leading to no 
practical application since surfactants can be significantly 
absorbed by the porous media, which affects their capability 
to reduce the IFT (Curbelo et al. 2007).

Also, using concentrations larger than 2000  ppm is 
not cost effective to be used in the field scale. In this way, 
0–2000 ppm was selected to ensure about the finding of the 
CMC point and reduce the risk of losing functionality due 
to surfactant adsorption. Also, the NPs concentrations were 
considered between 0–1000 ppm since using higher con-
centrations may lead to two different limitations which first 
is the risk of precipitation and high operating cost while the 
second one is the turbidity of the prepared solution with 
higher concentration makes it impossible to measure the 
IFT of the binary solution using pendant drop or spinning 
drop IFT measurement techniques. Besides, the pH range 
was selected and tuned in a way that it covers at least three 
conditions acidic, neutral, and basic conditions which are 
so effective on the reactions that may exist between the oil 
constituents to produce in situ surfactant or another possible 
phenomenon which can directly affect the IFT and wettabil-
ity of the system.

Besides, the influence of length of alkyl chain for the 
pyridinium-based surfactants is going to be examined con-
comitant with the pH as one of the most important operat-
ing conditions for the first time. Moreover, using NPs for 
EOR purposes has an intrinsic risk which is the risk of NPs 
precipitation due to agglomeration or other phenomena that 
may lead to pore plugging which in severe cases can cause 
catastrophic outcomes which is crude oil entrapment in the 
oil reservoir forever. In the light of this limitation, the effect 
of two pyridinium-based surfactants on the SiO2-NPs are 
going to be examined for the first time since any type of sur-
factant which can retard or eliminate the nanoparticles pre-
cipitation in the aqueous solution would be welcome to EOR 
industries. In other words, it is crucially necessary to inves-
tigate the stability of SiO2-NPs in the presence and absence 
of ILs to ensure the long-term stability of the prepared solu-
tions to unveil the possible risk of SiO2-NPs precipitation 
while no investigation existed regarding the application of 
pyridinium-based surfactant for such a purpose.

Finally, the authors are going to examine the influence of 
optimum chemical formulations on the tertiary oil recovery by 
performing different core flooding experiments using the quick 
flooding and the flooding procedure followed by soaking time 
for a period of 1 month. The soaking time was dedicated to the 
system since it would be possible to maximize the influence 
of wettability change on the oil recovery if the surfactant mol-
ecules have enough time for adsorption on the entire surface 
of the rock. In detail, since there is no report in the previously 
published works based on the best knowledge of the authors 
regarding influence of pH, SiO2-NPs, and pyridinium-based 
surfactants on tertiary oil recovery, the last phase of this inves-
tigation were focused on the tertiary oil recovery of chemi-
cal combinations with or without soaking on the oil recovery 
for the first time [see the following flowchart (Fig. 1)]. The 
noteworthy point is that the current investigation is aimed 
to fulfill the shortcoming that existed regarding the synergy 
between the nanoparticles and acidity of the aqueous solution 
in the presence of alkaline crude oil. The other point is that 
the synergy between ILs and different EOR chemical agents 
especially nanoparticles is highly limited, especially consid-
ering the pyridinium families since other IL families such as 

Table 3   Advantages and disadvantages of using hybrid methods proposed in this study using only resin fraction

Chemical combination Advantages Disadvantages

IL + nanoparticles/resinous synthetic oil Synergism between NPs and ILs for better IFT 
reduction

Better wettability alteration modification toward 
water-wet conditions

Stabilized NPs with minimum risk of precipita-
tion and pore plugging

Lower chemical concentration would be required
It is possible to extract generalized conclusions 

since only resin fraction is used as sample oil

Adsorption study required
Mechanism are not well described and categorized
Only resin fraction was investigated while asphal-

tene fraction is also important
Only non-metallic NPs was studied
No viscosity measurements were done
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imidazolium are investigated in more literature although the 
overall conclusions and mechanisms are still in dark. Besides, 
most of the investigations are focused on the individual meas-
urement of IFT and wettability alteration while the effect of 
these chemical formulations is limitedly examined through 
core flooding experiments which is one of the main targets of 
this investigation to enlighten the practical application of the 
obtained chemical formulation.

Materials and methods

Material and solutions

The sample crude oil (asphaltene content of 8.2% and resin 
contents of 5.5%) was provided from one of the Iranian oil 
fields namely Dorood oilfield with a density of 0.905 g.

Preparing synthetic oil using 
toluene 

Crude oil 

Resin extraction as below (IP 143) 

Mixing with n-Heptane  

de-asphalted oilAsphaltene fraction

Resin adsorption 

(35–70 mesh 

ASTM)

70:30          

n-heptane and 

toluene 

Mixture  

Rinsing saturates 

and aromatics 

Resin fraction

Rinsing with acetone (40), dichloro methane (30) 

and toluene (30)  

IFT measurements using different 
ILs (0-2000 ppm) and pH (3-11)

With resin fractions (1-9 
% wt)

Without resin fraction 

Optimum pH 
value and IL 
concentration 

selection 

Stability analysis at 
the presence of 

SiO2-NPs 

Measuring the 
IFT using SiO2-

modfied 
surfactant 

solution

Investigating the wettability alteration effect of 
SiO2modified surfactant solution

Core flooding 
experiments 

Fig. 1   Schematic of the performed experiments
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cm−3 under ambient temperature (20 °C) (Chehrazi et al. 
2013). This oilfield is the largest Iranian offshore oil field 
(25 km and 5 km long and wide, respectively) located in 
the Persian Gulf which has 88 wells 47 of which are pro-
duction wells (Chehrazi et al. 2013). The formation of this 
oilfield is a combination of Asmari, Surmeh, Yamama, and 
Manifa which the Asmari section has an API° degree of 
23–25 while the API° of Surmeh, Yamama, and Manifa are 
29.5, 35, and 31, respectively (Setudehnia 1978).

The worth mentioning point is that the current oilfield 
has 2 gas injection wells, and 12 water injection wells 
which means that this oilfield is good candidate for the 
water-based EOR processes. On the other side, the maxi-
mum production of 139.74 thousand bpd of crude oil and 
condensate was the old record of this reservoir which will 
lose its economic production rate in 2041.

Respecting the Dorood structure it can be observed that 
this oilfield is an elongated anticline, plunging toward the 
NNE from Cretaceous and late Miocene times. In detail, 
two independent structural events from late Cretaceous 
times led to an NNE–SSW-orientated folds while the sec-
ond structural event occurred in late Oligocene– Pliocene 
times which uplift the structure (Bosold et al. 2005; Cheh-
razi et al. 2013; Fard et al. 2006). The point is that dur-
ing the first period of structural modification, WNW–ESE 
which was perpendicular to the present-day fold axis was 
the main directional movement. On the other hand, the 
main stress direction during the second structural event 
was NE–SW, with a slight change to N020 (Berberian and 
King 1981; Beydoun 1991; Ghazban 2007), (James and 
Wynd 1965; Setudehnia 1978). The required core plugs 
and rock samples from the outcrop were analyzed using 
Energy-Dispersive Spectroscopy known as EDX analysis 
for the elemental analysis of the used rock thin sections. 
According to the performed analysis most of the used rock 
samples are made of oxygen, carbon, calcium, and magne-
sium which can be considered as an indication of dolomite 
core sample. Moreover, since the tin section surfaces are 
not smooth and homogenous, one can face with uncer-
tainties during contact angle (CA) measurements moved 
the authors to measure the CA of each point at least three 
times. In other words, each reported CA data point is the 
average of at least three independent measurements with 
maximum uncertainty of ± 5° according to the statistical 
analysis.

The required salts with a purity of better than 99.5% 
were purchased from Sigma-Aldrich, USA, while the 
required SiO2 nanoparticles (20–30 nm) were supplied 
from Finenano, Iran (purity better than 99%). Besides, the 
required ILs were synthesized using a standard procedure 
and materials using 1-methyl pyridinium, 1-chlorodode-
cane, and 1-chlorooctane (Merck/Fluka, purity > 99.5%).

IFT and CA measurement

Using the Pendant drop method for IFT measurement is 
one of the most interesting and applicable methods due 
to its unique advantages for accurate and fast IFT and CA 
measurement. (Yang et al. 2014). Respecting this fact, IFT 
and contact angle values were measured using pendant 
drop equipment (APEX Technologies Co., Arak. Iran) (see 
Fig. 2).

A brief description of the used equipment and related 
theory is given by Stauffer (Stauffer 1965).

where Δρ, g, and H are the difference between the bulk and 
drop phases, acceleration of gravity, and the shape-depend-
ent parameter, respectively. Besides, the H value in Eq. (1) 
which is known as the shape factor value is correlated to 
the S value which is the d/D. To calculate the S value, it is 
required to find the D and d diameters which are the equato-
rial diameter and the diameter at the distance D from the top 
of the drop, respectively.

The equipment has three different sections, namely an 
automatic dispensing system, an image recording, and dis-
patching section, and online IFT and contacts angle calcula-
tion software. Using the first section, the required volume 
of the drop can be dispensed at the tip of the nozzle in an 
upward or downward direction depending on the difference 
between the bulk phase and drop phase using an automatic 
micro-metering injection system. In the second section, the 
camera and lens assembly capture the required images at 
different time intervals and dispatches them to the calcula-
tion software where the images are analyzed and the small 

(1)� =
Δ�gD2

H

Fig. 2   IFT and CA measurements equipment
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diameter and large diameters are detected and calculated, 
and then converted to the IFT values. The point that must 
be defined is that the used software automatically detects the 
small and large diameters and then convert the calculated 
parameters to the IFT values. In this way, it is possible to 
consider the possible error as a constant parameter through 
all measurements which is highly crucial if anyone wants 
to compare the results to each other for different operating 
conditions.

Results and discussions

Effect of pH and ILs on the IFT

In the first stage of this investigation, the influence of two 
different parameters including pH as one of the operating 
conditions and IL concentration for two different ILs from 
one family namely [C8py][Cl] and [C12py][Cl] as one of 
the chemical parameters were investigated on the IFT vari-
ation. In this way, the pH was ranged between 3 and 11 to 
cover all three conditions of acidic, neutral, and basic condi-
tions while the IL concentration was ranged between 0 and 
2000 ppm to ensure the examining the concentrations which 
are well above the critical micelle concentration (CMC) 
value since most of the surfactants have a CMC value of 
below 1000 ppm. The performed measurements revealed 
that as the pH increases from 3 to 11, the IFT values increase 
from 20.3 to 31.2 mN/m. This trend is due to the formation 
of in situ surfactant from a reaction between the basic con-
tents of the crude oil and acidic constituents of the formation 
brine leading to the formation of in situ surfactant which 
can act as the IFT reducing agent. As a consequence of this 
in situ formation, the IFT value reduces for the aqueous solu-
tions with acidic pH while the IFT value starts to increase 
as the pH increases since the formation of in situ surfactants 
reduces as the pH increases due to the lack of acidic contents 
which can react with the basic contents of crude oil.

Besides the influence of pH on the IFT value, in the 
second phase of this section, the influence of IL concen-
tration (0–2000 ppm) was examined on the IFT reduction. 
The measured IFT values showed that for the examined 
pH values in the range of 3–11, the presence of [C8py][Cl] 
(0–2000 ppm) can reduce the IFT value from 20.3 to 0.95 
mN/m for pH of 3, from 27.3 to 2.2 mN/m for pH of 7, and 
from 31.2 to 5.4 mN/m for pH of 11 (see Fig. 2).

Besides the influence of pH on the IFT value, in the 
second phase of this section, the influence of IL concen-
tration (0–2000 ppm) was examined on the IFT reduction. 
The measured IFT values revealed that for all of the exam-
ined pH values, the presence of [C8py][Cl] in the range of 
0–2000 ppm can reduce the IFT value from 20.3 to 0.95 
mN/m for pH of 3, from 27.3 to 2.2 mN/m for pH of 7, and 

from 31.2 to 5.4 mN/m for pH of 11 (see Fig. 2). A glance 
into Fig. 2 reveals a similar trend for [C12py][Cl] although 
the minimum values for different pH values using [C12py]
[Cl] as the chemical surfactant are lower than similar val-
ues measured for [C8py][Cl]. This behavior contributed to 
the longer alkyl chain length of [C12py][Cl] compared with 
[C8py][Cl] led to better packing of surfactant molecules at 
the interface. In detail, as the alkyl chain length increases 
the surface charges are well-distributed than the IL with a 
shorter chain length causing lower repulsive forces at the 
interface making it possible or the IL molecules to be packed 
and arranged in a more dense manner in the interface lead-
ing to lower IFT values. The other point is that as the alkyl 
chain length increases, the CMC value reduces. In detail, 
the measured IFT revealed that the aqueous solution which 
is modified by dissolved [C12py][Cl] leads to sharper IFT 
reduction compared with the aqueous solution modified by 
dissolved [C8py][Cl] in a similar concentration.

A closer look into Fig. 3 also revealed that as the pH 
increases, the slope of the IFT variation loses its sharpness 
which means a higher CMC value for both examined ILs as 
the pH increases. This observed trend can be directly cor-
related to the lower in situ formation and undesired interac-
tions which can be appeared in the solutions with higher 
pHs, especially for the solutions, that have a basic pH of 11 
since no in situ surfactant forms to boost the IFT reduction. 
The other point which can be extracted from the depicted 
results in Fig. 2 is that as the pH increases, the influence 
of [C12py][Cl] for IFT reduction is stronger than [C8py]
[Cl] which is related to the acidic nature of the used ILs, 
especially [C12py][Cl] compared with [C8py][Cl] leading 
to the better potential of the prepared solution by [C12py]
[Cl] for IFT reduction by forming in situ surfactants leading 
to sharper IFT reduction.

Aqueous solution stability at the presence 
of SiO2‑NPs

In the second stage, the stability of an aqueous solution con-
taining SiO2-NPs was investigated since precipitation of NPs 
in the reservoir is an undeniable risk that must be reduced to 
its minimum level or in the best case eliminated to ensure no 
precipitation and pore plugging is existed during the injec-
tion of such a solution.

In detail, it is reported that if the surface of silica NPs 
was coated with Cetyltrimethyl ammonium bromide (CTAB) 
with a low concentration, the stability of the NPs was 
extremely affected toward positive situation which is more 
stability and later precipitation (Esumi 2001). Therefore, the 
initial surfactant concentration does not alter the IFT but 
ensures the stability of the NPs through the stearic repulsion.

In this way, a compatibility test must be performed to find 
the condition including concentration and pH leading to the 



2527Journal of Petroleum Exploration and Production Technology (2023) 13:2519–2537	

1 3

most stable aqueous solution containing SiO2-NPs for a long 
period of time and at least one month. In this way, consider-
ing the optimum concentrations of ILs which led to the low-
est IFT values (for both ILs were 1000 and 2000 ppm), the 
compatibility test was performed by changing the SiO2-NPs 
concentration between 0 and 1000 ppm and keeping the ILs 
concentrations constant at two values of 1000 and 2000 ppm.

All of the prepared solutions revealed long-term stability 
in the presence of ILs regardless of their alkyl chain length 
while the aqueous solutions prepared without ILs experi-
enced precipitation after 6 h of solution preparation. As a 
consequence of these observations, it seems that the applica-
tion of IL is a crucial parameter to stabilize the SiO2-NPs 
for a long period of time. The other important parameter 
that must be examined is the influence of pH as an effective 
operating condition on the NPs stabilities. The performed 
stability analysis on the aqueous solutions using 1000 
and 2000 ppm IL, with pH values between 3 and 11 with 

SiO2-NPs concentration of 1000 ppm revealed that increas-
ing the pH from 3 to 11 can increase the stability period of 
the aqueous solutions may be due to prevention of ionization 
of surfactants in the solution consequently leading to better 
dispersion of the SiO2-NPs in the solution.

The noteworthy point is that the observed correlation 
between the surfactant and NPs was correlated to the zeta 
potential by Esumi et al. (2001). In detail, they reported that 
enhancing the surfactant concentration directly increases its 
adsorption (attraction) to the oppositely charged NPs, shifts 
the zeta potential to 0 mV resulting in aggregation. Repul-
sion of the surfactant coated NPs increases with an increase 
in the surfactant concentration. As a result, the aggregation 
of the NPs becomes reverse, which refers to the peptization, 
when the concentration of CTAB increases (Esumi 2001). 
The surfactant adsorption increases with an increase in the 
concentration of surfactant due to the reordering pattern of 
the surfactant tail-head and head–tail at the interface, which 

Fig. 3   influence of [C8py][Cl] and [C12py][Cl] on the IFT reduction, a pH of 3, b pH of 7, and c pH of 11 (uncertainties of measured IFT val-
ues =  ± 0.2 mN/m)
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results in the repulsion and attraction of NPs in order to 
accommodate more surfactant (Esumi 2001). Repulsion 
of the surfactant and NPs of similar charges enhances the 
stability of a solution of NPs at a low concentration of sur-
factant. The process of surfactant adsorption in the solutions 
of surfactant and NPs with the same charges is similar to 
that in the solutions of surfactant and NPs with the opposite 
charges. Therefore, the IFT decreases and the zeta potential 
changes based on the surfactant charges (Cheraghian and 
Hendraningrat 2016a, 2016b; Fereidooni Moghadam and 
Azizian 2014).

Effect of concomitant presence of ILs and SiO2‑NPs 
on the IFT

In this section, the synergistic correlation of ILs and 
SiO2-NPs was investigated by measuring the IFT value of 
aqueous solution/crude oil by ranging the SiO2-NPs con-
centration between 0 and 1000 ppm while the ILs concen-
trations were kept constant at 2000 ppm since in the previ-
ous section, using ILs with a concentration of 2000 ppm 
leading to the lowest IFT value. The measured IFT values 
revealed that for both ILs, increasing the SiO2-NPs from 0 
to 1000 ppm leads to a reduction in IFT value although this 
reducing effect is more evident as the pH increases. In other 
words, increasing the SiO2-NPs from 0 to 1000 ppm for 
[C8py]Cl] reduces the IFT value from 0.95 to 0.73 mN/m 
for pH of 3, from 2.2 to 1.33 mN/m for pH of 7, and from 
5.4 to 1.3 mN/m for pH of 11 which means a considerable 
influence of pH on the effect of SiO2-NPs for reducing the 
IFT which is directly correlated to the better stability of 
SiO2-NPs in the solution with pH of 11 (see Fig. 4).

A glance into the depicted results for [C12py][Cl] also 
revealed a similar trend for the IFT reduction of SiO2-NPs 
in the presence of [C12py][Cl] with a concentration of 
2000 ppm. Similar results were reported by Fereidooni and 
Azizian (2014) regarding the reducing effect of a low con-
centration of CTAB which was added to ZnO NPs which is 
slightly negatively charged (Arab and Pourafshary 2013).

In contrast to the results obtained in the current investiga-
tion and those reported by Fereidooni and Azizian (2014), 
and Ahualli et al. (2011) reported that the addition of a cati-
onic surfactant to the solution comprises of anionic NPs led 
to a reduction in the effective surface charges of the solu-
tion from negative to positive while the interaction radius of 
the NPs and surfactant molecules remains constant with an 
increase in the surfactant concentration. As a consequence of 
this phenomenon, the particles aggregate due to the electri-
cal attraction between the NPs and the surfactant causing a 
reduction in the number of ions in the solution.

Effect of ILs and SiO2‑NPs on the wettability change

The individual influence of ILs on the wettability change 
and concomitant with SiO2-NPs was investigated using the 
CA measurements. The measured CA values for the aqueous 
solution containing ILs with concentrations of 0–2000 ppm 
revealed a direct correlation between the IL concentration 
and water-wet wettability change of the rock surface (see 
Fig. 5). The measurements demonstrated that as the pH 
increases from 3 to 7, the CA values increase to more oil-
wet conditions while further increases of pH, leading to a 
reducing trend in the CA changed the rock surface to more 
water-wet status although the values never reached the con-
tact angle values of pH = 3. In other words, it seems that an 

Fig. 4   Effect of SiO2-NPs on 
the IFT reduction (uncertainties 
of measured IFT values =  ± 0.2 
mN/m)
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increase in pH leads to an overall increasing trend in the 
contact angle values toward more oil-wet conditions. This 
point can be correlated to isoelectric points (IEP) which are 
mostly in the range of pH = 8–10 (Alotaibi and Yousef 2016; 
Alotaibi et al. 2011).

In detail, it has been reported that as the pH value 
increases to basic conditions (pH > 9) and well far from the 
neutral conditions which are about pH of 7, the system is 
rendered toward oil-wet conditions or adhesion state (Meh-
raban et al. 2021). They correlated this obtained trend to 
the fact that the wettability moved toward oil-wet condi-
tions under low and high pH ranges since the oil/water and 
rock/water interfaces become oppositely charged leading to 
electrostatic attraction, thus wettability alteration toward the 
oil-wet state. But the point is that, in the current investi-
gation, the pH value was examined concomitant with the 
other operating parameters such as the IL concentration 
and type which can manipulate the pure effect of pH on 
the wettability. The point is that in contrast to the results 
reported by several researchers, Saw and Mandal (Saw and 
Mandal 2020) reported that calcite dissolution increases the 
Ca2 + ions in the aqueous solution which disturbs the pre-
existing equilibrium.

At this time, the rock dissolution which is accompanied 
by the desorption of crude oil polar components leads to 
the higher water-wet conditions of the rock surface which 
directly increases the oil recovery. They also reported 
that another possible reason for better water-wet condi-
tions after calcite dissolution comes from the SO4 2− ions 
adsorption concomitant with the Ca2+ on the rock sur-
face. In other words, they claimed that as SO4

2− ions are 
adsorbed onto the carbonate surfaces, the positive surface 

charge density decreases which in turn minimizes the elec-
trostatic repulsive force that existed between the carbonate 
surface (positively charged) and cations that existed in the 
brine. So, as a result of Ca2+ and other cations co-adsorp-
tion, Ca2+ ions react with the carboxylic acid groups that 
are bonded with the rock surface and thereby breaking 
the interactive interaction between oil and rock surface. 
As a consequence of this interaction, Ca2+–carboxylate 
complexes are formed and their subsequent release from 
the rock surface alters the rock surface to a more water-
wet condition.

Besides, the analysis showed that both examined ILs led 
to wettability movement toward water-wet status as the IL 
concentration was increased. The reason for the observed 
trend is directly correlated to the higher number of surfactant 
molecules that can penetrate into the oil film existing on 
the rock surface. As a consequence of this penetration, the 
surfactant molecules stick to the surface of the rock render-
ing the surface more water-wet. In detail, surfactant mol-
ecules manipulate the electrostatic force, the hydrophobic 
force, and the attractive force between the polar components 
and surfactant molecules and rock morphology. In general, 
the wettability change of an oil-wet carbonate rock surface 
depends upon the type of surfactant, oil composition, the 
concentration of surfactant, and brine salinity. The other 
point which manipulates the efficiency of the surfactant for 
wettability change is the salts that existed in the solutions. 
In detail, salts accelerate the penetration and dispersions of 
the surface-active components to the interface consequently 
leading to higher adsorption of the surfactant molecules into 
the interface which moves the surface rock wettability to 
water-wet status from its initial intermediate condition.

Fig. 5   Effect of the used ILs on 
the wettability change (uncer-
tainties of measured contact 
angle values =  ± 5° mN/m)
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In the second phase of this section, the synergistic effect 
between the ILs and SiO2-NPs was investigated to find if 
these formulations can change the rock wettability toward 
strongly water-wet conditions. In this way, by keeping con-
stant the concentration of ILs at 2000 ppm and changing 
the concentration of SiO2-NPs (0–1000 ppm), the influ-
ence of these formulations on the wettability change was 
examined. Besides, the influence of pH values in the range 
of 3–11 was investigated using changing one factor at a 
time approach as the design of experiments method to find 
the interactions that may exist between these chemicals 
and pH values. The obtained results showed that although 
an increase in the SiO2-NPs for all the studied pH values 
of 3–11 led to better wettability change toward strongly 
water-wet, the best performance for [C8py][Cl] was 
obtained for pH of 7 which is a neutral condition, while 
for the [C12py][Cl] the acidic medium was more prefer-
able for wettability change. The reason for this trend is 
correlated to the longer alkyl chain length of [C12py][Cl] 
leading to better neutralization of repulsive forces that may 
exist between the aqueous contents and the surface charges 
of the rock surface while [C8py][Cl] could not neutralize 
the severe pH condition consequently leading to worse 
functionality of SiO2-NPs t the acidic condition. In other 
words, [C8py][Cl] is less capable to dampen harsh acidic 
or basic conditions since the maximum wettability change 
was observed for a pH of 7 while for [C12py][Cl] both the 
acidic and basic conditions have better functionality can 
be achieved instead of a neutral condition (see Fig. 6).

The point is that the results reported by Hendraningrat 
and Torsæter (2014) are in a good agreement with those 

results obtained in the current investigation using silica-
based nanoparticles.

Similar to the results obtained in the current study, it 
seems that using silica-based NPs is capable to alter the 
wettability of the core plug surface in the light of solid/fluid 
interface changes coming from the adsorption of hydrophilic 
NPs. Moreover, they claimed that regardless of the initial 
wettability condition of the core plug surfaces (water-wet 
or oil-wet), using silica-based NPs reduces the CA values 
which means moving the surfaces toward the water-wet 
status.

In detail, they claimed that if the hydrophilic NPs which 
here are the silica-based NPs utilize in an aqueous solution 
such as seawater, the CA of quartz plate reduces from 39° to 
26° (more than 33% change in wettability (Morrow 1990).

Moreover, Ershadi et al. (2015) utilized hybrid carbon/
silica nanotubes to change the wettability of rock toward a 
water-wet condition. It was reported by (Ershadi et al. 2015) 
that using a hybrid combination of nanoparticles is capable 
to render the rock surface more water-wet. The reduction 
of interfacial tension (IFT) is the most effective mechanism 
that might enhance oil production. A glance into the result 
revealed by (Sarafzadeh et al. 2014), regarding the domi-
nant influence of nanoparticles on the wetness change as to 
compare it with the IFT reduction. According to the find-
ings, it is possible to categorize the possible mechanisms 
regarding nanoparticle into three different classes, and one 
of the most important ones besides disjoining pressure and, 
density difference, is changing wetness. The application of 
nanoparticles can directly produce a gradient between res-
ervoir fluids and injecting fluid by manipulating the density 
of fluids which can consequently affect the movement of oil 

Fig. 6   Influence of SiO2-NPs 
and pH on the IFT reduction 
while the IL concentration 
was held constant at 2000 ppm 
(uncertainties of measured con-
tact angle values =  ± 5° mN/m)
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film on the surface of rocks and replace it with water film 
which means changing the oil-wet condition (Al-Anssari 
et al. 2016; Maghzi et al. 2011; Wang et al. 2005).

Besides, Wasan and Nikolov performed an interesting 
visual-video microscopy-based investigation to examine 
solid surface modification with the assistance of immiscible 

liquid spreading on solid surface occur by Brownian motion. 
Their findings revealed that the nanoparticle arrangement 
leads to the formation of a wedge film between the oil and 
solid substrates (see Figs. 7 and 8. At this point, a pressure 
gradient appears between the thin layer and the bulk of fluid 
and is boosted as the nanoparticle concentration enhances. 

Fig. 7   Nanoparticle packing 
leads to disjoining pressure 
gradient at the wedge vertex 
(Salehi et al. 2010)

Fig. 8   Effect of chemicals on the wettability change
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As a consequence of this pressure gradient, it would be pos-
sible to manipulate by affecting the film tension toward the 
vertex of the wedge which consequently can influence the 
surface wettability (Kondiparty et al. 2011; Wasan et al. 
2011).

Besides the other nanoparticles, Aghajanzadeh et  al. 
(2019) have investigated the influence of silica-nanoparticles 
on the changing wetness of rock surface. They have reported 
that according to the obtained results the concentrations of 
nanoparticles and enhances changing wetness were shifted 
from oil-wet to water-wet. Moreover, the results of spontane-
ous imbibition examinations revealed an increase of about 
15% higher oil recovery using nano-fluid compared with the 
case only formation brine was utilized. Finally, they exam-
ined the influence of nanoparticle presence in the injected 
solution during the core flooding experiments and found that 
not only the relative permeability curve was modified and 
moved toward the right side of the curve also the water rela-
tive permeability was reduced to 0.23 mD from its initial 
value of 0.43 mD at the residual oil saturation due to wet-
ness change toward water-wet status from strongly oil-wet 
(Aghajanzadeh et al. 2019).

On the other hand, an innovative application of nanopar-
ticles with anionic surfactants was performed by Ershadi 
et al. (2015) which it illustrated the possible effect of sur-
factant existence that might reduce the IFT values. As well 
as maybe, accelerate the penetration of nanoparticles to 
enhance their possible effect on the rock surface wetta-
bility, moreover, the reduced IFT and the wetness change 
strengthen one another, and that definitely will enhance the 
oil production, by producing more trapped oil from the res-
ervoirs (Resasco et al. 2015).

Furthermore, Karimi et al. (2012) utilized Zirconium 
oxide (ZrO2) to alter the rock wetness surfaces. In addi-
tion, it was found that the adsorption of these nanoparti-
cles might modify the surface toward neutral wet, as well 
as it was reported that measuring the air/water CA values 

demonstrated the change in wettability from oil-wet to neu-
tral wetting states. In addition, as it was found the energy-
dispersive X-ray, EDX, and the analysis of the samples aged 
in a solution containing nanoparticles of ZrO2 revealed 
that the surfaces are composed of Ca and Zr as constituent 
materials, which means zirconium, was adsorbed onto the 
surface (Alotaibi et al. 2011). One of the other innovative 
investigations is related to the production of a new family 
of nanoparticles, e.g., Fe3O4 NPs coated nanoparticle Eth-
ylenediaminetetraacetic (EDTA) as a hydrophilic polymer 
or Sodium Lauryl Sulfate (SLS) as an anionic surfactant by 
the dip-coating method recently proposed by Shalbafan et al. 
(2019). In this method, a nanoparticle can effectively change 
the wettability of the rock surface from oil-wet to water-wet 
condition by activating the disjointing pressure mechanism.

The experiments conducted by Hendraningrat and 
Torsæter (2014) showed that using an optimal chemical 
formulation of nano-solutions for EOR purposes led to a 
reduction in the residual oil saturation by activating wet-
tability change and another mechanism. They even claimed 
that an increase in the temperature has a direct effect on 
the displacement of trapped oil in the reservoir. Finally, 
they reported that using a nano-based chemical slug as an 
extended post-flush can increase the oil recovery up to 4.9% 
based on OOIP. In this way, considering the results reported 
by Hendraningrat and Torsæter (2014) and those obtained 
in this study, it is obvious that using SiO2-NPs + ILs is an 
effective chemical formulation for oil recovery.

Core flooding experiments using optimums 
solutions

The influence of 6 optimum aqueous solutions including 
2000 ppm of [C8py][Cl] and [C12py][Cl] concomitant with 
1000 ppm of SiO2-NPs in different pH conditions of 3, 7, 
and 11 were examined on the tertiary oil recovery by per-
forming different core flooding tests. In this way, two kinds 

Table 4   Influence of chemical 
solutions including ILs, 
pH and SiO2-NPs on the 
tertiary oil recovery (core 
diameters = 3.78 cm, and core 
length = 7 cm, oil recovery 
calculated based on OOIP)

*The used core plugs for these two experiments are the core plugs were used for core flooding No #1 and 
4 (these two core plugs were carefully rinsed using Soxhlet cleaning apparatus and then used for the core 
flooding experiments with soaking stage)

No. Permeabil-
ity (mD)

Porosity Soaking period 
of 30 days

pH IL Secondary oil 
recovery

Tertiary 
oil recov-
ery ± error

1 6.3 15.6 No 3 [C8py][Cl] 43.1 6.9 ± 2.0
2 5.6 14.8 No 7 [C8py][Cl] 39.6 5.2 ± 2.7
3 4.9 16.6 No 11 [C8py][Cl] 42.5 4.3 ± 3.2
4 6.9 13.3 No 3 [C12py][Cl] 48.9 9.1 ± 2.0
5 5.3 15.9 No 7 [C12py][Cl] 43.9 7.6 ± 1.9
6 7.3 17.2 No 11 [C12py][Cl] 41.1 6.1 ± 2.0
7* 6.3 15.6 Yes 3 [C8py][Cl] 40.5 10.1 ± 1.3
8* 6.9 13.3 Yes 3 [C12py][Cl] 44.4 13.3 ± 1.2
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of core flooding experiments namely quick flooding and 
soaking flooding were introduced to find the ultimate impact 
of IFT reduction and wettability alteration on oil recovery. 
The core flooding tests (see Table 4) showed that the influ-
ence of [C12py][Cl] regardless of the examined pH led to 
a higher oil recovery factor compared with the [C8py][Cl] 
due to better IFT reduction capability and wettability change 
efficiency. In detail, [C12py][Cl] led to better IFT reduction 
and wettability change toward water-wet conditions due to 
longer alkyl chain length.

As is obvious in the results tabulated in Table 4, as the pH 
was changed to 11 from 3, the efficiency of the used chemi-
cal solution for oil recovery was reduced. The reason behind 
this fact is correlated to the production of in situ soap due 
to interactions occurring between the basic contents of the 
crude oil and acidic contents of the aqueous solution lead-
ing to saponification of the medium consequently strength-
ening the influence of the existing ILs on the IFT which 
directly affect the oil recovery factor. However, as the pH 
increases to the basic condition the formation of in situ soap 
and saponification faces retarded conditions leading to lower 
IFT reduction and lower oil recovery factor.

Finally, the influence of soaking was examined using 
the optimum operating condition (pH = 3) and chemical 
formulation to find if it is possible to find the influence of 
wettability change on the oil recovery compared with the 
influence of IFT which was previously examined through the 
quick and conventional core flooding experiments. In this 
way, after chemical slug injection into the core plug after 
the secondary oil recovery stage, the system was shut down 
(outlet and inlet valves were closed) for 30 days in the cur-
rent investigation to give the chemical formulation a proper 
chance to be spread through the core plug and introduce its 
ultimate effect on the wettability change since the wetta-
bility change is a time-consuming phenomenon. According 
to these findings, it can be concluded that the difference 
between the oil recovery factors of No #1 and 4 and No #7 
and 8 are attributed to the influence of wettability change 
since the IFT reduction mechanism is a rapid phenomenon 
while the wettability change is a time-dependent phenom-
enon. In this regard, it seems that introducing 30 days of 
soaking into the flooded core plugs increases the oil recovery 
factor up to 46.3% (for [C8py][Cl]) and 46.1% (for [C12py]
[Cl]) considering the oil recovery factor with and without 
soaking mostly due to ultimate effect of wettability change 
on the oil recovery.

To sum up, it seem that using core flooding along with the 
soaking period leads to a significant oil recovery enhance-
ment which makes such a chemical EOR processes more 
economical to be performed in the field scale.

The similar results were reported by Manshad et  al. 
(2017)  using four ionic liquids without NPs, namely: 
[C12mim]Cl, 1-octadecyl 3-methyl imidazolium chloride 

([C18mim][Cl]), [C8Py]Cl and 1-octadecyl-3 methyl pyri-
dinium chloride ([C18Py][Cl]). [C18mim][Cl]. They 
reported that application of these ionic liquids is capable to 
recover trapped oil with maximum recovery factor of about 
13% based on original oil in place using only a solution with 
IL concentrations of 170 ppm.

Moreover, Zabihi and his coworkers (2020) examined 
the potential of two ILs from imidazolium and pyridinium 
chlorides with different alkyl chain. They reported the suc-
cessfulness of ILs for higher oil recovery to the maximum 
value of 13% and 16.5%, respectively, for [C12mim][Cl] and 
[C18mim][Cl] by an effective reduction in IFT. Besides, they 
reported that using SDBS is more potential for oil recov-
ery with tertiary oil recovery of about 26% based on OOIP 
although it is impossible to use SDBS solution with concen-
trations higher than 1600 ppm due to risk of precipitation.

In this way, it seems that using NPs with IL through the 
core flooding experiments as was used in the current inves-
tigation leading to better oil recovery due to activation of 
IFT reduction via the presence of IL molecules makes it 
possible to collect the oil drops trapped in the pores and 
throats to form a bigger oil bank and mobilize the oil bank. 
On the other hand, the presence of NPs can penetrate into the 
oil film formed at the rock surface and provide the chance 
of oil detachment from the surface and collect this type of 
inaccessible oil to form a secondary oil bank leading to more 
oil recovery compared with the individual application of IL 
or NPs through the core flooding experiments.

Summary and conclusions

The application of two ionic liquids (ILs) namely 1-octyl-
3-methyl pyridinium chloride ([C8py][Cl]) and 1-dode-
cyl-3-methyl pyridinium chloride ([C12py][Cl]) as novel 
surfactants were examined in the presence and absence of 
silicon oxide nanoparticles (SiO2-NPs) under pH values of 
3–11 for interfacial tension (IFT) reduction and wettability 
change were studied for the first time to find the possible 
synergism between these chemicals and pH in the present 
study. The obtained results revealed that:

•	 Enhancing the pH (3–11) in the absence of different 
chemicals (formation brine/basic crude oil) led to an 
increase in the IFT value from 20.3 to 31.2 mN/m.

•	 The contact angle (CA) measurements showed that 
increasing the pH from 3 to 11 increases the CA (103.2°–
121.3°) if the pH increases from 3 to 7 while a further 
increase in the pH leads to a reduction in CA value from 
121.3° to 118.3°.

•	 Changing [C8py][Cl] concentration (0–2000  ppm) 
reduces the IFT from 20.3 to 0.95 mN/m for pH of 3, 
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from 27.3 to 2.2 mN/m for pH of 7, and from 31.2 to 5.4 
mN/m for pH of 11.

•	 If [C12py][Cl] concentration enhances from 0 to 
2000 ppm, IFT reduces from 20.3 to 0.74 mN/m for pH 
of 3, from 27.3 to 0.9 for pH of 7, and from 31.2 to 1.4 
mN/m for pH of 11.

•	 The results revealed a significant effect of SiO2-NPs on 
the IFT reduction as the pH increases from 3 to 11 while 
the IL concentration was held constant at 2000 ppm 
(regardless of the IL type).

•	 The obtained results reveal that not only the presence of 
SiO2-NPs with a maximum concentration of 1000 ppm 
introduces a reducing effect on the IFT especially for the 
pH of 11 regardless of the used IL but also it can move 
the surface wettability toward strongly water-wet condi-
tion with minimum CA value of 28.5o.

•	 The core flooding experiments revealed that it is possible 
to enhance the oil recovery to 6.9% and 9.1% based on 
the original oil in place (OOIP) using optimum chemical 
formulation under a pH of 3.

•	 Moreover, the performed experiments revealed that intro-
ducing a soaking time of 30 days into the flooded core 
with the optimum chemical formulation under pH can 
activate the wettability change to its ultimate value which 
increases the oil recovery up to 46% considering the core 
flooding experiments with no soaking time.
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