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Abstract
In this work, the process of low salinity water injection (LSWI) into reservoirs at various salt concentrations was simulated 
in order to study the change in the oil recovery factor during oil production. The simulation results of the recovery factor 
were compared with the experimental data. The results demonstrated that the simulation data were in good agreement with 
the experimental results. In addition, the formation damage (rock permeability reduction) in carbonate core samples was 
evaluated through coreflood experiments during LSWI in the range of salt concentration and temperature of 1500–4000 ppm 
and 25–100 °C, respectively. In the worst scenario of LSWI, the rock permeability has reached about 83% of the initial 
value. Our previous correlation was used to predict the formation damage in LSWI. In this case, the R-squared value between 
predicted and experimental data of rock permeability ratios was more than 0.97. Furthermore, the recovery factor during 
LSWI was analyzed with and without the use of DTPMP scale inhibitor (diethylenetriamine penta (methylene phosphonic 
acid)), and various nanoparticles  (TiO2,  SiO2,  Al2O3). The results of the coreflood experiments showed that the use of scale 
inhibitor provides an increase in the recovery factor by more than 8%. In addition, the highest recovery factor was observed 
in the presence of  SiO2 nanoparticles at 0.05 wt.%. The oil displacement during LSWI in the porous media with  SiO2 parti-
cles was better than  TiO2 and  Al2O3. The recovery factor in the presence of  SiO2,  TiO2, and  Al2O3 with DTPMP was 72.2, 
62.4, and 59.8%, respectively. Among the studied nanoparticles, the lowest values of the oil viscosity and interfacial tension 
(IFT) between oil and water were observed when using  SiO2. Moreover, the contact angle was increased by increasing the 
brine concentration. The contact angle with the use of  SiO2,  TiO2, and  Al2O3 at 0.05 wt.% was reduced by 11.2, 10.6, and 
9.9%, respectively.
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ϕ  Rock porosity, dimensionless
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Introduction

The modern approach to the economic development of 
oilfields requires the application of efficient technologies 
that increase oil recovery at a minimal cost. There are 
various methods of enhanced oil recovery, which are used 
for specific conditions. One of these methods, which has 
found wide application, is the low salinity water injec-
tion. This method has more advantages in terms of ease 
of operation, and environmental compatibility than other 
methods (Bartels et al. 2019; Katende and Sagala 2019; 
Tetteh et al. 2020; Xu et al. 2020). The main factors deter-
mining the mechanisms of the oil recovery for effective 
utilization of LSWI are the following: changing reservoir 
rock wettability, reducing IFT, plugging higher perme-
ability pore channels, and redirecting the waterflood path 
to lower permeability pores to improve sweep efficiency 
(Hadia et al. 2013; Mohammadi et al. 2019; Taheriotagh-
sara et al. 2020).

The LSWI technology has been successfully tested 
in oilfield treatments. Many researchers confirmed an 
increase in oil production efficiency and recovery factor 
due to LSWI in the sandstone and carbonate reservoirs 
(Joonaki and Ghanaatian 2014; Nasralla et al. 2016; She-
hata and Nasr-El-Din 2017; Olayiwola and Dejam 2020). 
The mechanism of the LSWI has been described as fol-
lows: IFT reduction, expansion of the electrical double 
layer, multicomponent ion exchange, and wettability 
change. However, the main factor is the change in wet-
tability. In general, the greatest increase in oil recovery 
factor by LSWI occurs when the content of salts in the 
injection water is less than in the formation water (Al-
Shalabi and Sepehrnoori 2016; Akkal et al. 2019). Dur-
ing the LSWI process, the clay swelling phenomenon can 
be observed, after which the clay particles can dissolve 
in brine, then migrate, settle, and get stuck in the pores 
(Sameni et al. 2015; Garcia-Olvera and Alvarado 2017). 
As a result of this sedimentation, the permeability of these 
pathways is reduced, and the brine is directed to the intact 
pathways, resulting in increased sweep efficiency and ulti-
mate oil recovery (Abhishek et al. 2018; Chen et al. 2021; 
Mahboubi Fouladi et al. 2021; Mardashov et al. 2021). 
Zaheri et al. (2020) reported that the type and concentra-
tion of the ions in the brine play a vital role in the wet-
tability changes and the ultimate oil recovery. Based on 
the experimental study, Su et al. (2018) observed that the 
maximum change in wettability is observed at the optimal 
salt concentrations.

Nanotechnology has attracted the attention of many 
scientists in different industries, including oil and gas, 
owing to its unique properties such as a very high specific 
surface area and small size. The ability of nanoparticles 

to penetrate into the smallest pores of reservoir rocks 
makes it possible to effectively develop huge oil reserves, 
the extraction of which is impossible using conventional 
technologies. The efficiency of oil displacement can 
be assessed at the nanoscale since the pore surface has 
a nanometer roughness, which determines the wetting 
properties of the formation rock samples (Asl et al. 2020; 
Sagala et al. 2020). Furthermore, there are various nano-
materials for utilization in the petroleum industry, in par-
ticular for enhanced oil recovery methods. The application 
of nanomaterials is ideal for increasing capillary pressure 
and oil recovery by increasing wettability. Nanoparticles 
with water form a nanodispersion or nanofluid that can 
be used as an oil displacement agent in the porous media 
(Nazari Moghaddam et  al. 2015; Shojaei et  al. 2015). 
Mansouri et al. (2019) reported that to maximize the oil 
recovery with LSWI,  SiO2 nanoparticles should be used 
at an optimum concentration.

It is important to consider which parameters have a sig-
nificant influence on the LSWI process using nanoparticles 
in order to enhance its efficiency. Some of them are as fol-
lows: size, type, concentration, and stability of nanopar-
ticles, surface coating by nanoparticles, density, injection 
time and rate, temperature, rock wettability, and permeabil-
ity (Hendraningrat et al. 2013; Roustaei and Bagherzadeh 
2015; Ehtesabi et al. 2015; Peng et al. 2017; Sun et al. 2017; 
Eltoum et al. 2021; Pryazhnikov et al. 2022). The adsorption 
of nanoparticles on the surface of the reservoir rock affects 
its surface charge, thereby changing the wetting characteris-
tics (Ali et al. 2019; Malgaresi et al. 2019). In addition, nan-
oparticles can increase productivity in heavy oil reservoirs. 
At the same time, the hydrophobic porous structure becomes 
hydrophilic due to the changes in the wettability of reser-
voir rocks, and as a result, the heavy oil can be displaced. 
Meanwhile, nanomaterials are used to reduce the heavy oil 
viscosity as a catalyst agent in the petroleum industry. These 
particles can be evenly dispersed in crude oil samples and 
significantly inhibit the formation of large viscoelastic net-
works, resulting in a decrease in oil viscosity (Taborda et al. 
2017; Taheri-Shakib et al. 2018; Ke et al. 2022).

Due to the increase in the interfacial tension, oil and water 
can be immiscible fluids. The lower IFT values between the 
oil and brine can provide better miscibility. When the nano-
particles are injected into the reservoir, a reduction in the 
IFT occurs, which theoretically contributes to an increase 
in the oil recovery (Sadatshojaei et al. 2016). Moreover, 
the process of movement and retention of nanoparticles in 
the porous media depends on many parameters such as the 
size and shape of particles, injection rate, and concentration 
(Bera and Belhaj 2016; Nowrouzi et al. 2019). The main 
reasons for the retention of nanoparticles in the formation 
rocks are as follows: adsorption due to the Brownian motion 
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of particles and the electrostatic interaction with the surface 
of pore channels, mechanical clogging of the pore channels, 
and gravitational subsidence due to the difference in density 
of liquid and particles (Yekeen et al. 2017; Rostami et al. 
2020).

LSWI, like any technology, has disadvantages such as the 
dependence of stability on the temperature and brine salinity. 
The presence of ions in the brines can lead to salt perception 
and formation damage, whereby the recovery factor can be 
decreased (Mahmoud 2014; Sheng 2014; Khormali et al. 
2016, 2018; Moghadasi et al. 2019). In the oilfield practice, 
the injection of scale inhibitors during the waterflooding is 
applied to reduce scale precipitation in the near-wellbore 
region and equipment. The majority of scale inhibitors are 
the following phosphorus compounds: inorganic polyphos-
phates, organic phosphate esters, phosphonates, and ami-
nophosphates (de Morais et al. 2021; Khormali et al. 2021a; 
Mady et al. 2021). The squeeze lifetime of scale inhibitors 
is dependent on the ion content of the water, temperature, 
pH, and the adsorption capacity of the reservoir rocks (Bin-
Merdhah 2010; Golsefatan et al. 2016; Jarrahian et al. 2020; 
Khormali et al. 2021b). Safari et al. (2020) reported the 
scale inhibition effect of nano-glass flakes and nanosilica 
during smart waterflooding, which could effectively reduce 
the amount of salt precipitation. They concluded that the 
mechanism of scale inhibition is based on the adsorption of 
nanoparticles on the surface of cations.

A review of past work in describing the performance 
of LSWI shows that, despite the wide range of labora-
tory tests, the simultaneous use of nanoparticles and 
scale inhibitor in LSWI for increasing the oil recovery 
has been little studied. This work aims to simulate the 
LSWI at various concentrations of brines and compare 
the simulation results of changes in the recovery factor 
with the experimental results. The changes in the perme-
ability of carbonate core samples during LSWI will be 
investigated. Also, our previous correlation will be used to 
determine the changes in the permeability of core samples 
due to scale precipitation during LSWI. Moreover, it is 
planned to assess the influence of the presence of the scale 
inhibitor and various nanoparticles on the recovery fac-
tor under various conditions. For this purpose, an optimal 

concentration of the nanoparticles will be determined. The 
final objective is to analyze the effect of nanoparticles on 
IFT between oil and brine, oil viscosity, and contact angle.

Material and methods

Material (oil, water, core samples, nanoparticles, 
scale inhibitor)

The crude oil used in the current study was from a Rus-
sian oilfield. The API and viscosity of the used oil at 
room temperature were 28, and 0.03 Pa.s, respectively. 
The asphaltene content of the applied crude oil was about 
9.5 wt.%. The crude oil sample was degassed, dehydrated, 
and filtered through a filter with a pore size of 0.45 µm.

Five various brines were prepared in order to evaluate 
the LSWI process and determine the effect of water salin-
ity on the recovery factor and formation damage. The ionic 
concentration of these brines is depicted in Table 1. The 
brines were prepared by dissolving the required salts in 
distilled water.

The core samples used in this study were taken from 
a carbonate oil reservoir in Russia. The properties of the 
studied core samples are presented in Table 2.

In this work, the following nanoparticles from TECNAN 
Company with a size of 20 nm were used for increasing oil 
recovery during LSWI: silicon dioxide (nano-SiO2), titanium 
dioxide (nano-TiO2), aluminum oxide (nano-Al2O3).

DTPMP (diethylenetriamine penta (methylene phospho-
nic acid)) as a scale inhibitor at 25 ppm was used to con-
trol the salt precipitation and increase the recovery factor. 

Table 1  The ion concentration 
of the synthetic brines

Brine Ionic composition, mg/L Total dissolved 
solids (TDS), 
mg/LNa+ Ca2+ Mg2+ Cl− SO4

2− HCO3
−

No. 1 405 75 60 735 135 90 1500
No. 2 540 100 80 980 180 120 2000
No. 3 675 125 100 1225 225 150 2500
No. 4 1080 200 160 1960 360 240 4000
No. 5 1620 300 240 2940 540 360 6000

Table 2  Average properties of the used core samples

Permeabil-
ity, mD

Porosity, % Lithology Length, cm Diameter, cm

26 18 Dolomite 
and lime-
stone

6.4 3.6
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This inhibitor is widely used for scale prevention in the 
petroleum industry.

Simulation of recovery factor at various salt 
concentrations in water

To analyze the effect of the LSWI process on the change in 
recovery factor, the simulation of water injection into the reser-
voir was performed using the Eclipse 100 black oil simulator. 
Simulation of the LSWI process in the Eclipse is performed 
through salt distribution by solving the mass balance equation 
in the model. According to the simulation assumption, salt 
exists only in water and is modeled by solving the mass bal-
ance equation for salt between two grid blocks. To simulate the 
LSWI process in this program, the LOWSALT keyword in the 
RUNSPEC section is used. This keyword provides the ability 
to select the salinity (concentration) of the water and allows 
the user to enter separate salinity-dependent sets of satura-
tion (two various sets). Also, the salinity level of the injection 
water is determined using the WSALT keyword. Furthermore, 
this model adds a separate salt phase to the existing phase 
and solves a mass conservation equation for each block in the 
reservoir model. More detailed information on LSWI mod-
eling by the Eclipse program at various water concentrations 
is presented in previous works (Knut 2012; Xie et al. 2015; 
Qiao et al. 2016; Olabode et al. 2020; Al-Ibadi et al. 2021). In 
this work, in the used model, the minimum distance from the 
ground to the first layer of the reservoir was 2500 m, and in the 
deepest part of the reservoir was 3100 m. The reservoir model 
included nine producers and two injection wells completed 
at the top of the reservoir. The model used for the reservoir 
fluid was a black oil model with three phases of water, gas, 
and oil, in which the reservoir was saturated, and some gas is 
dissolved in the oil. Efforts have been made to maintain the 
distance of the injection wells from the production wells to 
prevent wellbore breakdown under fluid injection. In this case, 
the rock permeability along the x-axis, y-axis, and z-axis was 
26, 26, and 5 mD, respectively. The rock porosity was 18%. 
The depths of gas-oil and water–oil contacts were 2610, and 
2920 m. The gas, oil, and formation water densities were 0.9, 
860, and 1035 kg/m3, respectively, and the initial reservoir 
pressure at the datum depth was 25 MPa. In this model, con-
ventional flooding was first performed as a secondary recovery 
method for 100 days. Then, the low salinity water injection 
process was carried out using the brines with salt concen-
trations of 1500, 2500, and 4000 ppm for the next 100 days. 

The properties of rocks and fluids used in the modeling are 
shown in Table 3. The simulation of this work was completed 
to investigate the influence of TDS on the oil recovery fac-
tor. Thus, the field oil recovery (FOE) was determined during 
production. It should be noted that the modeling was carried 
out in the absence of the scale inhibitors and nanoparticles. 
Finally, the simulation results were compared with the experi-
mental results in order to evaluate the accuracy of the LSWI 
modeling.

Coreflood experiments for determination 
of formation damage and recovery factor

In the current study, the changes in permeability caused by 
the salt precipitation during the LSWI process in the carbon-
ate cores were evaluated at various salt concentrations and 
temperatures. In addition, the recovery factor after the LSWI 
process with and without DTPMP and nanoparticles was 
determined. For this purpose, a coreflood apparatus was uti-
lized to analyze formation damage and recovery factor. The 
used coreflood apparatus consisted of a coreholder, contain-
ers for brines, and an oven, which could provide the desired 
reservoir conditions. An injection rate of 0.5 mL/min was 
applied in the experiments.

Prior to the LSWI process, the core samples were satu-
rated with oil by the coreflood apparatus. For this purpose, 
a certain volume of the oil was passed through the samples, 
and their pores were filled with it. To determine the recovery 
factor, the brines were injected into the core samples. The 
amounts (volumes) of displaced water and oil were first col-
lected in beakers and then measured. Finally, the oil recov-
ery factor (RF) was calculated as follows:

where Vf is the volume of displaced oil, mL; Vi is the initial 
volume of injected oil, mL.

The following tests were carried out using the coreflood 
apparatus:

1. Injection of brines No. 1, 3, and 4 (1500, 2500, and 
4000 ppm) into the core samples for 10 PV (pore volume 
injected) at 60 °C without the use of the scale inhibitor and 
nanoparticles to assess the influence of TDS of water on the 
formation damage. The permeability was determined using 
the Darcy equation (Fig. 4a).

(1)RF =
Vf

Vi

× 100

Table 3  The properties of the fluids and rock used in the simulation

Properties Gas density (kg/m3) Oil density (kg/m3) Water density (kg/m3) Permeability (mD) Porosity (%) Initial reservoir pressure 
(MPa)

x-axis y-axis z-axis

Value 0.9 860 1035 26 26 5 18 25
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2. Injection of brines No. 3 (2500 ppm) into the core sam-
ples for 10 PV at temperatures of 25, 60, and 100 °C without 
the use of the scale inhibitor and nanoparticles to determine 
the effect of temperature on the formation damage during 
the LSWI process (Fig. 4b).

3. Determination of the recovery factor after injection of 
5 PV of all brines into the cores with and without the use of 
DTPMP (25 ppm) in the absence of nanoparticles at 60 °C 
to examine the influence of scale inhibitor presence on the 
recovery factor of LSWI process (Fig. 6).

4. Injection of brine No. 3 (2500 ppm) into the core sam-
ples with the addition of  SiO2,  TiO2, and  Al2O3 nanoparti-
cles to it at different dosages (between 0.01 and 0.2 wt.%) 
without the use of the scale inhibitor at 60 °C to analyze the 
effect of type and content of nanoparticles on the recovery 
factor after 5 PV (Fig. 7).

5. Injection of brine No. 3 (2500 ppm) at 60 °C for 3 PV 
in the following four cases:  SiO2 (0.05 wt.%) and DTPMP 
(25  ppm);  SiO2 (0.05 wt.%); DTPMP (25  ppm); blank 
(Fig. 8)

6. Injection of brine No. 3 (2500 ppm) at 60 °C for 3 PV 
in the following four cases:  SiO2 and DTPMP;  TiO2 and 
DTPMP;  Al2O3 and DTPMP; DTPMP. All nanoparticles and 
the scale inhibitor were used at concentrations of 0.05 wt.% 
and 25 ppm, respectively (Fig. 9).

IFT measurement

The IFT between oil and brine was examined using a 
tensiometer. Measurement of IFT between brine No. 3 
(2500 ppm) and oil was carried out in the range of nanopar-
ticle concentrations between 0 and 0.1 wt%.

Oil viscosity determination

A viscometer was applied to analyze the effect of nanopar-
ticles on oil viscosity reduction. The experiments were con-
ducted in a temperature range between 20 and 80 °C. These 
experiments were performed in the presence and absence of 
 SiO2,  TiO2, and  Al2O3 nanoparticles. The nanoparticles were 
added to the injection fluid at a concentration of 0.05 wt.%.

Contact angle measurement

Contact angle measurement was completed using a Kruss 
apparatus under room conditions, the mechanism of which 
was based on the pendant drop method. In this apparatus, 
the presence of a high-pressure piston pump (manual type) 
allowed accurate measurement of the drop in the system. 
Meanwhile, the diameter of the needle in the measurement 
was selected depending on the application. In this experi-
ment, the contact angle was first studied in the absence of 
nanoparticles using all brines in order to assess the influence 

of TDS on the changes in contact angle. Then, the contact 
angle was measured using brine No. 3 (with a TDS of 
2500 ppm) in the presence of  SiO2,  TiO2, and  Al2O3 nano-
particles at 0.05 wt.%. The prepared samples for the evalu-
ation of the contact angle are shown in Fig. 1.

Results and discussion

Results of LSWI process simulation 
and the comparison between the simulation 
and experimental data

Figure 2 depicts the simulation results of LSWI in the res-
ervoir at various concentrations of the brines without the 
use of nanoparticles and DTPMP. As demonstrated in this 
figure, during the conventional waterflooding (in the first 

Fig. 1  The prepared samples for measuring the contact angle
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period of production), the recovery factor was increased 
over time. In this case (without LSWI), the recovery fac-
tor reached 43% after 75 days of production. Further, the 
recovery factor was not changed over time with conventional 
waterflooding due to the low performance of this technique, 
and formation damage during the injection due to salt pre-
cipitation. Therefore, after 100 days of production, the low 
salinity water injection was carried out with TDS of 1500, 
2500, and 4000 ppm in order to increase the recovery factor. 
Figure 2 demonstrates that the recovery factor was enhanced 
at all concentrations using LSWI. After 100 days of produc-
tion using LSWI, the recovery factor for brines with TDS 
of 4000, 2500, and 1500 ppm has reached 52, 55, and 57%, 
respectively. Thus, for LSWI at 4000, 2500, and 1500 ppm, 
an increase in the recovery factor by about 9, 12, and 14% 

was observed. This enhancement in the recovery factor can 
be attributed to the changes in wettability and the reduction 
in interfacial tension (Katende and Sagala 2019; Liu and 
Wang 2020; Tetteh et al. 2020). Moreover, a lower oil recov-
ery factor at higher water salinities indicates that the water 
injection with lower TDS is more efficient. The decrease in 
recovery factor with an increase in the brine concentration 
may be associated with the changes in rock permeability due 
to scale formation in the pores of reservoir rocks (Khormali 
et al. 2021a). Therefore, formation damage analysis and the 
application of the scale inhibitor have been studied experi-
mentally and presented in the next sections.

Figure 3 represents the comparison of the simulation 
results of the recovery factor changes with the experimental 
data. To this end, the coreflood tests were completed in the 
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long core samples (carbonate type) for 10 PV (first 5 PV 
with conventional waterflooding, second 5 PV with LSWI 
at various values of TDS) in the absence of DTPMP and 
nanoparticles at 60 °C. In this case, PV was calculated as 
follows (Khormali et al. 2018):

where q is the injection rate, mL/min; t is the injection time, 
min; d is the diameter of the core samples, cm; L is the 
length of the core samples, cm; ϕ is the rock porosity.

As can be seen from Fig. 3, the simulation data on oil 
recovery factor during the LSWI process were in good agree-
ment with experimental data in all studied TDS. In this case, 
the R-squared value between simulation and experimental 
data was 0.9885. The simulation and experimental results 
have confirmed that a greater increase in recovery factor can 
be achieved at lower salinities. The mechanism of enhance-
ment in oil recovery factor by LSWI can be related to the 
wettability change to the water-wet condition, increase in pH 
value under the influence of calcium carbonate dissolution, 
and multi-component ion exchanges (Katende and Sagala 
2019; Liu and Wang 2020; Tetteh et al. 2020). Although the 
results of simulation and experiments showed the enhance-
ment in oil recovery factor by the LSWI process, the forma-
tion damage and a decrease in the production rate due to 
salt precipitation could occur at higher salinities. Thus, in 
the next sections, to analyze the adverse influence of scaling 
on rock permeability, the amount of formation damage due 
to salt precipitation during LSWI has been evaluated by an 
experimental study. At the same time, the scale inhibitor and 
nanoparticles have also been used in LSWI to reduce forma-
tion damage and increase the recovery factor.

Permeability changes due to LSWI

One of the problems of the LSWI process is the possibil-
ity of salt precipitation in the porous media, and formation 
damage. For this reason, the reduction in rock permeability 
during LSWI was evaluated at various concentrations and 
temperatures in the absence of nanoparticles and DTPMP. 
It should be noted that the changes in the permeability due 
to scale formation in LSWI are less than in conventional 
waterflooding because of lower water salinity (Tetteh et al. 
2020). The results obtained from the experiments are shown 
in Fig. 4. The Kd/Ki parameter represents the ratio of reduced 
to original (initial) values of the permeability during core-
flood tests. As presented in Fig. 4a, the formation damage 
due to scaling was increased by increasing the brine TDS 
at 60 °C. In this case, the rock permeability with the use 
of brines No. 1 (1500 ppm), No. 3 (2500 ppm), and No. 4 
(4000 ppm) was decreased by 5.8, 11.9, and 17.1% after 10 

(2)PV =
12732qt

dL�

PV. The justification for this behavior is that by increasing 
water salinity the supersaturation of the brines with ions 
is increased and leads to the crystallization and precipita-
tion of salts in the core samples. In addition, Fig. 4b depicts 
the effect of temperature on the formation damage during 
LSWI using brine No. 3 (2500 ppm). As the temperature 
increased, the formation damage was increased since the 
solubility of the formed salts was decreased by increasing 
the temperature. The used brines were prone to the forma-
tion and deposition of  CaCO3 and  CaSO4 as they contained 
calcium, sulfate, and bicarbonate ions. Therefore, an effec-
tive scale inhibitor should be used in the LSWI to reduce 
formation damage and enhance oil recovery.

To predict the formation damage due to scaling during 
the LSWI process, we used some correlations. Then, the 
values of rock permeability ratios (Kd/Ki) determined by the 
correlation were compared with laboratory data obtained 
in this work. Among the studied correlations, our previous 
correlation (Khormali et al. 2018) had the highest accuracy 
in predicting rock permeability changes. Thus, this correla-
tion was used for formation damage prediction. This model 
is demonstrated as follows (Khormali et al. 2018):

where ϕ is the rock porosity; A is the area of the core sam-
ples,  cm2; T is the temperature, °C; C is the supersaturation 
index; q is the injection rate, mL/min.

The Kd/Ki values under different conditions (various 
values of PV, T, C, q) were determined by the coreflood 
tests and compared with the predicted data using Eq. 3. The 
results of the analysis are shown in Fig. 5. As presented 
in the figure, the agreement between the experimental data 

(3)
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and nanoparticles
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of formation damage during LSWI and the data predicted 
by the correlation is very good. In this case, the R-squared 
value between predicted and experimental data was more 
than 0.97. Thus, this model can predict the degree of change 
in rock permeability changes due to scaling during the LSWI 
process and provide the necessary information about adding 
scale inhibitors to the injection fluid to increase the ultimate 
oil recovery. Moreover, the proposed model was applied 
for the ranges of PV and Kd/Ki between 0 and10 PV, and 
80–100%, respectively. Therefore, this model can be utilized 
for the prediction of permeability changes during LSWI at 
PV less than 10 and Kd/Ki more than 80%.

Effect of water salinity on the recovery factor 
in the presence and absence of DTPMP

In the previous section, it was concluded that salt pre-
cipitation caused formation damage and decreased rock 

permeability during the LSWI process. Thus, the scale 
inhibitor (DTPMP) was added to the injection fluid to 
increase the performance of the LSWI. Figure 6 illustrates 
the changes in the recovery factor with and without the use 
of DTPMP at various salt concentrations. These experiments 
were completed in the absence of nanoparticles. As shown 
in the figure, the recovery factor was reduced by increasing 
the water salinity in the absence of DTPMP. After adding 
the chemical inhibitor to the brine, the recovery factor was 
increased by about 8% at all salt concentrations. At the same 
time, the change in the water salinity did not influence the 
recovery factor in the presence of DTPMP. This confirms 
that the used scale inhibitor can effectively prevent salt 
appreciation in all studied brines. Also, DTPMP effectively 
inhibited the formation of inorganic deposits at a low dosage 
(25 ppm). The used reagent chemically interacted with salt 
crystals and significantly reduced their growth rate. DTPMP 
acted at the macro level, enveloping already formed micro-
crystals. Such microcrystals could not be precipitated in the 
pores of the reservoir rocks. As a result, the microdispersed 
particles of mineral salts constantly remained suspended in 
the flow. It should be noted that DTPMP could prevent salt 
precipitation after crystallization.

Effect of nanoparticles on the effectiveness 
of the LSWI process

As mentioned above, many parameters affect the efficiency 
of oil displacement in the porous media when using nano-
particles (Peng et al. 2017; Eltoum et al. 2021; Pryazhnikov 
et al. 2022). In this section, the influence of the concen-
tration and type of nanoparticles, as two main parameters, 
on the oil recovery factor was evaluated. To determine the 
influence of the presence of nanoparticles on the oil recovery 
factor during LSWI, brine No. 3 (2500 ppm) was pumped 
into the cores for 5 PV. The dosage of nanoparticles  (SiO2, 
 TiO2,  Al2O3) was 0.01–0.2 wt.%. These experiments were 
completed at 60 °C in the absence of the scale inhibitor. 
Figure 7 depicts the obtained results. As shown in this fig-
ure, the addition of nanoparticles to the injection fluid in 
LSWI significantly improved the oil recovery factor. At the 
same time, it was observed that increasing the dosage of 
nanoparticles in the fluid up to 0.05 wt.% has continuously 
increased the recovery factor. Moreover, the results demon-
strate that the use of nanoparticles at high concentrations 
(more than 0.05 wt.%) could not increase the oil recovery 
factor. On the other hand, it is extremely difficult to make a 
homogeneous dispersion at high concentrations of nanopar-
ticles. Therefore, we can conclude that oil recovery is not 
necessarily improved with a growth in the nanoparticle dos-
age in the injection fluid during LSWI. There is an optimal 
concentration of nanoparticles, at which they have the great-
est efficiency. The optimal content of all nanoparticles was 
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0.05 wt.%. Among the studied nanoparticles,  SiO2 had the 
highest performance for enhancing oil recovery. The recov-
ery factor at 0.05 wt.% of  SiO2,  TiO2, and  Al2O3 was 67.4, 
59.1, and 57.5%, respectively. Thus, the oil displacement 
during LSWI in the porous media with  SiO2 particles was 
better than with  TiO2 and  Al2O3. The adsorption of nanopar-
ticles on the rock surface affected its surface charge, thereby 
changing the wetting characteristics. In this case, the main 
reason for the change in the recovery factor is the pressure in 

the wedge film of nanoparticles, which began to increase 
when the nanoparticles were placed between the surface of 
the core samples and oil.

Figure  8 demonstrates the results of recovery factor 
changes during LSWI in coreflood tests with the carbonate 
core samples for 3 PV in the following four different cases: 
with  SiO2 (0.05 wt.%) and DTPMP (25 ppm), with  SiO2 
(0.05 wt.%), with DTPMP (25 ppm), and blank. As pre-
sented in the figure, the highest recovery factor was observed 
in the case of simultaneous application of DTPMP and  SiO2 
nanoparticles. In this case, the recovery factor has reached 
72.2% after 1 PV. The further injection of the fluid into the 
core samples could not change the recovery factor. As can be 
seen from Fig. 8, the recovery factor in the presence of  SiO2 
without DTPMP after 1 PV was 64.1%, which is 8.1% less 
than in the case of simultaneous application of DTPMP and 
 SiO2. Therefore, the presence of an effective scale inhibitor 
significantly could enhance oil recovery by preventing salt 
precipitation in the porous media during LSWI. In addition, 
the recovery factor in the presence of  SiO2 nanoparticles 
was higher than in their absence. Thus, it can be concluded 
that the application of nanoparticles together with a scale 
inhibitor in the LSWI process can considerably improve oil 
recovery by minimizing the formation damage.

Figure 9 presents the effect of various nanoparticles (0.05 
wt.%) on the recovery factor during LSWI in the presence 
of DTPMP at 60 °C. As shown in the figure, the addition of 
all nanoparticles to the injection fluid enhanced the recovery 
factor. The maximum oil recovery was observed with the use 
of  SiO2. This is associated with the fact that the properties 
of nanoparticles were retained as long as their size dispersed 
in the solution corresponded to the nanoscale. Furthermore, 
it should be taken into account that the better dispersion of 
nanoparticles in the porous media could increase their stabil-
ity, and as a result, maintain the efficiency of the adsorption 
phenomenon. Moreover, the stability of nanoparticles can 
be considered a key factor in evaluating their effectiveness 
in enhancing oil recovery. The stability time of the nano-
particles should be such that these particles can act on the 
core surface for a sufficient time. If the stability time of the 
nanoparticles is short, then after a while they stick together. 
As a result, the influence of nanoparticles on the surface of 
the porous media is significantly reduced and can lead to 
formation damage. Also, nanoparticles are very sensitive to 
the salinity of the brines, and an increase in water salinity 
can reduce their stability. As shown in Fig. 9, the stability of 
 Al2O3 and  TiO2 was less than  SiO2.  SiO2 nanoparticles were 
less affected by water salinity. Therefore, it can be concluded 
that the type and amount of the electric charge on the surface 
of nanoparticles, which determine their stability, strongly 
depend on the degree of water salinity.
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Effect of nanoparticles on IFT and oil viscosity

As observed in the previous sections, the content of nano-
particles in the fluid during LSWI plays a vital role in the oil 
recovery process: the higher the content of nanoparticles (up 
to an optimal concentration), the greater their retention. Fur-
thermore, the high content of nanoparticles contributes to 
an increase in electrostatic repulsion and a reduction in IFT. 
On the other hand, reducing the interfacial tension leads to a 
decrease in capillary pressure in the rock pores. This mecha-
nism can be considered one of the main parameters affecting 
the oil production process. It is important to note that the 
decrease in IFT is associated with a reduction in surface free 
energy. At the same time, large oil droplets become smaller, 
facilitating their migration through the porous media. IFT is 
a thermodynamic characteristic at the interface between two 
phases, in which the temperature, the volume of the system, 
and the chemical potentials of all components remain con-
stant in both phases.

Figure  10 illustrates the experimental results of the 
changes in the IFT between oil and brine in the presence 
of nanoparticles at various dosages. As depicted in this fig-
ure, the IFT values were decreased by increasing the nano-
particle dosage. The greatest decrease in IFT occurred in 
the presence of  SiO2 nanoparticles. By increasing the dos-
age of nanoparticles up to 0.05 wt.%, the IFT values were 
decreased from 25.3 to 7.7, 10.5, and 11.6 mN/m in the 
presence of  SiO2,  TiO2, and  Al2O3, respectively. At concen-
trations higher than 0.05 wt.%, IFT was not changed sig-
nificantly by increasing the nanoparticle dosage in the fluid. 
Thus, the optimal concentration for all studied nanoparticles 
was obtained to be 0.05 wt.%. This concentration was also 

determined in the coreflood tests. Moreover, the nanoparti-
cles are placed at the interface between two phases, which 
reduces the interfacial tension. The adsorption of surfactants 
at the interface occurs due to their hydrophilic head and 
hydrophobic tail. In addition, the adsorption of nanoparti-
cles occurs by maintaining the interface at the lowest energy 
level in the particle–fluid system. This is done by directing 
these particles to change the surface free energy by removing 
the liquid–liquid interface and replacing it with a particle-
liquid interface.

Viscosity plays a decisive role in oil production and trans-
portation. The high viscosity of an oil is due to the presence 
of colloidal particles in its composition, which are formed by 
asphaltenes, resins, and other high molecular weight organic 
compounds. Figure 11 presents the changes in oil viscosity 
with and without the use of the nanoparticles at different 
temperatures. The nanoparticles were added to the fluid at 
0.05 wt.%. As shown in this figure, all nanoparticles reduced 
the dynamic viscosity of the oil. Thus, it has been shown 
that the viscosity and rheological properties of the oil can 
be controlled using nanoparticles. Figure 11 depicts that the 
reduction in oil viscosity with  SiO2 was greater than with 
 TiO2 and  Al2O3 nanoparticles. The mechanism of oil viscos-
ity reduction in the presence of studied nanoparticles is a 
topic for our future work that will be evaluated by conduct-
ing additional experiments through analysis of the composi-
tion of the oil before and after treatment with nanoparticles.

Results of contact angle measurement

One of the most important parameters influencing the dis-
placement and production of oil in the reservoir is wet-
tability. The phase behavior of formation fluids and dis-
placing agents in the porous media, which determines the 
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ultimate oil recovery, depends on wettability. Thus, the 
assessment and prediction of the changes in the wettabil-
ity of reservoir rocks can play a key role in optimizing oil 
recovery techniques, especially in the LSWI process. An 
incorrect assumption about the nature of the wettability 
can lead to irreversible damage and complicate the oilfield 
development. The main characteristic in the experimental 
evaluation of rock wettability is the contact angle. For this 
reason, the changes in the contact angle during LSWI were 
analyzed in this work. Table 4 presents the contact angle 
values (wetting angle) at various salt concentrations in the 
absence of nanoparticles and DTPMP. As presented in the 
table, the contact angle was increased by increasing ion 
concentration in brines. Consequently, the hydrophilicity 
of the studied carbonate rocks was decreased due to an 
increase in the water salinity. This behavior is associated 
with an increase in the possibility of salt crystallization.

Table 5 presents the changes in the contact angle in the 
presence of  SiO2,  TiO2, and  Al2O3 at various concentra-
tions. As presented in this table, the contact angle was 
decreased by increasing the dosage of the nanoparticles, 
which is related to the growth in the electrostatic repul-
sion force between them. This reduction in the contact 
angle can improve and enhance oil production under 
reservoir conditions. Among the studied nanoparticles, 
the  SiO2 particles had the highest efficiency in reduc-
ing the contact angle. The contact angle with the use of 
 SiO2,  TiO2, and  Al2O3 nanoparticles at a concentration 
of 0.05 wt.% was 53.8, 54.2, and 54.6, which provided a 
decrease of 11.2, 10.6, and 9.9% compared to the blank 
case (Table 4), respectively. Therefore, the application of 

 SiO2 nanoparticles can be more effective than  TiO2 and 
 Al2O3 for oil recovery in LSWI in carbonate reservoirs.

Conclusions

An in-depth study of scientific sources indicates that little 
research has been conducted on the simultaneous use of 
nanoparticles and scale inhibitors in LSWI for increas-
ing oil recovery. Therefore, in this work, the process of 
low salinity water injection in the presence of DTPMP 
scale inhibitor and various nanoparticles  (SiO2,  TiO2, and 
 Al2O3) was investigated. The main findings can be con-
cluded as follows:

1. The simulation results showed that the recovery factor 
was increased by decreasing the water salinity. A growth 
of 9, 12, and 14% in recovery factor was achieved after 
LSWI at 4000, 2500, and 1500 ppm.

2. Formation damage due to salt precipitation during LSWI 
was evaluated at different brine concentrations (1500–
4000 ppm), and temperatures (25–100 °C). At the end 
of LSWI process, the rock permeability was reduced 
by about 17%, which indicates the need to add a scale 
inhibitor to the injection fluid to prevent formation dam-
age and increase oil recovery.

3. The results of the coreflood experiments showed that the 
recovery factor in the presence of DTPMP was increased 
by about 8% compared to the blank case. Also, the 
increase in the water salinity did not affect the recovery 
factor in the presence of a scale inhibitor.

4. The maximum recovery factor was observed at a con-
centration of 0.05 wt.% of the nanoparticles. The simul-
taneous use of nanoparticles and DTPMP significantly 
improved oil recovery in the LSWI process. The recov-
ery factor in the blank case was 33.5%. This value in 
the presence of  SiO2,  TiO2, and  Al2O3 together with 
DTPMP was 72.2, 62.4, and 59.8%, respectively.

5. The IFT values between brine and oil were decreased by 
increasing the concentration of the nanoparticles until it 
reached 0.05 wt.%. The experimental results showed that 

Table 4  Contact angle at 
various concentrations of salts 
in the absence of nanoparticles 
and DTPMP

Brine concentra-
tion, ppm

Contact 
angle, degree

1500 58.9
2000 59.4
2500 60.6
4000 62.4
6000 66.1

Table 5  Contact angle at 
various concentrations of 
nanoparticles in brine No. 3 
(2500 ppm)

Concentration 
of nanoparticles, 
wt.%

Contact angle, degree

SiO2 TiO2 Al2O3

Contact 
angle, degree

Percentage 
changes, %

Contact 
angle, degree

Percentage 
changes, %

Contact 
angle, degree

Percentage 
changes, %

0 60.6 0.0 60.6 0.0 60.6 0.0
0.01 56.3  − 7.1 56.7  − 6.4 56.9  − 6.1
0.02 54.2  − 10.6 54.9  − 9.4 55.4  − 8.6
0.05 53.8  − 11.2 54.2  − 10.6 54.6  − 9.9
0.1 53.1  − 12.4 53.9  − 11.1 54.1  − 10.7
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the lowest values of the oil viscosity and IFT between 
oil and water were observed in the presence of  SiO2 
compared to  TiO2 and  Al2O3.

6. The contact angle in the presence of  SiO2,  TiO2, and 
 Al2O3 nanoparticles at an optimal concentration of 0.05 
wt.% was decreased by 11.2, 10.6, and 9.9% compared 
to the blank case, respectively.
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