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Abstract
Formation damage due to clay minerals swelling and migration is one of the major challenges in shaly reservoirs. The main 
objective of this study was to explore the potential of nanoparticles application as clay swelling inhibitor and investigate the 
effect of various parameters on nanoparticles performance. The experiments were designed using Taguchi orthogonal array 
and the impact of the main factors, including pH value, salinity, and temperature, and the presence of nanoparticles with 
concentrations of 0.05–1 wt% was inspected on the clay swelling. Zeta potential measurements were used to determine the 
surface charge of nanoparticles at different pH values. XRD and XRF analyses were carried out to characterize the nanopar-
ticles and bentonite powder. The experimental results showed that after solution salinity, the most effective parameter on the 
clay swelling is the concentration of nanoparticles. The minimum clay swelling index was obtained in the presence of silica 
nanoparticles at 0.1 wt% concentration. It was observed that higher concentrations of nanoparticles not only have no effect 
on reducing the clay swelling but also increase the volume due to nanoparticles agglomeration. The presence of alumina 
nanoparticles showed an inverse effect on the clay swelling and increased the swelling index. The results of zeta potential 
measurements indicated that nanoparticles with negative surface charge help to decrease the clay swelling as the result of 
similar charge repulsion. The low swelling index detected in samples containing silica nanoparticles shows the potential of 
nanoparticles to prevent the formation damage due to clay swelling.
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Introduction

Formation damage in petroleum formations is known as rock 
permeability impairment and reduction in the natural capa-
bility of a reservoir to produce hydrocarbon fluids. Damage 
can occur near the wellbore region or deep into the reservoir 
rock during different steps of drilling, workover, produc-
tion, and enhanced oil recovery operations. Fines migra-
tion and clay swelling are the main reasons for permeability 
reduction and formation damage in oil reservoirs. Therefore, 
prediction and inhibition of formation damage during differ-
ent operations performed in hydrocarbon reservoirs is vital 
(Valadbeygian et al. 2023; Hajipour et al. 2023; Mohan et al. 
1993).

Clay minerals that are characterized as swelling and non-
swelling are available in approximately 97% of petroleum 
reservoirs. Swelling clays like montmorillonite expand when 
exposed to water-based fluids and non-swelling clays may 
migrate during water injection and plug pore throats of the 
reservoir rock. Both these effects decrease pore spaces and 
permeability of the reservoir rock (Lalji et al. 2022a; Mova-
hedi et al. 2022; Cong et al. 2018; Sharifipour et al. 2017). 
In shaly sand reservoirs, one of the significant reasons for 
formation damage is the expansion of clay particles in con-
tact with fluids, specifically water. The types and amounts 
of clay minerals affect the swelling and migration charac-
teristics of a particular shale. Sodium-saturated smectites 
have high swelling potential and are abundant in hydrocar-
bon formations, so they should be given special attention. 
In drilling operations, various additives are used to adjust 
the properties of water-based drilling fluids among which 
KCl is commonly used as a clay expansion inhibitor. But 
the high concentration of additives is undesirable for the 
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environment (Cheraghi et al. 2022; Khan et al. 2021; Haji-
pour 2020; Balaban et al. 2015).

Clays are crystalline particles made up of two main 
structural units, including tetrahedral silicone and hexago-
nal aluminum sheets. The ions, cations, hydroxylic groups, 
water molecules, and organic compounds can be placed in 
free space between structural layers. The negative surface 
charge of clay particles participates in hydrogen bonds 
between water molecules and clay, which makes a thin layer 
of water on the internal surfaces and interlayers, leading to 
clay swelling. The presence of exchangeable cations such 
as Ca2+, Mg2+, and H+ strengthens the integrity of clay par-
ticles and affects the thickness of the formed water layer. 
Kaolinite, smectite, illite, and chlorite are important clay 
particles that play critical roles in the decreased permeability 
of sandstone reservoirs. The permeability reduction and pore 
blockage, particle migration and accumulation, and entrap-
ment of large amounts of fluid are the main problems that 
follow the clay swelling (Mao et al. 2021; Sruthi and Reddy 
2019).

The main approaches that can reduce clay swelling are 
ion exchange, modification of clay surface affinity toward 
water, and use of stabilizers for coating the clay particles 
(Asaad et al. 2021; Zaitoun and Berton 1992). These treat-
ments are divided into permanent and temporary methods. 
Temporary clay stabilizers are additives that avoid swelling 
and movement of clay particles but are easily detached by 
the produced reservoir fluids after the treatment. Inorganic 
salts, including sodium chloride, calcium chloride, and 
potassium chloride, are the most common temporary clay 
stabilizers (Yin et al. 2018). Recent research has addressed 
permanent clay stabilizers like quaternary amine polymers 
which tightly attach to the clay surface and are not removed 
by the produced fluid. Different categories of clay stabiliz-
ers and their advantages and disadvantages can be found in 
the literature (Fu et al. 2019; Chen et al. 2017; Berry et al. 
2008). However, most of the stabilizers cannot meet the 
actual requirements due to the inability to migrate through 
small voids, environmental impact, and high cost.

Over the past decade, several studies have been performed 
on the use of nanoparticles for the control of clay swell-
ing (Lalji et al. 2022b; Abdullah et al. 2022; Swai 2020; 
Jain et al. 2015; Akhtarmanesh et al. 2013; Hoelscher et al. 
2012). Nanoparticles (NPs), which are less than 100 nm in at 
least one dimension, are known as influential materials able 
to inhibit the fine migration in hydrocarbon formations. Due 
to the small particle size and high surface activity, the effec-
tive working area is greatly increased (El-Diasty and Ragab 
2013). Sameni et al. (2015) showed that the presence of NPs 
has no significant effect on the swelling and migration of 
clay particles. They used bentonite as the clay sample, the 
swelling ratio of which was calculated in distilled water and 
KCl solution as controls. The effect of three NPs, including 

aluminum oxide, magnesium oxide, and silica, on the swell-
ing mechanism was evaluated. Their results demonstrated 
no impact of NPs, in different concentrations, on the clay 
swelling inhibition. Habibi et al. (2013) evaluated the effect 
of various NPs on the migration of clay particles. Their find-
ings showed that MgO resulted in the most controlled migra-
tion of particles. Sensoy et al. (2009) studied the impact 
of NPs on the migration and swelling of clay particles due 
to the invasion of water-based drilling muds. Their study 
showed the positive influence of NPs in decreased water 
penetration in shales, which may be a suitable solution for 
unstable wells. Pham and Nguyen (2014) investigated the 
dispersion of silica NPs with polyethylene glycol coating in 
NaCl and KCl aqueous solutions for clay swelling control. 
Their results revealed that the clay swelling is reduced by a 
factor of approximately 2 at low nanoparticle concentration 
in 1 wt%. NaCl and KCl solutions.

Although the potential of NPs in clay swelling control was 
investigated in previous studies, but still a specific mecha-
nism was not reported and a fundamental understanding of 
NPs’ influence on clay swelling is still lacking. Considering 
problems like wellbore instability and decreased permeabil-
ity due to clay swelling, a precise evaluation of parameters 
influencing the swelling index is essential. Therefore, in the 
current study, the interaction between NPs and bentonite was 
explored and the impact of effective factors including pH 
value, aqueous solution salinity, temperature, and the con-
centration of NPs on clay swelling was investigated. Tagu-
chi L-16 orthogonal array was applied as the experimental 
design method to reduce the number of experimental tests. 
Moreover, the effect of NPs’ surface charge was explored by 
the application of silica and alumina NPs with negative and 
positive surface charges, respectively. Our findings confirm 
that NPs’ surface charge has a determining effect on control-
ling the clay swelling behavior and should be considered for 
the selection of the proper nanoparticle type.

Materials and methods

Materials

Two types of metal oxide NPs, i.e., silica (20 nm, > 98% 
purity) and alumina (20 nm, > 98% purity) with different 
surface charges were provided from US Research Nanoma-
terials, Inc. Laboratory grade Na-bentonite from Dr. Mojal-
lali Industrial Chemical Complex Co. (density 2.5 g/cm3) 
was used as the clay sample to evaluate the swelling index. 
Bentonite is composed mainly of montmorillonite which has 
excellent adsorption properties and high swelling in aqueous 
solutions. To adjust pH value, hydrochloric acid (0.1 M) 
and sodium hydroxide (99.99%) were prepared from Merck 
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company. Sodium chloride with 99.99% purity (from Merck) 
was used to adjust the brines salinity.

Zeta potential analysis was used to determine the sur-
face charge of NPs at different pH values. X-ray diffraction 
(XRD) and X-ray fluorescence (XRF) analysis were carried 
out to ensure the composition of bentonite (Table 1). Moreo-
ver, XRD analysis was used for the characterization of NPs.

Design of experiments

Numerous experimental tests are needed to investigate the 
effect of solution salinity, pH value, temperature, and the 
concentration of NPs on clay swelling index (SI). Instead 
of performing numerous experimental tests for all possible 
combinations of parameters, the Taguchi method was used 
to design experiments to obtain the optimal conditions and 
save time and expenses (Davis and John 2018; Ackah et al. 
2022). Taguchi L-16 orthogonal array for four factors and 
four levels was selected to reduce the number of experi-
ments. Table 1 shows the details of factors and levels used in 
the design of experiments. Ranges of each factor are deter-
mined based on previous studies and preliminary tests.

ASTM standard method

The measurement of the swelling index was performed 
based on ASTM D5890-11 which is a standard method for 
the evaluation of clay swelling (Scalia et al. 2019). First, 
2 g of bentonite that passed through an 80-mesh sieve and 
retained on a 100-mesh sieve was separated using a sieve 
shaker (Retsch, German). Different aqueous solutions were 
prepared based on the values of designed factors specified 
by the design of the experiment in the graduated cylinder. In 
experiments involving nano-suspension, NPs were dispersed 
and homogenized using ultrasonic bath sonication (ELMA, 
German).

When the solution was prepared, four parts of bentonite 
(each containing 0.5 g) were added in 10 s with 1 min inter-
vals. In the next step, the graduated cylinder was sealed to 
avoid evaporation of the solution. After 24 h, the volume 
changes due to bentonite swelling were recorded and the 
swelling index was calculated using the following equation 
(Sameni et al. 2015):

where Vf and Vi are final volume of bentonite after hydra-
tion and initial volume of bentonite, respectively. Benton-
ite particles naturally swell when exposed to water, and the 
presence of salt in water reduces this expansion (Barast et al. 
2017; Wan et al. 2020). A salinity test was performed by the 
ASTM method to evaluate the authenticity of bentonite and 
its swelling performance in contact with salt water (without 
the presence of NPs, at a constant temperature of 25 °C and 
pH 7).

Moreover, the effect of contact time of bentonite and 
brine was assessed. The designed experiments without and 
with NPs were performed and the volume changes of ben-
tonite were recorded after passing different times.

Results and discussion

Characterization of bentonite and nanoparticles

XRD analysis was used to evaluate the crystallography 
and purity of clay samples and metal oxide NPs used in 
this study. Figure 1 illustrates the XRD pattern of benton-
ite and NPs against the reference patterns using X’Pert 
HighScore Plus software. The blue patterns show the 
characteristic peaks for the standard reference samples 
and the red curves show the XRD patterns for the sam-
ples used in the experiments. In Fig. 1a, the characteris-
tic peaks were observed in the region 4.9° < 2θ < 10° for 
the pattern of Na-bentonite sample which coincides with 
the reference pattern. The position of the peaks in Fig. 1a 
indicates that the bentonite sample is mainly composed of 
montmorillonite.

The XRD patterns of NPs in Fig. 1b, c show the consist-
ency of the characteristic peaks with the reference pattern 
and confirm the purity of NPs. For silica NPs, the main 
characteristic peak occurs at 2θ = 22.3°. For alumina NPs, 
the pattern peaks are identified as γ-Al2O3 peaks at diffrac-
tion angles of 19.4°, 37.6°, 45.8°, and 67.0° (Wang et al. 
2016; Madsen et al. 2011).

XRF analysis was also carried out to determine the 
composition of bentonite. Table 2 shows the percentage of 
chemical constituents in the bentonite sample. As shown, 
the total content of SiO2 and Al2O3 is 79.27%, and the 
ratio of SiO2 to Al2O3 is 4.8 which indicates relatively 
high-silica montmorillonite. The contents of CaO and 
Na2O reveal interlayer cations in bentonite samples. The 
higher content of Na2O compared to CaO indicates that the 
bentonite sample can be classified as Na-bentonite.

(1)SI =
Vf − Vi

Vi

Table 1   Factors and levels used in experimental design

Factor Unit Levels

1 2 3 4

pH (A) – 4 7 9 11
NPs concentration (B) wt% 0.05 0.1 0.5 1
Salinity (C) mg/L 0 4000 15,000 40,000
Temperature (D) °C 25 40 60 80
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Clay swelling

The ASTM method was used to calculate the volume 
changes of clay particles in three cases, without NPs, in 
the presence of SiO2 NPs, and the presence of Al2O3 NPs. 
First, to find the appropriate contact time for maximum 
clay swelling, the volume change of the bentonite sample 
was measured after two different time intervals while other 
parameters were kept constant. Figure 2a, b illustrates the 
volume change of clay particles in contact with a solution 
with salinity of 4000 mg/l, pH equal to 9, and without NPs 
at ambient temperature after 24 and 72 h, respectively. As 
can be seen, the changes in bentonite volume were the same 
after 24 and 72 h which shows that the contact time more 
than 24 h does not affect on the swelling index. Based on the 
obtained results, the main volume changes of clay particles 
occur at initial times of contact with brine. The findings of 
our experiments were in agreement with the study carried 
out by Aksu et al. (2015). Accordingly, all the measurements 
were carried out after 24 h contact time. The results of the 
experiments performed based on the L-16 orthogonal array 
are given in Table 3.

Clay swelling without nanoparticles

To compare the impact of NPs on the clay swelling, initially 
a series of experiments were carried out without NPs. As 
shown in Table 3, in the absence of NPs, the minimum and 
maximum swelling index were calculated equal to 0.5 and 
4.5 for the suspension of clay particles in solution with the 
highest salinity and distilled water, respectively.

It is widely known that montmorillonite swelling is 
decreased by increasing the solution salinity (Hu et al. 2016; 
Sameni et al. 2015; Anderson et al. 2010). In Fig. 3, the 
macroscopic swelling of the bentonite samples is shown 
while the concentration of NaCl is increased from left to 

Fig. 1   XRD pattern of a bentonite, b SiO2 NPs and c Al2O3 NPs

Table 2   Bentonite composition Constituent Percentage

SiO2 65.80
Al2O3 13.47
Fe2O3 2.78
CaO 3.43
Na2O 4.62
K2O 1.88
MgO 2.99
MnO 0.12
TiO2 0.28
LOI 4.63

Fig. 2   Volume changes of clay samples in contact with brine after a 
24 h and b 72 h
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right. It was observed that the increase of solution salinity 
by increasing NaCl concentration results in the reduction of 
the volume of clay particles. The increase in NaCl concen-
tration leads to the compression of the diffuse double layer 
and a decrease in the electrostatic repulsion between the clay 
particles. The increase in cation concentration neutralizes 
the negative clay surface charge and leads to the deposi-
tion of clay particles with low permeability (Shirazi et al. 
2011). Clay swelling decreases greatly when sodium ions are 
replaced by other interlayer cations. This is possibly due to 
cation fixation and lattice collapse, rendering the interlayer 
region relatively inaccessible to water penetration (Yotsuji 
et al. 2021; Chen et al. 2022).

Figure 4(a), demonstrates the influence of pH value on 
the clay swelling index. As pH changes from the neutral 
value i.e., pH = 7, the clay swelling tends to increase. The 
clay swelling results from increased space between struc-
tural molecules of clay particles, which depends on the 

Table 3   Clay swelling 
index (SI) calculated for all 
experiments

Experiment Factors’ levels SI

A B C D Without NPs In the presence of 
SiO2 NPs

In the presence 
of Al2O3 NPs

1 1 1 4 1 1 0.6 1.00
2 1 2 3 2 1.8 1.02 2.10
3 1 3 2 3 3 2.4 5.50
4 1 4 1 4 4 5.7 7.75
5 2 1 1 3 3.75 2.9 4.75
6 2 2 2 4 2.75 1.85 4.40
7 2 3 3 1 1.5 1.1 2.72
8 2 4 4 2 0.6 0.39 1.05
9 3 1 3 4 1.5 0.95 2.65
10 3 2 4 3 1 0.38 1.80
11 3 3 1 2 4.5 4.25 7.75
12 3 4 2 1 2.5 2.25 3.35
13 4 1 2 2 3.5 2.75 4.50
14 4 2 1 1 4.5 3 5.85
15 4 3 4 4 1.25 1.05 2.20
16 4 4 3 3 2.25 2.2 4.10

Fig. 3   Clay swelling in solutions containing a 0, b 4000, c 15,000 
and d 40,000 mg/L NaCl

Fig. 4   Effect of a pH value and 
b temperature on clay swelling 
index
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composition of the solution exposed to the clay particles 
(Sun et al. 2019). Clay swelling occurs based on crystal-
line and osmotic swelling mechanisms (Wangler 2023). 
Crystalline swelling is followed by an increase in internal 
layers’ distance in clay particles, while osmotic swelling is 
the result of an increase in the distance between clay par-
ticles. The hydration capacity of the clay particles and the 
concentration of cations affects the mentioned mechanisms. 
The contact of clay particles with a solution containing high 
amounts of divalent or monovalent cations leads to crys-
talline swelling. In contrast, osmotic swelling occurs as a 
result of clay contact with diluted solutions due to the for-
mation of an electrical double layer on the surface of clay 
particles. Moreover, when the concentration of cations in 
the interlayer is higher than that of the surrounding water, 
water molecules diffuse into the interlayer to dilute its ion 
concentration, restoring cation equilibrium. This phenom-
enon creates an osmotic repulsive pressure between the clay 
particles. The osmotic pressure is mainly related to the dif-
ference in the ion concentrations between the interlayer and 
surrounding water. In this way, the distance between clay 
particles increases greatly, and then the clay swelling is car-
ried out. The osmotic swelling is much more severe and 
leads to higher clay swelling and, consequently, extensive 
formation damage (Wilson and Wilson 2014; Anderson et al. 
2010). A critical salt concentration is introduced based on 
which the higher concentrations lead to crystalline swelling, 
and lower concentrations are accompanied by osmotic swell-
ing (Butscher et al. 2016).

At high salinities, pH value does not have a significant 
impact on cation exchange capacity and clay swelling index 
(Baik and Lee 2010; Zhou et al. 2012). The electrical charge 
on the surfaces and edges of the clay particles may be dis-
similar at different pH values. The charge of the clay edges 
is dependent on pH value due to the aluminol groups (i.e., 
Al–OH). The attachment of hydrogen ions to the oxygen 
atoms causes the clay edges to become positively charged at 
low pH values, while the particles’ surface charge is nega-
tive. At higher pH values, the separation of hydrogen ions 
from the oxygen atoms makes the charge of the clay edges 
negative i.e., the same as the clay surface charge. Therefore, 
clay particles arrangement may vary due to the differences 
in electrical charge on the edges and surfaces of particles. 
As the pH value decreases, the charge on the edges of clay 
particles increases, which leads to electrostatic attraction 
between the edges and surfaces. Therefore, clay platelets are 
no longer parallel and arranged so that the negative surfaces 
of one particle are in the vicinity of the positive edges of 
other particles resulting in particles aggregates and volume 
increase (Butscher et al. 2016; Chen et al. 2022).

The influence of temperature on the clay swelling was also 
evaluated. As depicted in Fig. 4b, as the temperature increases 
the swelling index increases slightly in the absence of NPs. 

The obtained result is in agreement with previous studies 
available in the literature. Ishimori and Katsumi (2012) dem-
onstrated that temperature affects more on samples contain-
ing electrolytes with higher salinities. Although the interlayer 
spacing is independent of temperature, higher temperatures 
cause the clay volume to increase due to an increase in internal 
and kinetic energy and growth in the frequency of interlayer 
cations and water molecules (Ishimori and Katsumi 2012; 
Pham and Nguyen 2014).

Effect of silica nanoparticles

The values of the clay swelling index at different concentra-
tions of silica NPs are reported in Table 3. The lowest SI was 
detected for the bentonite samples in contact with solutions 
that have a salinity of 40,000 ppm in experiments 10, 8, and 1. 
As expected, the most effective factor on the clay swelling and 
particles volume change is the electrolyte salinity. The higher 
the salinity is, the lower the clay swelling index. However, the 
lowest clay volume change was observed in the presence of 
0.1 wt% silica NPs. In terms of cost saving, a lower concen-
tration of NPs with acceptable clay swelling control would be 
beneficial, while higher concentrations would not provide any 
additional benefits in terms of SI.

The experimental results revealed that silica NPs have a 
positive impact on the reduction of clay swelling. A reverse 
effect was observed only in experiment 4, and the SI increased 
42.5% in the presence of 1 wt% NPs compared to the absence 
of NPs. This observation can be justified by the fact that at 
higher concentrations, NPs aggregation and sedimentation 
occur which causes NPs clusters to settle down and finally 
separate out of the nanofluid. Therefore, high concentrations 
of NPs not only have no effect on reducing the clay swelling, 
but also NPs agglomeration causes an increase in volume.

The percentage of clay volume change in the presence of 
silica NPs compared to the absence of NPs is presented in 
Table 5. The negative sign indicates a decrease in the clay 
volume. As can be seen, the highest reduction in SI and the 
clay volume was detected at a concentration of 0.1 wt% of 
silica NPs in experiment 10.

To investigate the factors’ impact on the response variable 
i.e., clay swelling index, ANOVA and main effect plots were 
used. The experimental results based on the Taguchi orthogo-
nal array were evaluated by analysis of variance to demonstrate 
the degree of importance of each factor. The mathematical 
equations applied in ANOVA are as follows (Lee et al. 2013):

(2)S∕N = −10log

(

1

t

t
∑

i=1

y2
i

)
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where yi is the measured value of the response, t is the num-
ber of experiments repetition, n is the number of experi-
ments in the orthogonal array, and m is the number of fac-
tors’ levels. (S/N) is the signal-to-noise ratio used to indicate 
the impact of noise factors on the response variable. The 
sum of squares (SS) is calculated using Eq. (3) and the per-
centage contribution of each factor on the response variable 
is obtained by Eq. (4).

The results of ANOVA for clay swelling index in the pres-
ence of SiO2 NPs are reported in Table 6. The percentage 
contributions of pH, NPs concentration, solution salinity, 
and temperature are found to be 9.59%, 15.66%, 63.82%, 
and 3.71%, respectively, and the error is 7.22%. The value of 
percentage contribution is used to determine the significant 
influencing factors. The higher the value of the percentage 
contribution is, the greater the effect of the factor on the 
response variable.

As shown in Table 6, solution salinity and NPs concen-
tration have the highest impacts on the clay swelling index, 
followed by pH and temperature. Based on the values of 

(3)SSf =

m
∑

l=1

(

(S∕N)f l −
(

S∕N
))2

(4)SS =

n
∑

i=1

(

(S∕N)
i
−
(

S∕N
))2

(5)contribution (%) =
SSf

SS
× 100,

calculated statistical parameters, the electrolyte salinity is 
the most effective factor on the clay swelling while tem-
perature does not have a significant influence on the volume 
change of clay particles. In ANOVA, p < 0.05 was consid-
ered to be statistically significant, with a 95% confidence 
level. The values of F and p parameters shown in Table 6, 
confirm that salinity, NPs concentration, and pH value are 
three significant factors affecting clay swelling among which 
salinity is the most effective factor.

The optimal values of factors are those that minimize the 
clay swelling index. According to the analysis performed in 
this study, the lowest clay swelling occurs at ambient tem-
perature in the presence of 0.1 wt% silica NPs in a solu-
tion with salinity and pH values equal to 40,000 ppm and 7, 
respectively. To confirm the obtained result, a sample with 
the optimal values of factors was made and the clay swell-
ing index was calculated at 0.15. Figure 5 illustrates the clay 
volume change for two different concentrations of silica NPs 
while other factors were at optimal values. The observed 

Table 5   Clay volume change relative to the solution without nanopar-
ticles

Experiments Clay volume change (%)

Silica NPs Alumina NPs

1 − 40 0.00
2 − 43.3 16.67
3 − 20 83.33
4 42.5 93.75
5 − 22.6 26.67
6 − 32.7 60.00
7 − 26.6 81.33
8 − 35 75.00
9 − 36.6 76.67
10 − 62 80.00
11 − 5.5 72.22
12 − 10 34.00
13 − 21.4 28.57
14 − 33.3 30.00
15 − 16 76.00
16 − 2.2 82.22

Table 6   Results of ANOVA in the presence of SiO2 nanoparticles

SS Contribution 
(%)

MS F value p value

pH 2.741 9.59 0.914 4.32 0.041
NPs concentra-

tion
4.476 15.66 1.492 8.16 0.027

Salinity 18.242 63.82 6.081 18.84 0.005
Temperature 1.060 3.71 0.353 0.51 0.701
Error 2.063 7.22 0.688 – –
Total 28.581 100 – – –

Fig. 5   Clay swelling at the presence of a 0.1 wt% and b 1 wt% silica 
NPs
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increase in clay volume by increasing NPs concentration was 
in agreement with the study of Sameni et al. (2015).

The main effect plots for clay swelling in the presence 
of silica NPs are illustrated in Fig. 6. Since this study is 
aimed to minimize the clay swelling index, the experiments 
target was selected to achieve that the smaller is the better. 
Therefore, the lowest values of SI at all levels were assessed 
to define the optimal values of affecting factors. The same 
results as ANOVA were obtained and the optimum combina-
tion was determined as A2B2C4D1 (A2 = 7, B2 = 0.1 wt%, 
C4 = 40,000 ppm, and D1 = 25 °C).

As shown in Fig. 6, similar trends were observed for clay 
swelling variations against pH value, salinity, and tempera-
ture in the presence and absence of silica NPs. However, in 
the presence of silica NPs, the magnitude of clay swelling 
is lower relative to brines without NPs at constant values 
of pH, salinity, and temperature. As can be seen in Fig. 6a, 
the clay swelling index first decreases and then increases by 
increasing the concentration of silica NPs. In fact, NPs are 
effective in clay swelling control at certain concentrations. 
Increasing the concentration of NPs more than the optimal 
value has a negative impact on the clay swelling due to the 
particle’s agglomeration.

The negatively charged clay particles attract a high con-
centration of cations close to the clay surfaces which is 
called the diffuse layer. The more cations in the diffuse layer, 
the more water surrounds the clay particles due to cations 
hydration and therefore more swelling occurs. Moreover, 

the repulsion forces between the clay particles increase due 
to the interaction of diffuse layers, whenever clay particles 
are close to each other. In a colloidal suspension, attraction 
forces between particles prevail at short distances regardless 
of the particles surface charges. The presence of silica NPs 
with a negative surface charge in the brine compels the clay 
particles to become close to each other, therefore the attrac-
tive forces prevail over the repulsive forces, and particles 
flocculation occurs.

According to Fig. 6b, as the pH value changes from the 
neutral value (i.e., pH 7), the clay swelling index increases 
in the presence of silica NPs. In fact, both acidic and basic 
pH values increase the clay volume. At low pH values, the 
critical diameter of silica NPs increases which makes the 
nanofluid unstable. At high pH values, there are two compet-
ing mechanisms affecting the clay swelling. On one hand, an 
increase in pH value causes the negative surface charge of 
silica NPs to increase which has a positive effect on reduc-
ing clay swelling (Metin et al. 2011). On the other hand, like 
electrical charges on the edges and surfaces of clay particles 
promote the clay swelling. However, by comparing Fig. 4a 
with Fig. 5b, the positive impact of silica NPs in reducing 
the clay swelling can be found.

Figure 6c, d depicts the impact of salinity and tempera-
ture on the clay swelling index in the presence of silica NPs, 
respectively. As stated before, the trend of SI variations is 
similar in the presence and absence of NPs. Limited studies 
on the effect of temperature on clay swelling in the presence 

Fig. 6   Main effect plots for clay 
swelling index in the presence 
of SiO2 NPs
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of NPs are available in the literature. At elevated tempera-
tures, the increase of kinetic energy and Brownian motion of 
NPs leads to an increase in particles collision and a further 
increase in the volume of particles. Increasing the tempera-
ture in the presence of NPs caused a significant increase in 
solution turbidity which can be the result of increased rate 
of NPs aggregation due to greater kinetic energy at higher 
temperatures.

Effect of alumina nanoparticles

The values of SI in the presence of alumina NPs at various 
concentrations are presented in Table 3. As can be seen, the 
volume change of clay particles exposed to alumina NPs 
suspensions shows the opposite trend of that in the presence 
of silica NPs. The percentage of clay volume change in the 
presence of alumina NPs relative to the solution without 
NPs is reported in Table 5. The obtained results indicate 
that minimal change in the clay volume was in experiment 1, 
where solution salinity has the maximum value and the con-
centration of NPs has the lowest value. Similar to the results 
achieved in the presence of silica NPs, the highest increase 
in SI was observed at a concentration of 1 wt% of alumina 
NPs in experiment 4. Therefore, the adverse effect of high 
concentrations of NPs on clay swelling was confirmed.

The obtained results from the analysis of variance for 
experiments performed in the presence of alumina NPs are 
given in Table 7. According to ANOVA results, solution 
salinity and temperature are the most and least effective 
factors on clay swelling, respectively. The percentage con-
tributions of pH, NPs concentration, solution salinity, and 
temperature are found to be 8.04%, 19.98%, 57.46%, and 
2.89%, respectively, and the error is 11.62%. Similar to the 
results obtained for silica NPs, the values of F and p param-
eters reveal that salinity, NPs concentration and pH value 
are three significant factors affecting the clay swelling in the 
presence of alumina NPs. According to the results, the low-
est clay swelling occurs for a sample containing 0.05 wt% 
alumina NPs at ambient temperature with salinity and pH 
values equal to 40,000 ppm and 11, respectively.

Figure 7 illustrates the main effect plots for clay swell-
ing in the presence of alumina NPs. The mean values of 
four affecting factors including pH value, NPs concentra-
tion, salinity, and temperature at each level were evaluated. 
Similar to ANOVA results, the optimum condition for mini-
mum clay swelling was determined as A4B1C4D1 (A4 = 11, 
B1 = 0.05 wt%, C4 = 40,000 ppm, and D1 = 25 °C).

Figure 7a shows that SI increases in the presence of alu-
mina NPs. In fact, alumina NPs with positive surface charge 
in a wide pH range (i.e., pH values lower than 10), attract the 
negatively charged clay particles and increase the clay parti-
cles’ dispersion. Therefore, increasing the concentration of 
alumina NPs increases the clay swelling. The impact of pH 
value on the clay swelling in the presence of alumina NPs 
is illustrated in Fig. 7b. Similar results to silica NPs were 
detected. The clay swelling index increases in the presence 
of alumina NPs by deviation of pH from neutral value except 
for pH values higher than 9. The decrease in clay swelling 
at high pH values can be justified by changing the surface 
charge of alumina NPs.

Zeta potential measurements for NPs at different pH val-
ues are reported in Table 8. As can be seen, the positive 
surface charge of alumina NPs changes to negative at high 
pH values. The presence of NPs with negative surface charge 
in the solution helps to decrease the clay particles swelling 
due to similar charge repulsion. This effect is clear in Fig. 7b 
at a pH value of 11. Figure 7c shows the salinity effect on the 
clay swelling in the presence of alumina NPs. As expected, 
the increase of solution salinity results in the reduction of 
clay swelling due to the increase of cations concentration. 
The variations of the clay swelling index in Fig. 7d indicate 
the minor impact of temperature on the clay volume change 
in alumina nanofluid.

Figure 8 compares the effect of NPs on the clay swell-
ing index at different values of affecting factors. It can be 
seen that the presence of silica NPs has a positive effect on 
the reduction of the clay swelling index. As stated before, 
the minimum SI is achieved at maximum salinity, neutral 
pH value, and ambient temperature. The variations of clay 
swelling at different amounts of NPs indicated that there is 
an optimum concentration in which the clay swelling index 
is minimum, and 0.1 wt% were determined as the optimum 
value for silica NPs. The findings would help to optimize 
the conditions for a lower risk of formation damage due to 
clay swelling.

Conclusions

In this study, the impact of NPs as clay swelling inhibi-
tor for reducing and preventing water sensitivity damage 
in clayey formations was investigated. The influence of 
effective factors including pH value, aqueous solution 

Table 7   Results of ANOVA in the presence of Al2O3 NPs

SS Contribution 
(%)

MS F value p value

pH 7.80 8.04 2.60 2.17 0.046
NPs concentra-

tion
17.68 19.98 5.89 4.71 0.034

Salinity 50.87 57.46 16.95 8.94 0.011
Temperature 1.87 2.89 0.62 0.76 0.585
Error 10.28 11.62 3.42 – –
Total 88.530 100 – – –
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salinity, temperature, and the concentration of two types of 
metal oxide NPs on the clay swelling was studied. Taguchi 
experimental design was applied to decrease the number 
of experimental tests and optimize the conditions for mini-
mal clay swelling. The main findings of this study are as 
follows:

•	 Silica NPs with negative surface charge reduce the clay 
swelling up to an optimum value of NPs concentration 
which was found to be 0.1 wt%. It was confirmed that 
high concentrations of NPs not only have no effect on 

reducing the clay swelling but also cause an increase in 
volume due to NPs agglomeration.

•	 In the presence of alumina NPs with a positive surface 
charge, an inverse effect was detected and the clay swell-
ing index increased compared to the electrolyte alone.

•	 Zeta potential measurements for alumina NPs indi-
cated that as the positive surface charge of alumina NPs 
changes to negative at high pH values, clay swelling 
decreases as a result of similar charge repulsion.

•	 According to ANOVA results, solution salinity and NPs 
concentration have the highest impacts on the clay swell-
ing, followed by pH and temperature.

•	 In the presence of NPs, the influence of pH on the swell-
ing index was found due to changes in the NPs’ surface 
charge.

•	 The swelling inhibition effect of NPs decreases by 
increasing the temperature due to higher NPs collision 
and aggregation.

Our findings confirm the inhibition effect of NPs at low 
concentrations on clay swelling. However, the type of NPs 
should be further studied in the future.

Fig. 7   Main effect plots for 
clay swelling in the presence of 
Al2O3 nanoparticles
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Table 8   Zeta potential 
measurements at different pH 
values

pH Electrical charge 
(mV)

Al2O3 SiO2

4 42.8 − 12.4
7 28.1 − 30.1
9 6.8 − 52.6
11 − 12.6 − 58.3
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