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Abstract
Recently, nanoparticles have been used along with surfactants for enhancing oil recovery. Although the recent studies show 
that oil recovery is enhanced using nanoparticle/surfactant solutions, some effective parameters and mechanisms involved in 
the oil recovery have not yet been investigated. Therefore, the temperature effect on the stability of nanoparticle/surfactant 
solutions and ultimate oil recovery has been studied in this work, and the optimal concentrations of both SiO2 nanoparticle 
and surfactant (sodium dodecyl sulfate) have been determined by the Central Composite Design method. In addition, the 
simultaneous effects of parameters and their interactions have been investigated. Study of the stability of the injected solu-
tions indicates that the nanoparticle concentration is the most important factor affecting the solution stability. The surfactant 
makes the solution more stable if used in appropriate concentrations below the CMC. According to the micromodel flood-
ing results, the most effective factor for enhancing oil recovery is temperature compared to the nanoparticle and surfactant 
concentrations. Therefore, in floodings with higher porous medium temperature, the oil viscosity reduction is considerable, 
and more oil is recovered. In addition, the surfactant concentration plays a more effective role in reservoirs with higher 
temperatures. In other words, at a surfactant concentration of 250 ppm, the ultimate oil recovery is improved about 20% 
with a temperature increase of 20 °C. However, when the surfactant concentration is equal to 750 ppm, the temperature 
increase enhances the ultimate oil recovery by only about 7%. Finally, the nanoparticle and surfactant optimum concentra-
tions determined by Design-Expert software were equal to 46 and 159 ppm, respectively. It is worthy to note that obtained 
results are validated by the confirmation test.

Keywords  Enhanced heavy oil recovery · Nanoparticle · Surfactant · Temperature · High salinity brine · Stability · 
Micromodel · Experimental design

1  Introduction

The natural power of oil reservoir production, referred to as 
the primary recovery, is known to decrease on a daily basis, 
so the oil production also decreases. This is not economi-
cally feasible as the recovered oil is generally less than 30% 
of the original oil in place. After the primary recovery, water 

flooding is usually used to increase oil recovery as the sec-
ondary recovery. Water flooding can enhance oil recovery to 
50%. In heavy oil reservoirs, not only is the primary recov-
ery usually less than 20%, but the efficiency of water flood-
ing is also lower than 10% due to the big difference between 
heavy oil and water mobility (Mai et al. 2009). Therefore, 
using a tertiary recovery method such as chemical EOR may 
be useful.

One of the chemical EOR methods is the injection of sur-
factants into oil reservoirs. Since the oil price has been gen-
erally increasing, the application of surfactants has gained 
great attention (Iglauer et al. 2010). Surfactants reduce 
oil/water interfacial tension (IFT) and alter reservoir rock 
wettability (Vladimir and Eduardo 2010). Surfactants can 
increase the capillary number by decreasing the capillary 
force responsible for trapping oil, and thus more oil can be 
recovered. Many studies have focused on surfactant flooding 
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(Howe et al. 2015; Yadali Jamaloei et al. 2011; Kianine-
jad et al. 2013, 2014; Yadali Jamaloei and Kharrat 2009; 
Lohne and Fjelde 2012; Daoshan et al. 2004; Seethepalli 
et al. 2004; Wu et al. 2006; Pillai et al. 2018). In addition, 
laboratory results indicate that nanoparticles can reasona-
bly recover more of the trapped oil (Bera and Belhaj 2016). 
In fact, oil/water IFT, rock wettability, and/or oil viscos-
ity can be improved by nanoparticles (Alomair et al. 2014; 
Munshi et al. 2008; Ogolo et al. 2012; Torsater et al. 2012; 
Esmaeilzadeh et al. 2014; Maghzi et al. 2010; Hamedi et al. 
2010; Hendraningrat et al. 2013).

Lately, simultaneous application of nanoparticles and 
surfactants for improving oil efficiency has been inves-
tigated. Zargartalebi et al. (2014, 2015) have concluded 
that IFT will diminish more when nanoparticles are mixed 
with surfactant solutions and the absorption of surfactant 
molecules on the rock is generally reduced. Therefore, oil 
recovery is increased by a considerable amount. Similar 
results regarding decreased surfactant absorption have been 
obtained by Ahmadi and Shadizadeh (2013). Suleimanov 
et al. (2011) have reported a higher reduction in surface ten-
sion by non-ferrous metal nanoparticles. Ma et al. (2008) 
have also reported that the nanoparticle/surfactant solution 
can decrease surface tension. Sun et al. (2014, 2015) have 
indicated that SiO2/SDS stabilized foams are more stable 
and recover more oil than those stabilized just by SDS. Pei 
et al. (2015) have shown that silica nanoparticles mixed with 
hexadecyltrimethylammoniumbromide (CTAB, a cationic 
surfactant) improve emulsion stability and significantly 
increase oil recovery. Qiu (2010) has also reported that the 
addition of nanoparticles to the surfactant-stabilized emul-
sion decreases in situ oil viscosity, resulting in a favora-
ble mobility ratio. Lan et al. (2007) have investigated the 
synergistic effect of silica nanoparticles and CTAB on the 
stabilization of O/W emulsions and concluded that nanopar-
ticles can improve the emulsion stability with the appropri-
ate concentration of CTAB. Wu et al. (2017) have indicated 
that silica nanoparticles can reduce the static and dynamic 
SDS surfactant absorption and thus enhance oil recovery. 
(Nwidee et al. 2017) have concluded that the nanoparticle/
surfactant system can improve the wettability of the sys-
tem and favors enhancing oil recovery. Maurya and Mandal 
(2018) have indicated that nanoparticles make the system 
more stable. They have studied the synergistic effect of sur-
factants and nanoparticles on physicochemical properties to 
improve oil recovery. Kumar and Mandal (2018) have also 
shown that simultaneous use of nanoparticles and surfactant 
can improve physicochemical properties of emulsion and 
enhance oil recovery.

Some researchers have investigated the simultaneous 
effect of nanoparticles and surfactants, but some important 
parameters such as the effect of reservoir temperature on the 

results have not yet been carefully investigated. Therefore, 
in this research, the effects of reservoir temperature on solu-
tion stability and ultimate oil recovery have been studied 
and the optimum concentrations of silica nanoparticle and 
SDS surfactant have been determined by CCD. In addition, 
the simultaneous effects of parameters and their interac-
tions have been studied for the first time. Many micromodel 
floodings have been performed for this purpose. In addition, 
viscosity, wettability and interfacial tension of the injected 
solutions have been measured to study the corresponding 
mechanisms and interactions.

2 � Materials and methods

2.1 � Materials

Sodium dodecyl sulfate (SDS) with a purity of 95 wt% was 
supplied by Merck Chemical Co. (Germany). The critical 
micelle concentration (CMC) of SDS in distilled water was 
2393 ppm at 25 °C (Cifuentes et al. 1997). Hydrophilic 
silica nanoparticle (SiO2) with a purity of 98 wt% supplied 
by US-Nano was used. The average particle size and the 
specific surface area of SiO2 nanoparticles were 11–14 nm 
and 600–785 m2/g, respectively. The oil used was collected 
from an Iranian oil reservoir. It has a density of 0.94 g/cm3 
at 25 °C and an oil API gravity of 12.5°. The oil viscosity 
was 3580 cP at 25 °C, measured with a Brookfield viscom-
eter. NaCl (purity 99.5 wt%) supplied by Tetra-Chem (Can-
ada) was used to prepare all solutions at a concentration of 
3.5 wt%. In this salinity, the CMC of the SDS solution was 
about 288 ppm (Javadian et al. 2013). Toluene and distilled 
water were used to clean the micromodel.

2.2 � Experimental procedure

2.2.1 � Solution preparation and stability investigation

Several aqueous solutions were made with a constant salinity 
of 3.5 wt% (35,000 ppm). After adding NaCl to the solu-
tions, the nanoparticles were added, and the solutions were 
then stirred for 20 min at a rate of 300 rpm. Solutions were 
dispersed ultrasonically (400 W, 20 kHz) for 30 min. The 
surfactant was then added to the solution, and stirring was 
continued for 10 min.

UV/VIS spectrophotometry is a convenient approach to 
characterize the stability of colloids quantitatively. There-
fore, in this study, the light transmission of all the samples 
was measured with an Optizen 3220 UV spectrophotometer 
(Korea). In addition, the solutions were photographed simul-
taneously with light transmission measurements. It should 
be noted that the solution stabilities were investigated at the 
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temperature at which the micromodel flooding tests were 
conducted.

2.2.2 � Micromodel test

A schematic diagram of the micromodel setup utilized in 
this study is shown in Fig. 1a. The heterogeneous micro-
model designed with CorelDraw software was made using 
laser technology, based on the thin section of a real porous 
medium (Mohammadi et al. 2013). A schematic represen-
tation and the properties of the micromodel pattern are 
presented in Fig. 1b and Table 1, respectively. In order to 
alter the wettability of the micromodel to strongly oil-wet, 
the following procedure was applied: (1) rinsing the micro-
model thoroughly with sodium hydroxide for 1 h; (2) rinsing 
the micromodel thoroughly with distilled water to remove 
all residues and then drying it in an oven at 200 °C for at 
least 15 min; (3) preparing a dilute solution of 2% trichlo-
romethylsilane (TCMS) and 98% dehydrated toluene; (4) 
saturating the micromodel with the dilute solution for at least 
5 min; (5) rinsing the micromodel with methanol to remove 
excess siliconizing fluid; (6) drying the micromodel in an 
oven at 100 °C for 1 h to cure the silicone coating (Emami 
Meybodi et al. 2011).

Before each experiment, the micromodel was cleaned 
with toluene and distilled water. The micromodel was then 
evacuated using a vacuum pump, and the micromodel wetta-
bility was altered to oil-wet. Next, the micromodel was fully 
saturated with oil in the absence of connate water saturation. 
The displacement process was then started at a fixed rate of 
0.0008 mL/min at water bath temperature and ambient pres-
sure. During each test, images were taken every minute by a 
Canon 7D EOS camera to calculate the residual oil satura-
tion or ultimate oil recovery factor through image process-
ing techniques using Photoshop software (Adobe Photoshop 
CS6). Using the images, the pixels of the initial oil in the 
micromodel were calculated prior to and following flooding. 

Therefore, the ultimate oil recoveries could be measured by 
subtracting the pixels of initial oil from those of the remain-
ing oil and dividing the calculated pixels by the initial oil 
pixels. It is necessary to note that the micromodel was hori-
zontally placed during the tests.

2.2.3 � Viscosity measurement

The main physical property of fluids such as aqueous solu-
tions is their viscosity. The viscosity of the solutions was 
determined using a Brookfield viscometer at 25 °C. Since 
micromodel flooding tests were conducted at temperatures 
above 25 °C, the oil viscosity was measured at flooding 
temperatures.

2.2.4 � Interfacial tension measurement

The interfacial tensions between the injected fluids and oil 
were measured at 25 °C using a Lauda TE3 tensiometer. 
Since the tensiometer used in this work could not directly 
calculate the IFTs (because of the quite small IFTs), IFTs 
were measured by the maximum force, F, determined by the 
device, using the following equation:

where � is the IFT, mN/m; F is the maximum measured 
force, mg; P is the perimeter of the three-phase contact line, 
mm; θ is the contact angle measured for the liquid meniscus 

(1)� =
F

P cos �
f

Professional digital camera 

Syringe pump

Waste storage tankWater bath

Micromodel

(a) (b)

Fig. 1   a Schematic of the micromodel setup. b Schematic of the porous medium (the arrow shows flow direction)

Table 1   Properties of the micromodel

Length, 
cm

Width, 
cm

Average 
depth, cm

Porosity, 
%

Pore 
volume, 
mL

Perme-
ability, 
mD

6 6 0.006 38 0.22 890
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in contact with the object surface, °; and f is the correction 
factor calculated by the following equation

where Δ� is the difference in fluid density, g/cm3; R is the 
ring radius, mm; and r is the ring wire radius, mm (Drelich 
et al. 2002). A test was carried out at 65 °C to study the 
temperature effect on IFT; due to the negligible effect on 
the measured IFT, other tests were performed at ambient 
temperature (25 °C).

2.2.5 � Contact angle measurement

To compare the effects of nanoparticles, surfactant and nan-
oparticle/surfactant solutions on the contact angle, it was 
measured using a handheld microscope with 500× magni-
fication. Having been altered to oil-wet, a glass identical 
to the micromodel glass was aged in the prepared aqueous 
solutions for 30 min at 25 °C. The contact angle changes of 
water drops on the glass before and after aging were then 
measured with a handheld microscope. Figure 2 shows the 
setup for measuring the contact angle.

2.2.6 � Zeta potential measurement

In order to investigate how the surface charges on nano-
particles change upon adding the salt and/or surfactant to 
the solutions, zeta potentials of five solutions presented in 
Table 2 were measured by a Zetasizer Nano device from 
Malvern Panalytical (UK). Since the device could not meas-
ure the zeta potential at a NaCl concentration of 3.5 wt% 

(2)

f = 0.725 +

(

9.075 × 10−4F

π3Δ�gR3
−

1.679r

R
+ 0.04534

)1∕2

(because of high electrical conductivity of solutions), the 
tests were performed at a salinity of 1.5 wt% at 25 °C, taking 
into consideration the fact that the surface charge variations 
were important rather than the absolute values.

2.2.7 � Experimental design

In this study, experimental design was performed by 
response surface methodology (RSM) to assess the rela-
tionship between responses, solution stability and ultimate 
oil recovery, and operating variables, bath temperature (or 
temperature in brief) at which the floodings were carried out, 
nanoparticle concentration and surfactant concentration. In 
addition, the operating variables were optimized to predict 
the best value of the responses. Central Composite Design 
(CCD), the most popular RSM, was utilized in this work 
(Gunnasegaran et al. 2015). Therefore, to study the influence 
of the variables (factors) on the responses, a CCD based on 
five levels was used. Design-Expert software (version 7.0.0) 
was used to process the data (Arshadi and Mousavi 2015). 
Factors and their levels are shown in Table 3.

Light source

Handheld microscope
connected to a laptop Solid specimen

and liquid droplet

Manual syringe

Fig. 2   Schematic of the contact angle setup

Table 2   Zeta potential measurements

Solution 
name

NaCl concen-
tration, wt%

SiO2 concen-
tration, ppm

SDS concen-
tration, ppm

Zeta 
potential, 
mV

α 0 500 0 − 20.4
β 1.5 500 0 − 6.79
γ 1.5 500 250 − 14.3
η 1.5 500 500 − 13.6
λ 1.5 500 750 − 15.0
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2.2.8 � Sandpack flood test

In order to compare the micromodel flooding results with 
those of core flooding, a sandpack flood test was conducted 
(sandpack: 20 cm length and 2.5 cm diameter). The sand-
pack flood was carried out under the same conditions (45 °C 
and ambient pressure) and concentrations as the tests 15–18 
of Table 4 known as center points because they were con-
ducted four times in the micromodel floodings. The experi-
mental steps of sandpack flooding were as follows: First, 
the heavy oil was injected into the sandpack. The solution 
with the concentration of the center points was then injected 
into the sandpack at a flow rate of 0.5 mL/min until the oil 
production became negligible (oil cut < 2%).

Table 3   Factors and their levels

Factors Units Level 1 Level 2 Level 3 Level 4 Level 5

Temperature °C 25 35 45 55 65
Nanoparticle concentration ppm 0 250 500 750 1000
Surfactant concentration ppm 0 250 500 750 1000

Table 4   Tests performed under different conditions and obtained responses

a The stability of solution 11 containing only SDS was considered 20 days because the stability investigation was done for 20 days

Test No. 
(or solution)

Factor A: 
temperature, °C

Factor B: SiO2 
concentration, ppm

Factor C: SDS 
concentration, ppm

Response 1: 
stability, days

Response 2: ultimate 
recovery, %

1 35 250 250 10 25.20
2 55 250 250 10 44.76
3 35 750 250 4 18.60
4 55 750 250 1 44.97
5 35 250 750 13 23.13
6 55 250 750 9 31.04
7 35 750 750 6 18.02
8 55 750 750 1 25.49
9 25 500 500 8 17.69
10 65 500 500 1 39.35
11 45 0 500 20a 31.44
12 45 1000 500 1 33.60
13 45 500 0 3 15.52
14 45 500 1000 3 29.32
15 45 500 500 3 32.55
16 45 500 500 3 31.16
17 45 500 500 3 34.69
18 45 500 500 3 35.47
19 65 45.81 158.59 20 42.12
20 65 133.67 192.85 – 44.17
21 65 0 0 – 25.50

0
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2 24 72 168 240

A
bs

or
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Time, h

Average of solutions 15 to 18
Solution 10
Solution 9

Fig. 3   Light absorbance measurements for solutions 9, 10 and aver-
age of solutions 15–18
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3 � Results and discussion

3.1 � Stability analysis

The results of the experiments performed under different 
conditions and the responses obtained are presented in 
Table 4. Light absorbance results and pictures of all solu-
tions were monitored. Figure 3 shows the light absorbance 
values of tests 9, 10 and the average light absorbance values 
of solutions 15–18 (the average light absorbance values of 
solutions 15, 16, 17 and 18 were used because they were the 
center point tests and the test setting was similar for all of 
them). Figure 4 shows the qualitative investigation of solu-
tions 9, 10 and 15 and their pictures. Observation of Figs. 3 
and 4 shows that the solutions were unstable when the light 
absorbance decreased strongly.

3.1.1 � Temperature effect on solution stability

According to DLVO theory, two forces are effective in the 
coagulation of the dispersed particles; namely, the attrac-
tive van der Waals and repulsive electrostatic double layer 

forces (Butt et  al. 2004). Silica particles have negative 
surface charges in water (solution α in Table 2) due to the 
oxygens and thus the repulsive electrostatic forces decrease 
the effect of attractive van der Waals forces (Fig. 5a). The 
addition of NaCl caused the negative surface charges on the 
particles to decrease (solution β in Table 2) because the par-
ticles attracted Na+ cations in the NaCl salt. Therefore, the 
solution stability reduced (Fig. 5b). However, adding SDS 
anionic surfactant enhances the stability. When the SDS 
surfactant dissolves in water, Na+ cations in SDS structures 
are added to aqueous solutions and the surfactant head has 
a negative surface charge. Therefore, the heads of the sur-
factants are attached to the silica particles with less nega-
tive surface charge due to the attraction of Na+ cations and 
hence the surface charges of particles become more negative 
(solutions γ, η and λ in Table 2). Afterward, the hydrophobic 
tails of surfactants connected to the particles come in con-
tact with the tails of the surfactants present in the aqueous 
phase. Consequently, a hydrophobic layer is formed near 
the silica particle and the solution stability increases as a 
result (Fig. 5c).
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Fig. 4   Pictures of solutions 9, 10 and 15 before and after nanoparticle deposition
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The comparison of four pairs of tests (3, 4), (5, 6), (7, 8), 
(9, 10) in which nanoparticle and surfactant concentrations 
were the same shows that an increase in temperature reduces 
the solution stability since the kinetic energy of particles 
increases as the temperature increases. Therefore, the parti-
cle collisions are enhanced and larger particles are formed 
because of van der Waals forces. The solution then becomes 
unstable due to the increased gravity force effect. However, 
this trend was not observed in one pair of the tests (1, 2). 
Despite a temperature rise of 20 °C, the stabilities of tests 
1 and 2 were equal to 10 days. The point was that in tests 
(3, 4), (5, 6), (7, 8), (9, 10), nanoparticle and/or surfactant 
concentrations were higher than those of nanoparticle and/
or surfactant of tests (1, 2). On the one hand, increasing the 
nanoparticle concentration increases particle collisions and 
decreases the stability of solutions. On the other hand, when 
the surfactant concentration exceeds CMC, micelles are 
formed, and the surfactant monomers attached to the silica 
particles prefer to join the formed micelles and consequently 
the solutions become unstable. This process was facilitated 
by temperature increase, but it did not occur in the tests (1, 
2) because the surfactant concentration was lower than the 
CMC of the surfactant. The comparison of tests 2 and 6 
shows that the stability of solution 2 was one day more than 
that of solution 6 although the surfactant weight percent of 
the solution 6 was three times higher than that of solution 2. 
In addition, the stability of solution 14 containing 1000 ppm 
SDS was equal to that of solution 13, which contained no 

surfactant. These two abnormal changes in stability could be 
explained considering the fact that the surfactant concentra-
tion in solutions 6 and 14 was high enough to form micelles 
and thus the monomers attached to the silica particles immi-
grate to join the micelles while the temperature rise helps 
the monomers detach the particles.

3.1.2 � Statistical analysis

To find the significant terms and identify factors and their 
interaction importance, the results were statistically ana-
lyzed. The analysis of variance (ANOVA) suggested a 
quadratic model for response 1 (stability). Table 5 illus-
trates ANOVA for the stability. As the ANOVA shows, the 
model was found to be significant for the stability response 
in 95% confidence level by p < 0.05. The high value of R2 
(about 0.96) confirms that the model is capable of repre-
senting the experimental systems. A larger F value for a 
factor indicates that the factor has a significant effect on the 
response (Arshadi and Mousavi 2015). However, a lower p 
value for a factor indicates that the factor is more effective 
on the response. Considering the p values, the nanoparticle 
concentration (factor B) and the temperature (factor A) were 
the most effective factors on solution stability. The suggested 
model in terms of actual factors is presented by the follow-
ing equation:

(a)

(c)

(b)

Silica particle 

Na+ cation

SDS monomer 

Hydrophobic layer

van der Waals force

Electrostatic force

Fig. 5   Schematic of a silica particle in aqueous solutions without NaCl and SDS (a), with NaCl (b); and with NaCl and SDS (c)
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where the A, B and C are temperature, SiO2 concentration 
and SDS concentration, respectively.

Figure 6 presents SDS concentration versus temperature 
in a constant SiO2 concentration of 1000 ppm. The contours 
show the stability time of solutions (response 1). The tem-
peratures in Fig. 6a and b changed from 25 to 45 °C and 45 
to 65 °C, respectively. With increasing SDS concentration 
from 0 to 1000 ppm in Fig. 6a, the stability changed from 
3 to 12 days as the contours show the changes from 2.83 to 

(3)

Stability = 25.38125 − 0.34A − 0.0396B + 0.0129C

− 2.0 × 10−4AB − 3.0 × 10−4AC

+ 4.75 × 10−3A2 + 3.16 × 10−5B2 + 1.6 × 10−6C2

11.98. Thus, the surfactant is highly effective on the stabil-
ity rise. However, in Fig. 6b, when the surfactant concen-
tration was increased to 1000 ppm, the stability increased 
from 1 to 3 days as the contours show the changes from 0.57 
to 2.83. Therefore, the surfactant has a weak effect on the 
stability. Hence, as observed in Fig. 6a and b, the effect of 
SDS concentration on the solution stability decreases as the 
temperature increases. The comparison of the stability of 
solutions 13 and 14 both of which have 3 day stability shows 
that the main role in the solution stability is played by the 
SiO2 concentration. As a result, the SDS surfactant could not 
cause proper stability for silica nanoparticles in temperatures 
above 45 °C unless delicate concentrations were used such 
as the solution 19 in Table 4.

Table 5   ANOVA for stability response

a The degrees of freedom (df) in the source

Source Sum of squares R2 dfa Mean square F value p value

Model 430.65 9 47.85 24.94 < 0.0001
A: temperature 42.25 1 42.25 22.02 0.0016
B: nanoparticle concentration 289 1 289 150.62 < 0.0001
C: surfactant concentration 1 1 1 0.52 0.4909
AB 2 1 2 1.04 0.3372
AC 4.5 1 4.5 2.35 0.1642
BC 0 1 0 0 1
A2 4.92 1 4.92 2.57 0.1479
B2 85.1 1 85.1 44.35 0.0002
C2 0.22 1 0.22 0.11 0.7446
Residual 15.35 8 1.92
Lack of fit 15.35 5 3.07
Pure error 0 3 0
Cor total 446 17
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3.2 � Flooding tests

3.2.1 � Recovery factor results and temperature effect

Considering the ultimate recovery factors of tests 1, 3, 5 
and 7 listed in Table 4, all of which were flooded at 35 °C, 
although the SiO2 concentration, SDS concentration and 
both concentrations were tripled in solutions 3, 5 and 7, 
respectively, and in comparison with solution 1, the solu-
tion 1 gave the highest recovery factor. Thus, the increases 
in nanoparticle and surfactant concentrations reduced the 
recovery factor and increasing nanoparticle concentration 
has clearly been by far more effective on the recovery factor 
compared with an increase in SDS concentration.

Comparison of the recovery factors of tests 13 and 14 
in which the surfactant concentration changed from zero 
to 1000 ppm shows that the dominant mechanism, without 
considering the temperature and at constant nanoparticle 
concentration, is IFT decrease for oil recovery. Actually, 
decreasing IFT between the oil and the injected fluid helps 
the remaining oil to separate from pore walls and channels.

Regarding the ultimate recovery factors of tests 2, 4, 6 
and 8 listed in Table 4, all of which were flooded at 55 °C, 
the SiO2 concentration of test 4 and the SDS concentration 
of solution 6 were tripled in comparison with solution 2. 
However, the recovery factor of solution 4 was almost equal 
to that of solution 2 and the recovery factor of solution 6 
was almost 14% less than that of solution 2. Therefore, an 
increase in the SiO2 concentration has no effect on the oil 
recovery factor. Nevertheless, the SDS concentration has 
a significant effect such that the recovery factor decreased 
remarkably with an increase in the surfactant concentra-
tion, whereas an increase in the nanoparticle concentration 
decreased the oil recovery factor, as previously indicated in 
35 °C-flooding tests.

The temperature difference was 20 °C in all four pairs of 
tests (1, 2), (3, 4), (5, 6) and (7, 8) in which the ultimate oil 
recovery differences were 19.6%, 26.4%, 7.9% and 7.5%, 
respectively. In test pairs in which the SDS concentration 
was equal to 250 ppm (tests (1, 2) and tests (3, 4)), the recov-
ery factor difference was much higher than those with the 
SDS concentrations of 750 ppm (tests (5, 6) and (7, 8)). 
Therefore, it seems that the surfactant concentration plays 
a major role as the temperature increases. For example, the 
SDS concentration of test pair (5, 6) was tripled in compari-
son with test pair (1, 2), but the recovery factor difference of 
tests (1, 2) was almost 2.5 times more than that of tests (5, 
6). In addition, considering test pairs (1, 2) and (3, 4), the 
recovery factor difference of test (3, 4) was about 7% higher 
than that of tests (1, 2). Given that the surfactant concentra-
tion in both test pairs was 250 ppm and the nanoparticle 

concentration of tests (3, 4) was triple that in tests (1, 2), and 
a positive impact of nanoparticles on the recovery factor is 
found as the temperature increases. Moreover, in tests (7, 8), 
the nanoparticle concentration was triple that in tests (5, 6) 
and the SDS concentration was equal in both pairs of tests 
while the recovery factor difference of tests (5, 6) and (7, 8) 
almost equaled. As a result, at lower SDS concentrations, 
increasing the temperature and the nanoparticle concentra-
tion could be useful to enhance the oil recovery. However, 
increasing the temperature and SiO2 concentration with SDS 
concentration rise has very little effect on oil recovery and 
is not economical. Figure 7 shows the ultimate oil recovery 
difference of tests pairs (1, 2), (3, 4), (5, 6) and (7, 8).

3.2.2 � Macroscopic and microscopic investigations

Figure 8a–d presents macroscopic and microscopic pic-
tures of tests 1, 3, 5 and 7, which were flooded at 35 °C. 
As observed in Fig. 8, none of the tests enjoy proper sweep 
efficiency. In Fig. 8a, oil was appropriately removed from 
the pore walls by solution 1, unlike other solutions. In micro-
scopic pictures, the difference in the thickness of the remain-
ing oil layer on pore walls is illustrated clearly. For example, 
Fig. 8a, which corresponds to test 1, shows that solution 
1 has removed oil from pore walls to a greater degree 
than other solutions. The low contact angle of solution 1 
(Sect. 3.4) also shows the good performance of solution 1 in 
the removal of oil. Essentially, wettability not only plays a 
major role in controlling the location, flow and distribution 
of oil and water phases, but it also affects the relative perme-
ability of a porous medium. Macroscopic and microscopic 
pictures of tests 2, 4, 6 and 8 flooded at 55 °C are presented 
in Fig. 9a–d, respectively. Oil sweep efficiencies in tests 2 
and 4 (Fig. 9a and b) were higher than those in tests 6 and 
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8 (Fig. 9c and d). In addition, the small thickness of the 
remaining oil layer on pore walls in tests 2 and 4 is shown 
in the microscopic pictures of Fig. 9a and b. The comparison 
of Figs. 8 and 9 in the tests in which the SDS concentration 
was 250 ppm shows that increasing the temperature and SiO2 
concentration may be effective and strongly enhances the 
ultimate oil recovery.

3.2.3 � Statistical analysis

Analysis of variance for response 2 (ultimate recovery) is 
illustrated in Table 6. Given that the confidence level was 
95%, the source B2 was excluded from the model to reduce 
the p value to less than 0.05. The R2 calculated by the soft-
ware was about 0.76. According to Table 5, temperature 

Fig. 8   Macroscopic and microscopic pictures of tests 1 (a), 3 (b), 5 (c) and 7 (d) after injecting 1 PV
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(factor A) has the most impact on the recovery factor fol-
lowed by temperature–surfactant interaction and nanopar-
ticle concentration (factor B). It is important to note that 
temperature–surfactant interaction or temperature impact 
on SDS behavior in different concentrations is much more 
effective than the surfactant concentration, as previously 
discussed in Sects. 3.2.1 and 3.2.2. The suggested model 
in terms of actual factors is presented by the following 
equation:

where A, B and C are temperature, SiO2 concentration and 
SDS concentration, respectively.

(4)

Recovery = − 57.77041 + 2.31732A − 0.013245B

+ 0.11417C + 3.185 × 10
−4AB

− 1.5275 × 10
−3AC − 8.54 × 10

−6BC

− 0.011765A2 − 4.32245 × 10
−5C2

Fig. 9   Macroscopic and microscopic pictures of tests 2 (a), 4 (b), 6 (c) and 8 (d) after injecting 1 PV
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The recovery factor versus temperature at an SDS con-
centration of 250 ppm and different nanoparticle concentra-
tions (250 and 750 ppm) is shown in Fig. 10a. In Fig. 10b 

similar to Fig. 10a, the SDS concentration is constant at 
750 ppm. When the surfactant concentration is equal to 
250 ppm, increasing the temperature from 35 to 55 °C and 
the nanoparticle concentration from 250 to 750 ppm could 

Table 6   ANOVA for recovery response

Source Sum of squares df Mean square F value p value

Model 1006.87 8 125.85 3.53 0.0388
A: temperature 684.21 1 684.21 19.20 0.0018
B: nanoparticle concentration 10.12 1 10.12 0.28 0.6068
C: surfactant concentration 4.25 1 4.25 0.11 0.7376
AB 5.07 1 5.07 0.14 0.7146
AC 116.66 1 116.66 3.27 0.1038
BC 2.27 1 2.27 0.06 0.8060
A2 33.60 1 33.60 0.94 0.3568
C2 177.17 1 177.17 4.97 0.0527
Residual 320.55 9 35.617
Lack of fit 308.88 6 51.48 13.23 0.0291
Pure error 11.67 3 3.89
Cor total 1327.43 17
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Table 7   The viscosity of injected fluids

Solution No. SiO2/SDS concentrations, 
ppm

Viscos-
ity, 
mPa s

1 & 2 250/250 3.0
3 & 4 750/250 5.6
5 & 6 250/750 3.8
7 & 8 750/750 5.8
9, 10, 15–18 500/500 4.8
11 0/500 2.8
12 1000/500 6.4
13 500/0 3.8
14 500/1000 5.4
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enhance the recovery factor by about 20% (Fig. 10a). When 
the surfactant concentration is equal to 750 ppm, a 20 °C 
increase in the temperature and three times increase in SiO2 
concentration could enhance the recovery factor only by 
about 7% (Fig. 10b). In addition, a comparison of slopes 
of Fig. 10a, b indicates that increasing the porous medium 
temperature may improve the impact of nanoparticles on 
enhancing oil recovery. In the other words, as the nanoparti-
cle concentration increases, increasing the temperature could 
help improve the nanoparticle performance in enhancing oil 
recovery.

3.3 � Viscosity results

Table 7 presents the viscosities of the injected fluid at 25 °C, 
and Fig. 11 shows the oil viscosity at the porous medium 
temperatures at which the floodings were performed, i.e., 
25, 35, 45, 55 and 65 °C. The results of viscosity shown in 
Table 7 suggest that the viscosities of the injected fluid were 
enhanced as both SiO2 and SDS concentrations increased. 
As the nanoparticle concentration increased, silica particles 
had more interactions, and a more interconnected three-
dimensional network was formed. Therefore, the solution 
viscosity increased. Furthermore, as the surfactant concen-
tration increased, micelles were formed, and the solution 
viscosity was enhanced. A positive impact of using nano-
particle and surfactant simultaneously on solution viscosity 
is seen by comparison of the viscosity of solutions 9, 11 and 
13. The oil viscosity is expected to decrease with tempera-
ture, as shown in Fig. 11.

3.4 � Contact angles

Figure 12 shows a water drop on a glass surface whose wet-
tability was altered to oil-wet. The measured contact angle 
was 140° on average, indicating that the glass was strongly 

Fig. 12   Water droplet on the glass surface

Fig. 13   Measured contact angles between glass and water drop after aging the glass in solution 1 (a), solution 11 (b), solution 13 (c), solution 19 
(d) and solution 21 (e)

Table 8   IFT between solutions and oil

Test No. SiO2/SDS concentrations, ppm Maximum force F, mg Correction factor f Interfacial tension, 
mN/m

1 & 2 250/250 17.5 0.826 1.182
3 & 4 750/250 14.0 0.826 0.945
5 & 6 250/750 14.3 0.826 0.966
7 & 8 750/750 13.3 0.826 0.898
9, 10, 15 to 18 500/500 20.2 @ 25 °C 0.826 1.364

13.6 @ 65 °C 0.826 0.918
11 0/500 15.5 0.826 1.047
12 1000/500 14.2 0.826 0.959
13 500/0 239.3 0.827 16.178
14 500/1000 15.2 0.826 1.026
21 0/0 211.6 0.827 14.306
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oil-wet. The measured contact angles for Fig. 13a–e, cor-
responding to solutions 1 (or 2), 11, 13 and 21, were equal 
to 12°, 16°, 32°, 18° and 81°, respectively. The nanoparti-
cles and surfactant added to the solutions strongly alter the 
glass wettability to water-wet simultaneously. The effect of 
the surfactant on changing wettability is stronger than that 
of the nanoparticles because the contact angle of solution 
11 is less than that of solution 13 (Fig. 13b and c). The 
contact angle corresponding to solution 21 (NaCl solution), 
Fig. 13e, shows that the NaCl salt itself could reduce the 
contact angle. 

3.5 � IFT

Table 8 presents IFT values between injected solutions and 
oil. In order to investigate the effect of temperature on IFT, 
IFTs between oil and the solution with SiO2/SDS concen-
trations of 500/500 ppm were measured at 25 and 65 °C, 
respectively. It was observed that the temperature had only 
a slight effect on IFT because just a small change in IFT 
was observed with a temperature increase of 40 °C. The 
IFT between solution 13 (500 ppm SiO2) and oil was higher 
than that between solution 21 (0 ppm SiO2) and oil. There-
fore, the nanoparticles could increase the IFT. The total free 
energy tends to adsorb nanoparticles at the liquid interface; 
in addition to this, the formation of an electrical double layer 
on particle surfaces results in more hydrophobic particles 
which tend toward the interface. Consequently, the particles 
migrate from the water phase to the oil–water interface. The 
particles which migrate to the interface cause the interface 
to deform. Lateral capillary forces then develop, and IFT 
increases. Nevertheless, when the nanoparticle/surfactant 
solutions were used, the IFT decreased even more com-
pared with the SDS solution (solution 11). Nanoparticles can 
adsorb surfactants and carry them to the interface as carriers 
of SDS. Therefore, the number of the surfactant monomers 
at the interface increases and the IFT is reduced more. With 
regarding to the process that made solutions more stable, it 
can be concluded that the more stable the solution is, the 
lower the IFT will be and the oil recovery increases. Consid-
ering all calculated IFTs in Table 8, apart from tests 13 and 
21, changing concentrations of SiO2 and SDS in the scale 

of hundreds of ppm do not have a great effect on increasing 
or decreasing IFT.

3.6 � Optimization and confirmation tests

Tests 19 and 20 whose stability and ultimate recovery are 
listed in Table 3 are the confirmation tests for the optimiza-
tion suggested by the software. Table 9 presents the results 
of optimization tests and the corresponding confirmation 
tests. It should be noted that the target of optimization is to 
maximize the responses. The obtained responses for both 
tests 19 and 20 are in good agreement with the predicted 
values at a 95% confidence level and confirmed the model.

3.7 � Sandpack flood test

The sandpack flood results illustrated in Table 10 indicate 
that the ultimate oil recovery was 31.8% after nanoparti-
cle/surfactant flooding. This is satisfactory compared to the 
micromodel oil recoveries of tests 15–18, which were 33.5% 
on average. The oil recovery from the sandpack, which is an 
indication of a more real example of reservoir conditions, 
shows the concentrations used in the micromodel floodings 
could lead to satisfactory recoveries even if the concentra-
tions are low.

4 � Conclusions

To investigate the temperature effect on the fluid stability 
and performance of nanoparticle/surfactant fluids used for 
enhanced heavy oil recovery, many tests were designed and 
performed using the software based on CCD method to 

Table 9   Predicted and experimental responses under optimum conditions

Temperature, 
°C

Nanoparticle concen-
tration, ppm

Surfactant concentra-
tion, ppm

Predicted responses Confirmation test

Stability, days Ultimate recov-
ery, %

Stability, days Ultimate 
recovery, 
%

65 45.81 158.59 20 44.69 20 42.12
65 133.67 192.85 – 45.06 – 44.17

Table 10   Sandpack flooding test results

Sandpack 
porosity, %

Sandpack 
permeabil-
ity, mD

Chemical formula Salinity, 
ppm

Oil 
recovery, 
%

24.6 1060 500 ppm 
SiO2 + 500 ppm 
SDS

35,000 31.8
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determine stability, viscosity, contact angle, IFT and recov-
ery factor of the solutions. The following conclusions are 
drawn.

1.	 NaCl decreases the stability of silica nanoparticle solu-
tions, but the surfactant SDS increases it. At higher 
temperatures, the role of the surfactant concentration 
becomes much more important; that is, inappropriate 
surfactant concentrations can even decrease the solution 
stability. Based on the model suggested by the software, 
the nanoparticle concentration is the most effective fac-
tor affecting the solution stability, followed by tempera-
ture. Increasing temperature not only results in solution 
instability, but also decreases the positive effect of the 
surfactant.

2.	 The viscosity results indicate that changing the con-
centration of the surfactant and nanoparticle from 0 to 
1000 ppm does not change the viscosity much. The oil 
viscosity is almost halved when the temperature is raised 
from 25 to 65 °C.

3.	 The contact angle results demonstrate that for altering 
the glass wettability the SiO2/SDS solution is the most 
effective, followed by the SDS solution and the SiO2 
solution.

4.	 The IFT results show the SiO2 nanoparticles alone raise 
the IFT while the SiO2/SDS solution decreases IFT even 
more than the SDS solution.

5.	 The ultimate oil recovery factor results indicate that 
increasing temperature and nanoparticle concentra-
tion significantly enhances the oil recovery when the 
surfactant concentration is 250 ppm, but increases in 
temperature and nanoparticle concentration have a lit-
tle effect on the oil recovery factor when the surfactant 
concentration is 750 ppm. According to the model sug-
gested by the software, the temperature and tempera-
ture–surfactant interaction are the most effective factors 
in response 2, ultimate oil recovery. In addition, as the 
nanoparticle concentration increases, increasing the 
temperature may improve the performance of nanopar-
ticles in enhancing oil recovery.

6.	 Recovery factors obtained from the optimization tests, 
19 and 20, respectively, are 16.6% and 18.9% more than 
those obtained from solution 21, which only contains 
NaCl. Therefore, the optimum concentrations suggested 
by the software remarkably enhance the ultimate oil 
recovery.
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