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Abstract

Sand production is one of the major challenges in oil and gas production from sandstone reservoirs. Production losses, 
formation damage, corrosion, and equipment failure are all consequences of sand production. Various mechanical and 
chemical methods are used to control sand production. One of the most efficient chemical methods is the injection of hydrogels, 
but its application has been constrained by the hydrogels' weak stability in the harsh conditions of the reservoir. A Co [AM-
AMPS-MALEIC-AAC]/PEI-MBA nanocomposite hydrogel with superior viscoelastic properties and double crosslinking was 
developed and synthesized to overcome these restrictions. Swelling, rheology, and morphology tests were utilized to predict 
the produced nanocomposite's effectiveness and performance in the harsh Iranian reservoirs. According to the obtained 
results, at ambient temperature (25°C, during injection) and reservoir temperature (90°C, placed in a porous medium), in 
distilled water, the maximum swelling ratio was 8.5 and 94, and in formation water, the maximum swelling ratio was 5.4 and 
10.8, respectively. The X-ray diffraction test findings show that the nanoparticles are uniformly distributed throughout the 
structure. Also, according to the results of the thermal strength test, the sample’s thermal stability up to 90°C was confirmed 
with less than 0.6 wt% degradation. The results of the strain sweep, frequency sweep and stress-strain tests demonstrate 
the existence of a robust, three-dimensional, and viscoelastic structure up to a strain of 100% and a frequency of 100 Hz. 
In the strain sweep test with a constant frequency of 1 Hz, the maximum storage modulus was reported as 27,000 Pa, and 
in the frequency sweep test with a constant strain of 1%, 18,000 Pascals were reported. The stress-strain test revealed that 
the ultimate tensile strength of the synthesized material was 4630 pascals. These characteristics make the aforementioned 
nanocomposite hydrogel ideal for usage in porous media.
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Abbreviations: TGA: Thermal Gravimetric Diagram; AM: 
Acrylamide; AMPS: Acrylamide Methylpropane Sulfonic Acid; 
MA: Maleic Acid; AAC: Acrylic Acid; PEI: Polyethyleneimine; 
MBA: Methylene Bisacrylamide; APS: Ammonium Persulfate; 
XRD: X-Ray Diffraction.

Introduction

The majority of hydrocarbon resources are found in 
sandstone reservoirs, which are fragile due to geological 
factors. In other words, it could be estimated that more 
than two-thirds of hydrocarbon resources are found in low-
strength reservoirs [1,2]. These reservoirs’ exploration, 
drilling, production, and exploitation lead to sand 
production [3]. Numerous problems are brought on by 
sand production, including severe erosion and corrosion 
on subsurface and surface equipment, the well choke 
phenomenon, various safety issues like loss of well control 
and fire, the accumulation of sand in separation equipment, 
and a resulting reduction in their capacity, and an increase 
in operating and maintenance costs [4-6]. Most notably, 
the migration and production of sand cause a significant 
pressure drop around the production well, leading to a sharp 
decline in oil production. Oil companies invest a lot of money 
in developing sand control technologies because of the 
aforementioned issues and other detrimental consequences 
that sand production and migration have on the exploitation, 
production, and separation of oil [7].

Any procedures, techniques, and equipment utilized in 
reservoirs with sand production or sand production potential 
with the intention of enhancing productivity, lowering 
reservoir disintegration, and minimizing sand production 
and movement within the reservoir are referred to as “sand 
control.” Sand control methods are divided into two general 
categories, active and passive [8]. Active methods are mostly 
mechanical techniques that collect the produced sand [9,10]. 
As a result, the formation is still being destroyed while the 
produced sand is merely controlled by these methods [11]. 
Passive methods are more recent techniques that stop the 
production and movement of sand by injecting chemicals, 
altering the characteristics of the sand, and enhancing the 
mechanical properties of the formation [12,13].

The most frequent and conventional methods of sand 
control are mechanical methods. The major drawbacks of 
mechanical methods include the clogging and closure of 
screen and liner pores, which results in a significant drop 
in pressure along the screen and subsequently reduce 
production [14]. Other problems with mechanical methods 
include challenges with material exploitation and selection, 
various difficulties with installation, particularly in wells 
with small diameters, corrosion of screens and liners brought 
on by the acidizing process, severe abrasion corrosion in 

gas reservoirs, and the extremely high cost [15]. Because of 
the aforementioned problems and limitations as well as the 
continued destruction of the formation, it is not practical to 
use mechanical methods of sand management and control 
in many wells; instead, chemical techniques must be used to 
stabilize and control sand in these wells. The employment 
of chemical methods improves sand control operations’ 
effectiveness, lowers operating expenses, and maintains well 
production [8]. In chemical approaches, a chemical material 
is injected into the formation; this chemical interacts with 
the formation and the sand particles inside it to strengthen 
the formation and stop sand production [16,17]. Therefore, 
identifying the most suitable chemical to inject into the 
formation offers greater potential than other sand control 
strategies.

In the last decade, the performance of nanomaterials in 
controlling sand production has been evaluated positively 
[18]. Nanomaterials prevent sand production by the 
mechanisms of reducing zeta potential [19], altering the 
interaction between surfaces [20], and changing the surface 
characteristics of sand particles [21]. By altering the zeta 
potential, the attraction forces between particles increase, 
which prevents sand production. For this purpose, the sand 
particles are surrounded by nanoparticles, and with the 
change of electrostatic forces on their surfaces, the potential 
difference between the particles and the fluid also changes. 
As a result, the sand particles adhere to one another, 
which reduces sand production [22]. Injection of various 
nanoparticles such as Al2O3, MgO, SiO2, ZnO, etc. causes the 
sand particles to stick to each other, and the production 
and migration of sand particles decrease in the formation 
[23,24]. Each of the nanoparticles has unique characteristics 
that can be useful in the sand control process. For example, 
aluminum oxide (Al2O3) has advantageous physical 
characteristics, including strong mechanical strength, 
abrasion resistance, corrosion resistance, thermal stability, 
and electrical insulation [25,26]. Despite the advantages of 
using nanoparticles, it should be mentioned that the use 
of nanomaterials for sand control has some drawbacks. 
The most important challenge of using nanoparticles is 
their efficiency in reservoirs with different pHs and in the 
presence of ions, because charged ions can have a negative 
effect on the performance of nanomaterials. On the other 
hand, although nanoparticles raise the formation’s strength 
without diminishing permeability, the strength increase 
brought on by these materials is very tiny; therefore, 
nanoparticles cannot prevent heavy sand production. Finally, 
it may be said that nanoparticles are efficient for formations 
with little sand generation and low permeability [27].

Another group of materials that are widely used in the 
field of chemical sand control methods are polymer materials 
[28]. Resins were the first group of polymer materials that 
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were used to strengthen the formation since 1940 [29]. 
Resins are soft to hard organic substances that are utilized to 
bind sand particles together or produce a protective layer in 
the formation. The two types of resins are thermosetting and 
thermoplastic resins. Phenol, furan, amino, epoxy, etc. are 
examples of thermosetting resins [30]. Thermosetting resin 
when placed in the reservoir’s temperature range, become 
hardened by forming cross-linking connections and stop the 
production of sand by adhering sand particles to one another 
[31,32]. Despite the widespread use of resins for sand 
control, their efficiency has always faced serious problems. 
Numerous injection issues, like multi-stage injection and 
the need for specialized pumps because of high viscosity, a 
severe reduction in reservoir permeability, and formation 
damage, difficulties with accurately positioning the resin 
in the formation prior to hardening, as well as its high cost 
and toxicity, can be mentioned as crucial limitations of resin 
employment [33,34]. Due to the restrictions mentioned for 
resins, the focus was on the utilization of hydrogels.

Hydrogels are smart polymeric materials with a 
three-dimensional structure that can hold water in their 
structure and have a dual function against water and oil [35]. 
Hydrogels are divided into two categories: in situ [34] and 
preformed [36]. Salehi, et al. [37] successfully used in situ 
hydrogels to control sand production. But even so, because 
the polymerization process and the development of the 
three-dimensional structure in this method occur within the 
formation environment, the in situ gel’s production is strongly 
influenced by the formation’s temperature, pressure, salinity, 
pH, and tensions [38]. As a result, the gelation time, placement, 
and creation of a three-dimensional structure are all subject 
to high uncertainty. So the success of the procedures using 
in situ gelation confronts significant obstacles [39]. The use 
of preformed particle gels is the suggested remedy for these 
difficulties. These materials are completely developed gels 
that are powdered, mixed with water, and then injected into 
the formation [40]. The simplicity of injection, controllable 
placement, and independence of gel formation from reservoir 
conditions are the three main benefits of employing these 
materials. As a result, preformed particle gels are better 
candidates for injection into the oil reservoir than in-situ 
gels [38]. However, the application of these materials has 
been constrained by their poor structural strength and low 
thermal stability. Considering the capability of nanoparticles 
in increasing the strength of the formation and, on the 
other hand, the performance of hydrogel in increasing the 
adhesion between particles due to its structural nature, it 
is expected that the design and manufacture of preformed 
polymer nanocomposite is a suitable alternative or a suitable 
solution to control sand production. Furthermore, preformed 
hydrogels’ structural strength and thermal stability are 
significantly improved by the incorporation of nanoparticles, 
making them appropriate for application in harsh reservoir 

conditions. In other words, problems with hydrogel 
instability in harsh conditions, such as high temperature and 
salinity, are alleviated by the incorporation of nanoparticles 
into the hydrogel’s structure [2].

In this paper, preformed hydrogel nanocomposite 
particles of Co[AM-AMPS-MALEIC-AAC]/PEI-MBA with Al 
nanoparticles were designed and tested. In the designed 
hydrogel nanocomposite, acrylamide is used as the base 
monomer. 2-acrylamido-2-methylpropanesulfonic acid 
monomers were used as a factor that increased resistance 
to high salinity, and acetic acid was used in the composition 
of the nanocomposite to increase the amount of swelling and 
Maleic acid to control the swelling rate. Polyethylenimine 
and N,N’-Methylenebisacrylamide crosslinkers were used in 
order to increase the structural strength against the stresses 
applied to the nanocomposite during injection and placement 
in the formation. Aluminum oxide nanoparticles were added 
to the system to increase thermal stability, enhance the 
mechanical properties, and take advantage of the synergistic 
effect of the presence of nanoparticles and hydrogel.

Materials and Devices

The following monomers were used to make hydrogel 
nanocomposites: acrylamide (AM), 2-acrylamide-2-
methylpropane sulfonic acid (AMPS), maleic acid (MA), and 
acrylic acid (AAC). Cross-linkers of polyethyleneimine (PEI) 
and N, N′-methylene bisacrylamide (MBA) and a reaction 
initiator of ammonium persulfate (APS) were also used. 
The AM, MA, and MBA used in this research were obtained 
as solid powders and the AAC as a colorless liquid from 
Merck Company, Germany. The second cross-linker, linear 
PEI, was bought as a 50% by weight aqueous solution from 
Sigma-Aldrich, Germany, while AMPS with a purity of 97% 
was purchased from Fisher Scientific, Germany. APS was 
purchased from the Iranian company Exir Chemical. The 
samples were prepared using formation water with a salinity 
of 200,000 ppm and distilled water (resistivity, 18.25 M cm). 
Al2O3 nanoparticles from Iran’s Neutrino Company, with a 
particle size of 10–20 nm, were used in the nanocomposite 
structure. To synthesize the nanocomposite, the AM, AMPS, 
MA, and AAC were dissolved in distilled water at room 
temperature with weight ratios of 1, 0.5, 0.25, and 0.25, 
respectively. Following that, they were gradually fed to the 
reaction reactor in a water bath at a temperature of 46 °C 
with a time interval of 5 minutes. The amount of 1 wt% 
of monomers, Al2O3 nanoparticles, was placed in 4 cc of 
distilled water for 45 minutes in an ultrasonic bath (Elma 
ultrasonic bath p300H) to obtain a completely homogeneous 
and dispersed solution of nanofluid. Dispersed nanofluid 
suspension at 56 °C was gradually added to the reaction 
container with a micropipette (FOUR E’S SCIENTIFIC) at 
a rate of 1 cc/min. At this stage, the reaction temperature 
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was gradually increased to 66 °C, and then the solution of 
crosslinkers in the amount of 10 wt% of the monomers used 
was gradually added to the main solution. A 5 wt% weight 
of the used monomers from the solution of the APS initiator 
was added to the main solution, and the temperature was 
raised to 76°C to initiate the free radical polymerization 
process. The entire process was carried out under a constant 
flow of nitrogen to prevent the presence of oxygen during 
polymerization. To make sure there were no unreacted 

monomers in the hydrogel nanocomposite structure, the 
produced sample was washed several times with water 
after the polymerization process and relaxation period. The 
produced nanocomposite was subsequently heated to 65 
degrees Celsius for 24 hours in a vacuum oven (Memmert). 
The dried hydrogel nanocomposite parts were ground into 
powder particles with a diameter of 150 μm using a Fritsch 
pellet mill. Figure 1 shows the preparation steps of preformed 
particle hydrogel nanocomposite [41].

Figure 1: Production Steps of Preformed Particle Hydrogel Nanocomposite.

To study swelling ability and investigate the effects of 
temperature and salinity on the efficiency of the sample, a 
quantity of dry gel is weighed and poured into a tea bag with 
a mesh size of 100 micrometers. Then tea bags containing dry 
polymer gel are submerged in brine and distilled water while 
being weighed at predetermined intervals. It is important to 
note that, in contrast to an aqueous environment, hydrogels 
do not swell in an oil environment, and this property causes 
disproportionate permeability reduction characteristics at 
hydrogel flooding [42]. Equation 1 was applied to determine 
the swelling ratio, where W0 represents the weight of the dry 
polymeric gel prior to swelling and Ws represents the weight 
of the polymeric hydrogel after swelling [43].

0

0

sW W
ESR

W
−

=  (1)

X-ray diffraction (XRD) was employed with a device 
(Bruker AXS-D8 Advance Diffractometer) to determine 
the hydrogel nanocomposite structure’s crystalline 
or amorphous nature and to assess the dispersion of 
nanoparticles inside the structure [44,45]. The TGA (Netzsch-
TGA 209 F1 device) was used to measure the thermal stability 
of the sample [44,46]. An Austrian-made rheometer (Anton 
Paar Co. MCR301) with a 50 mm-diameter plate was used for 
this investigation. In this context, the complex modulus (G*) 

was used as a representation of resistance to external stress. 
Equation 2, where G’ is the storage modulus and G” is the 
viscous modulus, is used to compute the complex modulus 
[37,47].

* 2 2' "G G G= +  (2)

In order to study the viscoelastic behavior of the sample, the 
gamma tangent was used according to equation 3.

( ) Gtan
G

γ =
′′
′

 (3)

The morphology of the samples and the presence of porous 
structure were investigated using SEM and EDS tests (Tescan-
VEGA equipment, Czech Republic) [48,49].

Results and Discussion

Equilibrium Swelling

The hydrogel nanocomposites synthesized in this 
research have the ability to retain solvent in their structure 
due to their three-dimensional structure. The hydrogel’s 
swelling ability is affected by a variety of elements. The 
Flory’s network theory is used to compute the hydrogel 
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swelling ratio. According to this theory, the osmotic pressure 
difference between the gel network and the external 
electrolyte solution is used to estimate the swelling ratio. By 
increasing the concentration of salt in the solvent, the amount 
of ions in the solution increases, and subsequently, with 
the decrease in osmotic pressure, the rate of swelling and 
equilibrium swelling ratio of the hydrogel nanocomposite 
decrease. If there are more polyvalent ions in the added salt, 
they will replace more monovalent ions, causing the osmotic 
pressure to drop even further. In the current investigation, 
the equilibrium swelling ratio of hydrogel nanocomposites 

in distilled water and salt water was investigated at ambient 
temperature (25°C) and reservoir temperature (90°C). For 
this purpose, the equilibrium swelling test was performed up 
until the equilibrium time (45 days). According to Figure 2, 
increasing the temperature of the distilled water environment 
and formation water from the ambient temperature (25°C) 
to the reservoir temperature (90°C) has caused an increase 
in the swelling rate from 8.5 to 94 and from 5.4 to 10.8, 
respectively. It is also evident that rising temperatures have 
sped up absorption rates in addition to raising equilibrium 
swelling ratios.

Figure 2: Equilibrium swelling diagram a) 25°C temperature b) 90°C temperature.

X-Ray Diffraction (XRD)

The research’s objective is to synthesize a nanocomposite 
that can be injected into oil reserves; therefore, it’s critical 
that the material be able to withstand high temperatures 
and stress. When nanoparticles are distributed uniformly 
and maximally throughout the hydrogel’s three-dimensional 
network, they can have the most impact on the structure of 
the hydrogel and result in the maximum improvement in 

structural strength and thermal stability. This nanoparticle 
distribution in the hydrogel is known as the exfoliated state. 
Figure 3 indicates that there is no overlap between the X-ray 
diffraction spectra of nanocomposite and nanoparticle. 
As a result, phase separation was not performed, and the 
nanoparticles were positioned between the polymer chain 
layers. So, the synthesis of the hydrogel nanocomposite and 
the presence of nanoparticles in the structure were both 
verified.

Figure 3: a) X-ray diffraction spectrum of nanocomposite and nanoparticle b) Schematic of the exfoliated state.
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Thermal Strength Study

Owing to Iran’s oil reservoirs’ high temperature, it is 
crucial to assess the synthesized nanocomposite’s thermal 
strength. The results of the TGA test are shown in Figure 4. 
According to the results, weight loss occurs in three stages 
as the temperature increases. According to the results, the 
amount of weight loss is less than 0.5% up to a temperature 

of 80°C, less than 1.6% up to 120°C, and less than 6.3% of 
the weight is lost up to 200°C. The findings show that adding 
nanoparticles to the hydrogel, strengthens its thermal 
stability and improves its performance in harsh reservoir 
conditions. This case indicates the high ability of synthesized 
nanocomposite materials to be used in oil reservoirs with 
high temperatures.

Figure 4: Thermal gravimetric diagram (TGA), Co[AM-AMPS-MALEIC-AAC]/PEI-MBA.

The weight loss between 80 and 120 °C is caused by 
the loss of bound water, or water that has been adsorbed on 
the surface of the particles. Up to 200 degrees Celsius, the 
nanocomposite maintains its stability, but the weight of the 
nanocomposite significantly drops between 200 and 350 
°C as a result of the amide group’s thermal decomposition. 
The weight abruptly decreases after 350 °C as a result of the 
thermal decomposition of the carboxylate and amine groups. 
As shown in Figure 4, by adding nanoparticles to the hydrogel, 
the decomposition temperature increased; therefore, the 
thermal stability of the nanocomposite increased with the 
presence of nanomaterials.

Rheological Properties

Considering the operating environment of the 
nanocomposite hydrogel and the stresses applied to them 
during injection and passing through the porous media in 
the formation, these materials must maintain high structural 
strength and elastic properties under the high temperature 
and pressure of the operating environment. For this purpose, 
strain sweep, frequency sweep and stress-strain tests were 
used to examine the behavior of hydrogel nanocomposites 

under variations of strain and frequency. According to the 
results shown in Figure 5, at strains between 0.1% and 100% 
and frequencies between 1 and 100 Hz, the samples show 
linear viscoelastic behavior. But at strains higher than 100% 
and frequencies higher than 100 Hz, the nanocomposite 
structure begins to lose its viscoelastic nature, its degradation 
begins, and the sample turns from a semi-solid state to 
a liquid state. As shown in Figure 5c, the ultimate tensile 
stress, which is defined as the highest stress a material can 
withstand before fracturing, was reported as 4630 pascals 
for the synthesized sample. So the manufactured sample has 
a strength of up to a complex modulus of 12 kPa against the 
applied stresses and an ultimate tensile stress of 4.6 kPa; 
therefore, in comparison with traditional hydrogels, it has a 
very acceptable structural strength, which ensures that the 
Co [AM-AMPS-MALEIC-AAC]/PEI-MBA nanocomposite is 
strong enough to preserve its structural integrity inside the 
reservoir while operating under reservoir temperature and 
injection stresses. According to Figure 5, the elastic modulus 
is superior to the viscous modulus at frequencies between 
1 and 100 Hz, and throughout this range, tan (ẟ) has values 
below 2, which denotes the viscoelastic structure.
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Figure 5: a) Strain sweep diagram b) Frequency sweep diagram c) Stress-Strain diagram.

In Table 1, which compares the rheology of the 
nanocomposite with other common hydrogels, it can be seen 

that the designed and produced nanocomposite has a higher 
strength than other common hydrogels.
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Structure Temperature (°C) G’ Ref

Poly(AM-co-AA)/TEMED/CMC 25 1200 [50]

Poly(Acrylamide-co-Acrylic Acid)/Xanthan Gum (XG) 25 1000 [51]

Poly(AM-co-AMPS)/PEI 90 8000 [38]

Co[AM-AMPS-MALEIC-AAC]/PEI-MBA 90 18000  

Table 1: Rheological characteristics of conventional hydrogels and synthetic nanocomposite at frequency sweep tests.

Morphological Properties

In order to study the microscopic structure of the 
nanocomposite hydrogel, SEM and EDS tests were used. As 
illustrated in Figure 6, EDS results indicate the presence of 
carbon, oxygen, and nitrogen, which can be justified by the 

hydrogel structure. Also, the presence and distribution of 
aluminum oxide nanoparticles in the structure of the sample 
were confirmed. In addition, according to the results of the 
SEM test, the manufactured sample has a dense and leaf-like 
structure, which creates a strong structure and increases the 
ability of controlled swelling.

Figure 6: a) EDS and microscopic image of the fabricated sample with a scale of 20 μm b) SEM image of nanocomposite.

Based on the results, it can be concluded that the 
produced sample has the qualities required to be injected 
into the formation for the purpose of sand control. These 
qualities include structural strength, thermal stability, high 
viscoelasticity, and the maintenance of swelling in distilled 
water and formation water. 

Conclusion

In this research, a Co [AM-AMPS-MALEIC-AAC]/PEI-
MBA nanocomposite hydrogel with double crosslinking 
and aluminum oxide nanoparticles was designed and 
manufactured to control sand production and migration 
in oil reservoirs. The swelling behavior is one of the 
most important factors for ensuring the performance of 
nanocomposite hydrogel in harsh reservoir conditions. Due 
to the swelling value of 10.8 in the temperature and salinity 

of the reservoir (90°C, 200000 ppm), the synthesized 
material performed satisfactorily. According to the results 
of morphological tests like SEM and EDS, the produced 
sample had a porous, three-dimensional, homogeneous, 
and dense structure. The sample’s thermal stability was 
examined up to a temperature of 500°C, and considering the 
0.6% weight loss of the sample up to 90°C, it is practicable 
to employ the sample in the temperature conditions of oil 
reservoirs. At frequencies between 0.1 and 200 Hz and 1% 
strain, the tan (ẟ) exhibits a gentle slope (less than 2), which 
indicates the formation of a three-dimensional structure in 
the nanocomposite. The superiority of the storage modulus 
compared to the loss modulus at strains between 0.1% and 
200% in the strain sweep test indicates the maintenance of 
viscoelastic properties under various strains. Additionally, 
the maximum storage modulus of 27,000 Pa confirms the 
creation of a strong structure in the nanocomposite. The 
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results of the frequency sweep and strain sweep tests reveal 
the formation of a three-dimensional and strong structure in 
the sample, which causes no change in nanocomposite shape 
in the injection process into the porous medium and prevents 
the production of sand. Considering what the stress-strain 
test revealed, the produced nanocomposite has a maximum 
stress of 4630 pascals, so it was confirmed that the produced 
material has good resistance and efficiency under high-
stress conditions. According to the outcomes of various 
experiments, the designed and synthesized nanocomposite 
has the requisite potential to control sand in Iranian 
reservoirs. Further studies are recommended to evaluate the 
effect of different nanomaterials in the further enhancement 
of thermal and structural strength; furthermore, in order 
to evaluate performance and ensure the conservation of 
the elasticity properties in the reservoir’s harsh conditions 
inside the porous media, core-flooding experiments and 
micromodels were also recommended.
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