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Polymeric gels can be injected into reservoirs to regulate fluid dynamics
and enhance oil recovery by creating physical barriers to redirect water
flow. In this study, a polymer gel system was developed using sulfonated
polyacrylamide combined with chromium acetate. Silica nanoparticles
were synthesized via the sol-gel method, and their effects on the polymer
gel system, including the gelation time and gel strength, at the
concentrations of below 1% weight were evaluated through the bottle
test. The performance of the polymer gel containing silica nanoparticles
and the silica nanoparticle gel in formation waters was assessed.
Furthermore, homogeneous microscopic models and heterogeneous
two-layer microscopic models, which included regions with high and
low permeability, were constructed to evaluate the functional
effectiveness of the polymer gel and silica nanoparticle gel in porous
media environments. Factors influencing oil recovery were examined in
relation to the volume of injected pore water. The results indicated that
silica nanoparticles enhanced the gel strength and increased its swelling
capacity under saline conditions. Microscopic model testing in both
homogeneous and heterogeneous configurations demonstrated that the
silica nanoparticle gel provided better blockage in high-permeability
regions and fractured zones, compared to the polymer-only gel. In the
heterogeneous microscopic model, oil production rates were 55.60% for
the polymer gel and 57.21% for the silica nanoparticle gel, while in the
homogeneous model, these rates were 62.6% and 68.24%, respectively.
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1. Introduction

The production of excess water in fractured oil
reservoirs is a huge challenge in the oil and gas

industry, with considerable operational,
economic, and environmental consequences.
This phenomenon increases production costs,
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decreases the operational lifespan of
reservoirs, and engenders technical and
ecological problems. The extraction of
excessive water from these reservoirs
adversely affects oil quality and adds to
reservoir pressure depletion[1, 2].
Furthermore, it may induce erosion in pipes,
reduce the efficiency of pumping systems, and
escalate the necessity for wastewater
treatment, consequently exacerbating
operational complexity and expenses. The
effective management of the production of
excess water and minimization of its adverse
effects necessitate detailed analyses and
rigorous scientific research. Such efforts are
essential to developing optimized solutions
that enhance the performance of reservoirs and
ensure sustainable operations in the oil and gas
industry[3, 4]. The selection of a suitable
control profile and shut-off agent is essential
for the effectiveness of field operations in oil
reservoirs. [5, 6].

Therefore, reservoir management and
production techniques directly influence oil
recovery processes. One effective approach to
reducing the production of water and
increasing oil extraction rates is by blocking
existing channels within the reservoir and
reducing its heterogeneity. In this regard,
methods such as polymer injection, surfactant
injection, and foam injection are widely used.
These techniques improve the efficiency of oil
recovery and lead to better fluid flow control
within the reservoir[7]. Polymer gels are the
most widely used chemical material for
managing produced water in oil and gas
reservoirs. Water and oil move through
fractures and faults in the reservoir rock, and
by reducing areas with high permeability, they
block water channels that act as primary flow
paths in highly permeable oil reservoirs. This
not only improves the oil-to-water production
ratio but also enhances oil recovery. This
process directs the injected fluid (water)
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towards previously displaced oil regions,
thereby reducing the efficiency of excess water
and increasing the recovery of remaining
hydrocarbons[8, 9]. Mixing a polymer solution
with a crosslinking agent, such as a metal ion
or an organic compound, forms polymer gels.
Additionally, various additives can be
incorporated into the system to enhance
stability or adjust the gelation time to suit
specific applications. The composition and
concentration of the components determine a
certain period after which the mixture
transforms into a rigid, impermeable material.
Generally, polymer gels are considered cost-
effective due to their composition, which
consists of over 95% water and low-cost
chemical stabilizers. Polymer gels, with their
versatile  functionalities and  economic
advantages, find widespread use in oilfield
applications like water shutoff and enhanced
oil recovery[10, 11]. Crosslinking agents in
polymer gel systems are classified as organic
and inorganic. Organic chemicals establish
covalent connections with polymer molecules,
improving  mechanical  stability  and
durability[12]. Inorganic compounds,
including chromium acetate and aluminum
nitrate, form ionic connections that facilitate
expedited gelation. Each type is chosen
according to the variables of the reservoir such
as temperature and salinity to maximize gel
characteristics for water shutdown and
improve oil recovery applications [13-15].

At higher reservoir temperatures, the polymer
gel mixture crosslinked with organic agents
are more thermally resistant than those
crosslinked with inorganic agents. The
stronger covalent connections created by
organic compounds, as opposed to the weaker
ionic bonds usually seen in inorganic
compounds, are the source of this improved
stability. The high suitability of organic
crosslinker-based gels for high-temperature
reservoir applications is due to their



Maleki-Khalan and Hosseini-Nasab/ Iranian Journal of Chemical Engineering, Vol. 22, No. 2, 65-85, (2025)

robustness[16, 17]. This can happen in the
polymer gel because the gel network can get
much smaller because of crosslinking
interactions between polymer molecules. This
contraction can lead to the expulsion of water
from the gel network. Furthermore, the typical
heterogeneous structure of the gel is closely
linked to its stability. The intermolecular
crosslinking creates rings that cause the gel to
shrink. Several studies have highlighted the
critical role of the gel's structure in
determining  its  properties.  However,
experimental validations have not yet
conclusively confirmed the exact nature and
role of the gel structure[18]. Various
parameters, including the gelation duration,
tensile  strength, and heat stability,
considerably influence the characteristics of
polymer gels. Nanoparticles, by being
adsorbed onto polymer chains, diminish
polymer aggregation and improve the gel
structure. The efficacy is enhanced due to the
formation of hydrogen bonds between the
nanoparticles and the active groups, including
amides and carboxylic acids, in the polymer
chains. These interactions augment the
hydrophilicity of the polymer, so diminishing
shrinkage and improving both the strength and
thermal stability of the gels[19]. The gel
structure of polymers is essential for thermal
stability in high-temperature containers. The
thermal stability of a polymer gel system
containing silica nanoparticles was examined.
Initially, all samples exhibited heat absorption
as temperature increased. This resulted from
the successive evaporation of free and bound
water in the gel samples. The significant
reduction in heat flow suggested that nearly all
the water in the gel samples had evaporated.
The depletion of water causes the
disintegration of the gel structure, resulting in
an unstable gel. The heat resistance of the
polymer gel devoid of nanoparticles reached
137.8 °C, whereas the gel formulated with 0.3

wt% of silica nanoparticles exhibited thermal
resistance of 155.5 °C. Consequently,
differential scanning calorimetry studies
indicated an enhancement in the thermal
resistance of the nanocomposite gel[20].

A scientific investigation systematically
examined  the  impact of  sodium
montmorillonite  nanoparticles on  the
PAM/PEI polymer gel system. The results
indicated that these nanoparticles markedly
enhanced the gelation time, mechanical
strength, and thermal stability of the gel. The
gel structure exhibited no indication of
shrinkage. Furthermore, during the assessment
of injection pressure in porous medium, the
reduced viscosity of the modified gels resulted
in a more gradual increase in pressure, hence
enhancing the gel's efficacy in practical
applications[21]. A key part of enhanced oil
recovery (EOR) techniques is studying how to
lower the flow of water through polymer gels
in porous media. Researchers have extensively
studied Cr (111)-PAM polymer gels for their
effectiveness in heterogeneous reservoir
environments. Researchers used a dual-layer
micromodel with varying permeability to
demonstrate that the gel strength primarily
controls the efficiency of sweep in such
systems. While high-permeability zones
exhibited only a marginal improvement in oil
recovery, regions with low permeability
showed a marked dependence on the gel
strength. These findings underscore the
importance of optimizing the properties of
polymer gels to maximize recovery efficiency,
particularly under challenging reservoir
conditions[22, 23].

Moosa Hasankhani et al. [23]investigated the
performance of a polymer gel system
composed of polyacrylamide (HPAM) and
polyethyleneimine (PEI) crosslinker in the
presence of asphaltene particles to enhance oil
recovery and water shutoff in a micromodel.
The results revealed that the polymer gel

67



Maleki-Khalan and Hosseini-Nasab/ Iranian Journal of Chemical Engineering, Vol. 22, No. 2, 65-85, (2025)

system with added asphaltene exhibited a
higher final oil recovery factor compared to the
polymer gel system without asphaltene. This
improvement resulted in better sealing of
fractures within the porous medium,
contributing to more effective water blockage
and enhanced oil recovery. In recent years,
reinforced polymer gel systems for water shut-
off in oilfields, particularly under high salinity
conditions, have garnered significant attention.
Researchers have investigated a polymer gel
system comprising polyacrylamide (PAM),
polyethyleneimine (PEI), thiourea, and nano
silica for high salinity (211,688 mg/L). Their
findings indicate that the addition of nano
silica enhances the gel strength, gelation time,
and stability, increasing the gel's ability to
block water in porous media. Additionally,
silica helps prevent the gel from drying out.
[24]. Shaikh Mohammad Shehbaz et al.
investigated the effect of silica nanoparticles
and accelerators on the gelation behavior of
hydrolyzed polyacrylamide (HPAM) systems
for water shut-off applications in oil reservoirs.
The results demonstrated that silica
nanoparticles could enhance the stability and
gelation strength under harsh conditions, such
as high temperature and high salinity. This
research contributes to improving the
efficiency of polymer gel systems in water
shutoff operations [25].Under reservoir
conditions with temperatures exceeding 80°C
and salinity levels above 50,000 mg/L,
conventional polymers such as polyacrylamide
(PAM), partially hydrolyzed polyacrylamide
(HPAM), and natural polymers like xanthan
gum exhibit poor performance, due to thermal
degradation and instability in the presence of
divalent cations[26, 27].

Although the incorporation of nanoparticles
has shown a promise in enhancing the
performance of polymer gels for water flow
control in porous media, previous studies have
indicated that increasing the concentration of
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the nanoparticle of beyond 1 wt% can lead to
particle aggregation and pore blockage. This
phenomenon not only reduces the efficiency of
the gel during water control processes but can
also exacerbate formation damage. Therefore,
optimizing the concentration of the
nanoparticle, to maintain gel stability and
prevent excessive pore plugging, remains a
critical challenge in the development of
nanocomposite gel systems.[28]. To
overcome the limitations associated with
hydrolyzed polymer HPAM behavior, this
study employs sulfonated polyacrylamide
(SPAM), which demonstrates superior
resistance to the harsh conditions of
temperature, salinity, and the presence of
divalent cations due to the substitution of
amine groups (NH;) by sulfonate groups
(SO37). In this work, silica nanoparticles were
used due to increasing hydraulicity,
strengthening gel network, increasing water
absorption capacity and increasing the
structural durability of gel in high permeability
environments. The focus of this study was to
evaluate the behavior of the polymer gel and
nanocomposite gel systems under different
levels of salinity, with the ultimate goal of
identifying the optimal concentration of silica
nanoparticles in order to increase oil recovery
in porous media. To achieve this goal, silica
nanoparticles were synthesized using the SOL
gel method and was determined by XRD and
FTIR. Subsequently, the effects of different
silica nanoparticles on the properties of key gel
systems, including the mechanical resistance,
gelation time and stability, under different
salinity ~ conditions  were investigated.
Compared to previous studies, which were
mainly focused on the evaluation of polymer
or nanocomposite gels in homogeneous
environments, the present study compares the
yield of these systems in broken microemodels
with  homogeneous and heterogeneous
structures. This approach activates the actual
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analysis of the gel behavior under conditions
closer to those of actual reservoirs. The
findings of this study can be defeated as an
effective instruction for designing and
optimizing nanocomposite gel formulas for
water control applications in fractured
reservoirs.

2. Material

The polymer used in this study was sulfated
polyacrylamide with the molecular weight of
2.5 million Daltons, commercially known as
AN125VLM. It had the sulfation degree of
25% and was provided by SNF Company,
France. The cross-linking agent was water-
soluble trivalent chromium acetate, supplied

(Si(OC3Hs5).,), acetic acid (CH3;COOH), and
ethanol (C,HsOH) were purchased from
Merck and employed for the synthesis of silica
nanoparticles. In all synthesis experiments,
tetraethyl orthosilicate was used as the
precursor, and distilled water served as the
solvent.To investigate the effect of the
polymer gels on oil recovery in fractured
porous media, a comprehensive series of
experiments was conducted. The crude oil
used in these experiments was obtained from a
southern reservoir in Iran, with the density of
0.865 g/cm3, viscosity of 12.36 cp, and API
gravity of 31.9. Additionally, formation water
from the same region was used, with its
detailed properties presented in Table 1.

by Carlo Erba. Tetraethyl orthosilicate
Table 1.
lon composition and properties of formation water
Parameter Nat  Ca?* mg?*t ClI~ HCO3 S0%~ PH TDS

Concentration(mg/l) 33585 10955 1292

0.614 78417 1638

0.765 6.285 141650

2.1.Preparation of the polymer gel

One quantitative approach that was used to
create polymer gels was the bottle test
method[10]. Initially, a polymer solution was
prepared using distilled water as the solvent
and 3.5 wt% of polymer, and stirred with a
magnetic stirrer for 12 hours. Subsequently,
0.5 wt% of the crosslinker was separately
mixed with distilled water and added to the
polymer solution. The resulting mixture was
stirred with a magnetic stirrer for 15 minutes
to obtain a homogeneous gelant solution. The
gelants were then transferred into sealed
containers and placed in an oven at 85°C. At
specific time intervals, the samples were
removed and inverted. Based on the strength
and resistance of the gels, they were
categorized from A to H using Sydansk’s
coding system [29]. In this study, for the
preparation of polymer gels without
nanoparticles, the concentrations of 1, 1.5,

1.75, 2, 2.5, and 3 wt% of the polymer and the
concentrations of 0.15, 0.25, and 0.35 wt% of
the crosslinker (chromium) were used. Based
on the bottle test method, 18 gelant samples
were prepared and placed in the oven at 85°C.
The gelation process was monitored over
different time intervals to determine the
optimal gel formulation. Among the prepared
polymer gels, systems that achieved the gel
strength of at least H grade were considered
suitable for operational purposes. According to
the H code, the polymer gel exhibits moderate
deformability, with minor shape changes
observed when the bottle IS
inverted.Furthermore, for the synthesis of
silica nanocomposite gels, silica nanoparticles
at the concentrations of 0.01, 0.1, 0.2, and 0.3
wt% were added to distilled water and mixed
using a magnetic stirrer for 30 minutes. To
prevent nanoparticle agglomeration, the
prepared suspension was sonicated using an
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ultrasonic device for 45 minutes to ensure
homogeneity. Subsequently, a specified
amount of polymer was added to the
nanoparticle solution and stirred magnetically
for 12 hours. After adding the crosslinker
solution and forming gelants containing
nanoparticles, the samples were placed in an
oven at 85°C, and the strength of the
nanocomposite gels was evaluated at various
time intervals. It is noteworthy that during the
synthesis of nanocomposite gels, different
concentrations of silica nanoparticles were
examined based on the previously optimized
polymer gel formulation.

2.2. Synthesis of silica nanoparticles

Silica nanoparticles were synthesized via the
sol-gel method, as described below. Initially,
36 mL of acetic acid and 6.4 mL of distilled
water were mixed using a magnetic stirrer for
10 minutes to form a homogeneous solution.
Then, 18 mL of tetraethyl orthosilicate was
added dropwise to the mixture, and the
solution was continuously stirred with an
electric mixer until a colloidal gel was formed.
The resulting colloidal solution was washed
twice with ethanol through centrifugation. The
collected material was subsequently dried in
an oven at 60°C for 24 hours. Finally, the dried
product was calcined in a furnace at 600°C for
1.5 hours to obtain a white powder[30].

2.3. Swelling test

When the polymer gel is injected into the
reservoir, its structure undergoes changes in
the presence of salinity, which can
significantly affect its performance. Therefore,
these experiments focus on studying the effect
of salinity on the swelling behavior of the
polymer gel. The swelling ratio of the polymer
gel and the silica nanocomposite gel is
determined using the gravimetric method, as
described by Equation (1).
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NAGER 1)

W

SRrepresents the swelling ratio, Wjis the
initial weight of the gel sample before
swelling, and W, (t) is the weight of the sample
after swelling at different time intervals[31].

SR

2.4. Morphology test of silica nanoparticles
Including the elemental composition and
structure of the synthesized nanoparticles in
this study, was conducted using the
environmental  field-emission  scanning
electron microscopy (FESEM-EDS) with the
MIRA3 TESCAN-XMU model. The samples
were dried in a freeze dryer for 24 hours prior
to imaging.

2.5. Rheological test of the polymer gel and
nanocomposite gel SiO2

The strain sweep test is a crucial technique for
evaluating the mechanical properties of
materials, particularly polymer gels. This test
is conducted to investigate the viscoelastic
behavior of materials in response to varying
strain and stress. When exposed to reservoir
stresses, polymer gels may undergo
deformation.The tests were performed using a
rheometer (Anton Paar MCR 502, Germany)
equipped with a parallel plate geometry with a
diameter of 50 mm and a gap size of 3 mm.
The experiments were conducted at the strain
amplitude range of 0.1 to 1000%, fixed
frequency of 1 Hz, and temperature of 85°C.

2.6. Preparation of fractured porous
medium in the glass micromodel

Two micromodels were employed in this
work: a homogeneous micromodel, in which
all pore and throat dimensions were uniformly
and evenly distributed, and a heterogeneous
micromodel, where the pore and throat
dimensions were irregularly divided into two
distinct regions of high and low permeability.
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The micromodels were fabricated by first
etching the desired patterns onto a 4 mm-thick
glass sheet. After the etching process, the glass
sheet was immersed in hydrofluoric acid for 5
minutes and subsequently rinsed with water.
To restrict the contact of acids only to the
etched regions, the entire surface of the glass
was covered with adhesive tape prior to
exposure to acids. Following this, a second

glass sheet of the same size was placed on top
of the etched sheet, and the assembly was
subjected to a controlled heating process in a
furnace. This thermal bonding ensured that the
two sheets adhered firmly, allowing the
injected fluids in subsequent experiments to
flow solely through the etched channels. Fig.1
illustrates the schematic layout of the etched
micromodels.

Figure 1. Homogeneous and heterogeneous patterns designed for qua3|—two—d|men3|onal glass
micromodels used in porous media injection experiments.

The physical specifications of these patterns

are summarized in Table 2.

Table 2.
Properties of two-dimensional glass micromodels used in porous media experiments.
Property - Value -
Micromodel homogeneous  Micromodel heterogeneous
Dimension (cm X cm) 7%3 7%3
Pore diameter(um) 800 850
Throat diameter(um) 300 350
Fracture aperture 1(cm) 0.12 0.12
Fracture aperture 2(cm) 0.06 0.06
Matrix porosity (%) 30.45 42.12
Deep 45

Considering various factors such as flow
behavior, duration of tests, oil recovery
efficiency, and the practical conditions of real
reservoirs, the constant injection rate of 0.1 cc
per hour was selected. All flooding
experiments were carried out under ambient
pressure and temperature conditions. The final
oil recovery was quantified using the ImageJ

analysis software. To minimize gravitational
effects, the micromodels were placed
horizontally during the experiments. Fig 2.
provides a schematic overview of the entire
experimental procedure. The setup consists of
an injection pump, a micromodel, a computer,
a light source, and a camera to record images
throughout the injection process.
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Figure 2. Schematic of the flooding setup of the 2-D micro-model.

3. Results and discussion

3.1. XRD analysis of silica nanoparticles
Fig. 3 shows the XRD pattern of the
synthesized silica nanoparticles. The analysis
revealed a broad diffraction peak centered
around 260 =~ 22.4°, indicating the amorphous
nature of the particles. The absence of sharp
diffraction peaks confirms the lack of long-
range crystalline order, which is a typical
characteristic of amorphous materials. The

XRD scan was performed in the range of 20 =
10° to 80°, and no additional crystalline phase
was detected. These findings are consistent
with those of previous studies during which
silica nanoparticles were synthesized using the
sol-gel method followed by calcination at
600°C. The pattern further verifies that the
synthesis process led to the formation of non-
crystalline, amorphous silica, similar to those
reported in the literature [32].

M\.\
&l L lj .N‘ *‘
W

SiO,

Intensity(a.u)

iy o

Y My
”Wl”ﬂ?{m&\fwhl, *t' N’vﬁ

T
20 40 60 80

20(deg)

Figure 3. XRD Pattern of synthesized silica nanoparticles with amorphous structure at 600°C.

3.2. FTIR analysis of silica nanoparticles

The FTIR test provides an analysis of the
absorption bands (vibrational bands) and
chemical compositions. As shown in Fig 4. ,
the FTIR transmittance spectrum (ranging
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from 400 to 4000 cm™) confirms the presence
of the synthesized silica nanoparticles. A broad
peak observed between 3000 and 3700 cm™
corresponds to the O-H group. Similarly, a
peak at 1649 cm™ is attributed to the bending
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vibrations of the O—-H bond, indicating the
presence  of stretching O-H  bonds.
Furthermore, strong bands at 1100 cm™ and

798 cm™ are associated with the stretching
vibrations of Si—O-Si bonds, while the peak at
459 cm™ corresponds to the Si—O bond[33].

Transmittance(%s)

T T v T T T
4000 3500 3000 2500

T v T v T T T
2000 1500 1000 200

Wavenumbe r(cm'1 )|

Figure 4. FTIR spectrum of synthesized silica nanoparticles at 600°C.

3.3. Morphology of nanoparticles

Fig 5. presents the EDS diagram illustrating
the elemental distribution, while Fig 6. depicts
the FE-SEM images of silica nanoparticles.
These images reveal a nearly spherical and

uniform morphology[30]. The particle size
distribution of silica nanoparticles
predominantly falls within the range of 85 to
95 nanometers.

1 SiKa
3000

1 OKa

Elt W% A%

(o] 62.55 74.57
Si 37.45 25.43
100.00 [100.00

keV

TN |

0 5

T
10

Figure 5. EDS diagram of the elemental distribution in the silica nanoparticles synthesized via the sol-gel
method at 600°C.

73



Maleki-Khalan and Hosseini-Nasab/ Iranian Journal of Chemical Engineering, Vol. 22, No. 2, 65-85, (2025)

SEM MAG: 200 kx Det: InBeam
WD: 4.85 mm BI: 7.00 200 nm
View field: 1.04 pm Date(m/dly): 12/04/24
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65-75 75-85 85-95 95-105
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(b)
Figure 6. a) FE-SEM images, and b) particle size
distribution diagram of the Silica nanoparticles
synthesized via the sol-gel method at 600°C.

3.4. Effect of polymer and crosslinking on
the gelation time

To investigate the effect of the concentration
of the sulfated polymer and the concentration
of the crosslinker on the gelation time, a series
of solutions, with the concentrations of 1, 1.5,
1.75, 2, 2.5, and 3 wt% of the polymer, and
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0.15, 0.25, and 0.35 wt% of the crosslinker,
were prepared resulting in a total of 18
samples. The gelation time was evaluated
using the bottle test method, a simple and cost-
effective technique. As illustrated in Fig .7.
increasing the concentration of the polymer led
to reduction in the gelation time. Additionally,
the higher concentrations of the polymer
decreased the time required to reach a defined
gel strength. These observations identified 2.5
wt% as the optimal concentration ofthe
polymer . Fig. 8. depicts the influence of the
concentration of the crosslinker on the gelation
time, showing that increasing the crosslinker
content also significantly shortened the
gelation time. At lower concentrations of the
crosslinker, most polymer chains remained in
solution and the complete gelation was not
achieved. In contrast, higher concentrations of
the crosslinker resulted in the full crosslinking
of the polymer chains, substantially reducing
the gelation time. Furthermore, the elevated
concentration levels of the crosslinker
accelerated the syneresis of the polymer gels.
Excessive concentrations of thye crosslinker
increased the density of the crosslinking within
the gel network, causing the release of bound
water from the gel structure, thereby reducing
the gel strength and enhancing syneresis [34].
Based on these findings, the concentration of
0.25 wt% of the crosslinker was identified as
optimal. It is worth noting that samples
containing less than 2 wt% of the polymer
were unable to form satisfactory gels within
the defined time frame due to the insufficient
polymer content.
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Figure?. Effect of the concentrations of 1, 1.5, 1.75, 2, 2.5and 3 wt% of the polymer on the gelation time.

Figure 8. Effect of the concentrations of 0.15, 0.25and 0.35 wt% of the crosslinking on the gelation time.

3.5. Effect of silica nanoparticle on the
gelation time and strength

One of the critical factors affecting the
dispersion behavior of nanoparticles in a
polymer solution is their concentration. To
identify the optimal concentration of silica
nanoparticles while accounting for economic
feasibility, nanocomposite gels were prepared
at the concentrations of 100, 1000, 2000, and
3000 mg/L. It was observed that increasing the
concentration of silica nanoparticles led to an
extension in the gelation time, reaching
approximately 16 hours. The incorporation of
silica nanoparticles not only delayed gelation
but also significantly improved the mechanical
strength and long-term stability of the
nanocomposite gel compared to gels
formulated without nanoparticles. This
enhanced stability effectively prevented the
gel shrinkage over a period of one month. The

improvement in gel properties is attributed to
the formation of hydrogen bonds between
silica nanoparticles and the functional groups
in the polymer chains, such as amide and
carboxylic acid groups. These interactions
enhance the hydrophilicity of the polymer
matrix and help preserve its structural
integrity, thereby mitigating degradation.
Consequently, the improved hydrophilic
nature of the polymer contributes to the
superior performance of the nanocomposite
gel [35].

3.6. Effect of salinity on the polymer gel with
and without silica nanoparticles

Fig 9. shows the equilibrium swelling behavior
of both polymer gels and polymer gels
containing silica nanoparticles at the
concentrations of 100, 1000, 2000, and 3000
mg/L, using formation water from an Iranian
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reservoir with the salinity of 140,000 mg/L
over a 24-day period. The experiments were
conducted in duplicate, and the average values
with corresponding error bars are presented All
samples exhibited an increase in swelling
during the first 10 days. After this initial
swelling phase, a slight contraction occurred
over a 24-hour period, followed by the
resumption of swelling. Equilibrium was
achieved after 17 days. For the polymer gel
without nanoparticles, swelling increased by
0.70% during the first 10 days, followed by a
0.045% contraction over the subsequent 48
hours. At equilibrium, the total swelling
increase was 0.85%. In the case of polymer
gels with silica nanoparticles, swelling
increased by 0.9%, 0.975%, 1.06%, and

1.158% during the first 10 days for the
concentrations of 100, 1000, 2000, and 3000
mg/L respectively. The observed swelling
behavior is primarily due to the hydrolysis of
amide groups (-CONHy) in the polymer, which
are converted to carboxylic acid groups (-
COOH) upon exposure to water. This chemical
transformation is a key factor in the swelling
dynamics. The hydrophilic nature of the
carboxylic groups facilitates the absorption of
water, leading to an increase in the gel’s
volume[36]. Furthermore, silica nanoparticles
significantly enhance both the hydrophilicity
and stability of the polymer gels, further
promoting water absorption within the gel
structure[37].
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Figure 9. Swelling chart of the polymer gel and nanocomposite gel containing silica nanoparticles at the
concentrations of 100, 1000, 2000, and 3000 mg/L in formation water with the salinity of 141 mg/L at the
temperature of 85°C.

3.7. Evaluation rheological properties of the
polymer gel with and without silica
nanoparticles
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The strain sweep test is an essential technique
for assessing the mechanical properties of
materials, especially polymer gels. By
performing this test, the viscoelastic response
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of materials to variations in strain and stress
can be analyzed. When exposed to stresses
from the reservoir, the polymer gel may
experience deformation. Understanding the
gel’s strength development and subsequent
migration within the reservoir is crucial.
Additionally, the overall performance of the
gel is significantly influenced by its ability to
deform without failure. Fig 10. presents the
changes in the elastic modulus (G’) indicating
solid-like behavior and the viscous modulus
(G") representing liquid-like behavior for both
the polymer gel and silica nanocomposite gel.
The strain sweep was conducted over a range
of 0.1% to 1000%. Within this range, both the
polymer gel and silica nanocomposite gel
exhibit stable behavior, confirming the
existence of a linear viscoelastic region. In this
region, a direct linear relationship between
force and deformation is  observed.
Furthermore, under these conditions, no
slippage is detected between the gel layers[38].
Within the strain range of 100% to 1000%,
both the elastic and viscous moduli exhibit a

1000

reduction, signifying the departure from the
linear viscoelastic region. Nonetheless, the gel
maintains its integrity, with no sign of fracture.
When 0.3 wt% of silica nanoparticles are
incorporated, the elastic modulus increases to
around 450 Pa, compared to approximately
370 Pa for the polymer gel without
nanoparticles. This suggests that the addition
of 3000 mg/L silica nanoparticles enhances the
polymer gel's cross-linking, which in turn
elevates its elastic modulus and overall
strength. For the gel containing 3000 mg/L of
silica nanoparticles, the elastic modulus is
notably higher than those in other samples,
reaching about 50 Pa at the strain of 0.1%.
Therefore, the presence of silica nanoparticles
significantly contributes to the mechanical
reinforcement of the polymer gel.
Additionally, the values of the viscous
modulus (G") for both samples are lower than
the same of the elastic modulus (G’), indicating
that the material predominantly exhibits solid-
like elastic behavior.
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Figure 10. Graph of the elastic modulus (G') and viscous modulus (G") for the polymer gel without
nanoparticles and the polymer gel containing 3000 mg/L of silica nanoparticles at the temperature of 85°C.
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3.8. Evaluation of the performance of the
polymer gels micromodel

Methylene blue dye was utilized to formulate
the injected brine. Initially, the micromodels
were completely saturated with brine, after
which crude oil was introduced until
irreducible water saturation (S,,;) was attained.
Two scenarios were then assessed: Scenario 1:
involved initiating brine flooding from the
injection point, and the oil recovery factor was
measured. Scenario 2: After reaching
irreducible water saturation, a gelant solution
with a pore volume ratio of 0.25 was
introduced into the micromodel. The gelants
were then subjected to the temperature of 85°C
in an oven, based on the optimal conditions
identified from static testing, to allow the
polymer gel system, consisting of both the
polymer gel and silica nanocomposite gel at
the concentration of 3000 mg/L, and to achieve
its final configuration. Following this, the
micromodel was reintroduced into the
experimental setup for brine flooding. The oil
recovery factors for the micromodels were
calculated based on the injected pore volume
of water. The results for both the polymer gel
and silica nanocomposite gel were compared
to the scenario where no polymer gel was used
in the micromodel. The ultimate oil recovery
was calculated using Equation 2. The term
Recovery OOIP refers to the recovered
fraction of the Original Oil in Place (OOIP),
which represents the total estimated volume of
crude oil originally present in the reservoir
before the onset of production. This metric
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indicates the proportion of oil that has been or
IS expected to be extracted through primary,
secondary, or enhanced oil recovery (EOR)
techniques. Expressed as a percentage,
Recovery OOIP serves as a critical indicator of
the performance and production efficiency of
the reservoir.

(SoiS_.Sor) (2)
ol

Fig 11. And Fig 12.show the initial brine
flooding in homogeneous and heterogeneous
micromodels respectively, at the pore volumes
of a) 0.2, b) 0.4, ¢) 0.8, and d) 1.2.The
heterogeneous design features a dual-layer
structure comprising low-permeability and
high-permeability zones. In both figures, black
areas represent oil, while blue areas indicate
brine. The saturation 1images of the
micromodel at the various stages of the brine
injection demonstrate the simulated process of
the increased oil recovery. Brine alone proves
insufficient to extract oil from all regions of the
micromodel and transport it to the production
zone. Specifically, as shown in Fig 11, the
injected brine quickly moves through short
flow paths within the homogeneous
micromodel. In contrast, Fig 12 shows that, at
the production zone, brine leads to channeling
phenomena. To address this issue, polymer
gels at appropriate concentrations are injected
to expand the swept region and prevent brine
from predominantly flowing through the core
of the micromodel.




Maleki-Khalan and Hosseini-Nasab/ Iranian Journal of Chemical Engineering, Vol. 22, No. 2, 65-85, (2025)

bl

T e
& 3 B
LUENG )
L 1IN
|
IS
as,
o o=

FEFEITT
ST
-

=
|
&
“
b
]
R

LS I A I T Yo N A TS A

- g q’ “- 4

T AN ST
A2

~‘4"-.

Figl3.a. and Fig 13.b. show the water flooding
process using saline water in a homogeneous
micromodel, following the injection of the
polymer gel and silica nanocomposite gel at
1.2 pv. The light pink zones indicate regions
occupied by the gel. As it is observed, the
polymer gel successfully blocks central flow
paths, particularly those resembling fractures,
thereby redirecting the injected water toward
less accessible peripheral areas of the porous

(b)
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Figure 11. Saturation stages of the homogeneous micromodel during th einitial formation water
flooding at a) 0.2 PV, b) 0.4 PV, c¢) 0.8 PV, and d) 1.2 PV, prior to polymer and nanocomposite
gel injections.
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Figure 12. Saturation stages of the heterogeneous micromodel during the initial formation water flooding
ata) 0.2 PV, b) 0.4 PV, c) 0.8 PV, and d) 1.2 PV, prior to polymer and nanocomposite gel injections.

medium. The silica nanocomposite gel
demonstrates superior performance, compared
to the polymer gel without nanoparticles,
achieving more effective sealing of fracture-
like channels and enhancing the overall sweep
efficiency. Furthermore, its presence delays
the breakthrough of the injected water at the
production outlet, which leads to a reduction in
the volume of the water produced during the
flooding process.
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(a)

Figure 13. Water flow distribution in the homogeneous micromodel, after the injection of : a. polymer gel
without nanoparticles and b. silica nanocomposite gel (3000 mg/L).

Fig 14. a. and Fig 14.b. show the water
flooding with formation water in a micromodel
subsequent to the injection of the polymer gel
without nanoparticles and silica
nanocomposite gel into a heterogeneous
micromodel with high-permeability and low-
permeability layers at 1.2 pv. The pale pink
regions in these figures represent the polymer
gel. The silica nanocomposite gel more
effectively seals high-permeability zones and
cracks than the polymer gel devoid of
nanoparticles. The swept area in the
micromodel is greater when the silica
nanocomposite gel is injected than when the

(b)

polymer gel is used. The injected water is
channeled to different areas of the
micromodel, subsequently covering a broader
surface area before arriving at the production
portion. Consequently, the polymer gels not
only efficiently encapsulate the high-
permeability regions but also facilitate the
distribution of the injected water throughout a
broader area of the micromodel. This results in
an expanded swept area due to the injected
saline water, leading to the enhanced oil
production.

/ (b).

Figure 14. Water flow distribution in the heterogeneous micromodel, after: the injection of a. polymer
gel without nanoparticles and b. silica nanocomposite gel (3000 mg/L).

Fig 15. illustrates the performance the
micromodel in oil recovery with a
homogeneous design during water flooding,
using formation water, both before and after
the injection of the polymer gel and silica
nanocomposite gel at 1.2 pv. As previously
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discussed, the presence of polymer and
nanocomposite gels contributes to the sealing
of high-permeability zones, thereby enhancing
oil recovery. This sealing effect reduces water
production and significantly improves oil
extraction compared to scenarios without the
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polymer gel injection.
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Figure 15. Final oil recovery in the homogeneous micromodel during saline water flooding, before and
after the injection of the polymer gel without silica and silica nanocomposite gel (3000 mg/L).

The graph, related to oil recovery in the
micromodel during the water flooding process
with saline water, before and after the injection
of the polymer gel and nanocomposite gel at
1.2 pv, is shown for the micromodel with a

heterogeneous design in Fig 16. In this case,
the polymer gel and silica hanocomposite gel
also block the high-permeability region and
fractures, resulting in the increased production
of oil from the micromodel.
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Figure 16. Final oil recovery in the heterogeneous micromodel during saline water flooding, before and
after the injection of the polymer gel without silica and silica nanocomposite gel (3000 mg/L).

4. Conclusion

This work investigated an optimized approach
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for synthesizing enhanced polymer gels aimed
at water blockage in fractured reservoirs. To
improve the gel strength, control the gelation
time, and assess the influence of formation
water salinity, various concentrations of silica
nanoparticles were incorporated.
Subsequently, the effects of both polymer and
silica nanocomposite gels on oil recovery in
fractured porous media were evaluated. The
key findings are summarized as follows:
Increasing the concentration of the polymer in
the polymer gel structure reduced the gelation
time in the samples, with the concentration of
25 wt% identified as the optimal
concentration of the polymer.

Increasing the concentration of the cross-linker
reduced the gelation time, while lower
concentrations left more polymer chains in
solution, leading to weaker gels and higher
shrinkage. The optimal concentration of 0.25
wit% was identified.

Increasing the concentration of the silica
nanoparticle enhanced the swelling behavior
of the polymer gel, with 0.3 wt% of silica,
resulting in the notably improved gel strength
and stability.

The polymer gel containing 0.3 wt% of silica
nanoparticles exhibited 1.158% more swelling
in formation brine, compared to the polymer
gel without nanoparticles.

The silica nanocomposite gel more effectively
blocked intermediate micromodel zones and
achieved greater sweep efficiency than the
polymer gel without nanoparticles.

During micromodel flooding experiments, oil
recovery was higher when the silica
nanocomposite gel was injected, compared to
when the polymer gel without nanoparticles
was. In heterogeneous micromodels, the
amounts of oil recovery in the presence of the
polymer gel and silica nanocomposite gel were
55.60% and 57.21% respectively, while in
homogeneous micromodels, they were 62.6%
and 68.24% respectively.Oil recovery was
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lower in  heterogeneous  micromodels,
compared to homogeneous ones, because the
dual-permeability nature of high- and low-
permeability regions made water control
challenging. Water rapidly moved through
high-permeability zones, leaving more oil
trapped in low-permeability regions.
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