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A B S T R A C T   

Preformed particle gels (PPGs) in solutions have been widely used to suppress excess water production in mature 
oil reservoirs and, in turn, to improve the amount of oil recovery in brown oil fields. In this study, PPG solutions 
were meticulously formulated and synthesized in order to be utilized in harsh environments in terms of pressure, 
temperature, pH, and salinity from a free radical polymerization process. 

In this work, nanosilica gel at different weight percentages was added to improve the mechanical and thermal 
stability properties of the PPG at harsh condition: high pressure, temperature, and strain. Moreover, the effects of 
nanosilica gel at various concentrations, ranging from 0.0 to 1.0 wt%, on the PPG swelling properties in a 
100,000 ppm brine along with the viscoelastic behavior of acrylamide copolymer (AM) and 2-acrylamido-2- 
methyl-1-propane sulfonic acid (AMPS) with crosslinker of polyethylenimine (PEI) at 90 �C were studied. 
Having customized the formulation of the nanosilica-reinforced PPG, the solution was used to investigate the 
amount oil recovered in a water flooding process on a micromodel scale. 

The results for the recovery of oil obtained from the injection of PPG solutions were compared with those of 
water injection without PPG; i.e., the conventional water flooding. It should be stated that the microscopic 
images showed that nanosilica gel could affect the porous structure of the PPG and the X-ray Powder Diffraction 
(XRD) results confirmed the nanosilica particle distribution in the PPG pores with different diameters. Hence, the 
nanosilica-reinforced AM-AMPS/PEI with 1 wt% of the nanoparticles led in swelling of 8 g/g of the dried PPG. In 
addition, the strain sweep test at 90 �C suggest that increasing of nanosilica gel concentration from 0.2 to 1.0 wt 
% resulted in 3.34 times increase in the amount of elastic resistance of the PPG breakpoint and, thus, 
improvement in the complex modulus of initial PPG. 

In conclusion, the injection of PPG solutions, significant improvement in the oil recovery could be attained. 
The oil recovery factor increased from 32% under the conventional water flooding to 81% after injection of water 
with PPG containing only 1 wt% of nanosilica gel. Succinctly, the results confirmed that the tailored formulation 
had a great potential for field applications to enhance the oil recovery.   

1. Introduction 

Crude oil is a raw material in energy and chemical industries. In the 
primary stage of the hydrocarbon recovery, oil is produced by its own 
energy of reservoir with various mechanisms such as gas drive, water 
drive, or gravity drainage. In the second stage of the oil recovery, 
external fluids such as water and gas, are injected into the reservoir to 
maintain the necessary pressure and displace the oil towards production 
wells. At this stage, up to two-thirds and in most cases, 40–50% of the 

original oil in place (OOIP) remain available and recoverable in oil 
reservoirs (Manrique et al., 2007; Muggeridge et al., 2014). In the third 
stage, i.e., the so-called Enhanced Oil Recovery (EOR) stage, chemical 
methods are normally used to produce residual oil in reservoirs. It has 
been proved that the injection of chemicals such as polymers and gels 
can significantly increase the oil recovery factor by increasing sweep 
efficiency (Sogabe et al., 2010; Goudarzi et al., 2015). 

In 1960’s, polyacrylamide (PAM)-based polymers were commonly 
used in EOR processes (Thakuria et al., 2013). However, the poor 
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mechanical and thermal strength of the polymer in saline and high 
temperature oil reservoirs were amongst the major challenges of the 
field applications for this polymer. Besides, in the EOR processes, it is 
customary to consider the oil reservoirs above 80 �C as high temperature 
reservoirs (Bryant et al., 1997; Zhu et al., 2017a, b). Also, as known, 
polymers such as polyacrylamide (PAM) and xanthan are rapidly 
degraded or precipitated out at temperatures above 80 �C. To increase 
the thermal stability of polymers, some anionic monomers were used for 
acrylamide copolymerization (Biggs et al., 1992; Işikver and Saraydin, 
2015). The use of polymeric network hydrogels as crosslinked polymers 
with specified crosslinking density have been considered as a 
cost-incentive and effective method to address the problem with the 
thermal stability of polymers at high temperature reservoirs (Baghban 
Salehi et al., 2014; Liu et al., 2014). In addition, the injection of gels 
through the injection wells in order to change the flow direction to 
displace upswept layers of oils can increase the amount of oil production 
and, in turn, the recovery factor (Zhu et al., 2017a, b). 

In-situ crosslinking gels (Baghban Salehi et al., 2012; Li et al., 2014) 
and preformed particle gels (PPGs) (Abdolbaghi et al., 2014; Aguilar 
et al., 2014; Wutzel et al., 2014) are two types of the hydrogel appli-
cations which are currently used for the conformance improvement; i.e., 
the uniformity of the flood front of the injected drive fluid during an 
EOR process. In the in-situ crosslinking gels, a mixture of monomers and 
polymers with crosslinkers with a viscosity close to that of water, known 
as gelant, is injected into a target formation and kept until the gel for-
mation process at reservoir temperature has completed, also known as 
gelation time. The formed gels can be fully or partially seal the forma-
tion in order to prevent water production. In the meantime, the gel in-
side the formation can also increase the sweep efficiency to enhance the 
amount of recovered oil (Salehi et al., 2019a). 

However, PPGs opposite to in-situ gels are prepared before and then 
they are injected into the reservoir formation. PPGs are, in fact, dry 
powders made from hydrogels with high water absorption capacity. The 
most important advantage of PPGs over the in-situ crosslinking gels is 
that the gelation time, a key factor in the case of in-situ crosslinking gel 
technique for the success of conformance control operation, can be 
precisely controlled while in the in-situ crosslinking gel technique it is 
significantly affected by pressure, temperature salinity and pH of the 
formation. Moreover, the gelation time can be affected by shear stress at 
reservoir conditions. (Raje et al., 1996; Zhuang et al., 2000). Therefore, 
the uncertainty in gelation time of gel in target formation and also 
pumping problems caused by early gelation time is a major challenge in 
the in-situ crosslinking gel injection process. It would be worth 
mentioning that if the gelant is converted to gel before it reaches the 
target formation, the operation is almost failed. In addition, the process 
of performing the polymerization process inside reservoir due to dilu-
tion of gel in contact with water can be prone to fail (Alhuraishawy et al., 
2016). However, PPGs are injectable solid powder mixed with water and 
readily injected into reservoir (Mousavi Moghadam, et al. 2011; Salehi 
et al., 2019a). Bai et al. in their review article referred the PPG method 
as a new technology for the EOR purpose which has received a great deal 
of attention by researchers and engineers (Zhu et al., 2017a, b; Long 
et al., 2019). Also, the in-situ crosslinking gels have less mechanical 
strength whereas PPGs can be mechanically strong depending on the 
nature of their monomers and crosslinkers. This will be of central 
importance to control the deformability and flow ability of gels in a 
porous medium (Zhu et al., 2017a, b). Therefore, manufacturing PPGs as 
solid gels with viscoelastic properties and very good shape recover-
ability would be more attractive and more practical for the EOR 
processes. 

The PAM/PEI system has been successfully applied in the past in the 
conformance control and water shutoff operations (El Karsani et al., 
2014a, b, Abedi Lenji et al., 2018). In general, organic crosslinkers have 
greater thermal stability than other crosslinkers and PEI is no exception. 
However, a successful PPG treatment process requires hydrogels with 
high thermal stability and high structural strength under reservoir 

conditions (Mousavi Moghadam et al., 2012). Therefore, nanomaterial 
PPGs are used to increase the structural strength and improve the 
viscoelastic behavior to withstand higher temperatures as well as water 
salinity which can drastically affect the conformance control efficiency 
(Maurya and Mandal, 2016; P�erez-Robles et al., 2020). 

Recently, carbon nanotubes (Liu et al., 2012a, b, c), graphene oxide 
(Liu et al., 2012a, b, c), carbon dots (Hu et al., 2015; Sui et al., 2019), 
clay (Cheng et al., 2019; Long et al., 2019) and silica (Zareie et al., 2019) 
were used to reinforce those hydrogels used to the EOR purposes. 

Silica nanoparticles have been highly attractive because of their low 
price and physical properties such as high surface area as well as 
simplicity of surface modification (Corredor-Rojas et al., 2018; Zareie 
et al., 2019). Elsewhere, structural strength and thermal stability of the 
HPAM/Polyethyleneimine (PEI) gel system in presence of nanosilica 
(NS) were significantly increased and sample syneresis time in the 
presence of nanosilica was also enhanced for 27.5 days (Ma et al., 2017). 
Moreover, numerous reports of improved elastic modulus and increased 
PPG structural strength in swelling state in the presence of silica nano-
particles have also been published (Zhu et al., 2017a, b; Dijvejin et al., 
2019). However, the biggest limitation of using NS in polyacrylamide 
hydrogel systems is agglomeration and dispersion of these particles. 
Therefore, in this study, nano-silica gel was used for free radical poly-
merization process due to its high hydrophilicity resulting in appro-
priate dispersion in the hydrogel structure. In addition, the effect of NSG 
weight percent in PPG structure in the presence of 100,000 ppm NaCl 
and under 90 �C was investigated on rheological behavior of PPGs in 
terms of viscoelastic behavior, strength, shape recovery behavior and 
performance of AM-AMPS/PEI-NSG system in increasing of OR (Sham-
looh et al., 2019). 

In this work, nanosilica gel was used due to its high hydrophilicity 
resulting in appropriate dispersion in hydrogel structure obtained from a 
free radical polymerization reaction. In addition, the effects of NSG 
concentration on PPG structures, in the presence of a 100,000 ppm NaCl 
solution at 90 �C and on the rheological behavior of PPGs, the visco-
elastic behavior, strength and shape recoverability were investigated. 
Also, the performance of AM-AMPS/PEI-NSG hydrogel system to 
enhance oil recovery was experimentally studied using a glass micro-
model. The structure of papers is as follows: methodology, results and 
discussion, and conclusions. 

2. Methodology 

2.1. Materials 

To prepare PPG solutions, acrylamide copolymer (AM) with 99% 
purity and solubility of 2.5g/10 mg of water was purchased from Merck 
Company. 2-acrylamido-2-methyl-1-propane sulfonic acid (AMPS) with 
the density of 1.1 g/cm3 were purchased from Fisher Company. PEI with 
99% purity used as crosslinker with a molecular weight of 60 kDaltons 
containing 50 wt% aqueous solution obtained from Sigma-Aldrich 
Company. 

Moreover, 2,20-Azobis(2-methylpropionamidine) dihydrochloride 
(AAPH) prepared from Exir Chemical Company as a reaction initiator 
with a purity of 98 wt% and molecular weight of 271.19 g/cm3. To 
enhance the gel resistance, nanosilica gel with a molar weight of 60 g/ 
mol was purchased from Derakhshan Silicagel Company (Iran). Note 
that the crude oil sample had the API degree of 21, density of 0.8482 g/ 
ml, and the viscosity of 6.9249 mPa s. 

2.2. Preparation procedure 

To prepare three hydrogel samples, the weight ratio of 1.5 a.m. 
monomer to AMPS was used. At the beginning of the procedure, 
monomers were dissolved in 35 g of distilled water. Next, a solution 
containing NSG with predetermined weight percentage was completely 
dissolved in water using an ultrasonic bath for 10 min and then added to 
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the monomers to prepare the PPG solutions with the desired 
characteristics. 

The polyethylenimine (PEI) as crosslinker was then added to the 
stirring solution. Notice that nanosilica gel was first added to AM-AMPS, 
and then PEI was introduced into the solution. To start the free radical 
polymerization reaction, solution was placed in a bath at 60 �C to form 
free radicals and then AAPH initiator was added to the reaction. The low 
viscosity product was kept at high temperature over a certain period of 
time and, then, the phase change was occurred forming the final gel. 

In order to remove oxygen from the reaction environment, nitrogen 
gas was continuously injected into the solution. It should be mentioned 
that the pH of the reaction products was constantly measured and 
monitored around 10. To separate the unreacted monomers in the 
structure, the reaction product was immersed in the distilled water for 
one day. Lastly, the final product was kept in a vacuum oven under 48 �C 
for 48 h. To prepare the PPGs, dried gel samples were powdered and 
granulated to an average particle size of 120 μm using a pellet mill. 

2.3. Devices and methodology 

Particle Size Analyzer Sympatec Hellos was used to determine par-
ticle size distribution after crushing. To investigate the morphology 
properties and surface structure, and the available elements in PPGs 
structure, scanning electron microscope (SEM) and energy dispersive x- 
ray spectroscopy (EDS) (TESCAN Vega3) was used, respectively. It 
should be stated that any structures with NSG distributed in PPGs have 
different X-ray diffractions (XRD). Therefore, in order to determine the 
structure of compositions and also to determine the dispersion of 
nanoparticles, X-ray experiments (Bruker AXS–D8 Advance Diffrac-
tometer) have been conducted. 

To evaluate the swelling rate of PPGs and investigate their structural 
resistance to salt, a certain amount of PPG was displaced into the 50 μm 
mesh bag. An aqueous solution with a salinity of 100,000 ppm NaCl was 
prepared. The rate of PPG swelling at 90 �C was recorded until it reaches 
to equilibrium. For this purpose, the dry weight of PPG sample was 
measured prior to dissolution; also, the gel weight was measured during 
water absorption until the equilibrium state of swelling is achieved. The 
gel equilibrium swelling ratio (ESR) was calculated using the following 
equation (Baghban Salehi et al., 2019): 

ESR¼
ms � m0

m0
(1)  

where m0 is the weight of dry PPG sample and ms is the weight of sample 
after swelling with the absorption of absorption. 

The swelling test for each sample was replicated 3 times until con-
stant values of equilibrium swelling ratios of gel were achieved. More-
over, the swelling of PPG samples was qualitatively studied under 
volumetric scale. The swelling dynamics of water sorption process was 
also evaluated through calculation of the amount of absorbed water 
imbibed into the PPG structure with time. The power-law equation was 
used to calculate the kinetics of the swelling process in PPG network 
(Lenji et al., 2018): 
mt � m0

m0
¼ ktn (2)  

where mt denotes PPG weight at time t, m0 denotes PPG weight at time 0, 
k is a geometric constant for a dependent system on the hydrogel 
structural network, and n is a diffusional exponent. 

The Fickian diffusion refers to the rate at which the diffusion rate in 
the gel structure is lower than the polymer chain relaxation rate. In this 
case, n ¼ 0.5 which represents the perfect Fickian process. For n < 0.5, 
water molecules can be propagated through the diffusion process among 
polymer molecules while for 0.45 < n < 0.9, the molecular diffusion of 
water is considered as the non- Fickian diffusion. 

MCR301 from Anton Parr (Austria) was used to accurately determine 

the elastic and viscous properties as well as the linear viscoelastic 
behavior of PPG samples. Strain sweep test (SST) at constant frequency 
of 1 Hz and strain change of 0.1–1000% at 90 �C was carried out with 
parallel plate geometry of 50 mm diameter and the gap distance of 3 
mm. It should be mentioned that zero gap and rest force were performed 
before each set of runs. Storage and complex moduli at frequency of 1 Hz 
were measured to compare gel strength of samples with different 
amounts of NSG. The elastic modulus reflects the elastic behavior of the 
produced gel as well as the amount of energy stored in the system. In 
engineering terms, the higher elastic modulus, the higher stress under 
which a gel can withstand (Yanovsky, 1993; Rajaee et al., 2017). As a 
result, the gel will have better performance in porous media. In addition, 
fatigue point tests on sudden applied strains in the strain range between 
1 and 800% (within 20 s) were performed to measure the mechanical 
strength and reversible behavior of the samples. 

Finally, the thermal strength of the samples and the changes of gel 
structure against the temperature rise were determined by thermogra-
vimetric analysis (TGA) test using NETZSCH - TGA 209 F1 in nitrogen 
atmosphere at increasing range of temperature of 10 �C/min. 

A transparent glass micromodel was also used to investigate the flow 
direction over time in a two-dimensional space and to determine the rate 
of oil recovery. The micromodel was made up of two layers of silicate 
glass created by the laser technique and designed by interconnected 
porous paths to observe the two-dimensional fluid flow. The micro-
model specifications were shown in Table 1. 

An injection pump at a rate of less than 1 cc/min and a Dino-Lite 
Premier Digital Microscope with magnification up to 600 X were used 
to image the micro shots to analyze the fluid distribution in micromodel. 
In addition, an LED light was placed right beneath the micromodel glass 
to take a higher resolution imaging of the micromodel. 

Fig. 1 schematically shows the micromodel setup used in this work. 
An image analyzing software was used in order to estimate the oil re-
covery after the injection of the PPG solutions injected into the oil 
saturated micromodel. The captured images were converted to black 
and white pixels while the white pixels represent the injected PPGs and 
black pixels represent the residual oil in the micromodel. To calculate 
the oil recovery factor the following equation was used (Rahimi et al., 
2018): 

Oil  Recovery  Factor¼
�

1 �
B
A

�

� 100 (3)  

where A represents the number of black pixels of the oil saturated 
micromodel and B represents the number of black pixels after PPG in-
jection into the oil saturated micromodel. 

3. Results and discussion 

Fig. 2, from left to right, shows synthesized hydrogel prepared by 
free radical polymerization, hydrogel, PPG sample, and particle size 
distribution of PPG particles, respectively. As it was shown, based on the 
particle size distribution, the mean diameter of produced PPG was found 
out to be about 120 μm. 

3.1. Morphology and structural network of PPGs 

The Morphological analysis of the PPG samples can provide impor-
tant information on the pores interconnectivity. This information gives 

Table 1 
Physical and hydraulic properties of the glass micromodel.  

Dimensions Throat 
diameter 
(μm) 

Coordination 
number 

Porosity 
(%) 

Etched 
thickness 
(μm) 

12 cm � 8cm 
� 6 mm 

200 4 28 40  
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better insight and good understanding for the justification of the PPG 
swelling properties, the sample’s strength after the swelling as well as 
their thermal stability. 

Fig. 3 shows the microscopic images along with the EDS diagrams for 
the PPG samples with different concentrations of NSG. The results 
indicated that all samples, synthesized in this research, had porous and 
three-dimensional structures. In addition, according to the microscopic 
images at the scale of 1 μm, homogeneous structures could be achieved. 
In addition, with the increasing of NSG, the surface roughness and 
wrinkle increased, indicating the presence and enhancement the pores 
density in the PPG structures. This fact can be seen from the images with 
20 μm magnitude (Fig. 3d). Also, more pores in the structures of PPG 
samples could be observed at the highest concentration of NSG. This 
observation can be justified by the fact that the highest amount of the 
swelling and the least amount of elastic modulus could be attained at 
higher NSG concentrations. 

The EDS diagrams also confirmed the elemental structure of the NSG 
as well as its presence (the presence of O and Si atoms) in all PPG 
samples. The XRD analysis was also performed to investigate the 
morphological properties of the PPG samples to provide useful infor-
mation on their structures. The XRD diagram for the pure NSG sample 
and the aged PPG samples, i.e., samples A, B and C after 3 days at 90 �C is 
shown as Fig. 4. Due to the amorphous nature of the synthesized 

polymer and the crosslinker, PEI, the peaks in all 3 samples confirmed 
the presence of NSG in the PPG porous structures (Baybaş and Ulusoy, 
2012; Liu et al., 2012a, b, c). As shown, the peaks in samples A, B and C 
were much broader. 

3.2. Rheology 

As expounded elsewhere, it is necessary for hydrogels to be able to 
form self-modifying structural strength without loss of elasticity 
(Baghban Salehi et al., 2019). Fig. 5 shows the results of the SST for the 
PPG samples in 100,000 ppm brine at 90 �C. As shown in Fig. 5, no 
significant change in the elastic and viscous modulus for each sample 
with the variation of strain up to a critical value was observed. The 
critical or the structure failure strain which is the intersection of the 
elastic and viscose curves are independent of the amount of applied 
strain. For the PPG samples, the range of linear viscoelastic behavior was 
determined. In this range, the samples retained their strength without 
any deformation. As seen from Fig. 5, increasing the weight percent of 
NSG from 0.2 to 1.0 resulted in 3.34 times increase in the elastic strength 
at the PPG rupture point. 

As shown in Fig. 5, the dominance of the elastic modulus over the 
viscous modulus and the amount of elastic modulus in the PPG samples 
are pronounced. In fact, the presence of NSG initially led to an increase 

Fig. 1. The schematic for the micromodel setup.  

Fig. 2. Particle size distribution curve of PPG samples.  
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in the elastic modulus but decreased as the weight percent of NSG in the 
PPG structure increased. It is believed that initially, the presence of NSG 
improves the PEI crosslinking reaction and hydrogen bonds between the 
silanol groups and the crosslinked polymer. This interaction gives extra 
strength to the polymer and then reinforces the PPG structure (El-Kar-
sani et al., 2014a, b; Zhu et al., 2017a, b). Similar results have been 
reported by Adibnia and Hill, (2017). They claimed that silica was able 
to chemically crosslink PAM in the presence of a small amount of 
crosslinker. 

As the amount of NSG in the hydrogel system increases, the proba-
bility of the interactions between the polymer and the crosslinker de-
creases, resulting in a decrease in the elastic modulus in the hydrogel 
structure. This is due to the increase in surface area as well as an increase 
in the weight percent of NSG in the PPG structure. 

An increase in the surface area will lead to increase in crosslinking 
inhibition. As the NSG further increased, the total solid contents in the 
system increased, resulting in a hydrogen bond between crosslinked 
polymer and NSG. In this case, based on the charge on the polymer 
chains, electrostatic binding will also occur which will lead to increase 
of elastic modulus (sample c). 

These three states are illustrated in Fig. 6a by the change in elastic 
modulus in the absence, presence, and increasing the NSG weight 
percent in the PPG structure. Changes in loss factor (tan (δ)) relative to 
changes in NSG weight percent in PPG structure were shown that in all 
samples tan (δ) is less than one which confirmed the solid like nature of 
the samples (Salehi et al., 2019b). Also, on the same curve, the variation 
of the complex modulus, G*, with the NSG weight percentages was 
illustrated. 

It is known that G* indicates the strength of the sample against 
external stress and strain (Abedi Lenji et al., 2018). Thus, by adding 
NSG, the amount of G* increased substantially so that with only 1 wt% 
of NSG, the complex modulus was increased up to 51%. The strength 
improvement was due to the increase in the van der Waals forces be-
tween the polymeric matrix and NSG. Therefore, choosing an optimum 
concentration of NSG is indispensable to reach a reasonable strength for 
the PPG solutions. Such observations were previously confirmed (Zhu 
et al., 2014; Hu et al., 2017). 

Fig. 7 shows the changes of elastic and viscous moduli for the PPG 
samples synthesized at different strains of 1, 100 and 800% to investi-
gate the shape recoverability of the samples. It is obvious that samples A 

Fig. 3. The SEM image and the EDX curve of nanosilica gel and PPG samples (A, B, C); (a) nanosilica gel, (b) sample A with 0.2 wt% nanosilica gel, (c) sample B with 
0.5 wt% nanosilica gel, and (d) sample C with 1 wt% nanosilica gel. 
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and C maintained their viscoelastic properties during the applied strain, 
and the interesting point is that the elastic modulus of sample A is 
slightly lower than that of sample C at 800%. However, in sample B 
under the strain of 800%, the viscous modulus was more than the elastic 
modulus and thus, the viscoelastic property of the sample was degraded. 
So, the results of Fig. 7 confirmed the results of Figs. 5 and 6. 

3.3. Equilibrium swelling ratio 

The equilibrium swelling ratio of PPG is a key parameter in pre-
dicting the effectiveness and performance in oil reservoirs as it can 
significantly affect the elasticity and strength of PPG which are of 
seminal importance to control water channeling in the reservoirs. Also, 

blocking or controlling water production and, in turn, sweep efficiency 
in oil production can be improved by the equilibrium swelling ratio of 
PPGs without any damage to the producing layers (Bai et al., 2007; 
Imqam et al., 2017; Zhu et al., 2017a, b). 

In this study, the equilibrium swelling ratio of a 100,000 ppm brine 
solution 90 �C for three synthesized PPG samples was studied until the 
equilibrium condition was reached up to 240 h. As shown in Fig. 8, the 
swelling of all three samples increases with time until an equilibrium 
state was attained with a similar trend/steepness. 

Due to the presence of carboxyl (-COOH) and amide (-CONH2) hy-
drophilic groups in the sample structures, the PPGs swelled in aqueous 
solution (Zhu et al., 2017a, b). The swelling phenomenon can be also 
attributed to the static electricity repulsion forces and the electrical 

Fig. 4. The X-Ray Diffraction curve of nanosilica gel and PPG samples (A, B, C).  

Fig. 5. (a–c) Represent strain sweep diagram of A, B and C samples were prepared in 100,000 ppm brine at T ¼ 90 �C.  
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charge balancing. 
In the presence of salt, the anions are neutralized by the cations. Also, 

with the increase of salt concentration, the osmotic pressure difference 
will decrease and the trend of water molecules diffusing into the gel 
network will be reduced. Due to the anionic electrostatic repulsion be-
tween the available OH functional groups and the oxygen in the NSG and 
polymer structure, the higher the NSG in the samples, the higher the 
chemical potential. In addition, the NSG is hydrophilic and conse-
quently, by increasing its value in PPG structure, the swelling rate of the 
NSG-free sample increases. As shown in Fig. 8, the equilibrium swelling 
ratio of sample C is 8.5 times more than initial dry weight of PPG, which 
has a higher equilibrium swelling than samples A and B. For better 

understanding of Fig. 8, the real sample C was shown before and after 
swelling in water with the salinity of 100,000 ppm. It is obvious that the 
sample volume after swelling increased to more than 8 times of its 
original volume. 

From equation (2) the swelling power values of three samples (A, B, 
C) close to 0.5 and the calculated swelling exponent values for samples 
range from 0.48 to 0.5. These values indicated the Fickian diffusion on 
the swelling mechanism of all samples. 

3.4. Thermal stability 

Thermal stability of PPGs at harsh conditions such as high 

Fig. 6. (a) G0 of hydrogels, and (b) loss factor and G* as a function of the variation in the weight ratio of nanosilica gel in PPG samples (prepared in 100,000 ppm 
brine and at T ¼ 90 �C). 

Fig. 7. Graphical explanation of storage modulus (G0) and loss modulus (G00) versus time to study shape recovery behavior and compressive strength of samples (a) A, 
(b) B, and (c) C at T ¼ 90 �C. 
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temperature oil reservoirs plays a key role in the conformance control 
processes. It is believed that many of the synthesized PPGs are inefficient 
at temperature values beyond 80 �C. This might be due to the polymer 
degradation, instability of the crosslinker or lack of proper structure 
formation of initial hydrogel during the polymerization process. 

The thermal stability of the PPG samples synthesized in this work 
was measured by conducting a set of TGA tests under nitrogen atmo-
sphere. Fig. 9a shows the weight loss of nearly 3% in the cases of all 
three samples. As inferred, the weight losses were due to the evaporation 
of water molecules in the porous structures of PPGs. As shown in Fig. 9a 
all three samples were stable and there were no weight losses up to 100 
�C. From Fig. 9a, it can be figured out that below the temperature of 150 
�C, any changes in the amount of NSG weight percent had no significant 
effects on the thermal stability and all PPG samples. Therefore, they 
could be good potentials for practical applications under reservoir 
temperature. Moreover, at higher temperatures, the weight loss of 
12.41% of the samples probably reflects the initial thermal decompo-
sition caused by the disappearance of the amide and carboxylate side 

groups. 
Interestingly, the total mass change in the TGA test for samples A, B 

and C were 72.98, 70.76 and 68.59%, respectively, indicating that the 
mass change in sample C was lower than two other samples. Obviously, 
the presence of NSG in PPG structure increased thermal strength and 
also had a positive effect on the thermal stability in the long run. Fig. 9b 
shows the image of sample C in a swollen state at 90 �C after 60 days 
while maintaining its stability. 

3.5. Micromodel 

In general, PPGs can block layers with higher permeability and direct 
the injecting water into less or non-swept areas to recover more oil in 
place (El-Karsani et al., 2014a, b). In order to compare the performance 
of PPGs to improve the oil recovery, a number of micromodel experi-
ments were conducted and the results were given in Fig. 10A through 
10D. 

At first, the micromodel was saturated with oil and then the PPGs in 

Fig. 8. (a) Equilibrium swelling ratio diagram of samples; sample C (b) before, and (c) after swelling in brine at T ¼ 90 �C.  

Fig. 9. (a) TGA curves of PPGs samples with various NSG wt%, and (b) Thermal stability of hydrogel after 60 days at 90 �C.  
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brine solutions were injected into the micromodel at the constant rate of 
0.005 cc/min with the total volume of 3 PV. While attempts were first 
made to inject suspensions containing 0.5 and 1.0 wt% PPGs in brine 
solution but due to the high viscosity of the mixture, it was impossible to 
inject it into the glass micromodel. Therefore, an optimal 0.2 wt% PPG 
in brine was injected into the micromodel. As shown in Fig. 10A through 
10D, during the injection process, microscopic imaging of a specified 
portion of the micromodel was taken and the amount of oil displacement 
caused by the PPG injection was examined. 

As observed from the microscopic images shown in Fig. 10A, B, and 
10C, three PPG solutions could push more oil away and, thus, decreased 
the oil layer thickness comparing to the case D with no PPGs added to 
the injected water as shown in Fig. 10D. Fig. 10A through 10D also 
showed that the injection of PPG solutions with higher NSG content 
could produce more oil and, in turn, better recovery factor could be 
achieved. This is plausibly due to the fact that when the PPGs, con-
taining NSG, face the oil, the oil droplets in the solution form emulsions 
and tiny oil droplets pulled forward, resulting in a thin line of oil. This 
can make the oil phase more deformable and, hence, cross through the 
pores and throats. In this case, the oil displacement ratio increased and 
the sweep efficiency increased accordingly. 

In fact, based on the qualitative observations during the injection 
experiments using samples A, B and C into the micromodel, the distri-
bution of sample C was better and more effective than the other two 
samples. The conductivity of the displaced oil was calculated around 
81%. This was due to the increase in the viscoelastic properties while 

maintaining the structural strength of sample C that resulted in a better 
sweep efficiency compared to the other samples. In addition, results of 
the suddenly applied strain test indicate that the shape recoverability of 
sample C is better than the other two samples (Fig. 7). 

Therefore, a broader distribution for sample C across the micromodel 
pores is expected. Thus, sample C can easier flow through pores and is 
expected to yield a better sweep efficiency in the reservoir displacement. 

4. Conclusions 

In this work, customized PPG solutions containing copolymer of 
acrylamide (AM) and 2-acrylamido-2-methyl-1-propane sulfonic acid 
(AMPS) and crosslinker of polyethylenimine (PEI) and nanosilica gel 
were synthesized in order to study their performance on oil recovery of a 
micromodel scale. The main contributions of the paper is as follows:  

� The thermal stability of the synthesized samples was confirmed up to 
285 �C. The microscopic images showed homogeneous and porous 
structures for the PPG samples while the EDX and XRD results 
confirmed the presence of NSG in PPG structures.  
� The PPG structures which were reinforced by NSG showed very high 

mechanical strength in 100,000 ppm brine solution at 90 �C. This 
observation was confirmed by the elastic moduli, measured for three 
PPG samples labeled as A, B, and C to be 6.1, 5.4, and 5.6 kPa, 
respectively. Moreover, the superiority of the elastic modulus over 

Fig. 10. Microscopic images from injection of three PPG samples (A, B, and C) for enhancing oil recovery and comparison with water flooding (D) in micromodel.  
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the viscous modulus and its independence from the applied strain 
implied reasonable viscoelastic properties for the three PPG samples.  
� The elastic modulus remained significant even at 1000% strain with 

no rupture occurred during the test. This remarkable feature along 
with the shape recoverability and high elastic modulus demonstrated 
the great mechanical strength and reversible behavior of the syn-
thesized PPG.  
� High swelling of the synthesized PPG samples; sample C in 100,000 

ppm brine demonstrated an equilibrium swelling of 8 g/g of dry 
initial PPG for over 60 days.  
� Improved oil recovery, the results of flooding experiments using the 

glass micromodel showed that PPG systems with tailored mechanical 
and rheological properties could enhance the amount of oil recov-
ered comparing to the conventional water flooding. The oil recovery 
factor increased from 32% percent in the case of conventional water 
injection to 81% percent after the injection of PPG solutions con-
taining 1 wt% of NSG. 
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