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Abstract: The purpose of the present work is to enhance
the thermal stability and rheological properties of semi-
interpenetrating polymer network (IPN) hydrogel based
on partially hydrolyzed polyacrylamide/hydroxypropyl
guar (HPAM/HPG) nanocomposite reinforced with gra-
phene oxide (GO), at temperatures (200 and 240 °F) for use
in oil recovery applications. FTIR spectra of the IPN
nanocomposite hydrogels revealed interactions of GO
with HPAM/HPG chains. An increase in the viscosity is
also observed from the rheological study. Moreover,
IPN and its nanocomposite hydrogels exhibited non-
Newtonian behavior. The decline of viscosity of IPN
nanocomposite hydrogels was observed with an increase
in the temperature from 200 to 240 °F but was still higher
than IPN hydrogel without GO. Dispersion of GO through
the HPAM/HPG hydrogel matrix was evaluated by SEM
morphology and electrical conductivity. The IPN nano-
composite hydrogels showed high viscosity stability,
thermal stability, and flow activation energy as compared
to IPN hydrogel without GO. Therefore, the addition of
0.1 wt.% of GO to the HPAM/HPG matrix is suitable to
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create a cross-linked polymer solution with improved
properties which may be beneficial for use in oil recovery
applications.
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1 Introduction

Polymers are often applied in oil recovery applications not
only as gel polymers for water production control in-depth
reservoir formation, but also for oil displacement in polymer
flooding [1, 2]. The hydrophilic polymers boost remarkably
the viscosity of the injection water, and decrease the
mobility ratio of water to oil, to enhance the sweep effi-
ciency in the reservoir [3, 4]. Polymer solutions present a
suitable performance when their viscosity is maintained at
the desired level. Therefore, rheological behaviors and
properties of the polymer solution play a fundamental role
in enhanced oil recovery (EOR) applications. The knowl-
edge of these properties assists in the selecting, designing,
and processing of the fluid into porous media like the oil
reservoir [5, 6]. Oil reservoirs have a heterogeneous struc-
ture with different natural fractures and these reservoirs are
also different in terms of porosity and permeability [7],
which affects sweep performance [8]. Furthermore, the flow
rate corresponds to the shear rate of the polymer solution,
which would alter from the well surface to the reservoir [7].
As well, harsh conditions of reservoirs such as salinity and
high temperature, affect the stability, and viscosity of
polymer solutions during the recovery process [9-11].
Therefore, all these factors can reduce the efficiency of oil
recovery [12].

Polyacrylamide (PAM), partially hydrolyzed poly-
acrylamide (HPAM) [12] xanthan [13], guar [14] are the most
important water-dissolvable polymers, used in EOR
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applications such as polymer flooding, water shutoff, and
also in drilling fluid [11, 15]. HPAM with a cross-linker is
mixed to create a gellant that is injected from the surface
into the reservoir. Under the effect of temperature and time,
HPAM and cross-linker react to make a three-dimensional
network structure [16]. However, HPAM is sensitive to
salinity, and has poor shear resistance, as well as its mo-
lecular chains break while passing through the porous
media at high speed [4, 17]. HPAM is also not stable upon
increasing the temperature, because of NH, group hydro-
lization [15, 18] which results in a significant decrease in the
viscosity and strength of hydrogel. Therefore, to overcome
this drawback of hydrogel based on HPAM, mixing with
natural polymers, like hydroxypropyl guar (HPG), along
with using the chemical cross-linkers through inter-
penetrating polymer network (IPN) technique can be
highly effective [19, 20]. HPG is not only less sensitive to
mechanical shearing, but also used as a high modifier in
increasing the viscosity [21, 22].

IPN technique is the admixture of two polymers, which
have been cross-linked and/or synthesized to improve the
new admixture polymer properties. Through this method,
various polymer compounds can be prepared based on the
desired properties of both polymers by changing their
compositions [23, 24]. In addition, when one polymer is
cross-linked and the other polymer is not networked, a
semi IPN is created. In contrast, when both are cross-
linked, a full IPN is created [25]. The present study is limited
to the use of semi IPN hydrogel in the presence of the cross-
linker as a cross-linked polymer hydrogel. This polymer gel
system can flow while having a cross-linked structure in
porous media. In fact, cross-linked gel systems can ob
viate the difficulty of high permeability zones in a non-
homogenous reservoir and enhance control of water pro-
duction. It can also be used due to the slow-motion of gels
in zones with high permeability as an oil displacement by
decreasing the mobility ratio as well as reducing the
viscous fingering simultaneously [1, 26, 27]. However, the
application of this sort of conventional IPN hydrogel as a
polymer solution is somewhat limited, because of the low
thermal stability of IPN hydrogel that causes reduction of
hydrogel viscosity and mechanical performance, espe-
cially in reservoirs with high temperatures [10, 12, 19].
Therefore, the mechanical strength, thermal stability, and
rheological performance of conventional IPN hydrogel in
harsh reservoir conditions can be remarkably improved by
the incorporation of nanoparticles owing to their excellent
properties, including mechanical strength, salt tolerance,
thermal stability, and elasticity [4, 10]. In addition, adding
nanoparticles to fluids enhances the effectiveness of oil
recovery processes by causing a decline in the interfacial
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tension and changing the rock wettability [28, 29]. More
recently, graphene oxide (GO) has gained attention in this
regard and is used as a thermal, electrical, and stiffness
reinforcement nanoparticle for hydrogel polymer in harsh
conditions [30, 31]. GO is produced by chemical modifying
graphene using KMnO,, NaNOs, and H,SO, [32]. It has a
large surface area, and also contains abundant functional
groups including epoxide, carboxyl, hydroxyl, and carbonyl
[33, 34]. Because of its hydrophilic nature and functional
groups, it is dispersible in an aqueous environment and is
also compatible with some hydrophilic polymers as a
modifier [31, 35, 36]. Hence, the major concern to obtain IPN
nanocomposite hydrogels with desired viscosity, strength,
and thermal stability performance in electrolyte media un-
der harsh reservoir conditions is the uniform dispersion of
GO [1, 36, 37].

In this study, IPN nanocomposite hydrogel based on
HPAM/HPG, produced by incorporating GO in the presence
of chromium triacetate as a cross-linker has been studied.
To the best of our knowledge, there is no report on the effect
of GO on semi IPN nanocomposite structure based on
HPAM/HPG hydrogel system to improve the rheological
behavior, thermal stability, and long-term aging of IPN
nanocomposite hydrogel for EOR applications. Thus, the
purpose of this study is to investigate the influence of GO
on the novel semi IPN nanocomposite hydrogel, in terms of
viscosity, flow activation energy, temperature, long-term
aging, viscosity loss, and thermal stability. In addition,
FTIR, morphology, and electrical characterization of
nanocomposite hydrogels have been evaluated.

2 Materials and methods
2.1 Materials

HPAM, with 25 mol.% degree of hydrolysis, and 8 x 10° Da molecular
weight was supplied by SNF Co. GO (research-grade, Few-Layer: 0.43
gr/cc, Purity: 99%) was obtained from United Nanotech Innovation
PVT Ltd, India. HPG with a molecular weight of 2 x 10° Da was
obtained from Shandong Shengyou Cementing Engineering & Tech-
nology Co., Ltd, China. Chromium triacetate was procured from Carlo
Erba, Italy. The total dissolved solids (TDS) of saline water is 7616 ppm.

2.2 Preparation of nanocomposite hydrogels

The IPN hydrogel and nanocomposite hydrogels are prepared and
schematically shown in Figure 1. First, 0.35 wt.% of HPAM as well as
0.35 wt.% of HPG powder were gradually added to the separate saline
water and stirred regularly by a heater magnetic stirrer to obtain clear
viscous solutions at room temperature and aged for 24 h. Then various
amounts of GO (0.05, 0.1, 0.3, and 0.5 wt.%) were dispersed in saline
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water for 1 h by a magnetic stirrer to form a stable dispersion. After-
wards, the prepared HPG and HPAM were charged in GO solution
respectively, and stirring was continued for another 1 h using an
overhead mixer (Heidolph RZR 2020). Then, 1.4 wt.% of the chromium
triacetate as a cross-linker was prepared in water and added to the
aqueous mixture while stirring gently. The reaction mixture was
heated at 185 °F (85 °C) for approximately 2 h to obtain a homogeneous
solution. The final samples were dried in a vacuum oven for 24 h at
158 °F (70 °C). The polymer concentration of all samples was 0.7 wt.%.

2.3 Characterization

2.3.1 FTIR characterization: Fourier transform infrared (FTIR) spectra
were performed by PERKIN ELMER-65 spectrometer, using KBr pellets
in the range of 4000-500 cm™.

2.3.2 Rheological characterization: Rheological characterizations of
the nanocomposite hydrogels were performed by a rheometer (Paar-
Physica, MCR 301) at temperatures of 200 and 240 °F (93 and 115 °C),
which was equipped with parallel plate geometry and also a Peltier
device for control of temperature. To inhabit the water loss, silicone oil
was used at the outer surface. The strain amplitude was 1% with the
frequency in the range 0.01-100 rad/s.

The viscosity stability versus time for the nanocomposite
hydrogels was carried out using HT/HP (High temperature/High
Pressure) fluid rheology tester (HT/HP Acid-resisting, GRACE M5600
Rheometer). The test of gellant samples was performed for 51 min
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under a pressure of 480 psi and at the shear rate of 100 1/s. The
temperature of the samples was 200 °F and 240 °F.

2.3.3 Morphological characterization: Scanning electron microscopy
(SEM) was accomplished by TESCAN Vega Model to study the
morphology of HPAM/HPG/GO nanocomposite hydrogels. The frac-
tured surface of samples was coated by sputtering the gold layer.

2.3.4 Electrical characterization: The electrical conductivity of IPN
nanocomposite hydrogels was evaluated in conformity with ASTM
D257 by Tara S cm™ at 500 V by CEAST Co. The sheet samples (1 mm
thick) were prepared and coated with silver paint.

2.3.5 Aging effect: Long-term aging by viscosity monitoring was
performed and the samples were held in an oven at 200 and 240 °F, for
seven days, separately. The effect of the loss viscosity of these samples
on long-term thermal stability was studied.

3 Results and discussion
3.1 FTIR characterization
FTIR was employed to evaluate the interaction between

the IPN matrix and GO. As presented in Figure 2, the FTIR
spectrum of GO displayed peaks at 3437, 1720, 1623, 1396,

A GO
nanosheet

X/ HPAM chains

HPG chains

@ Chromium triacetate |
(Crosslink point)

Figure 1: The schematic of the preparation
procedure of HPAM/HPG/GO semi IPN
nanocomposites hydrogel.
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1224, and 1046 cm™, corresponding to the O-H hydroxyl
group, C=0 carbonyl stretching, C=C, O-H deformation
vibration, C—-OH, and C-0-C (epoxy) stretching, respec-
tively [38, 39]. In the spectrum of IPN hydrogel, the peak at
3449 cm™' is attributed to the overlap of the O-H bond of
the hydroxyl group of HPG and the N-H band of the amide
group of HPAM [21]. Besides, C-H stretching at 2825 cm™
is observed. The peak near 1682 cm™’, is owing to the C=0
stretching of the amide group of HPAM. CH, scissoring
band appears at 1431 cm . The peak at 1089 cm ™ is due to
CH,-0-CH, stretching vibrations. Meanwhile, the peak
around 617 cm ™ is because of the N-H wagging vibration
[21]. By comparing the FTIR spectrums of IPN hydrogel,
with nanocomposite hydrogels at 0.1 and 0.5 wt.% of GO,
it was observed that most of the characteristic peaks of
IPN hydrogel shifted to a lower wavenumber for semi IPN
nanocomposite hydrogels. The characteristic peak at
3449 cm™ in HPAM/HPG hydrogel shifted to 3446 and
3445 cm™ in HPAM/HPG/GO for 0.1 and 0.5 wt.% of GO. It
indicates that the interaction between GO and matrix
occurs by the N-H bond of HPAM in the IPN hydrogel
matrix and O-H deformation vibration of GO. The other
peaks appear at 2823 and 2824 cm™' for IPN nano-
composites at 0.1 and 0.5 wt.% of GO, indicating the
stretching vibration of C—H. Moreover, the characteristic
peak in IPN hydrogel moved from 1682 to 1664 and
1662 cm™ for IPN nanocomposites hydrogel at 0.1 and
0.5 wt.% of GO which was related to C=0 of the amide
group. However, the peak at 1431 cm ™ in IPN hydrogel
shifted to 1423 and 1422 cm™ for IPN nanocomposite
hydrogels at 0.1 and 0.5 wt.% of GO, due to C-H bending
vibration. Also, there is the C-O-C stretching around
1085 cm™! for IPN nanocomposites [12, 40]. These results
indicate the link between the HPAM/HPG chains and GO
through hydrogen bonding [34, 35, 39].

IPN-0.1%
1664

Transmittance (a.u)

IPN - 0.5%

3445

3900 3400 2400 1900 1400 900 400

‘Wavenumber (cm %)

Figure 2: FTIR spectra of GO, IPN (0, 0.1, and 0.5) wt.% of GO.
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3.2 Rheological behavior

Polymer flowability is a significant factor in EOR appli-
cations because high viscosity polymers solution cannot
flow easily in the reservoir, while low viscosity polymers
solution decreases polymer injection efficacy in the EOR
[2]. To get an insight on this, the dependency of viscosity
on the shear rate for IPN nanocomposite hydrogels at 200
and 240 °F was evaluated. As shown in Figure 3, the vis-
cosity was boosted by adding GO, which was remarkable
at 0.1 wt.% of GO, at the low shear rate, indicating the
formation of physical interaction between GO and the
matrix, which restrained the movement of polymer
chains, resulting in a rapid rise in the viscosity [12, 41]. In
other words, a large surface area of GO nanosheets can act
as a multifunctional cross-linker and interact with poly-
mer chains of the matrix, along with the chromium
triacetate which created further cross-linking in the
polymer network. This leads to an enhancement in the
strength of the network structure of nanocomposite
hydrogels [35, 42]. Moreover, nanoparticles tend to form
agglomerates because of high interparticle interactions
[10, 38]. As a result, a slight raise of viscosity was also
observed with increasing GO to 0.5 wt.%. According to
Figure 3, the viscosity of all samples diminished with a
raise in the shear rate. However, the speed of this reduc-
tion is related to the GO contents. The nano samples with
the addition of GO show better resistance to the increase
of shear rate than neat IPN hydrogel, at both temperatures
(200 and 240 °F). In fact, GO nanosheet gave greater
strength to the IPNs, due to which, the network of IPN
nano hydrogel could further withstand against stretch
stress and deformation created by shearing fields [42].

It was also found that all samples showed the non-
Newtonian and shear thinning behavior, by soaring
the shear rate, at both temperatures, which implied the
dependency of the power-law to shear rate [11]. This was
because of soaring the end-to-end distance as a conse-
quence of unraveling the polymer chains, owing to shear
fields. This causes a decrease in polymer viscosity, which
implies the pseudoplastic fluid behavior [12]. The shear
thinning behavior displays the dependency of rheological
properties on the viscoelastic characteristics of the polymer
matrix [5].

Figure 4 depicts the influence of GO contents on the
viscosity of semi IPN nanocomposite hydrogels for four
different shear rates at 200 and 240 °F. At low shear rates
(0.1and 11/s), the viscosity soared promptly by adding GO,
which was noticeable at 0.1 wt.%, because of the good
dispersion of GO into the polymer matrix to form the GO
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Figure 3: Viscosity versus shear rate of IPN nanocomposite
hydrogels at (A) 200 and (B) 240 °F.

network structure. The viscosity continued to increase
linearly with an increase in the GO to 0.5 wt.%. In contrast,
at a high shear rate (100 1/s), viscosity was less sensitive to
the augmentation of GO content. In other words, the rein-
forcement effect of GO nanosheet was more prevailing at a
low shear rate compared to a high shear rate and also at
both temperatures 200 and 240 °F [43, 44].

For further understanding of the effect of GO on
rheology behavior, the activation energy (E) was studied
by the Arrhenius—Frenkel-Eyring equation to appraise the
dependency of viscosity to temperature [45] and was
computed by Equation (1) [46].

1 1 R m

nor () w
where n,, 1,, T1, T>, and R were the viscosities, tempera-
tures, and gas constant (8.315 ] gmol K ™), respectively. As
shown in Figure 5, the activation energy of the hydrogels
reinforced with the addition of 0.1 wt.% of GO. This was
mainly attributed to cross-linking between GO as a bridge
reinforcer with matrix, causing a resistance to the mobility
of the polymer chains, and creating an energetic barrier for
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Figure 4: Viscosity versus GO contents at (A) 200 and (B) 240 °F.

polymer chains [9, 47]. In contrast, further increases in GO
contents had no suitable effect on flow activation energy.

The common types of polymer degradation are me-
chanical (shearing) and thermal degradation both of which
affect the viscosity of the polymer. However, the effect of
temperature is higher than the shear degradation [43].
Polymer solution will expose to diverse temperature gra-
dients from the well surface to the reservoir. Because of
this, the effect of temperature on the viscosity of semi IPN
nanocomposite hydrogels was investigated. As illustrated
in Figure 6, the viscosity diminished with an increase in the
temperature from 200 to 240 °F, at all the shear rates. This
behavior was due to an increase in chain mobility of
polymers and the opening of entanglement of IPN hydrogel
chains in the matrix. Moreover, the decrease in the number
of cross-linking points into the IPN network at elevated
temperatures, and, the undermined strength of the inter-
action between GO nanosheet and matrix, leads to slippage
of polymer chains over GO sheet, causing a decline in the
viscosity [5, 10]. However, IPN nanocomposite hydrogel
showed great strength, compared to a neat IPN hydrogel
because of the GO effect. In other words, when the poly-
mers and GO are dissolved in saline water, the GO as a
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Figure 5: Flow activation energy versus GO contents.

strong thermal enhancer interacted with polymer chains of
IPN hydrogel, to form a durable solution. In addition,
functional groups in GO provide cross-linking strength in
the hydrogel network. This reinforces the thermal stability
of the hydrogel and also reduces the rapid network
breakage of the hydrogel with increasing temperatures and
shear rates [12, 39]. Besides, the presence of chromium
triacetate as a cross-linker can have a positive effect in
improving the strength of the IPN network structure [1, 27].
However, despite the presence of a cross-linker in the 'IPN
hydrogel without GO', its polymer network would weaken
with an increase in temperature, due to the poor strength of
cross-linking points, compared to IPN nanocomposites. As
aresult, cross-linking between polymer chains debilitated,
resulting in rapid breakage in its network structure,
causing a decrease in the viscosity of the solution [40].
Therefore, GO nanosheets as strong thermal reinforcement
can hinder the degradation process and defer the further
thermal degradation of the polymer matrix by increasing
the temperature [31, 36], which causes the polymer solution
to flow further in high permeability zones of a reservoir to
ameliorate the oil recovery efficiency.

The viscosity stability of IPN nanocomposite hydro-
gels is another important rheological parameter in oil
recovery and was determined at 200 and 240 °F, and at a
constant shear rate of 100 1/s with the time, as shown in
Figure 7a and b. Viscosity stability of IPN hydrogel and its
nanocomposite hydrogels sharply decreased with time,
especially in the first 15 min. The same effect was observed
with an increase in temperatures until the arrival at the
target temperature (200 and 240 °F). After this, the vis-
cosity remained constant and no significant decline of the
viscosity was observed with time under constant shear
rate. This viscosity stability was because of the creation of
a strong network in the matrix at 0.1 wt.% of GO [48].
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Figure 6: The dependency of the viscosity on the temperature of IPN
nanocomposite hydrogels, at 200 and 240 °F.

However, with a raise in the GO content to 0.5 wt.%, this
effect was not significant.

It is also noteworthy from Figure 7c that, the decline in
viscosity stability versus the time, at temperature 240 °F
was greater than at temperature 200 °F. However, the vis-
cosity stability of the cross-linked polymeric system con-
taining HPAM and HPG hydrogel in the presence of GO at
0.1 wt/% was higher than the HPAM/HPG hydrogel without
GO. This behavior was due to the role of GO nanosheet as a
reinforcing bridge, leading to an enhancement in the
strength of the hydrogel [34, 42]. As a result, the network
structure of nanocomposite hydrogels displayed shear
stability and also required more shear force and time to
break its strength.

3.3 Morphological characterization

To better understand the dispersion of GO for IPN hydro-
gels, the morphology of the nanocomposite hydrogels was
evaluated by SEM. As observed in Figure 8a—c, GO is well
dispersed in a mixture solution of HPAM and HPG and
formed a uniform solution with the addition of 0.1 wt.%
and somewhat uniform at 0.3 wt.% while some agglom-
erate of the GO particles was observed with the further
increase in GO to 0.5 wt.%, as shown in Figure 8d. This was
due to the strong interparticle attraction of GO to form
agglomerates in the matrix of IPN hydrogel [49, 50]. In
addition, GO particles trend the sedimentation in solution
[18], which may cause plugging of the pores in the reser-
voir, due to nonuniformed dispersions and sedimentation
of particles [51]. Therefore, the GO concentration is the key
factor for the performance of the interpenetrated polymer
network.
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3.4 Electrical characterization
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hydrogels at (A) 200 °F, (B) 240 °F, and
(C) shear rate at 100 1/s.

the conductivity of nanocomposite increased, this change in
electrical conductivity was due to the good dispersion of GO

For further evaluation of the dispersion of GO in the IPN nanosheets within the IPN matrix, to form a strong network

hydrogel systems, the electrical conductivity of IPN nano-
composite hydrogels was also investigated. As can be
observed in Figure 9, with the addition of GO up to 0.1 wt.%,

structure. As a result, a large number of the electrons are
transported within the matrix, owing to the creation of the
interconnecting conductive channels [31, 50]. Moreover, this
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raise in electrical conductivity corresponded to the forma-
tion of stable conductivity paths [31]. However, electrical
resistivity decreased when GO contents increased up to
0.5 wt.%. This may be due to poor GO dispersion and decline
in the distance between the GO sheets with increasing
GO contents. This leads to a decrement in the passing of
electrons through the matrix and hinders the formation of
the electrical network, indicating an agglomerate of GO
particles in the IPN matrix [52]. Therefore, the electrical
conductivity of IPN nanocomposite hydrogels improved by
reinforcing the effect of GO but up to 0.1 wt.% of GO. This
behavior was also supported by morphology and rheolog-
ical studies.
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Figure 9: Electrical conductivity versus GO contents.

SEMMAG: 650Kx  Data{midy): 1912119

Figure 8: SEM images of IPN
nanocomposites hydrogel: (A) 0.1, (B) 0.3,
(C) 0.5 wt.% of GO, and (D) agglomeration
of GO particles at 0.5 wt.%.

3.5 Aging effect

Viscosity loss of polymer solutions is a significant
element in polymer injection, especially in long-term
aging under harsh conditions of the reservoir in EOR ap-
plications. Because of this, the influence of thermal aging
on the viscosity behavior of IPN nanocomposite hydro-
gels, at temperatures of 200 and 240 °F were investigated.
As highlighted in Figure 10, the shear viscosity of all
samples decreases remarkably by increasing shear rate
and temperature. This reduction of viscosity was depen-
dent on GO concentration. Indeed, the physical interac-
tion between GO and matrix undermined significantly,
resulting in a decrease in the strength of the IPNs network
structure [11]. Interestingly, with the addition of GO to
0.1 wt.%, the sample displayed higher thermal stability
than all samples. This behavior is because of the good
dispersion of GO in the IPN hydrogel matrix and makes a
potent physical interaction with HPAM and HPG chains
[10, 18]. Besides, the presence of chromium triacetate and
HPG in the matrix further strengthens the IPN network
and improves the shear stability [1, 21, 22]. In addition,
the cross-linked network of polymer solutions caused
decreasing accessibility of divalent cations such as Ca*
and Mg?* to the HPAM chains [2], and the polymer solution
presenting greater thermal stability. According to this
result, the GO nanosheet as a reinforcing bridge enhanced
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Figure 10: Viscosity vs. shear rate of IPN nanocomposite hydrogels
after aging at (A) 200 °F and (B) 240 °F.

the strength of the IPN network and boosted the thermal
stability and viscosity stability of the polymer solution at
high temperatures for the long-term. In contrast, with an
increase in the GO contents up to 0.5 wt.%, viscosity
decreased. This effect could be due to the formation of the
agglomerate of GO, which notably reduced the interaction
between GO and matrix, because of a decline in the cross-
linking in the network. This behavior was supported by
morphological studies. Therefore, based on these results,
IPN nanocomposite hydrogel by adding 0.1 wt.% of GO,
showed less viscosity loss than the other samples at both
temperatures, for long-term aging.

4 Conclusion

Rheological and thermal aging of IPNs based on partially
HPAM/HPG reinforced by GO was investigated at various
temperatures. The dependency of GO on improving the
thermal and viscosity stability was relevant to the good
dispersion of GO and its interaction with polymer chains.

DE GRUYTER

The interaction of GO with HPAM/HPG chains of IPN
hydrogel was observed by FTIR spectra. The rheological
studies demonstrated that the viscosity increased by
increasing GO contents, while it diminished with the rise in
the shear rate, indicating the shear thinning behavior. GO
enhanced viscosity stability of nano samples with an in-
crease in temperature from 200 to 240 °F, and improved
the nanocomposite hydrogel effects, compared to the IPN
hydrogel without GO. Flow activation energy elevated by
adding 0.1 wt.% of GO. Rheological and morphology re-
sults were sensitive to the physical interaction between GO
and matrix. SEM study showed the enhancement of the
dispersion of GO in the matrix of the polymer (HPAM/HPG)
at 0.1 wt.%. This effect is followed by electrical conduc-
tivity that improved at 0.1 wt.%. Nano samples exhibited
viscosity stability behavior and mechanical strength, at
both temperatures 200 and 240 °F, under constant shear
rate. GO enhanced the thermal stability of HPAM/HPG/GO
hydrogel in long-term thermal aging, compared to IPN
hydrogel. Therefore, it can be concluded from these results
that the PHPA/HPG/GO nanocomposite hydrogel presents
suitable thermal and viscosity stability which may be
beneficial for use in a high temperature reservoir.
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