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Abstract
Cross-linked polymer gels are a new type of temporary plugging agent and are mainly used to control the leakage of fluid
during drilling, completion, and workover operations. Improving the mechanical strength and plugging performance of these
materials enables them to resist tough wellbore conditions (e.g., high pressure and high temperature). In this study, various
concentrations and size of silica nanoparticles are introduced into the sulfonated polyacrylamide (SPAM)/chromium (III)
acetate system to produce a nanocomposite with enhanced mechanical properties. First, the rheological behavior of gelant
and viscoelastic properties of synthesized nanocomposites are investigated. Then, the surface chemistry and morphology of
the synthesized gels is evaluated by Fourier transform infrared (FTIR) spectroscopy and field emission scanning electron
microscopy (FESEM), respectively. Finally, the maximum sealing differential pressure for gels for temporary plugging of a
wellbore is measured by applying differential pressure across the nanocomposite gel in a designed set-up. The results
showed that the precrosslinking reaction and the gelant viscosity are directly related to the size and concentration of the silica
nanoparticles as well as the wellbore temperature. Moreover, it is demonstrated that nanocomposites containing 20–30 nm
sized particles have a higher mechanical strength and plugging capability in comparison to composites containing silica
particles with sizes of 7–10 and 60–70 nm.

Introduction

Temporary plugging agents are mainly used to control the
leakage of working fluids into formations during drilling,
completion, and workover operations [1–6]. For example,
during drilling operations, a portion or all of the drilling
fluids may enter into high permeable zones when the
pressure of the drilling mud is higher than the formation
pressure. This results in the loss of several hundred barrels
of expensive drilling fluids and a reduction in the pro-
ductivity from underground formations [7, 8]. Temporary
plugging agents can be used to isolate these high permeable

subterranean zones from drilling fluids (Figs. 1a and c)
[9, 10]. Temporary plugging agents can also be used to
isolate the production sections of wells during maintenance
or completion operations (Figs. 1b and d) [11–13]. In this
case, equipment can be safely moved into and out of wells,
and the high-pressure reservoir fluids can pose no threat to
the safety of well personal and equipment [14, 15].

Temporary plugging agents should have a high and
durable mechanical strength in the harsh conditions of oil
and gas wells [16, 17]. In addition, these agents should not
penetrate a long distance into production zones [8, 13, 18].
These materials can be classified into four groups: tem-
porary plugging particles [7], degradable plugging agents
[19], cement plugs [20], and cross-linked polymer gels [17].

Temporary plugging particles and degradable plugging
agents consist of solid particles that are carried by drilling
fluids into wells (Fig. 1a). The main difference between
these two agents is that degradable plugging agents are
made of natural materials, and as a result, they are envir-
onmentally friendly [21–23]. The main shortcoming for
these two materials is that their performance mainly
depends on their particle-size distribution [7, 24–27].
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However, the available models that are routinely used to
calculate suitable particle sizes mainly depend on the pore-
throat diameter without considering other important para-
meters such as complex pore-throat structure of the for-
mation [28–32].

Cement plugs are usually used for temporary close-in
operations in perforated parts of wells [13, 33]. When the
cement slurry reaches its target location, it isolates the
production zone (Fig. 1b) [34, 35]. Despite wide application
in the petroleum industry, some problems remain with
cement hardening [36]. Furthermore, in many cases, cement
can mix with drilling fluids and lose its mechanical strength
[37, 38]. Moreover, cement might also react with chemicals
that are available in underground formations, such as CO2,
and lose its mechanical strength [39–41].

Nanocomposite gels can be used as a new way to isolate
high permeable zones during drilling (Fig. 1c) or block the
production sections of drilling wells (Fig. 1d). Due to the
aforementioned shortcomings of routine plugging agents,
developing high-performance cross-linked gels is highly

desirable. For isolating a target zone, a nanocomposite gelant
is injected into wells. When it reaches its target location, it
cures the well under high-pressure and high-temperature
conditions and eventually blocks the high permeable zones or
production section of the well [1, 4, 6, 13].

The main components of cross-linked gels are a polymer
and water soluble cross-linker [42–44]. When cross-linkers
are connected to polymer chains, a three-dimensional gel
network or cross-linked gel is formed [20, 45, 46]. Many
researchers have studied the plugging performance of cross-
linked gels [47–52]. Jia and Chen proposed a Cr+3/salt-
tolerant polymer gel to reduce fluid loss in porous forma-
tions [53]. Zhao et al. discussed a temporary plugging agent
based on a polymer gel to isolate highly permeable zones in
acidizing processes [1]. Imran et al. introduced a novel
polymer gel that has potential to plug porous formations.
Good injectivity, high plugging ability, and low formation
damage were found to be the most important characteristics
of this gel [54]. In another study by Hajipour et al., a new
cross-linked gel system was synthesized based on a

Fig. 1 Schematic for the control
of the leakage of workover fluids
into formations using temporary
plugging agents. (a) Using
temporary plugging particles or
degradable plugging agents to
isolate high permeable zones,
(b) using a cement plug to
isolate the production section of
wells, (c) using a nanocomposite
gel to isolate high permeable
zones, and (d) using a
nanocomposite gel to isolate the
production section of wells
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polyacrylamide sulfonated copolymer and chromium (III)
acetate. Based on a series of experiments, it was concluded
that the abovementioned synthesized cross-linked gel could
be used for close-in well operations [13].

Cross-linked gels and their plugging performance mainly
depend on the type of polymers and cross linkers used and
the interaction between different components of cross-
linked gels. However, most conventional cross-linked gels
are weak and have a low mechanical performance [55, 56].
Many methods such as using two independent cross-linkers
[57], adding nanoparticles to a polymer/cross linker system
[56], and utilizing a topologically interlocked none-covalent
cross linker [58] have been used to improve the mechanical
properties of cross-linked gels. Among them, nanocompo-
site gels that utilize inorganic nanoparticles to form cross-
linking junks in gels have received much attention [56].
Such nanocomposite gels consist of an organic polymer and
an inorganic nanoparticle and were first introduced by
Haraguchi and Takehisa in 2002 [59]. Consequently, many
studies have used different nanoparticles such as nano-
cellulose, clay, silica, and magnesium silicate as an inor-
ganic component in polymer/cross-linker systems to
improve their performance [60–65]. For example, Wu et al.
synthesized a polyacrylamide /silica nanocomposite via an
in situ free-radical polymerization method. Their results
showed that the compression strength and elastic modulus
of the synthesized gels are significantly improved by adding
nanosilica particles [66]. Zhao et al. showed that use of
cellulose nanocrystals could effectively improve the
mechanical properties of a poly(2-hydro-
xyethylmethacylate) (PHEMA) gel [67]. Dijvejin et al.
showed that the introduction of magnesium silicate nano-
crystals into the HPAM/chromium (III) acetate system
produced a nanocomposite gel with enhanced mechanical
properties [56].

In this study, twelve different SPAM/chromium (III)
acetate nanocomposite gels are synthesized based on var-
ious concentrations and sizes of silica nanoparticles. First,
the rheological behavior of the gelant solution composed of
silica nanoparticles with varying size and concentration is
investigated at different temperatures. Subsequently, the
viscose and elastic moduli of the synthesized nanocompo-
sites are evaluated to determine the effect of the nano-
particle size and concentration on the gel mechanical
properties. The surface chemistry and morphology of the
synthesized gels are evaluated by using FTIR spectroscopy
and the FESEM method, respectively. Finally, the differ-
ential compressive loading of the gels is investigated under
a wellbore condition by designing a novel set-up. This
approach enables us to measure the maximum differential
pressure that can be tolerated by different nanocomposite
gels before gel failure.

Experimental section

Materials

SPAM with an average molecular weight of 8 million
Dalton and sulfonation degree of 25% from the SNF com-
pany (France), under the trade name of AN125, was used to
make the nanocomposite gel system. The structure of this
polymer is shown in Fig. 2. The sulfonic acid (�SO�

3 ),
amide (−CONH2), and carboxylate (−COO−) groups are
the cross-linkable chemical groups for these polymers
[68–70]. As a cross-linker, chromium (III) acetate (Sigma
Aldrich, USA), in the form of dark green powder, was
implemented during gel preparation. The nanoparticle used
in this study is SiO2 nanopowder (US Research Nanoma-
terials, Inc, USA) with three different diameter ranges of
7–10, 20–30 and 60–70 nm. To consider the impact of
salinity on the gel properties, the formation water from one
Iranian reservoir (i.e., Sarvak) was synthetically made in
this study. All salts were purchased from Sigma Co. The
brine analysis for Sarvak formation is shown in Table 1.

Synthesis of nanocomposite hydrogels

In this study, 12 nanocomposite gels (Table 2) with dif-
ferent sized SiO2 nanopowder were synthesized according
to the following steps. First, nanosilica powder was gently
added to deionized water under continuous stirring. The
solution was sonicated via an ultrasonic bath for 15 min.
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Fig. 2 The chemical structure of SPAM

Table 1 The water composition of Sarvak formation brine

Component Value (mg/L) Component value (mg/L)

Na+ 66,621 Sr2+ 1,390

K+ 2579 HCO�
3 632

Ca2+ 2875 Cl− 131,165

Mg2+ 5500 SO2�
4 62

Ba2+ 1402 NO�
3 352

Total dissolved solid
(TDS)

224,386
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Then, the silica suspension was stirred for 30 min to achieve
a homogeneous dispersion. Next, SPAM powder (2.6 wt%)
was slowly added to the suspension with continuous stirring
for 4 h to obtain a homogeneous solution. Chromium (III)
acetate (0.26 wt%) was also mixed with the polymer
suspension at room temperature using a magnetic stirrer for
15 min. Finally, the nanocomposite gels were prepared by
keeping the gelant solution in an oven at 90 °C for 9 h.

Bottle tests

The bottle tests, as a semiquantitative experimental
approach, were used to investigate the gelation rate and gel
strength of the synthesized polymer gels (Table 2). To
evaluate the optimum concentration of the polymer and
cross-linker, several polymer gels (without any nano-
particles) were synthesized with different polymer con-
centrations (i.e., 15000, 20000, 26000, and 32000) and
various cross-linker/polymer ratios (1/20, 1/10, and 1/5) at
90 °C and a pH of 8.5. The prepared samples were then
placed into an oven at 90 °C for 300 h. Eventually, the
hydrogel strength was recorded based on alphabetic codes
(A, B, C, D, and E: Fluid hydrogel; F, G, and H: Nonfluid
hydrogel; I and G: Gel) [13, 53, 71].

FESEM measurements

An FESEM Hitachi S-4800 (Japan) was used to investigate
the morphology of various synthesized samples. The
FESEM tests were carried out on dried and ground samples.
In this study, a high vacuum oven at 90 °C was used to dry
all nanocomposite samples. Furthermore, great visual depth
with three‐dimensional appearance for all the samples was
obtained when the dried samples were coated by a con-
ductive coating material (i.e., gold).

FTIR measurements

FTIR spectroscopy was used to characterize the chemical
bonds of the synthesized nanocomposites. The absorption
spectra for the dried and ground nanocomposite samples
were obtained using a VERTEX 70 Spectrometer (Bruker,
Germany) in transmission mode.

Rheology of the gelant

In this study, the rheology of the gelants (i.e., nano-
composite system before gelation) was measured using a
QC lab (RheolabQC, Anton Paar, Germany). The gelant
viscosity for all the nanocomposite gels was measured at a
constant shear rate of 10 1/s.

Viscoelasticity measurements for the
nanocomposite gels

The viscoelastic properties of the synthesized nanocompo-
site gels, including the elastic modulus (Gʹ) and viscous
modulus (Gʹʹ), were measured by using a MCR300 Rhe-
ometer (Anton-Paar GmbH, Germany). To carry out the
rheological tests, the synthesized polymeric gel samples
were prepared and aged for 90 h at 90 °C, and then, the
rheological measurements were conducted by oscillatory
measurements [56, 72, 73].

Performance evaluation for wellbore plugging using
nanocomposite gels

In this study, an experimental setup was designed to
determine the maximum differential compressive pressure
(DCP) that the synthesized nanocomposite gels can tolerate
before failing. The schematic for this experimental setup is
shown in Fig. 3. The main parts of the setup are a holder
cylinder with varying diameters of 6.35, 12.7, 25.4, and
50.8 mm and a fixed length of 304.8 mm, a thermal jacket
for fixing the cylinder temperature, an injection pump
(Petro-Azma Co., Iran), and a transfer vessel. The injection
pump was able to inject at a constant flow rate (in the range
of 0.01 and 32 cc/min) or pressure (up to 100 bar).

To perform experiments, a 1-inch sand bed was
embedded at the bottom of the holding cylinder (at flow
upstream) to ensure a uniform distribution for the nano-
composite gels. After that, the nanocomposite gelant was
placed above this sand bed. The temperature of the thermal
jacket was then set at 90 °C. After spending sufficient time,
the nanocomposite gel was formed. Subsequently, the
remaining portion of the cylinder was filled with diesel fuel,
which can simulate the operational condition of the gel as a
plugging agent under wellbore conditions (i.e., on one side,

Table 2 Chemical composition of the synthesized nanocomposite gels

Gel sample
code

Nanosilica concentration
(Wt. %)

Diameter of nanosilica
particles (nm)

Gel 1 0.25 7–10

Gel 2 0.50 7–10

Gel 3 0.75 7–10

Gel 4 1.00 7–10

Gel 5 0.25 20–30

Gel 6 0.50 20–30

Gel 7 0.75 20–30

Gel 8 1.00 20–30

Gel 9 0.25 60–70

Gel 10 0.50 60–70

Gel 11 0.75 60–70

Gel 12 1.00 60–70
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it is in contact with a reservoir fluid, and on the other side, it
is in touch with a workover fluid).

To determine the maximum DCP before nanocomposite
failure, the formation water was injected from the bottom of
the cylinder at a constant rate of 10 cc/min. Since the middle
section of the cylinder is blocked by the gel column, the
upstream pressure could be gradually increased up to a
pressure at which the gel integrity breaks and cannot tol-
erate the DCP across it. Finally, the maximum upstream
pressure (i.e., equal to DCP) is recorded just when the diesel
fuel is seen downstream of the cylinder.

Results and discussion

Selecting the optimum polymer and cross-linker
concentrations

To find the optimum concentration for the polymer and
cross-linker, several gel polymers were investigated by using

the bottle test method. The outcomes for these tests are
shown in Table 3. The results indicated that by increasing
the polymer concentration, the strength of the polymer gels
improves (by changing the concentration of polymer from
1500 to 26,000 ppm, the final gel code changed from G to I).
However, when the polymer concentration exceeded 26,000
ppm, the gelation process occurred very fast (less than
0.5 h). Immediate gelation reduces the plugging performance
of the polymer gel system and creates lots for gelant
pumping [53, 54]. Therefore, the optimum concentration for
the polymer was selected to be 26,000 ppm.

The results also indicate that by increasing the cross-
linker/polymer ratio, the gel strength increases because by
increasing the cross-linker/polymer ratio, the number of
cross-linking bonds increases, which in turn results in an
improvement in the polymer gel strength [56, 74, 75].
However, when the cross-linker/polymer ratio reached 1/5,
gel syneresis occurred, and water was removed from the gel
network. Eventually, optimum values for the polymer
concentration and cross-linker/polymer ratio were selected

Fig. 3 Schematic of the gel
differential compressive
pressure setup

Table 3 The results obtained
from bottle tests for various
polymer gels

SPAM concentration
(ppm)

Cross-linker /polymer weight
concentration ratio

Gel strength code after different aging
times (hours)

0.5 1 3 9 12 24 90 150 300

15,000 1/20 A A A B C E F F G

1/10 A A B C C F F F G

1/5 A A C C C F F G G

20,000 1/20 A B B C E F G G H

1/10 A B C C F F G G H

1/5 A B C F F G G H H

26,000 1/20 A B C E F G G I I

1/10 A C C F G I I I I

1/5 C C F F F G G I I

32,000 1/20 C F G G I I I I I

1/10 C F G I I I I I S

1/5 C G G I I I I I S
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to be 26,000 ppm and 1/10, respectively, and used for the
synthesis of various nanocomposites in the following
analyses.

Rheological behavior of the gelant

The viscosities of the gelant-solutions with different nano-
particle sizes and concentrations at 90 °C and a shear rate of
10 1/s were measured, as shown in Fig. 4. The sudden rise
in the gelant viscosity at preliminary times (shown by the
blue rectangle in Fig. 4) shows the formation of a pre-
crosslinking in the gel and the start of the gelation process.
As can be seen from Fig. 4 for all nanoparticle sizes, the
maximum viscosity of the gelant-solutions (at later times) is
increased by increasing the nanoparticle concentration.
Moreover, gels with higher nanoparticle concentrations
show a delayed precrosslinking reaction (blue rectangle in
Fig. 4). This finding is mainly because silica particles react
with the chrome ions of the chromium (III) acetate. This
reaction reduces the reaction rate between the polymer and
cross-linker, which in turn results in a slower gelation
process [76]. It is also observed from Figs. 4a to c that the
viscosity of the gelant-solution at late-time increases by
reducing the nanoparticle size. Furthermore, under this
condition, the precrosslinking reaction is postponed to later
times. It should be noted that when the nanoparticle size is
reduced, the reaction between chrome ions and silica par-
ticles increases. This results in a slower reaction among
polymer chains and the cross-linker.

Figure 5 depicts the gelant-viscosity of different nano-
particle sizes at various temperatures and constant shear rate
of 10 1/s. As seen, the gelation process is retarded for a
reduced temperature. As a result, at low temperatures (e.g.,
surface temperature) the viscosity of the gelant is low, while
at higher temperature (e.g., 90 °C), the gelation process
speeds up. Thus, in an operation at wellsides, gelants can be
easily pumped into the wellbore. While the gelants proceed
into deeper depths, the wellbore temperature increases;
therefore, the gelation process speeds up, and the gelant is
turned to a solid gel, which prevents filtration of the gelants
into the formation and damage to the production zones.

Rheological behavior of the nanocomposite gel

The strength and adhesion of the nanocomposite gels were
evaluated by measuring the elastic modulus (G′) and the
viscous modulus (G″). By increasing the viscoelastic
moduli, the ability of a gel to resist deformation and com-
pression increases. Fig. 6 shows that the elastic and viscous
moduli for the synthesized gels are sensitive to the size and
concentration of silica nanoparticles. The results demon-
strated that for increasing nanoparticle concentration, both
G′ and G″ significantly increases. This rise in the

viscoelastic modulus of the gels demonstrates a strong
interaction between the gel network and silica nanoparticles.
It is worth mentioning that the nanosilica increases the
viscous resistance between shearing layers, which results in
decreasing fluidity for free water trapped in the gel network.
Therefore, the mechanical strength of the nanocomposite
gels is improved by increasing the nanoparticle content.

The viscoelastic modulus for the gels containing nano-
particles with sizes of 20–30 nm (Fig. 6b) was much higher
than that for the composites with nanosilica particle sizes of
7–10 nm (Fig. 6a) and 60–70 nm (Fig. 6c). By decreasing
the nanoparticle size, the interaction between the polymer
segments and nanoparticle surface increases, which forces
the polymer chains to wrap tightly to the silica nano-
particles, resulting in the formation of stronger gel networks
[77–79]. This result is why the nanocomposites containing
particles with sizes of 20–30 nm have much higher values
for G’ and G” compared to gels with 60–70 nm particles.
However, when the size of the nanoparticle decreases fur-
ther (e.g., 7–10 nm), the aggregation/agglomeration level in
the nanocomposites increases [80, 81].

FTIR analysis

In this section, the surface chemistry for the gel numbers 4,
8, and 12 (refer to Table 2) was investigated by FTIR
measurements within the mid infrared region (i.e., 400–4000
cm−1). In Fig. 7(a), the broad peak at 3700–3000 cm−1 is
assigned to the stretching vibrations of the O–H and N–H
groups. Other peaks at 2942, 1700, 1666, and 1410 cm−1 are
attributed to stretching vibrations of C–H, C=O (carboxylic
acid), C=O (amid), and the C–N bands of HPAM [82, 83].
The peaks at 1200 and 1038 cm−1 (i.e., assigned to O=S=O
group) and the peak at 628 cm−1 (i.e., assigned to S–O
group) are due to the sulfonation of the HPAM (SPAM).
Moreover, the peaks at 466, 808, and 1106 cm−1 are
attributed to the stretching and bending vibrations of the
Si–O–Si and Si–O groups that represent the availability of
the silica nanoparticles in the samples [84, 85]. The
peak centered near 3440 cm−1 is attributed to the OOH
vibration that does not participate in hydrogen bonding (i.e.,
free OOH stretching vibration), and the other peak
approximately 3200 cm−1 is assigned to hydrogen-bonded
OOH groups [86–89].

FTIR spectroscopy can also be a useful analytical method
for examining intermolecular hydrogen bonding [90]. To
quantify the hydrogen bonding formed, the absorbance
values were calculated using equation 1 [90–93],

Abs ¼ 2� LogðT%Þ ð1Þ

where Abs is the absorbance and T is the percent
transmittance. Then, the ratio of the absorbance of the
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nanocomposites at 3200 and 3440 cm−1 (i.e., assigned to H-
bonded OOH vibrations and free OOH vibrations, respec-
tively) was utilized to calculate the relative absorbance

(Absrel) using equation 2 [90–93],

Absrel ¼ Abs3200=Abs3440 ð2Þ
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Here, Absrel is the relative absorbance. Abs3200 and Abs3440
are the absorbance of the bond around the wavenumber of
3200 and 3440 cm−1, respectively. Fig. 7(b) compares the

relative absorbance of all three nanocomposites. The greater
value of the relative absorbance for the nanocomposite with
particle size of 20–30 nm could be related to the larger
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number of H-bonded OOH groups available in this
nanocomposite. In addition, the FTIR spectrum for the
nanocomposites in the range of 4000–3000 cm−1 in the

absorbance scale is shown in Fig. 7 (c). It can be seen
that maximum peak for the H-bonded OOH group is
shifted from 3238 cm−1 (for 60–70 nm) to 3204 cm−1
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(for 7–10 nm) and finally to 3188 cm−1 (for 20–30 nm).
This band shift to lower frequency is another indication of
enhanced hydrogen bonding in the nanocomposite with
particle size of 20–30 nm [89, 91]. These results are in
confirmation with the viscoelastic behavior observed for the
nanocomposites in the previous section, wherein the
nanocomposite with nanoparticle size of 20–30 nm showed
a higher viscoelastic modulus in comparison to the other
samples.

FESEM analysis

FESEM provides high-resolution surface imaging got the
nanomaterials. Here, this method was used to compare the
morphology of the base hydrogel without nanoparticles
with nanocomposite gels that contained 1 wt% of silica
nanoparticles of varying size. The FESEM images for gels
numbered 4, 8 and 12 (refer to Table 2) and the base
hydrogel gel without nanoparticles are shown in Fig. 8. As
seen in this figure, the surface of the base hydrogel without
nanoparticles (Fig. 8a) is rather smooth and homogenous.
However, the nanocomposites containing 1 wt% of nano-
silica of different sizes (Figs. 8b to 8d) show a rough sur-
face. This result is mainly because the interaction between

polymer segments and nanoparticles forces the polymer
chains to wrap around the silica nanoparticles [64, 94, 95].

Plugging performance evaluation for the
nanocomposite gel

The effect of gel column length and diameter on the
maximum DCP for gel number 8 (containing 1 wt% of
20–30 nm silica nanoparticles) is shown in Fig. 9. As seen
from the data, by increasing the length and diameter of the
gel column, the maximum DCP for the sample increases.
This result is mainly because by increasing the gel column
length and diameter, the entire weight of the gel system and
the contact area between the gel and the body of the
cylinder increases, which increases the adhesive force of the
gel into the cylinder body, resulting in higher resistance of
the gel system against pressure.

To investigate the effect of nanoparticle size on the
maximum DCP of the synthesized nanocomposites, the
ability of gel number 4, 8, and 12 to resist differential
pressure was evaluated by the designed setup. Fig. 10
depicts the maximum DCP before the failure of gel num-
bered 4, 8 and 12 for different gel column diameters. The
nanocomposite containing 20–30 nm particles has a higher
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DCP in comparison to the other gels, which is mainly
because this gel has higher mechanical strength compared to
the composites with particle sizes of 7–10 and 60–70 nm.

Figure 11 A shows the pressure-time behavior of the
aforementioned gels during water injection. The nano-
composites containing 7–10 and 60–70 nm silica nano-
particles not only have a lower DCP but also break faster
under lower pressure values. Fig. 11b shows the primary
portion (next to the sand bed) of gel numbered 4, 8 and 12
after gel failure at maximum DCP. It should be noted that
the gel column length for these samples was fixed at
200 mm and their diameter was 25.4 mm. Although the
maximum DCP for gel number 4 and 12 was less than that
for gel number 8, the amount of damage for gel number 8
was far less than that for the other composites when they
reached their maximum DCP. This result again demon-
strates that the nanocomposite containing 20–30 nm silica
nanoparticles has better mechanical properties than the
nanocomposites composed of 7–10 and 60–70 nm particles.

After finishing the DCP tests, we extracted the gel col-
umns from the steel cylinder. Fig. 12 shows the gel form
and shapes after finishing the DCP tests for gels numbered
4, 8, and 12 with nanoparticle sizes of 7–10, 20–30 and
60–70 nm, respectively. When gel number 4 and 12 reached
their maximum DCP, a hole was created inside their gel
column, and in addition, their gel columns were dis-
connected from the steel cylinder (i.e., representative of a
wellbore casing). Furthermore, the gel column in these two
cases was divided into several smaller pieces (Figs. 12a, c).
This result shows that during gel failing at higher pressures,
on top of gel breaking into smaller pieces, the cohesiveness
of the gel to the wellbore casing breaks as well (i.e., the gel
is detached from the wellbore). This is important as dis-
connection of the gel during workover operations means
that the gel cannot not temporary plug the wellbore. How-
ever, for gel number 8, after reaching its maximum DCP,
the injected fluid only breaks through a small hole in the
body of the gel column, and the gel column is not detached

Fig. 8 FESEM images of (a) the
base hydrogel without
nanoparticles and
nanocomposite gels numbered
(b) 4, (c) 8, and (d) 12 from
Table 2
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from the steel cylinder even after reaching its maximum
DCP. Moreover, on top of having a higher DCP in com-
parison to the other two samples, the gel column for gel
number 8 kept its original shape and was not divided into
smaller pieces after reaching the maximum DCP (Fig. 12b).

Conclusion

In this study, twelve SPAM/chromium (III) acetate nano-
composite gels were synthesized based on various

concentrations and sizes of silica nanoparticles. The
rheology of the gelant solution, mechanical properties of
the gels, and maximum DCP at the failure point for the
synthesized nanocomposites were evaluated. The most
important findings of this study are summarized as
follows:

1. It was observed that by reducing the nanoparticle size
and increasing the nanoparticle concentration, the
viscosity of the gelant solutions is increased and the
precrosslinking reaction is postponed.

2. The experimental results showed that by reducing the
temperature, the gelation process is slowed down.

3. By increasing the nanoparticle concentration, both
viscose and elastic moduli significantly increase.

4. The viscoelastic modulus for the gels containing
nanoparticles with size of 20–30 nm was much
higher than that for those composites with 7–10 and
60–70 nm sized nanosilica particles.

5. The results showed that the nanocomposites contain-
ing 20–30 nm particles have a higher DCP in
comparison to those having 7–10 and 60–70 nm
nanoparticles.
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Fig. 11 (a) Differential pressure across the gel vs. time for gels
numbered 4, 8 and 12. In all tests, the gel column length and diameter
were 200 mm and 25.4 mm, respectively. (b) Gels extracted from the

threshold pressure setup after test finalization showing the structure of
the failed gels

Fig. 12 The difference between gel columns for gel number 4, 8 and
12 after reaching their maximum DCP. The gel column length and
diameter for these cases was 200 and 25.4 mm, respectively
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