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The interaction between nanoparticles and polymers has been of great interest in colloidal theory and novel
materials. For example, the properties of polyacrylamide solutions and gels, which are usually used for
conformance control and water shut-off in oilfields, can be improved with the addition of nanoparticles.
This underlying mechanism and its applicability are investigated in this paper. A strong relationship
between the phase behaviors of nanoparticles in polymer solutions and their enhancement effect on the
rheology of the nanocomposite polymer solutions and gels was observed. Experiment results showed
that the stability of nanoparticles was dependent on several factors, including pH, salinity, and polymer
type. At neutral pH conditions, the tendency of the aggregation of nanoparticles was strengthened upon
increasing the salinity, polymer concentration, and electronegativity of the polymers. Rheological
measurements showed that nanoparticles could improve the viscosity of polymer solutions or the
fracture stress of gels only if nanoparticles were aggregated in the corresponding systems. In addition,
these rheological increased with
concentration. As a result, the mobility ratio of polymer solutions may be increased several times by the
addition of nanoparticles. Referring to the gels, their rupture pressure gradient in the ideal model was
also found to increase with nanoparticle concentration. In particular, if the nanoparticle concentration

parameters significantly increasing salinity and nanoparticle
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DOI 10.1039/d4ra00551a was sufficiently high (reaching 2%), the formed gels would not be destroyed by the injected water, but

rsc.li/rsc-advances rather functionally act as a porous medium for permeation.

APP*, Cr**, and Cd*") or several organic crosslinkers (e.g., phenol-
formaldehyde resin and polyethyleneimine), the formed
polymer-based gels are able to block the advantageous channels
of the formation. However, the properties of these polymers are

1 Introduction

In recent decades, the interactions between nanoparticles and
polymers have been of great interest in both research and

industrial applications, including water treatment,"* nano-
particle printing,* and nanocomposite polymers*?/gels.®®
Studies have shown that nanoparticles in polymer solutions can
display various phase behaviors depending on their physico-
chemical interactions and the environment (e.g., temperature,
PH, and salinity).>** Meanwhile, the rheology of polymer-based
materials may be affected, even significantly improved.”™*°
Therefore, understanding the underlying mechanism has
received increasing interest to solve industrial problems.

For example, polyacrylamide and its derivatives are the most
widely used polymers for conformance control in oilfields.
These polymers have the potential to improve the mobility ratio
of the displacing phase and displaced phase by increasing the
viscosity, thereby leading to better sweep efficiency.”*** On the
other hand, if these polymers react with multivalent ions (e.g.,
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sensitive to the condition of the reservoir.”*?* In high-salinity
environments, the viscosity of the polymer solution would be
reduced, as the polymer chains tend to adopt curled confor-
mations. Moreover, the polyacrylamide molecules face risks of
severe oxidative degradation and hydrolysis reaction at elevated
temperatures.

Recently, attempts to utilize nanotechnology in the petro-
leum industry have been widely reported. Elhaei et al.*® found
that a silica suspension could increase the viscosity of a polymer
solution above a certain concentration, and the critical
concentration was related to the identity of the polymer.
Ansari” observed that nanocomposite polymer solutions
exhibited stronger elastic response in creep and creep-recovery
experiments. Besides, several papers claimed that the strength
and thermal stability of polymer-based gels may be significantly
improved by the addition of nanoparticles.?®** Referring to the
underlying mechanism, most of the previous studies focused on
the interactions, particularly the hydrogen bonds, between the
polymer chains and the nanoparticle surface. However, others
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argued that the weak interactions were inadequate to make
such improvements.

In nanoparticle-polymer mixed solutions, several contribu-
tions from non-DLVO force (e.g., hydration, depletion, and
hydrophobicity) also play essential roles in the stability of
nanoparticles.*® Polymer chains may either absorb on the
nanoparticle surface or remain free in the solution, and the
phase behaviors of the mixture are affected by both the absor-
bed and non-absorbed polymers. As the polymer concentration
is far below the coverage saturation of the nanoparticle surface,
bridging flocculation occurs, resulting in the destabilization of
the colloidal suspensions. When the polymer concentration is
increased to the coverage saturation, the nanoparticles might
be stabilized by the steric repulsion. Furthermore, as the poly-
mer concentration increases beyond saturation, the non-
absorbed polymers lead to depletion interaction, exhibiting
both short-range attraction and long-range repulsion. As
a result, the nanoparticles are flocculated at a relatively lower
polymer concentration (higher than the saturation concentra-
tion) and re-stabilized at a higher polymer concentration,
known as depletion flocculation and depletion stabilization,
respectively. In conclusion, the phase behaviors of nano-
particles in polymer solutions are supposed to change as the
nanoparticle surface transitions from the undersaturated
regime to the oversaturated regime of adsorption.

In practical cases, the above interactions may co-exist and
not be distinguished clearly. A reentrant phase behavior has
been commonly observed in nanoparticle-polymer systems. For
example, Kumar et al.*® investigated the phase behaviors of
colloidal silica nanoparticles in polyethylene glycol solutions. In
the absence of electrolyte, the mixtures remained clear irre-
spective of the polymer concentration, even at polymer
concentrations of 10 wt%. In contrast, mixtures with electrolyte
were transformed from clear to turbid and back to clear with
increasing polymer concentration, meaning that nanoparticle
aggregation (two-phase system) took place at the intermediate
polymer concentration. Besides, the two-phase regime was
broadened with the addition of electrolyte. In other words, the
addition of electrolyte allowed the transformation from one-
phase to two-phases to take place at a lower polymer concen-
tration, while reentrant stabilization occurred at a higher
polymer concentration.

Nowadays, scattering methods have been used to analyze
microscopic structures. In Kawaguchi's review,*® the structure
of aggregates in SiO, nanoparticle-polymer systems fell mainly
into two classifications: (i) aggregates with self-similar struc-
tures, in which the particles are in direct contact and caused by
the addition of strongly charged polymer at a low pH or a high
ionic strength; and (ii) aggregates with structures displaying
strong short-range order but heterogeneity at large distances, in
which the silica particles are prevented from direct contact by
weakly charged or neutral polymers. More specially, Kim et al.**
proved that the structures of aggregates are significantly
distinctive in each phase behavior (from bridging flocculation
to depletion stabilization) by small angle X-ray scattering.

In our recent study, a strong relationship between the phase
behavior of nanoparticles in polymer solutions or gels and their
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rheology was found. In this article, the dispersion stability of
colloidal silica nanoparticles in polymer solutions was studied.
The rheology of the nanocomposite polymer solutions and
polymer-based gels corresponding to each phase behavior were
also investigated. The results showed that the solutions in two-
phase exhibited an enhancement in rheology, which is assumed
to be due to the transition of the nanoparticles from individual
to ordered aggregates. We hope our work helps to clarify the
mechanism of nanocomposite polymers and provide ideas for
system designs.

2 Materials and methods

2.1. Materials

Two kinds of polymer, i.e., polyacrylamide (PAM) and partially
hydrolyzed polyacrylamide (HPAM), were kindly donated by
SNF (China) Flocculant and used as received. Both polymers
had molecular weights of 12 x 10° g mol ' and their hydrolysis
degree was <0.3% and 10%, respectively. Colloidal silica nano-
particles (Ludox AS-30, 30 wt%, specific surface area = 220 m>
g ', and density = 2.37 x 10° kg m >, according to the supplier)
were purchased from Sigma-Aldrich. Unless otherwise speci-
fied, the nanoparticles were used after diluting to a certain
concentration. Besides, three analytically pure materials were
purchased from Sinopharm Chemical Reagent: chromium
acetate was used as a crosslinker, hydrochloric acid (HCI) and
sodium chloride (NaCl) were used to adjust the pH and salinity,
respectively.

2.2. Preparation and phase behavior

NaCl brine of three different salinities (1 wt%, 2 wt%, and
4 wt%) were used to prepare the following solution. Stock
solutions of polymer and crosslinker were firstly prepared with
the corresponding brines. Polymer powders were gradually
added to the brine and stirred for 12 h at 100 rpm. To avoid pH
variation due to the addition of nanoparticles, the colloidal
suspensions were diluted and adjusted to neutral pH (6.9-7.1)
before mixing. Finally, the nanocomposite polymer solutions
(or gellants) were obtained by mixing the stock solutions and
brines proportionally, and then stirred for another hour. For the
inorganic polymer-based gels, the concentration of the cross-
linker (chromium acetate) was fixed at 0.0417 wt%. All solutions
were fully degassed by a vacuum pump before further experi-
ments took place.

After preparation, the polymer solutions were transferred
into sample bottles and aged in a 60 °C bath for a certain
number of hours. After cooling down to room temperature, the
phase behavior of the solutions was determined by measuring
their transmittance at 633 nm using a spectrophotometer.
Distilled water was used as the reference solution.

2.3. Rheological measurements

Rheological measurements of polymer solutions and gels were
performed on an Anton Paar MCR 92 rheometer, using
a concentric cylinder with bob diameter and cup diameter of
38.731 mm and 42.008 mm, respectively.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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For polymer solutions, dynamic viscosity of the samples was
measured at room temperature, at shear rate ranging from 0.1
s to 20 s~ . After the measurements, the zero-shear viscosity
(mo) of the solutions was obtained from the software, based on
the Carreau-Yauda model.*”

Rheological measurements of the gels were conducted in two
stages. The temperature was fixed at 60 °C at both stages, and
a thin layer of mineral oil was added over the samples to prevent
evaporation. Firstly, the gelation reactions were monitored by time
sweep measurements at an oscillation amplitude of 1% and
a frequency of 1 rad s~ *. The dynamics of storage modulus G’ and
loss modulus G” were recorded as a function of time. The gelation
process usually took 4-6 h, after which the moduli reached
a plateau. The “in situ gelling” method aims to avoid the wall-slip
effect during measurements at large deformations. Afterward, the
mechanical properties of the gels were measured by amplitude
sweep experiments, in which the frequency was fixed at 1 rad s,
and the strain (y) ranged from 1% to 2000%. Parameters stress (o),
G, and G” were recorded as a function of strain. The gels exhibited
a typical elastic response, where G’ was much larger than G”. Thus,
G" was neglected while analyzing the rheological data for
simplicity. It is worth noting that the stress response in non-linear
deformation is no longer sinusoidal. The apparent modulus Gy,
calculated as stress/strain, is introduced to indicate the elastic
response of the polymer gels. Therefore, G, is equal to the plateau
modulus G, (approximated by G') in the linear viscoelastic region.
The fracture point was defined as the strain at which a decrease in
G, occurred.

2.4. Rupture behaviors of bulk gels

Fig. 1 provides a flowchart of the rupture experiments. The
rupture process of the bulk gels was studied in an ideal model,
which consisted of two polymethyl methacrylate plates and was
tightly bolted without spacers. As shown in Fig. 1, a main
channel and a connected U-shaped channel were etched on the
inner surface of one plate. The main channel was linear, with
a section size of 3 mm x 3 mm and a length of 120 mm, and was
used to store the gels. The U-shaped channel acted as a three-
way valve to remove air before the rupture experiments.

First, approximately 0.7 mL of gellant (8 cm in length) was
slowly injected into the main channel through the outlet, and the
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Fig. 1 Flowchart of rupture experiments.
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model was slightly tilted until the gellant flowed to the junction of
the channels. It should be noted that it was necessary to have
a slug of air at the end of the main channel to balance the air
pressure during heating. Second, the model was placed in an oven
at 60 °C for 12 h and then cooled down. Experiments were con-
ducted at room temperature. A brine of 1 wt% NaCl was dyed red
and injected through an inlet of the U-shaped channel by a Flui-
gent air pump. The output pressure of the pump was set to rise
linearly at a rate of 0.1 kPa s, and the inlet pressure of the model
was recorded by a pressure sensor. Finally, the rupture behavior of
the bulk gels was recorded by a digital camera at 50 Hz.

3 Results and discussion

3.1. Phase behaviors of nanoparticles in polymer solutions

First, the stability of the nanoparticles in the brines was eval-
uated. As displayed in Fig. 2(a), the SiO, nanoparticles were
stable in the 1 x 10" mg L' NaCl brine. All the suspensions
remained clear without precipitate after aging for 24 h at 60 °C.
In contrast, the stability of the nanoparticles varied depending
on their concentration in the 2 x 10* mg L™ NaCl brine
(Fig. 2(b)). It was observed that the suspensions became turbid
as the nanoparticle concentration increased. For example, the
transmittance of the 0.25% nanoparticle suspension was close
to 90%, which decreased to <10% at a concentration of 1.0%,
meaning large aggregates were formed at the higher nano-
particle concentration. As the salinity increased to 4 X
10* mg L7, flocculation was observed at relatively lower nano-
particle concentrations (<1.0%). However, if the nanoparticle
concentration was above 1.50%, the suspensions became turbid
but homogenous from a macro perspective.

Most of the phase behaviors of nanoparticles in aqueous
phase are governed by the DLVO theory, which mainly accounts
for van der Waals attraction and electrostatic repulsion. In
a stable system, the above two interactions are in balance and
dynamic with the Brownian motion of nanoparticles. However,
excessive salt may compress the diffused electric double layer of
the nanoparticles and reduce their electrostatic repulsion, thus
resulting in flocculation or gelation of the nanoparticles. It
should be noted that only flocculation was observed in this
paper because the nanoparticle concentration was not suffi-
ciently high.
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Fig.2 Phase behaviors of nanoparticles in NaCl brines of different concentrations: (a) 1 x 10%* mg L™* NaCl, (b) 2 x 10* mg L™* NaCl, and (c) in 4

x 10* mg L™t NaCl.

Fig. 3 displays the phase behavior of nanoparticles in PAM
solutions and HPAM solutions, in which all nanoparticle
concentrations were constant at 0.5%, and the polymer
concentration ranged from 0.01% to 0.8%. Similar to the
phenomenon in brine, the nanoparticles remained stable in
both the PAM and HPAM solutions at a relatively low salinity of
1 x 10* mg L™" (Fig. 3(a)). The transmittance of these solutions
gradually decreased from 98% to 80% as the polymer concen-
tration increased. When the salinity was 2 x 10* mg L™, the
phase behavior of the nanoparticles was divided into three types
based on polymer concentration (Fig. 3(b)). The mixtures were
homogenous at the low polymer concentration regime (0.01-
0.08%). However, flocculation was found to be promoted by
polymer concentration in the intermediate polymer concentra-
tion regime (0.1-0.4%). Meanwhile, the transmittances of the
supernatants became higher, implying that bridge flocculation
occurred between the polymer and the nanoparticles. In
particular, it is noted that HPAM exhibited a stronger tendency
of bridge flocculation than PAM, based on the higher trans-
mittance and larger amount of flocculate of the former. As the
polymer concentration increased to 0.6%, the mixtures re-
stabilized and became homogenous again. At a salinity of 4 x
10" mg L™, both polymers and nanoparticles flocculated at
polymer concentrations of <0.4%, as shown in Fig. 3(c).

8516 | RSC Adv, 2024, 14, 8513-8525

Furthermore, when the polymer concentration increased to
0.6%, both the combined PAM solutions and HPAM solutions
became homogenous again due to steric repulsion, similar to
the phenomenon observed in the 2 x 10* mg L™" brine. It is
suggested that the re-stabilization regime strongly depended on
the polymer concentration.

Fig. 4 shows the phase behavior of nanoparticles with
different concentrations in 0.4% HPAM solutions and 0.4%
PAM solutions, both with salinities of 1 x 10* mg L™ " NaCL
Significant differences were found between these two kinds of
polymer solutions. Referring to the HPAM solutions, trans-
mittance dramatically decreased to 2.7% when the nanoparticle
concentration increased to 1.0%, suggesting that higher
amounts of nanoparticles strongly exacerbated their aggre-
gating. In contrast, few aggregations formed in the PAM solu-
tions even at nanoparticle concentrations of 3.0%; their
transmittance only slightly decreased from 91.9% to 89.4%, as
seen in Fig. 4(b), indicating that the particles remained at
nanometer scale during the aging time.

The results implied that the flocculation of nanoparticles in
polymer solutions occurred at only certain nanoparticle
concentrations, so that aggregate might be formed. Therefore,
either increasing the polymer concentration or the nano-
particle concentration may be conducive to flocculation in

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Phase behaviors of nanoparticles in polymer solutions of different concentrations: (a)—(c) HPAM solutions at salinities of 1 x 104 mg L™ 2 x
10* mg L™, and 4 x 10* mg L%, respectively. (e)—(f) PAM solutions at salinities of 1 x 10* mg L™, 2 x 10* mg L™%, and 4 x 10% mg L%, respectively.

)

Fig. 4 Phase behaviors of nanoparticles with different concentrations
in polymer solutions: (a) 0.4% HPAM solutions and (b) 0.4% PAM
solutions.

some cases (e.g., nanoparticles in HPAM solutions at a rela-
tively low concentration). Besides, the difference of phase
behaviors in HPAM solutions and PAM solutions was

© 2024 The Author(s). Published by the Royal Society of Chemistry

unexpected. In theory, the HPAM molecules should not exhibit
a stronger interaction with SiO, nanoparticles than PAM
molecules. Firstly, the carboxyl groups on HPAM molecules do
not easily form hydrogen bonds with the surface of nano-
particles, as compared with the amide groups on the PAM
molecules. Secondly, the negatively charged carboxyl groups
would provide electrostatic repulsion with the SiO, nano-
particles, which also bear negative charge, thus weakening the
interaction between polymers and nanoparticles. However, the
experimental results indicated that stronger interaction
occurred in the HPAM solutions. This phenomenon is
assumed to be related to the microstructure of the polymer
network. Our previous study*® showed that HPAM exhibited
a smaller entanglement concentration than PAM, meaning
that HPAM polymers were more entangled and heterogeneous
than PAM. As Fig. 5 illustrates, the polymer network of PAM is
relatively homogenous, and the nanoparticles are uniformly
distributed on the polymer molecules. On the other hand,
physical entanglements exist around the uncharged amide
groups, and the negatively charged segments repel each other,
making the HPAM polymer network heterogeneous. As
a result, the nanoparticles accumulate around the entangled
junctions, as they also bear negative charge. Consequently,
aggregations of the nanoparticles are easily formed in the
HPAM solutions.

RSC Adv, 2024, 14, 8513-8525 | 8517
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3.2. Rheology of polymer solutions and gels with
nanoparticles

Rheological experiments were conducted referring to the two
typical systems of Fig. 4. The results are displayed in Fig. 6 and
7, where the dots in the figure represent the measured data, and
the dashed lines represent the fitting curves based on the Car-
reau-Yasuda model. The zero-shear-viscosity 7, is obtained
from the fitting curves at a shear rate of 0.001 s~ .

Fig. 6(a) shows that the presence of nanoparticles slightly
increased the viscosity of the HPAM solutions. Before aging, the
1o of the 0.4% HPAM solution without nanoparticles was 286.3
mPa s, whereas that of the combined solutions with 0.3-0.9%
nanoparticles fluctuated in the range of 334.8 mPa s to 349.4
mPa s. Due to the oxidative degradation of polymers, the 7, of
the HPAM solution decreased to 172 mPa s after aging for 12 h.
In contrast, the reduction in the viscosity of the combined
solutions was less significant, ranging from 269.6 mPa s to
320.4.8 mPa s. Besides, the 7, of the combined solutions was
found to increase with nanoparticle concentration (Fig. 6(b)). As
a conclusion, the addition of nanoparticles enhanced the
rheological properties of the HPAM polymer solutions. This
experimental result corresponds to that of previous papers,
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Fig. 5 Sketch map of nanoparticles in homogenous PAM solution (left) and entangled HPAM solution (right).

(© negative charge

which claimed that there existed hydrogen bonding interac-
tions between -Si-O- and -Si-OH on the surface of the nano-
particles, and amide groups and carboxylic groups on the
polymer chains. Therefore, the thermal motion of polymer
chains is restricted, resulting in an increased viscosity. In other
words, the nanoparticles act as a physical crosslinker in these
combined solutions.

Fig. 7(a) displays the viscosity curves of the combined PAM
solutions before aging. It was observed that the nanoparticles had
almost no impact on viscosity at low nanoparticle concentrations.
The zero-shear-viscosity was almost constant (80 mPa s) when the
nanoparticle concentration was =0.5%. However, as the nano-
particle concentration increased to 0.7% and 0.9%, the 7, of the
combined solutions decreased to 55.9 mPa s and 55.4 mPa s,
respectively. More significantly, after aging for 12 h, n, was found
to gradually decrease with nanoparticle concentration. This
unexpected phenomenon revealed that in a stable combined
solution, that is, when no aggregation of the nanoparticles was
formed, the interaction between nanoparticles and polymers was
adverse to the viscosity of the polymer solutions.

In the last decade, nanoparticles have been widely used as
additives in polymer gels for conformance control and water
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Fig. 6 Viscosity curves of HPAM solutions at 1 x 10* mg L~* with different nanoparticle concentrations: (a) before aging and (b) after aging.
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Fig. 7 Viscosity curves of PAM solutions at 1 x 10* mg L™ with different nanoparticle concentrations: (a) before aging and (b) after aging.

shut-off in oilfields. Many papers reported that nanoparticles
could improve the plugging efficiency and the thermal stability
of polymer gels. Referring to rheology, current studies mainly
focus on the linear deformation properties of polymer gels. In
our opinion, linear rheology is related to the stability of polymer
gels, rather than the plugging efficiency. At the microscopic
scale, the modulus of materials is determined by the distance
between neighboring junctions in the gel network, commonly
known as the mesh size, £.* As for polymer gels, both the
crosslinking density and the polymer entanglements contribute
to the densification of mesh size. As a consequence, an S-
shaped growth curve of modulus versus time is detected
during the gelation. However, once the 3D network of polymer
gels encounters instability (i.e., breaking of polymer chains or
crosslinking bonds), the modulus subsequently decreases.

Rupture pressure reflects the maximum pressure that a gel
slug can endure before rupture and is usually measured to
evaluate the plugging efficiency of a gel treatment. Several
models have been proposed to relate the rheological parameters
of polymer gels with their rupture pressure. For example,
Ganguly***! regarded the deformation of gels in regular tubes as
shear deformation, and derived the following equation:

240, LG
Pw=\"F" & @

where Py, is the rupture pressure, L and R are the length and
radius of the tube, respectively, g,y is the fracture stress of the
bulk gel, and E and G are Young's modulus and shear modulus,
respectively. Similarly, van der Hoek et al.**> and Al-Muntasheri
et al.** also proposed similar models, which took the fracture
stress and the geometry of gels into consideration. These
models explained that rupture pressure is negatively correlated
with permeability. However, the key parameter, o.,,,, has not
been successfully measured in these papers. Measurements of
weak gels at large deformation face the challenges of the wall-
slip effect and prior breakage of samples; it is difficult to
judge whether the yielding is due to the fracture of gels or the
wall-slip, which might make the experimental results

© 2024 The Author(s). Published by the Royal Society of Chemistry

misleading. Recently, our group proposed an in situ gelling
method to avoid the wall-slip effect. In this case, the complete
deformation curves of polymer gels are obtained, and several
critical parameters, including fracture strain and fracture
stress, are measured accurately. In addition, these parameters
are able to be expressed as***

Ulnax/(G071naX) = exp(Ymale*)’ (2)

where oy, and ymax are the corresponding fracture stress and
fracture strain, respectively, and y* is a fitting parameter
reflecting the stiffening tendency of the gels (negatively
correlated).

Fig. 8 displays the deformation curves of HPAM gels with
0.4% polymer and different nanoparticle concentrations, plot-
ting the apparent modulus G, as a function of strain, where
a strain hardening behavior is observed. Specifically, the
measured G, was found to increase with strain after the
boundary of the linear viscoelastic region. This behavior, which
has been sufficiently investigated in our previous studies, is
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Fig. 8 Measured strain vs. Ga curves of HPAM gels with different
nanoparticle concentrations.
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mainly the result of temporary junctions that form at large
deformation (i.e., temporary entanglement of polymer chains at
large deformation). Effect of the nanoparticles on the defor-
mation curves of HPAM gels mainly consists of two aspects:
Firstly, G, increases with the amount of nanoparticles, indi-
cating that the crosslinking density is increased by the physical
interaction between nanoparticles and polymers. Secondly, the
stiffening tendency is also promoted with the crosslinking
density, which is resulted from the increase of nanoparticle
concentration. As a result, the measured fracture stress is
sharply increased by the addition of nanoparticles. According to
eqn (2), the second mechanism is considered to play an
essential role in the increase in fracture stress, as the y* is an
exponential term.

By comparison, the effect of nanoparticle concentration on the
rheological properties of the PAM gels was less significant. Fig. 9
displays the v vs. G5 curves of PAM gels with different nanoparticle
concentrations. When the nanoparticle concentration was <0.5%,
the deformation curve was barely influenced by nanoparticle
concentration. When the nanoparticle concentration was =0.7%,
the mechanical properties of the PAM gels were obviously
enhanced, similar to the HPAM gels. However, based on the
experimental results shown in Fig. 7, increasing the nanoparticle
concentration was not able to increase the viscosity of the polymer
solution under the same experimental conditions. It is indicated
that aggregation of nanoparticles were formed during the gelation
reaction of the PAM gels.

To further investigate the effect of nanoparticles on the
rheological properties of gels, Fig. 10 summarizes the G, and
fracture stress of the HPAM and PAM gels with different
nanoparticle concentrations. It was observed that the G, of both
the HPAM and PAM gels gradually increased with nanoparticle
concentration. However, the growth of fracture stress did not
synchronize with, but rather lagged behind, the moduli. In
other words, although the modulus of the gels was higher at
lower nanoparticle concentrations, their toughness was not
influenced until the nanoparticle concentration reached
a certain value. For the PAM gel, the critical concentration of
nanoparticles sufficient to improve the toughness was 0.5%,
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Fig. 9 Measured strain vs. Ga curves of PAM gels with different
nanoparticle concentrations.
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Fig. 10 Summary of the measured rheological parameters of nano-
composite gels.

whereas it was 0.3% for the HPAM gels. Therefore, the nano-
particles exhibited a stronger tendency to improve the fracture
stress of the HPAM gels compared to the PAM gels, which agrees
with the results of the phase behavior experiments.

3.3. Effect of salinity on rheology. Based on the above
experimental results, a significant relationship was observed
between the phase behavior and the rheological properties of
the nanoparticles in the polymer solutions. Regardless of the
various components and interactions, the aggregation of
nanoparticles is the necessary condition for the improvement of
the viscosity of polymer solutions. For further investigation,
rheological measurements were conducted on the HPAM-
nanoparticle systems at a higher salinity. Fig. 11 plots the
viscosity curves of the combined solutions with different
nanoparticle concentrations. At a salinity of 2 x 10* mg L™, the
viscosity of the polymer solutions was obviously increased by
the nanoparticles before aging, as seen in Fig. 11(a). Compared
to Fig. 6, the increment in viscosity was more significant at
higher salinities than that at lower salinities, due to the stronger
tendency of nanoparticle aggregation. Besides, the viscosity of
the polymer solutions increased with nanoparticle concentra-
tion, which agreed with the phase behaviors of the nano-
particles. Furthermore, the addition of salt also contributed to
an increased viscosity. For example, at a nanoparticle concen-
tration of 0.9%, the 7, of the combined solution was 1438.5
mPa s at 2 x 10" mg L™" NaCl, which was almost five times that
of the HPAM solution, and reached 3134.1 mPa s at 4 X
10* mg L' NaCl, as seen in Fig. 11(b).

A similar phenomenon was also observed in the HPAM gels.
Fig. 12 plots the fracture stress of the gels vs. nanoparticle
concentration at salinities ranging from 1 x 10" mg L™" to 4 x
10" mg L. At a salinity of 2 x 10* mg L™, the growth trend of
the curve coincided with that measured at 1 x 10* mg L™,
staying constant at nanoparticle concentrations of <0.3%, and
increasing at nanoparticle concentrations of >0.3%. However,
the fracture stress of the gels was relatively higher at 2 x
10" mg L™" than that at 1 x 10 mg L™". In contrast, at a higher

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 12 Fracture stress of HPAM with different nanoparticle
concentrations.

salinity of 4 x 10* mg L™, fracture stress continuously
increased with nanoparticle concentration, even at low
concentrations. In general, nanoparticles effectively improved
the mechanical properties of the HPAM gels. Within the scope
of our experiments, the fracture stress of the gels could be
increased to 3-5 times with the addition of nanoparticles.

3.4. Effect of pH on phase behavior and rheology

In the gel system, a certain amount of acidic material is usually
added to improve performance. For example, lowering the pH
can delay the gelation time of inorganic gels crosslinked by
chromium ions. On the other hand, for organic gels crosslinked
by phenolic resins, the gelation reaction must be catalyzed by an
acid when the reservoir temperature is low. Therefore, it is
necessary to investigate the effect of nanoparticles on the
rheological properties of gels under acidic conditions. Interfa-
cial properties of nanoparticles are very sensitive to pH. For
colloidal SiO,, its isoelectric point is generally around 2-3.

© 2024 The Author(s). Published by the Royal Society of Chemistry

Under acidic conditions, groups such as -Si-O- on the surface
of the particles are converted to -Si-OH, accompanied by
a reduction of the zeta potential.

First, the stability of nanoparticles in HPAM solution and
PAM solution under pH = 3 was investigated at a salinity of 2 x
10* mg L. In this case, the nanoparticle concentration was
0.5%, and the polymer concentration ranged from 0.1% to
0.8%. The experimental results are displayed in Fig. 13.

The results showed that the stability of the nanoparticles in
polymer solutions near the isoelectric point was higher than
that under neutral conditions. As seen in Fig. 13, the mixed
solutions were clarified and precipitation-free, and the trans-
mittances were all >80%. The above phenomenon is related to
the stabilization mechanism of SiO, nanoparticles in brine.
Under neutral conditions, the surface of SiO, nanoparticles is

04%  06%  08%

Fig. 13 Phase behaviors of nanoparticles in polymer solutions with
different concentrations at pH = 3: (a) HPAM solutions and (b) in PAM
solutions.
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enriched with a large number of -Si-O- and other structures,
which makes it negatively charged. According to the DLVO
theory, the particles repel each other due to electrostatic
repulsion. Increasing the salinity compresses the diffuse double
electric layer on the surface of SiO, nanoparticles, and the
electrostatic repulsion is weakened, resulting in the aggregation
of different particles into large particles or gels. Under normal
conditions, the stability of nanoparticle suspensions becomes
more stable with their increasing surface charge. However, near
the isoelectric point of SiO, nanoparticles, a large number of -
Si-O- structures are replaced by electrically neutral -Si-OH,
which decreases the electronegativity of the particles. Water
molecules in the solvent can form hydrogen bonds with -Si-OH
and generate a hydrated layer of a certain thickness on the
surface of the particles; thus, inter-particle aggregation is
hindered. More importantly, the stability of nanoparticles near
the isoelectric point is insensitive to salinity. According to the
above results, this phenomenon is not favorable for the
improvement of the rheological properties of polymer solutions
and gels.

The effect of SiO, nanoparticles on the rheological properties
of gels at different pH values was investigated using HPAM as an
example. For comparison, a gel composed of 0.5% HPAM and
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Fig. 14 Rheological parameters of HPAM gels with different

compositions.

Fig. 15 Rupture process of a conventional gel over pressure.
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Fig. 16 Rupture pressure of HPAM gels with different nanoparticle
concentrations in a 3 mm x 3 mm ideal model.

0.0417% chromium acetate was used as the base system, and
three experimental conditions were designed: (1) adding 0.3%
acetic acid and adjusting the pH of the gallant to 3; (2) adding
0.5% SiO, nanoparticles; and (3) simultaneously adding 0.3%
acetic acid and 0.5% SiO, nanoparticles. It should be noted that
the addition of acetic acid would not influence the formation of
gel at a macroscopic scale. The measured G, and fracture stress
of these three samples are shown in Fig. 14.

Under condition (1), the initial modulus G, and the fracture
stress of the gel were 5.6 Pa and 285.6 Pa, respectively. Under
condition (2), after the addition of 0.5% SiO, nanopatrticles, the
initial modulus increased from 5.23 Pa to 9.60 Pa, whereas the
fracture stress increased to 575.7 Pa. Therefore, either the
addition of acid or nanoparticles can improve the properties of
gels to varying degrees. However, when both components were
added simultaneously, the nonlinear rheological parameters of
the gel decreased substantially, while the strength of the gel
increased slightly. Specifically, under condition (3), G,
increased to 6.46 Pa, but the corresponding fracture stress
decreased to 74.1 Pa, which was lower than that of the base
system. This result indicated that nanoparticles in the sol state
adversely affected the performance of the gels. Similar results
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9 KPa
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Fig. 17 Rupture process of the HPAM gel with 2.0% nanoparticles over pressure.

were also found for the PAM gels. Combined with the experi-
mental results, it is speculated that the SiO, nanoparticles at the
isoelectric point tended to remain in a sol state, which will
enhance the non-homogeneity of the polymer solution. Once
the polymer chains are crosslinked to the 3D network, this
inhomogeneous structure becomes a potential crack nucleation
region, which leads to the fracture of the gel at low stress.

3.5. Rupture behavior of gels enhanced by nanoparticles.
Fig. 15 highlights our previous observation about the rupture
process of the bulk gels. A fingering behavior of the injected water
(dyed red) into the gel was observed during the rupture process,
and the profile of the fingering became sharper as the pressure
gradient increased. Once the pressure gradient was sufficiently
high, fracture occurred at the front of the fingering, and the crack
propagated through the center of the gel within a second. After-
ward, the gels that adhered to the wall were scoured out by high-
flux water over several minutes. More importantly, the rupture
pressure gradient showed a strong relationship with the fracture
stress of the gels during rheological testing.

When the nanoparticle concentration was relatively low
(<1.0%), the rupture behavior of the composite gel was similar
to that of the conventional gel, differing only in the degree of
fingering and the rupture pressure gradient. Fig. 16 summarizes
the rupture pressure of gels with different nanoparticle
concentrations. The rupture pressure increased significantly
when the nanoparticle concentration was >0.3%. For example,
under a nanoparticle concentration of 1.0%, the rupture pres-
sure gradient in the 3 mm x 3 mm channel reached 3.44 MPa
m ™. According to eqn (1), the rupture pressure gradient of the
gel is inversely proportional to the channel size. It could be
hypothesized that at the scale of pore media, nanoparticle-
enhanced gel is sufficient for most of plugging treatment needs.

It was also observed that if the nanoparticle-enhance gels
were sufficiently strong, the above rupture process would be
replaced by permeation of the injected water into bulk gels. As
Fig. 17 illustrates, the dyed water fingered into the bulk gel at
low pressure, similar to the conventional gels. As the pressure
difference increased, the injected dyed water gradually perme-
ated towards the outlet end. Meanwhile, water in the network of
gels was squeezed out, and the first drop of water was produced
from the outlet at 0.08 MPa. However, gels in the channel were
hardly moved or deformed, as their apparent modulus was
quite large due to their significant strain hardening properties.
Finally, the injected water dyed the whole bulk gel red at

© 2024 The Author(s). Published by the Royal Society of Chemistry

0.4 MPa and subsequently produced from the outlet end. The
structure of the gel remained complete until the experiment was
finished at 0.7 MPa, which is the rated pressure of our pump.

4 Conclusion

(1) The phase behaviors of nanoparticles in polymer solutions
are influenced by several factors, including salinity, polymer,
and pH. Increasing the salinity or polymer concentration
induces aggregation of nanoparticles. The aggregation tendency
of nanoparticles is stronger in HPAM solutions than in PAM.
Around the isoelectric point, SiO, nanoparticles are signifi-
cantly more stable in brine than in neutral conditions.

(2) The enhancement of nanoparticles on the rheological
properties of polymer solutions and gels exhibits a strong
correspondence with phase behavior. The occurrence of aggre-
gation is a necessary condition for the improvement of rheo-
logical properties. In addition, in the presence of nanoparticles,
the viscosity of polymer solutions and the fracture stress of gels
are increased with salinity.

(3) Nanoparticles could improve the plugging properties of
gels. At relatively low nanoparticle concentrations, the rupture
pressure gradient increases with increasing nanoparticle
concentration. If the nanoparticle concentration is sufficiently
high (e.g., 2%), the injected water will no longer be able to
rupture through the gel but gradually penetrate it instead.
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