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Various polymers are the most widely used product to provide rheology for water-based fracturing fluid,
however, they have weaknesses in terms of temperature resistance and salt resistance. The change from
organic-based to inorganic thickeners may be a meaningful attempt. Inorganic silica gel is a potentially
alternative viscosifier with high temperature resistance, excellent proppant carrying capacity, and can
even be used to prepare fracturing fluids with high salinity of produced water. In this paper, the silica
gel viscosifier was firstly prepared using sol–gel method. Then, the gelation time under different influenc-
ing factors and rheological properties of the silica gel viscosifier were studied in detail. Subsequently, the
silica gel-based fracturing fluid was prepared by adding the desired amount of drag reducer to the silica
sol solution, and the properties of novel fracturing fluid were systematically evaluated with regard to the
temperature and shearing resistance, drag reduction, and static proppant suspension. The potential
mechanism of gelation process by syneresis of silica gel was revealed at last. Results showed that the
microstructure of silica gel is synthetic, amorphous and consists of a three-dimensional network of
SiO2 particles. The effect of SiO2 concentration on the gelation time is more pronounced than other factors
such as temperature and pH level. In addition, the silica gel viscosifier exhibits strong salt resistance,
whether monovalent ions (Na+, K+) or divalent ions (Ca2+, Mg2+), and the gelation time decreased signif-
icantly with the increase of salt concentration. The shear viscosity of the silica gel viscosifier increased
with an increase of SiO2 concentration, showing shear thinning behavior as well. Meanwhile, the silica
gel-based fracturing fluid prepared by adding drag reducer into silica sol solution also presented excellent
thermal stability and shear resistance, drag reduction and proppant suspension performances. The
retained viscosity can be maintained above 50 mPa�s after shearing at 180 �C for 60 mins; the drag reduc-
tion rate shows a declining trend at high displacement due to the gelation process; the settling rate of
40/70 mesh sand proppant with 35 % sand ratio is less than 30 % after standing at 90 �C for 4 h. In addi-
tion, the gelation process is essentially the formation of Si-O-Si linkage by dehydration between SiO2 par-
ticles, which is gradually extended at both ends and sides of the chain, and eventually forms a rigid,
highly porous, entangled network. Findings found in this study provide a research basis for the popular-
ization and application of silica gel-based fracturing fluid.
� 2023 The Authors. Published by Elsevier B.V. on behalf of King Saud University. This is an open access

article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Hydraulic fracturing is an effective stimulation treatment for
unconventional reservoirs development, such as shale and tight
reservoirs, natural gas hydrate, and geothermal energy (Li et al.,
2022; Xu et al., 2022; Wei et al., 2022). Fracturing fluid perfor-
mance is one of the vital technologies determining the effective-
ness of fracturing stimulations. In hydraulic fracture operation,
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the fracturing fluid is essential for transmitting hydraulic pressure
to fracture, propagating the fracture, transporting and suspending
proppant until closure of the fracture (Zhang et al., 2023; Xu et al.,
2023; Bai et al., 2021; Liu et al., 2021). In recent decades, various
polymers are the most widely used product to provide rheology
for water-based fracturing fluid, whether it is guar gum bio-
based polymer or synthetic polymer such as modified polyacry-
lamide (Du et al., 2022). The performances of these fracturing flu-
ids are well known, as are their drawbacks. For example, bio-based
polymer fracturing fluids fail to tolerate high temperatures, and
the process for synthetic polymers is complex and costly, making
it difficult to apply on a large scale (Yao et al., 2021). Besides, the
polymer-based fracture fluids are difficult to break completely,
always causing great damage to reservoirs (Zhang et al., 2023).

On the other hand, with the development of horizontal drilling
and sequential multistage fracturing technology, water consump-
tion and produced water volume of fracturing have been increasing
(Liu et al., 2020; McMahon et al., 2015; Li et al., 2016). Both the use
of freshwater or near freshwater for fracturing operations and the
treatment of produced water can significantly improve production
costs (Boschee, 2014; Lebas et al., 2013). Formulating a fracturing
fluid with treated produced water is an apparent solution for
reducing cost and minimize the use of freshwater. Produced water
generally consists of surface water, formation water, and flowback
water from previous well treatments. It usually contains hydrocar-
bons, various levels of salinity and hardness, suspended solids,
residual production chemicals, and bacteria (McMahon et al.,
2015; Lebas et al., 2013). Hence, a series of negative problems
may be encountered when directly using produced water to pre-
pare water-based fracturing fluid. One problem is the massive
mental cations in the solution could greatly affect the hydration
and dissolution properties of conventional polymer viscosifier
(Banerjee et al., 2009; Ruyle and Fragachan, 2015). The other prob-
lem is that the high-valent cations would consume the hydroxide
ions in the solution, thus reducing the number of hydroxy-boron
produced and affecting the continuation of the cross-linking reac-
tion (Zhang et al., 2022). Moreover, the presence of abundant
saprophytic bacteria in the produced water may cause the bio-
based polymer viscosifier susceptible to microbial corrosion (Yao
et al., 2021). These tricky issues undoubtedly pose a huge challenge
for using produced water to prepare fracturing fluid.

There have been extensive research works in recent years
focused on the cost-effective use of produced water for fracturing
fluid preparation. Several scholars have engaged in removing
salts/ions from produced water to mitigate the negative effects of
produced water. Generally speaking, it is too costly to treat high-
salinity produced water to the extent like freshwater used direct
to prepare fracturing fluid (Zhang et al., 2022). Using chelating
agent to stabilize the harness ions in the produced water is another
method reported to minimize the adverse effect. Elsarawy and co-
workers (Elsarawy et al., 2016) evaluated the effects of five differ-
ent chelating agents on the tolerance of high-TDS fracturing fluids,
and finally concluded that the use of HEDTA and GLDA increased
the fluid system’s tolerance to Ca2+ and Mg2+, while the other three
chelating agents (di-ammonium EDTA, di-sodium EDTA, and
sodium gluconate) showed a breaking effect on the viscosity of
the fracturing fluid. The other method is to develop functional frac-
turing fluid systems that are tolerant to the high-salinity condi-
tions. New polymers and crosslinkers, which have high tolerance
to mono-and divalent cations has enabled the use of high-
salinity produced water to formulate different fracturing fluid sys-
tems (Oseh et al., 2023; Liang et al., 2015). For synthetic polymers,
the most effective solution to improve salt resistance is to intro-
duce different functional groups, such as the sulfonate group,
hydrophobic monomer, and annular material, etc. (Zhang et al.,
2022). At present, international and domestic related research
2

mainly focuses on the development of salt-resistant polymers
based on acrylamide (AM) monomers, and the groups containing
strong electrolyte groups or cyclic structure groups are the main
monomers that can be introduced into polymers in polymerization
reactions. For guar gum-based fluid systems, the functional modi-
fication of guar gum and the exploration of suitable crosslinker are
potential measures to realize the preparation of fracturing fluid
with produced water (Liang et al., 2015; Kakadjian et al., 2013).
Although polymer-based viscosifier have shown notable improve-
ments in salt resistance, there are still limitations and challenges to
using produced water.

Laboratory and field data indicate that silica gel is a potential
viscosifier for high salinity, high hardness produced water. Due
to its highly functional applications, silica gel has excellent practi-
cability in oil, gas and geothermal well operations (Liu and Ott,
2020). These measures include drilling, water shutoff, enhanced
oil recovery conformance control, reservoir stimulation and so on
(Soric et al., 2004; Pham and Hatzignatiou, 2016; Hatzignatiou
et al., 2016; Lakatos et al., 2018; Elphingstone et al., 1980). Silica
gel was first proposed as a water-based fracturing fluid viscosifier
in the 1970 s. Early research found that this form of silica could
provide a high-viscosity, thixotropic fluid with the ability to main-
tain viscosity at very high temperatures (McDonald et al., 2016;
McDonald et al., 2015). In 1980, the silica gel-based fracturing fluid
was first used to successfully fracture seven geothermal wells in
the Nigorikawa field in Southwest Hokkaido, Japan, as an econom-
ical alternative to crosslinked bio-based polymer fluids (Katagiri
and Ott, 1983). In addition, the maximum temperature of the frac-
tured geothermal wells up to 507 �F. The latest application case
was in 2019, during a single-stage fracturing process of a San
Andres formation well drilled in western Texas, 500 barrels of silica
gel-based fracturing fluid were prepared using on-site produced
water (the salinity is 45380 mg/L) and mixed with 3500 lb of
40/70 mesh quartz sand, and then injected into the formation at
a displacement of 15 bbl/min (Harman et al., 2021). The applica-
tion results show that the cost of silica gel-based fracturing fluid
prepared using untreated produced water is comparable to a stan-
dard 20 lb/gal crosslinked guar fluid. Field applications of silica gel-
based fracturing fluids have proven that the new viscosifier not
only be a technical success, but also has the same or lower cost
than current technology. Although silica gel fracturing fluid has
achieved good results in field application, there are few reports
on the indoor research and evaluation of this fluid system, and
the key performance parameters are not clear. Many mechanism
studies are still in the blank stage, and the technology is not fully
mature, so it is necessary to conduct an in-depth study.

Motivated by the apparent knowledge gaps from the existing
studies, this paper mainly developed a new silica-based fracturing
fluid system, and evaluated its comprehensive performance
through laboratory experiments. The silica gel viscosifier was first
prepared using sol–gel method, and then the microscopic mor-
phology of self-prepared silica gel was characterized. Afterwards,
the bottle test method was employed to visually observe the gela-
tion process of silica gel and roughly estimate the gelation time
under static conditions, and then the effect of SiO2 concentration,
temperature, pH, and salt ions on the gelation time was further
explored. The rheological properties of silica gel viscosifier were
also reflected by apparent viscosity and viscoelastic modulus. Sub-
sequently, the silica gel-based fracturing fluid was prepared by
adding the desired amount of drag reducer to the silica sol solution,
and three important performance including temperature and shear
resistance, drag reduction and static proppant suspension of the
novel fracturing fluid system were evaluated in succession. At last,
the potential mechanism of gelation process by polymerization
and dehydration of silica gel was revealed. The findings of this



H. Xu, F. Zhou, Y. Li et al. Arabian Journal of Chemistry 16 (2023) 105324
study contribute to provide an efficient fracturing fluid system for
the fracture stimulation operation of geoenergy.
2. Materials and methods

2.1. Materials

Hydrochloric acid (HCl) and sodium silicate are the raw materi-
als required for the preparation of silica gel. In order to facilitate
dissolution, sodiummetasilicate nonahydrate (Na2SiO3�9H2O) with
a modulus of 1 was used in this study. Magnesium chloride
(MgCl2), calcium chloride (CaCl2), potassium chloride (KCl), and
sodium chloride (NaCl) were used to investigate the effect of salt
ions on the gelation process. All these inorganic materials are of
analytical purity grade, supplied by Shanghai Macklin Biochemical
Co., Ltd. Besides, a high-viscosity drag reducer (DR-900), which
was provided by Beijing Kemax Oilfield Chemicals Co., Ltd. DR-
900 is a kind of cationic polyacrylamide copolymer with molecular
weight of 8 � 106, white emulsion in appearance, avirulent and
odorless. All the used chemical materials are non-toxic.
2.2. Experiment methods

2.2.1. Preparation of the silica gel
Among numerous silica gel synthesis methods, sol–gel is the

most flexible and suitable route for oil field preparation (Su et al.,
2023; Zhou et al., 2021). According to relevant literature
(Baskaran et al., 2022; Singh et al., 2014); there are two different
pathways to prepare silica gel, one is to add acid to sodium silicate
solution and the pH reduced to induce gelation; the other, in con-
trast, is to add sodium silicate to the acid solution and the pH
raised to induce gelation (Iler, 1979). The difference between the
two preparation methods is reflected in the surface area, pore vol-
ume and specificity of the formed silica gel (McDonald et al., 2016).
The method of increasing pH by adding alkali in acid solution is
beneficial to the formation of silica gel with larger internal and
external surface area, thus having stronger suspension and thixo-
tropic properties (Liu and Ott, 2020; McDonald et al., 2015).

As a starting example for a simple 80 g silica gel fluid sample,
2.1 g concentrated HCl was added to 47.9 mL of deionized water
with constant agitation, to prepare 0.49 mol/L HCl solution. 3.8 g
Na2SiO3�9H2O was prediluted with 30 mL of deionized water, to
prepared 0.44 mol/L sodium silicate solution. The diluted Na2SiO3

solution was slowly added into the diluted HCl solution under con-
stant agitation, and the increasing pH value was constantly mea-
sured with a pH meter. The pH value of the mixed solution is
about 7, and the desired gelation pH range of 5.0 to less than
10.5. The option exists to make minor adjustments to pH with
the addition of less or more alkali, which has slightly influence
on the final SiO2 concentration, but we ignored this little difference
in this study. The above example would prepare a silica gel that is
about 1.0 % SiO2 by weight. Analogously, if silica gel with different
SiO2 concentration is desired, one can keep the molar concentra-
tion of HCl and Na2SiO3 solution increase or decrease simultane-
ously while keeping the acid and alkali volume unchanged.
2.2.2. Characterization
The micromorphology and structure of the self-prepared silica

gel were characterized by environmental scanning electron micro-
scopy (E-SEM) and transmission electron microscopy (TEM),
respectively. During the E-SEM experiments, the crosslinked block
silica gel can be directly observed under electron microscope after
gold spraying treatment. For TEM experiments, it is necessary to
dilute the silica gel with deionized water to prepare a low-
3

concentration standard solution, which is dropped on the carbon
support membrane and then dried for observation.

2.2.3. Determination of the gelation time
The gelation time of silica gel is similar to the crosslinking time

of conventional polymer-based fracturing fluids, which is an
important parameter to assess the delayed crosslinking property
of the novel fracturing fluid. In this study, the bottle test method
was employed to visually observe the gelation process and roughly
estimate the gelation time under static conditions, which is also
considered as a convenient and inexpensive experimental tech-
nique. Gelation time is defined as the case where the bottle can
be turned over without any movement of the silica gel, which
means the flowability of the fluid is completely lost. Firstly, filling
a specified volume of fluid sample in a transparent glass bottle, and
then, the bottle was placed at room temperature or in an oven pre-
heated at the test temperature and taken out periodically for
observation. This method was applied to investigate the effects of
SiO2 concentration, temperature, pH, and the type and addition of
salt ions on the gelation time.

2.2.4. Rheological properties test
Rheological characteristic is one of the vital properties of silica

gel as viscosifier. The stability, drag reduction performance and
proppant suspension capacity of fracturing fluid are closely related
to rheological properties (Luo et al., 2015; Li et al., 2017; Liu et al.,
2020). The apparent viscosity and viscoelastic properties of silica
gel are the two parameters that were focused on in this study.
Apparent viscosity can be tailored to suit field equipment, reservoir
environments and fluid design (Liu et al., 2023; Liu et al., 2023b),
while the viscoelastic modulus is the key parameter to evaluate
the proppant suspension capacity.

The apparent viscosity measurements of the silica gel viscosifier
was performed by using Fann� 35 six-speed rotary viscometer.
Unlike conventional polymer-based fracturing fluids, the apparent
viscosity readings of silica gel viscosifier were taken at 600 rpm,
300 rpm, 200 rpm, 100 rpm, 6 rpm, and 3 rpm, because silica gel
is a highly viscous, thixotropic fluid. In addition to focusing on
the apparent viscosity at 300 rpm, there are other two parameters
used to evaluate the rheological properties, one is the plastic vis-
cosity (PV), which can be calculated by the viscosity reading at
600 rpm minus the viscosity reading at 300 rpm; the other is the
yield point (YP), which can be calculated by the viscosity reading
at 300 rpm minus the PV (Guria et al., 2013). Moreover, the shear
viscosity was measured at ambient temperature by using the
HAAKE MARS Ⅲ rotational rheometer, and the shear rate was set
between 0.1 � 1000 s�1.

The viscoelasticity modulus of the prepared silica gel viscosifier
with different concentrations were also determined using the
HAAKE RS6000 rheometer under certain tension from low to high
frequency shear conditions. The main experimental procedures are
as follows: stress sweeping of the prepared fluid sample was firstly
performed, and then the stress values near the inflection point
were scanned using the frequency approach to acquire the viscous
modulus (G’’) and the elastic modulus (G’) of the test sample. Based
on the obtained intersection value of G’’ and G’ and the range of
elastic region, the viscoelastic strength of the silica gel can be
determined.

2.2.5. Temperature and shearing resistance test
Fracturing fluids are constantly sheared when flowing in the

wellbore, while the wellbore temperature increases with depth,
and the fracturing fluid reaching the bottom of the well also needs
to have sufficient viscosity to transport the proppants farther
inside the fracture network. Therefore, it is necessary to evaluate
the thermal stability and shearing resistance of the fracturing fluid.
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In this study, HAAKE MARS III rheometer was used to conduct the
temperature and shearing resistance experiments of the silica gel-
based fracturing fluid. The silica gel-based fracturing fluid was pre-
pared by adding 0.1 % DR900 drag reducer to the silica sol solution
under shearing. (It is worth noting that the addition of drag redu-
cer is mainly to play the role of drag reduction, while the main
viscosity-increasing effect relies on the silica gel, therefore, the
amount of DR900 drag reducer in the fluid system is generally
not more than 0.2 %.) After gelation, the temperature and shearing
resistance tests were carried out under 170.3 s�1 shear rate at
180 �C. 170.3 s�1 usually indicates the shear rate in the wellbore
during operation process. Ramping up the test sample to target
temperature at a constant rate of 3.0 ± 0.5 �C/min, and then
sheared it under 170.3 s�1 for 60 mins. The terminal apparent vis-
cosity retained able to reflects the thermal stability and shearing
resistance of the silica gel-based fracturing fluids.

2.2.6. Drag reduction test
The drag reduction capacity of a fracturing fluid can be evalu-

ated by testing the drag pressure difference generated as the test
sample flows through a pipe. The above preparation process shows
that the silica gel is a mixture of acid and alkali, and the drag
reduction efficiency of the inorganic brine is usually similar to that
of the water, which does not have a significant drag reduction
effect. Based on this, the drag reduction experiment of silica gel-
based fracturing fluid requires the addition of a small amount of
DR900 drag reducer before the gelation, and the concentration of
which does not exceed 0.2 %.

In this study, the self-developed loop friction test apparatus was
used for drag reduction experiments, which mainly consists of a
screw pump, the piping system, a fluid supply system, and an inte-
grated control computer. Wherein, a stainless-steel pipeline with
an inner diameter of 8 mm and a length of 3 m was preferably
selected for this experiment. During the test, the frictional pressure
difference generated by fresh water (DPw) under different pump
rates was measured first, and then frictional pressure difference
generated by fracturing fluid (DPf) was measured as well. The drag
reduction rate (DR) of the fracturing fluid can be figured out by fol-
lowing equation:

DR ¼ DPw � DPf

� �
=DPw � 100% ð1Þ

There is a fact that with the progress of silica gel gelation, the
viscosity of the formed silica gel-based fracturing fluid will
increase. According to the Reynolds formula, the flow pattern of
the fracturing fluid will change, which will seriously affect the effi-
Fig. 1. The SEM images of silica gel under dif

4

ciency of drag reduction. Consequently, this research only explored
the decline rule of drag reduction rate under the highest flow rate
(the upper limit of the device is 2500 kg/h). The drag reduction rate
was recorded every 30 s during this experiment, and the total test
time was determined to be 12 min by fully considering the field
operation displacement and the well depth.

2.2.7. Proppant suspension test
The proppant suspension and carrying capacity of the fracturing

fluid determines the settlement pattern and transport distance of
the proppant in the fracture, which directly affects the fracture
conductivity. In this work, static sand settling experiments of silica
gel-based fracturing fluid were carried out to study the settling
behaviors of quartz sand proppant with different sand ratios
(10 %, 15 %, 20 %, 25 %, 30 %, and 35 %, all represent volume ratio)
under various temperatures (30 �C, 90 �C). The mesh size of quartz
sand proppant used in these experiments is 40/70. Firstly, mix the
proppant and silica gel-based fracturing fluid evenly in a beaker,
then pour it into the graduated glass cylinder, and record the fall-
ing height of the sand column within 4 h at 30 �C. Subsequently,
the glass cylinders were placed in a constant temperature oven
at 90 �C for 4 h to test the height of the sand column further
reduced. Additionally, mono-mesh carbon steel shot with different
diameters were used to conduct single-particle proppant settling
experiments to measure the settling velocity. The reason for using
carbon steel shots with a specific gravity of 7.8 for the experiments
is because conventional industrial proppants (such as 20/40 mesh
quartz sand or ceramic) settle extremely slow in the silica gel-
based fracturing fluid systems, and the settlement height is diffi-
cult to measure accurately even after 24 h of standing. At first,
place the steel shots on the surface of crosslinked silica gel-based
fracturing fluid and record the time consumed by the steel shot
falling to a certain height. Then, the terminal settling velocity of
the steel shot inside the silica gel-based fracturing fluid can be cal-
culated according to the settling height and time.

3. Results and discussion

3.1. Structural characterization

Fig. 1 displays the SEM images of the self-prepared silica gel
with 1.0 % SiO2 by weight at different resolutions. Unlike conven-
tional crosslinked polymer-based fracturing fluids, the microstruc-
ture of silica gel exhibits highly porous characteristics, and the
interconnections between pores create a complex pore network.
ferent resolutions, (a) 1 mm, (b) 100 lm.
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As can be seen from the enlarged image, the silica gel shows an
irregular agglomerated morphology. This is mainly because the
gel network formed during the gelation process was fragmented
continuously by a stirrer, resulting in the showing discrete gel frag-
ments (Elphingstone et al., 1980). However, due to the continuing
polymerization, these gel fragments will restructure, directly caus-
ing the gel fragments shrink and the internal fluid is expulsed. This
is the ‘‘syneresis” process of silica gel. It is worth noting that no
obvious SiO2 spherical particles were observed in the images, and
the surface of silica gel is amorphous. This is closely related to
the morphology of gel fragments, the degree of polymerization of
SiO2 and the extent of syneresis. The experimental results of TEM
in Fig. 2 further confirm the microstructure characteristics of silica
gel is synthetic, amorphous and consists of a three-dimensional
network of silica particles. The sample drying process resulted in
the precipitation of little sodium chloride crystals, which adhered
to the surface of SiO2 particles, so that small amounts of chloride
and sodium signals were observed in the energy spectrum analysis.

3.2. Influencing factors of gelation time

The gelation time of silica gel is similar to the delayed crosslink-
ing time of conventional polymer-based fracturing fluid, which is
one of the key parameters to evaluate whether the novel fluid sys-
tem can be applied in the field operation. The gelation time should
be controlled within a reasonable range to ensure that the injected
fluid meets the performance requirements of low friction during
flow in the wellbore and strong proppant-carrying capacity inside
the fractures (Zhou et al., 2022; L et al., 2022). If the gelation time is
too short, the viscosity gradually increases as the fracturing fluid
flow in the wellbore, and the flowing friction will increase rapidly;
if the gelation time is too long, it is not conducive to the long-
distance migration of proppant-carrying fracturing fluid within
the fractures, which will easily cause sand plugging in the near-
wellbore area, thus affecting the production of fracturing wells.
Fig. 2. The TEM scanning

5

In this work, the experimental study into the gelation time cov-
ered a broad range of SiO2 concentration, temperature, pH levels,
and salt ions (Na+, K+, Ca2+, Mg2+) concentration. Fig. 3 shows the
graphical representation of gelation time versus pH levels, temper-
ature, and SiO2 concentration. Table 1 provides the test matrix and
the original data of the bottle tests. All the tests were performed
with deionized water. Longitudinal comparative experimental
results, one can see that the SiO2 concentration has the most signif-
icant effect on gelation time. Under certain pH level and tempera-
ture conditions, the gelation time decreased significantly as the
SiO2 concentration rose. For example, at 60 �C and pH = 8.5, the
gelation time decreased from 67.4 mins to 0.6 min with increasing
SiO2 contact from 0.75 % to 1.50 %. Horizontal comparison, under
the condition of a certain SiO2 concentration, the influence of pH
level on the gelation time is greater than the temperature.
Although an increase in temperature also decreases the gelation
time to some extent, the change amplitude is slightly less than that
of pH level. For instance, at the 1.0 % SiO2 condition, the gelation
time decreased from 27.0 mins to 16.0 mins with rising tempera-
ture from 30 �C to 90 �C, under the pH = 8.5. However, the gelation
time dropped from 27.0 mins to 6.2 mins with decreasing pH level
from 8.5 to 7.0, likewise at 30 �C and 1.0 % SiO2 conditions. In addi-
tion, the influence of pH level on gelation time shows a parabolic-
like characteristic, with the fastest gelation time occurred at
pH = 7, while increasing or decreasing pH level would increase
gelation time.

Except for the above three factors, salt ions also have a signifi-
cant influence on gelation time. In fact, fracturing fluids always
inevitably interact with salt ions during field application. On the
one hand, the injected fracturing fluid will interaction with forma-
tion water, which is a mixture of original and injected water, con-
taining various of inorganic salt ions. On the other hand, reservoir
rock is composed of multiple minerals, and the interactions of frac-
turing fluids with reservoir rock takes place throughout the whole
fracturing process. These ions will affect the gelation time, and
results of silica gel.



Fig. 3. Gelation time test results under different influencing factors.

Table 1
Gelation time test data under different influencing factors.

Temperature, ℃ pH Gelation time with different SiO2 conc., min

0.75 % 1.0 % 1.25 % 1.5 %

30 6.5 44.6 33.1 6.8 4.8
7.0 27.3 6.2 4.3 1.5
7.5 48.3 11.3 4.6 1.3
8.0 72.1 21.5 7.5 1.5
8.5 84.1 27.0 8.6 2.0

60 6.5 30.2 12.8 1.5 0.8
7.0 14.7 3.6 0.9 0.4
7.5 34.5 7.50 0.8 0.3
8.0 48.5 13.6 4.5 0.4
8.5 67.4 20.8 5.1 0.6

90 6.5 13.0 9.3 1.3 0.3
7.0 8.1 2.8 0.8 0.1
7.5 19.1 6.3 0.7 0.1
8.0 32.1 11.7 3.7 0.2
8.5 49.0 16.0 4.3 0.3
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they might even lead to precipitation of calcium and/or magne-
sium silicate at high concentrations. This negative impact needs
to be considered in order to determine the tolerance of silica gel-
based fracturing fluid systems to salt ions.

Four different inorganic chlorides were applied to analyze dif-
ferent cation effects on the gelation time of silica gel. These exper-
iments were performed by adding a specific concentration of salt
ion to the hydrochloric acid solution, fully dissolved and then
slowly add the sodium silicate solution, adjust the pH level of
the mixed sample to an interesting value, and record the gelation
time. Note that the experimental temperature is 30 �C, and the
SiO2 content in the final prepared silica gel is about 1.75 %. Besides,
the original Na+ in sodium silicate is maintained in roughly the
same range, and the content is lower than that of additional salt
ions, so it was not considered as the focus of this study. Fig. 4
shows the influence of four different cations on the gelation time.
Because the mixed solution of a specific pH value cannot be accu-
rately obtained during the experiment, a large number of data
points were randomly collected. From the Fig. 4(a) and (b), one
can see that the effect of pH value on the gelation time showed a
parabolic-like distribution, while the addition of Na+ and K+ signif-
icantly accelerated the gelation process. Results also indicated that
6

increasing salt ion concentration decreases the gelation time at dif-
ferent pH levels. The shortest gelation time occurred in the pH
range of 7 � 8, and with the increase of salt addition, the gelation
time at different pH levels showed a downward trend, which was
more obvious when the salt concentration reached 10.0 %. More-
over, K+ demonstrates the stronger capability to shorten the gela-
tion time compared to Na+. Fig. 4(c) and (d) show the influence
of Ca2+ and Mg2+ on gelation time respectively. In contrast to Na+

and K+, there is an obvious precipitation area when the divalent
cations at high concentrations. This is mainly because the precipi-
tation of high-valence Ca2+ and Mg2+ with the surface SiO2- 3
(Hatami et al., 2021). Also, high valent cations could react with
hydroxyl ion in the solution, forming insoluble spices. Neverthe-
less, at the same addition dosage (such as 0.1 %), divalent cations
have a more visible effect on the gelation time than the monova-
lent cations. It is clear that the introduction of Ca2+ and Mg2+ can
indeed reduce the gelation time to a certain extent, even in the
case of 0.01 % addition. The higher the ion concentration, the
shorter gelation time. Furthermore, the effect of Ca2+ on the gela-
tion process was slightly stronger than Mg2+ — consistent with
other studies in the previous literature (Hatami et al., 2021;
Hatzignatiou et al., 2018).

The SiO2 nanoparticles in silica gel carry a negative charges sur-
face, and the added cations act as counterions, which will enter the
electrical double layer of the nanoparticles. This will lower the zeta
potential of the nanoparticles, thereby destabilizing the silica gel
system and leading to gelation. This effect becomes more pro-
nounced as the salt concentration increases. Due to their higher
valence and larger size, the divalent salt ions make it easier to
reduce zeta potential and promote gelation (Huang et al., 2017).
3.3. Rheological characteristics

The rheological characteristics of silica gel viscosifier with dif-
ferent concentrations tested by the Fann� 35 six-speed rotational
viscometer are shown in Table 2. During the experiment, deionized
water, 10 % NaCl solution and 0.5 % CaCl2 solution were used to
prepare silica gel to evaluate the effects of salt ions on rheological
properties. Since silica gel is a highly viscous and thixotropic fluid,
the rotational speed is set from high to low during the test, and the
continuous shear inevitably leads to a downward trend in the vis-
cosity value. The viscosity value measured at 300 speed is consid-



Table 2
The viscosity data measured by six-speed rotary viscometer.

Test condition Six-speed rotary viscometer taken at 25℃, shear rate, r/min; viscosity, mPa�s
Deionized water 10.0 % NaCl brine 0.5 % CaCl2 brine

SiO2 conc. 600 300 200 100 6 3 600 300 200 100 6 3 600 300 200 100 6 3

0.75 % 25 14 9.5 5 1 1 20 11 8.5 3.5 1 0.5 15 8 5 2.5 1 0.5
1.00 % 38 20 13 6 1.5 1 25 15 10 3 1.5 1 23 13 7.5 4.5 1 0.5
1.25 % 48 25.5 15 8 2 1.5 32 19 14 7 2 1 28 15 9.5 5 1 0.5
1.50 % 54 28 15 9 2.5 1.5 37 22.5 18 8.5 4 3 30 19 10 6 1 0.5
1.75 % 62 33 17 10 3 2 44 27 16.5 10 3 2 41 25 16 9 2 1.5
2.00 % 71 38 26 17.5 6 5 53 33 24 13.5 11.5 9 52 31 20 11.5 4 2

Fig. 4. Effect of salt ion type and concentration on gelation time, (a) Na+, (b) K+, (c) Ca2+, (d) Mg2+.

Fig. 5. The variation curves of PV and YP with SiO2 concentration.
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ered to be the apparent viscosity of silica gel. As the table lists, the
apparent viscosity measured in different solutions gradually
increases with the rising concentration of SiO2. The addition of
10 % NaCl had a negligible effect on the apparent viscosity of the
silica gel, while the addition of 0.5 % CaCl2 caused a significant
decrease in the apparent viscosity at various concentrations. The
variation curves of PV and YP with SiO2 concentration were plotted
and illustrated in Fig. 5. The comparation between the three PV
curves revelated that with the presence of salts, the PV drops shar-
ply, indicating the flocculation caused by salt ions reduces the
number of dispersed gel fragments, resulting in a decrease in inter-
nal friction inside the silica gel. On the contrary, the YP shows an
increasing trend with the addition of salt ions, mainly because
the introduction of inorganic salt ions will increase the flocculation
inside the silica gel to a certain extent, making its internal struc-
ture more disordered and amorphous, reflecting the increase of
the yield point.

In addition, the shear viscosity was also measured at ambient
temperature by using the rotational rheometer, and the shear rate
range was between 0.1 � 1000 s�1. Rheological measurements
were performed multiple times to ensure the repeatability of the
final results, and the test results of silica gel with different SiO2
7

concentrations is shown in Fig. 6. It was found that the shear vis-
cosity of the silica gel increased as the SiO2 concentration
increases. A shear thinning characteristic was also observed for



Fig. 6. Relationship between viscosity and shear rate for samples.

ig. 8. Variation of apparent viscosity with temperature for silica gel-based
acturing fluid with different SiO2 concentrations.
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the silica gel within the test shear rate interval. Silica gel builds vis-
cosity via the smaller fragments that mechanically entangle and
interlock to form a much larger, three-dimensional microstructure.
This entangled structure is easily damaged under high-speed
shear, resulting in a decrease in viscosity (McDonald et al., 2015;
Iler, 1979; Liu et al., 2022). However, after a long period of resting,
these small fragments after shearing will be entangled again, so
that the viscosity of the silica gel system will be restored, which
is an important feature of thixotropic fluid.

The viscoelastic behavior of prepared silica gel with different
SiO2 concentrations was measured at ambient temperature. Modu-
lus of silica gel samples varies with angular frequency, as shown in
Fig. 7. Unlike the conventional polymer-based fracturing fluid sys-
tem, the silica gel system with different SiO2 concentrations exhib-
ited the characteristic that the G’ was always greater than the G’’ in
the entire tested angular frequency range, and there are no cross-
over points between the two curves, indicating that the silica gel
system has a dominant elastic response behavior, which may be
attributed to the higher entanglement-structural strength. As the
figure depicts, both G’ and G’’ of silica gel samples showing an
increasing trend with the SiO2 concentration increasing, especially
for the G’ value. This is mainly because silica gel forms a denser
Fig. 7. Viscoelastic modulus curves of silica
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three-dimensional structure under high concentration of SiO2,
and the gel strength is further enhanced as hydrogen bonds formed
between silica gels. The microstructural strengthening is mani-
fested by a simultaneous increase in G’ and G’’. The large G’ reflects
the rigidity and strength of the gel, and the large G’’ indicates that
the silica gel consumes less energy in the flow process. Further-
more, the enhanced viscoelastic characteristics may relate to prop-
pant transportation (Gomaa et al., 2015; Ba Geri et al., 2019; Yao
et al., 2022), but this property must be correlated with additional
data from another source.
3.4. Performance of temperature and shearing resistance

The temperature and shearing resistance performance is a key
parameter to evaluate whether the silica gel-based fracturing fluid
could be used in high-temperature deep well fracturing. The
HAAKE MARS Ⅲ rheometer was applied to measure the terminal
apparent viscosity of silica gel fracturing fluid with different SiO2

concentrations after shearing at 180 �C and 170.3 s�1 for 60 mins.
The obtained rheological curves are presented in Fig. 8. As shown
in the figure, the apparent viscosity of the novel fracturing fluid
with 1.0 % SiO2 increases first and then decreases, and the moment
F
fr
gel under various SiO2 concentrations.



H. Xu, F. Zhou, Y. Li et al. Arabian Journal of Chemistry 16 (2023) 105324
when the maximum viscosity occurs is basically similar to the
gelation time of this system. The terminal apparent viscosity after
shearing is basically maintained at about 50 mPa�s, indicating that
the thermal and shear stability of the prepared silica gel-based
fracturing fluid meets the requirements of field applications. By
contrast, the apparent viscosity variation curve of silica gel-based
fracturing fluid with 1.5 % SiO2 content showed a decreasing trend
followed by a stable trend. This is due to the short gelation time of
silica gel with 1.5 % SiO2 content, which gelated rapidly after pour-
ing the mixed solution into the rheometer rotor, resulting in a high
initial apparent viscosity in the rheological curve. Moreover, the
increase of SiO2 content in the system leads to a significant
increase in the retained viscosity after shearing. It is also worth
noting that after adding a little drag reducer to the silica sol solu-
tion, the rheological properties of the formed fracturing fluid sys-
tem are further improved (compared with the silica gel thickener
data listed in Table 2), probably due to the drag reducer was fully
dissolved in the free water, and there might be existence of a syn-
ergistic mechanism between the network structure of silica gel and
the flexible molecular chain of polyacrylamide polymer (Sun et al.,
2023; Sun et al., 2023; Wang et al., 2022), thus forming a denser
microstructure and enhancing the rheology properties.
3.5. Performance of drag reduction

Silica gel-based fracturing fluid will inevitably gelation when
pumped in ultra-deep wells, and the increase of apparent viscosity
will lead to the decrease of drag reduction effect. Therefore, this
paper focuses on exploring the variation trend of drag reduction
efficiency of the silica gel-based fracturing fluid with time at the
maximum flow rate (2500 kg/h). The drag reduction performance
of the 0.1 % DR-900 slickwater and the silica gel-based fracturing
fluid with different SiO2 concentrations were evaluated with the
loop friction test apparatus in the lab. Fig. 9 shows the test result
of three samples. As the figure depicted, the drag reduction rate
of DR900 slickwater system changed very little within 12 min, just
from 76.28 % to 75.39 %. However, the drag reduction rate
decreased significantly within 12 min of the silica gel-based frac-
turing fluids. For silica gel fracturing fluid with 1.0 % SiO2 content,
the drag reduction rate decreased from 76.23 % to 41.68 %; for sil-
ica gel fracturing fluid with 1.5 % SiO2 content, the drag reduction
rate decreased from 75.64 % to 37.05 %.

Compared with slickwater fluid system, the drag reduction
effect of silica gel-based fracturing fluid is not satisfactory. This is
mainly because silica gel is a mixture of silicate and hydrochloric
Fig. 9. Drag reduction rate as a function of test time.
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acid, and the inorganic salt solution itself does not have the ability
to reduce drag. By adding a little amount of DR900 drag reducer to
the solution, the silica gel-based fracturing fluid has a pronounced
drag reducing ability, and the maximum drag reduction rate can
reach more than 70 % at the initial moment. However, the apparent
viscosity gradually increases with the constant gelation of the silica
sol during the circulation flow, and the polymer molecular chain is
randomly doped with the formed silica gel, resulting in the disor-
dered extension of the molecular chain and the decrease of drag
reduction rate. It should be noted that due to the limitation of
equipment, the maximum pump rate is only 2500 kg/h in the lab-
oratory, and the corresponding operation displacement (take
3.5 in. tubing as an example) is about 3.7 m3/min calculated by
the linear velocity. For higher operation displacement on site, the
flow time of fracturing fluid in wellbore can be further reduced,
and the drag reduction effect in a short time hopefully meet the
needs of on-site fracturing operation.

3.6. Performance of proppant suspension

Static proppant settling experiment is the simplest and most
effective method to evaluate the proppant suspension capacity of
fracturing fluid. According to the different experimental methods,
it is usually divided into multi-particle proppant settlement test
and single-particle proppant test experiment (Xu et al., 2022). Gen-
erally speaking, slower settling velocity represents stronger sus-
pension capacity. In this work, the static proppant settling tests
were carried out using specified graduated glasses in the labora-
tory. Fig. 10 shows the static proppant suspension experimental
graph of silica gel fracturing fluid with 1.0 % SiO2 concentration
under different sand ratio, time, and temperature conditions. As
the figure shown, the silica gel suspension column dropped signif-
icantly after standing for a period of time, and a part of water was
generated inside the graduated glass, which was mainly due to the
syneresis process of silica gel. Syneresis is the process, whereby the
silica gel shrinks and the entrained water/brine is extruded from
the gel structure. The process of syneresis is closely related to time
and temperature. It can be seen form the Fig. 11 that the sand set-
tling rate also increased with the time and temperature. The term
‘‘settling rate” is defined as the ratio of the height of the suspended
sand slurry at a specific moment to its initial height. When the sus-
pended sand fracturing fluid, which had been standing for 4 h at
30 �C, was then placed in a constant temperature oven at 90 �C,
the sand settling rate was further improved after standing for 4 h
again. In addition, the sand settling rate basically increases gradu-
ally with the increase of sand ratio, but the experimental group
with 30 % sand ratio exhibits an unexpected result, there may be
an operation error. From the experimental data, it can be observed
that the sand settling rate is around 15 % when standing for 4 h at
30 �C, while the temperature increases by 90 �C, the settling rate
increases by less than 5 %, about 20 %.

Static settling experiments of single-particle proppant for silica
gel-based fracturing fluid were carried out using steel shots with
different particle sizes. The reason for choosing steel shots with
large particle size is that regular proppant settles extremely slowly
in silica gel-based fracturing fluid and the experimental test error
is large. Also, the silica gel-based fracturing fluid will continue to
undergo syneresis reaction during the long-term standing process,
causing a denser gel structure and even the formation of gel blocks,
which negatively affects the proppant settling. Fig. 12 shows the
terminal settling velocity of single steel shot with various diame-
ters in the two silica gel-based fracturing fluids with different
SiO2 contents at 30 �C. As the particle diameter increases, the cal-
culated settling velocity of steel shots shows an exponential
increase trend, and the silica gel-based fracturing fluid with 1.0 %
SiO2 content is more obvious. Compared with conventional aque-



Fig. 10. Sand settling at different conditions using 40/70 mesh size.

Fig. 11. Proppant settling rate varies with time at different conditions.

ig. 12. The settling velocity of single steel shot with different diameters measured
t 30 �C.
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ous hydraulic fracturing fluids, such as guar gum-based and
polymer-based, the settling velocity of single-particle proppant in
silica gel-based fracturing fluid is extremely slow (Ba Geri et al.,
2019; Biheri and Imqam, 2022; Zhang et al., 2016; Hu et al.,
2015), indicating the excellent proppant-carrying capacity. This is
mainly because the elasticity of the silica gel system is strong,
and the syneresis process promotes the formation of a denser
and more stable three-dimensional structure of silica gel, leading
to the proppant has a higher resistance when settling inside it.

3.7. Analysis of gelation mechanism

The essence of gelation is the process in which SiO2 particles
form a hydrous, amorphous gel structure through self-
polymerization and condensation. The initial step toward forma-
10
F
a

tion of silica gel is the aggregation of some of the particles into
short chains as shown in Fig. 13. At first, initially formed mono-
meric silicic acid in the sodium silicate solution condenses to form
colloidal particles, as shown in the Fig. 13(a). The SiO2 is also pre-
sent as a multiplicity of anionic species derived from silicic acid.
When sodium silicate solution is mixed with acid, neutralization
of the stabilizing alkali occurs, and silicate anions form polymeric
silica connected by the formation of new siloxane bonds (Si-O-Si)
with the expulsion of water molecules (McDonald et al., 2016;
Wilhelm and Kind, 2014). This reaction is generally controlled by
pH level, temperature, and SiO2 concentration; also by order of
addition. Fig. 13(b) shows the result of the reaction is that many



Fig. 13. Silica sol aggregate to become silica gel (the three-dimensional process is represented only in two dimensions).
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polymerized short chains are formed in the solution. As the reac-
tion continues, the chain length is increased, and the free particles
begin to be added to the sides as well as the ends of the chains,
thus a lot of branched chains is created (McDonald and Li, 2017),
as depicted in Fig. 13(c). Free particles within this region are con-
tinuously added to the network which soon contains all the parti-
cles within its domain, forming a ‘‘microgel region” of what has
been called ‘‘gel phase”. Each region of the gel phase increases with
the increase of the sol particles in the surrounding liquid region
until the gel phase occupies the majority of the total volume
(Iler, 1979). At this point, the gel region grows together into a con-
tinuous coherent gel network, as Fig. 13(d) shown. Meanwhile,
Fig. 14. Schematic illustration of the polymerization process.
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there is an increase in viscosity as the gel phase develops. Once
the silica sol is fully converted to silica gel, there is a period of time
when secondary reactions occur and the gel consolidates or shrinks
with the expulsion of water and salts. This shrinkage process is
known as syneresis, which can last for several hours, depending
on the overall size of the silica gel.

In fact, the mechanism of each stage of the gelation process is
the same, that is, two silicate anions react to form a Si-O-Si linkage
with expulsion of one water molecule (McDonald et al., 2016; Iler,
1979), as shown in Fig. 14. However, in the first stage, the polymer-
ization of monomeric silicic acid leads to particles of massive silica;
while in the subsequent stage, since it is impossible to accurately
fit two particles together on a common surface, the number of
Si-O-Si bonds between particles is fewer in number than those
within the particles themselves (Bergna, 1994). When the two sil-
ica particles contacted in water, they will grow together because
the solubility of silica in the crevice at the point of contact is less
than the solubility of silica on the surface of the particles. As a
result, the neck diameter of the joined particles increases until
the solubility difference becomes smaller (Iler, 1979). The two par-
ticles connected together are in a fixed position relative to each
other, forming an oval structure, and the linkage effect reinforced
at the same time (Fig. 14). As more and more particles are con-
nected together, a rigid, highly porous, entangled network of
branching chains is final generated.

4. Conclusions

In this paper, we firstly prepared the silica gel viscosifier using
sol–gel method, and the micromorphology was characterized by E-
SEM and TEM. Then, the gelation time under different influencing
factors and rheological properties of the silica gel viscosifier were
studied by a series of laboratory experiments. Afterwards, the silica
gel-based fracturing fluid was prepared by adding 0.1 % DR900
drag reducer to the silica sol solution, and the properties of novel
fracturing fluid were systematically evaluated with regard to the
temperature and shearing resistance, drag reduction efficiency,
and static proppant suspension. At last, the potential mechanism
of gelation process by polymerization and dehydration of silica
gel was revealed. Based on the experimental results of this
research, we draw the following conclusions:

1） The micromorphology characteristics of silica gel is syn-
thetic, amorphous and consists of a three-dimensional net-
work of silica particles.

2） Gelation time is positively correlated with temperature and
SiO2 concentration, while the effect of pH level on gelation
time shows a parabolic-like characteristic, with the fastest
gelation time occurred at about pH = 7. Compared with tem-
perature and pH level, the effect of SiO2 concentration on the
gelation time is more pronounced. Besides, the gelation time
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decreased significantly with the salt ion concentration
increasing, and the effect of divalent ions on the gelation
time is more obvious.

3） The rheological properties of silica gel viscosifier demon-
strated that the shear viscosity increased as the SiO2 concen-
tration rose, exhibiting shear thinning behavior as well.
Viscoelastic modulus test results show that the silica gel
exhibits G’ was always greater than G’’, indicating that the
silica gel has a dominant elastic response behavior.

4） Silica gel-based fracturing fluid presents excellent tempera-
ture and shearing resistance, drag reduction and static prop-
pant suspension performances. The retained apparent
viscosity can be maintained above 50 mPa�s after shearing
at 180 �C for 60 mins; the drag reduction rate can reach
more than 70 % at the initial moment, but it shows a down-
ward trend with the gelation process; the settling rate of
40/70 mesh sand proppant with 35 % sand ratio is less than
30 % after standing at 90 �C for 4 h, and the settling velocity
of single steel shot proppant with large diameter in silica gel
is extremely slow.

5） The essence of silica sol polymerization to form silica gel is
the formation of Si-O-Si linkage by dehydration between
SiO2 particles, which is gradually extended at both ends
and sides of the chain, and eventually forms a rigid, highly
porous, entangled network. Meanwhile, there is an increase
in viscosity as the gel phase develops.

Although the novel silica gel-based fracturing fluid shows excel-
lent performance in temperature tolerance and salt resistance, it is
still at a disadvantage in shear resistance and drag reduction. Fur-
ther validation study is recommended to research on how to
improve the shear resistance and drag reduction performances of
the silica-based fracturing fluid as well as investigate the conduc-
tivity of proppant-filled fractures.
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