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Abstract: The degree of salinity in the hydraulic fracturing rejection fluid of the Shaximiao reservoir
in the central Sichuan Basin is high, and the underlying mechanism causing this salinity is not clearly
understood. We evaluated the rock structure of tight sandstone, including rock composition, pore
structure, ion diffusion, and adsorption behavior, to determine how the rock structure influences the
mechanism of the sandstone’s interaction with the fracturing fluid. X-ray diffraction revealed that
the rock mineral fraction has a significant clay mineral concentration. The results of linear swelling
experiments revealed that the water sensitivity of tight sandstone reservoirs exhibits moderately
robust characteristics. The time required for salt ion diffusion stabilization is much longer than that
required for self-imbibition stabilization, and the diffusion of salt ions is almost log-linear with time
after imbibition stabilization. The diffusion rates of salt ions were determined for different single
minerals and particle sizes, with clay minerals and particle sizes controlling the diffusion rates. The
samples were treated with different concentrations of KCl and acrylamide polymer solutions, and
both the pore size distribution and pore throat properties were characterized by low-temperature
nitrogen adsorption. Although the adsorption isotherms of both KCl and polymers are consistent
with the Langmuir model, their adsorption mechanisms acting on tight sandstone and the effect
of adsorption on the pore throat structure are inconsistent. The adsorption of potassium chloride
enhances the rock’s pore throat diameter and permeability by increasing the uniformity of the pore
throat by electrostatic adsorption with clay particles. However, polymer adsorption reduces the pore
diameter of the rock and forms a thin film that obstructs the pore throat, complicating the pore throat
and weakening its permeability. This research has led to a greater comprehension of the ion diffusion
characteristics of the tight sandstone in the Shaximiao reservoir and the adsorption mechanism on
the pore structure of the rock.

Keywords: absorption; fractal dimension; ion diffusion; pore throat; tight sandstones

1. Introduction

Tight gas is one of the key areas for the exploration and production of unconventional
natural gas. Tight gas refers to natural gas produced in sandstone reservoirs with excep-
tionally low porosity and permeability [1,2]. The high degree of heterogeneity of tight gas
reservoirs and the relatively small size of the effective sand body present challenges in the
development of these resources. China possesses substantial tight gas reserves. There is
significant potential for increasing reserves and tight gas production, which would enhance
China’s natural gas self-sufficiency. Accelerating the development and utilization of tight
gas resources will play a crucial role in assuring China’s overall national energy security
and its ability to achieve its “dual carbon” goal [3].

With the evolution of horizontal well drilling and fracturing technologies, horizontal
wells can now undergo multistage fracturing. Due to the vast fracture network generated
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by this procedure, oil and gas production from such multi-fractured wells has grown
significantly; this has enabled the development of substantial oil and gas resources in
hitherto unexplored tight unconventional reservoirs that are economically viable [4–7].
Since slickwater has the advantages of adjustable viscosity and a relatively low cost, variable
viscosity slickwater has steadily become the most widely used fluid for fracturing tight
sandstone reservoirs [8–10]. Clay minerals are an essential component of the majority of
sandstone reservoirs and are composed of different silicate minerals. Since the surfaces
of clays are negatively charged, their contact with the fluid creates an ion exchange effect
by acting as a cation exchanger [11]. When water is injected into subsurface formations,
fine particles expand and migrate with the flowing fluid, resulting in pore obstruction
and a decrease in permeability, which decreases the volume of fluid that can be injected
into the well and the output capacity of the well [12,13]. Particle migration is mainly
controlled by factors such as salt concentration, the type of clay in the rock, ion exchange,
and temperature [14].

The formation mechanism of high-salinity flowback drainage has attracted consider-
able attention due to the increasing demand for cost reduction and efficiency improvement
in unconventional reservoir reconstruction and the increasingly prominent problem of
ineffective recycling of flowback fluid in tight sandstone gas development [15–17]. It is
believed that the increase in salinity of the flowback fluid is caused by the dissolution of
rock minerals and the transport of salt ions [18]. The complexity of the fracture network
can be described by the salinity curve features during the flowback process. The more
complicated and dendritic the fracture, the greater the shift in salinity with water recovery
from the rejection fluid [19]. Salt ion diffusion behavior out of shale, which is primarily
governed by the clay content, TOC, pore volume, and specific surface area, continues to
occur in the imbibition fluid medium as imbibition eventually stabilizes [20].

The ion diffusion phenomenon is closely related to imbibition, while the hydration
of clay minerals, pore-permeability characteristics, and salt ion adsorption also affect the
migration of ions in tight sandstone, making it challenging to reveal the ion diffusion mech-
anism in tight sandstone. However, there are few studies on the variation in the salinity of
fracture rejection fluid, and the diffusion ability of different types of salt ions is not clear.
In addition, the structural properties of tight sandstone are relatively complex, making it
challenging to directly apply the water–salt transport theory to analyze the ion diffusion in
tight sandstone. Therefore, in this work, the tight sandstone gas reservoir of the Shaximiao
Formation in the central Sichuan Basin was selected as the subject of experimental investi-
gation. To understand the influence of the rock structure on salt ion diffusion behavior and
fracturing fluid adsorption, rock components, pore structure, spontaneous percolation and
salt ion diffusion, clay stabilization, and polymer adsorption were investigated. The pore
structure was microscopically characterized by low-temperature nitrogen adsorption. The
fractal characteristics of the pore structure before and after adsorption were investigated
using the Frenkel–Halsey–Hill (FHH) method. This work is beneficial to the improved
comprehension of the rock structure of tight sandstone and its effect on salt ion diffusion
and fracturing fluid adsorption within the formation.

2. Experiment
2.1. Experimental Equipment and Materials

The tight sandstone samples discussed in this study come from the Jurassic Shaximiao
Formation in the Sichuan Basin and include both field-drilled rock and crushed core. The
tight gas reservoir of the Shaximiao Formation in central Sichuan mainly develops deltaic
plain-frontal deposits with obvious braided river delta characteristics. Longitudinally, it
develops multi-phase river sand with large cumulative thickness and a stacked contiguous
distribution. The river sand reservoir is characterized by the low porosity (average porosity
11.3%) and low permeability (average permeability 0.45 mD) of a tight sandstone reservoir.
The reservoir temperature ranges from 66 to 73 ◦C, and the formation pressure ranges from
19.1 to 24.5 MPa, which is a normal temperature and pressure for a gas reservoir. The
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experimental evaluation apparatus and schematic diagram for imbibition, ion diffusion,
and adsorption properties are outlined in Figure 1.
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Figure 1. Experimental evaluation apparatus and schematic diagram for imbibition, ion diffusion,
and adsorption properties.

The whole rock and clay mineral content were measured using an X-ray diffractometer
(XPert3Powder), which showed that the tight sandstone samples had relatively high quartz
content, as shown in Table 1. A transmission polarized light microscope (IEISS Axio Imager
A2) was used to analyze rock materials using cast thin sections. The lithology of the sample
is composed primarily of fine-grained and medium-fine-grained rock chip feldspathic
sandstone, as seen in Figure 2. The intergrain is cemented with a chlorite liner and calcite
plates. Effective storage space is dominated by residual primary intergranular pores and
corrosion is severe. The ASAP 2020 plus HD88 fully automatic gas adsorption instrument,
supplied by McMurray-Tick (Shanghai) Instruments Co., Ltd. (Shanghai, China), was used
for low-temperature nitrogen adsorption measurement to characterize the specific surface
and pore size distribution of rock samples.

Table 1. Mineral content (wt%) of the sandstone samples determined by XRD.

Mass Fraction of Mineral Mass Fraction of Clay Mineral

Quartz Orthoclase Plagioclase Calcite Pyrite Clay Illite/Smectite Illite Kaolinite Chlorite

33.6 4.1 22.0 2.2 0.7 37.5 29 43 27 1

2.2. Experimental Procedures
2.2.1. Imbibition Experiment

To determine the imbibition behavior of sandstone samples, a full-scale spontaneous
imbibition experiment was conducted with deionized water as the imbibition fluid and a
Mettler balance to precisely quantify the weight of the sample during imbibition. A data
cable connected the scale to a computer to record the imbibition mass over time. Prior
to the testing, standard cylinders of 5 cm in length and 2.5 cm in diameter were cut and
pre-dried in an oven at 120 ◦C for 24 h.
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2.2.2. Salt Ion Diffusion

Salt ion diffusion experiments were conducted using a Mettler SevenExcellence multi-
parameter conductivity meter. A mortar and a sieve were used to obtain particle samples
with varying mesh sizes. For the experiments, 10 g of the sample and 200 mL of deionized
water combined in a sealed glass flask. At regular intervals, the lid of the sealed flask was
removed, and the conductivity of the liquid was measured with an electrode, after which
the flask was resealed. The test conditions were fixed at 25 ◦C and atmospheric pressure.

2.2.3. Isothermal Adsorption Experiment

Due to its easy availability and anti-swelling properties, KCl is a widely used clay
stabilizer for the hydraulic fracturing of oil and gas reservoirs [21]. Potassium chloride was
selected as the adsorbent and deionized water was used as the adsorbent solvent to carry
out isothermal adsorption experiments on tight sandstone powder samples of different
particle sizes at 25 ◦C. Four different concentrations of potassium chloride solutions were
prepared and mixed in 250 mL sealed glass vials for each rock sample. The isothermal
adsorption experiments were carried out in a constant temperature water bath, and the
samples were centrifuged at regular intervals to obtain the supernatant for chemical analy-
sis. The extracted supernatant was diluted and fixed volume. Subsequently, the potassium
ion content was determined using inductively coupled plasma-optical emission spectrom-
etry (ICP-OES), with iCAP7400 supplied by Thermo Fisher Scientific Co., Ltd., Waltham,
MA, USA.

As the most prevalent resistance reducer for hydraulic fracturing, modified polyacry-
lamide is the most prominent formulation of fracturing fluid for production enhancement
and stabilization work in unconventional oil and gas reservoirs [22]. In this work, modified
polyacrylamide resistance reducer produced by Chengdu Nengte Technology Co., Ltd.
(Chengdu, China), were used to prepare polymer solutions of different concentrations for
isothermal adsorption experiments at 25 ◦C. Polymer solution concentration was measured
by the turbidity method [23] using a WGZ-800 turbidimeter supplied by Shanghai Xinrui
Instruments Co., Ltd. (Shanghai, China).

The adsorption pattern of substances on the surface of sandstone can be quantitatively
described using four empirical models of adsorption isotherms. Langmuir first proposed
the single-molecular-layer adsorption model in 1916; the adsorption equation was derived
from the adsorption kinetics point of view [24], as depicted in Equation (1). Freundlich
et al. (1906) summarized the empirical equation for Freundlich adsorption from extensive
experimental data [25], as shown in Equation (2). The Termkin isotherm model is usually
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expressed in the form of a linear equation [26], as shown in Equation (3). The simplest
isotherm model is the linear isotherm model [27], which is expressed in linear Equation (4):

qe =
q0KadCe

1 + KadCe
(1)

q f = K f C1/n
e (2)

qe = BInKt + BInCe (3)

qe = KHCe + C (4)

where q0 and Kad are Langmuir adsorption isotherm constants; n and Kf are Freundlich
adsorption isotherm constants; B and Kt are Termkin adsorption isotherm constants; C and
KH are linear adsorption isotherm constants; Ce denotes equilibrium concentration, mg/L;
and qe represents equilibrium adsorption amount, mg/g-rock.

2.2.4. Low-Temperature Liquid Nitrogen Adsorption Experiment

The rock samples used in the experiment are from the Shaximiao Formation reservoir.
The experimental instrument was the specific surface area and pore size analyzer produced
by Bester Company. Rock samples with different particle sizes were selected and subjected
to nitrogen adsorption at a temperature of 77 K and purity of 99%. The experimental
steps are as follows: (1) A certain amount of the rock sample was selected, crushed, and
placed in the analyzer. The particle size was 0.250–0.425 mm, and the mass was about
2.5 g. (2) The samples were then put into the degassing tube, the temperature was raised
to 120 ◦C, and the tube was subject to vacuum for 8 h. (3) The samples were backfilled with
nitrogen gas, the temperature was kept constant, and the partial pressure of nitrogen gas
was first slowly raised and then gradually reduced; the duration of the experiment was
about 5 h. Finally, the specific surface area, pore size, and pore volume distribution of the
rock samples were measured and counted based on the liquid nitrogen adsorption data.
The pore size distribution was calculated.

3. Results and Discussion
3.1. Analysis of Pore Throat Characteristics

Low-temperature nitrogen adsorption was used to characterize the pore throat charac-
teristics of tight sandstone before and after treatment with different fluids, including key
parameters such as specific surface, pore volume, and average pore size, which are shown
in Table 2. The initial specific area of the tight sandstone sample was 3.6813 m2/g. After
treating the rock sample with 0.01%, 0.02%, 0.04%, 0.08%, 0.10%, and 0.20% acrylamide
polymer reagent in turn, the specific surface and pore volume were found to gradually
increase with the increase in the polymer concentration. Meanwhile, the average pore
size decreased continuously with the increase in polymer concentration. However, when
the tight sandstone samples were treated with different concentrations of KCl, the spe-
cific surface and pore volume increased and then decreased with the increase in the KCl
concentration. Correspondingly, the average pore size showed the opposite variation.

Table 2. The pore structure of sample.

Treatment Agents Specific Surface
Area, m2/g Pore Volume, cc/g Average Pore Diameter/nm

untreated 3.6813 0.006186 8.4016
0.01% polymer 3.9676 0.006965 8.2525
0.02% polymer 4.9385 0.007798 7.3704
0.04% polymer 5.3832 0.008186 6.4060
0.08% polymer 6.4341 0.009594 6.3157
0.1% polymer 6.8269 0.010933 5.9642
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Table 2. Cont.

Treatment Agents Specific Surface
Area, m2/g Pore Volume, cc/g Average Pore Diameter/nm

0.2% polymer 7.0832 0.009919 5.6307
1% KCl 6.0224 0.008263 5.4883
2% KCl 2.7416 0.004384 6.3966
5% KCl 1.6359 0.004102 10.0309
10%KCl 1.0640 0.003067 11.5280

The low-temperature nitrogen adsorption–desorption curves of tight sandstone treated
with polymer and KCl are plotted in Figures 3a and 3b, respectively. The pore throat
distribution when treated with polymer and KCl are presented in Figures 4a and 4b,
respectively. As the mass concentration of the polymer solution increases, the capillary
pressure curves in Figure 3a line up from the lower to the upper sections of the graph.
This indicates that, with regard to polymer adsorption, the permeability of the rock pores
decreases with the increase in the polymer mass concentration. The capillary pressure curve
in Figure 3b decreases from the top of the graph to the bottom as the mass concentration
of the KCl solution increases. The results indicate that the permeability of the rock pores
increases with the increase in the mass concentration of KCl after the adsorption of KCl. It
can be seen from Figure 4a that, on the one hand, in the 10–100 nm pore diameter range,
the volume of pores decreases as the mass concentration of the polymer solution increases.
On the other hand, in the 1–10 nm pore diameter range, the volume of the pores increases
rapidly with the increase in pore diameter. This indicates that when the polymer solution
flows in porous media, the retention of polymer molecules in the pores of the rock causes
a reduction in the pore flow channels, which is due to the rheological properties of the
reagent solution–rock pore system, as well as the adsorption and hysteresis involved, which
are quite different from systems where general aqueous solutions have been used. As
the mass concentration of the polymer solution increases, the retention of the polymer in
large pores increases, making the pore radius smaller and resulting in the originally larger
pore channels becoming smaller at the next level. Thus, as the mass concentration of the
polymer solution increases, the pore volume of the large pore channels decreases and then
begins to increase for the smaller pore channels at the next level. The results in Figure 4b
show that the pores in the 1–10 nm pore size range keep decreasing with the increase in the
concentration of adsorbent KCl, while the pore distribution in the 10–100 nm range becomes
wider. This can be attributed to the adsorption of KCl on the surface of clay minerals, which
prevents these minerals from undergoing swelling due to hydration, and in turn results in
an increased average pore size and makes the rock matrix more permeable. According to
the water–sensitive mechanism of clay particles, the additive system causes agglomeration
within the minerals as well as mutual resistance, thus preventing their dispersion and
transfer. The KCl clay stabilizer is added to the injected water and creates a water–repellent
surface on the surface of the clay resulting from the interaction between the surface of the
clay crystal layer and its positive ions. This prevents the clay from swelling via hydration
and weakens the mutual attraction between the dipoles in the molecular bonds and the
water molecules, thus reducing the sensitivity of the clay minerals to damage.

3.2. Fractal Dimension Analysis

Fractal theory was first proposed by French mathematician Mandelbrot in 1975 [28]. It
is used to describe the structural characteristics of complex objects in nature and is now
widely used in the prediction of a reservoir’s fracture, pore structure, and heterogeneity.
The fractal characteristics of rock are determined by its pore structure and irregularity,
and the fractal dimension D can quantitatively characterize the irregularity of the pore
structure and roughness of the surface [29]. Pore image data, nitrogen gas adsorption
data, mercury injection flow test data, and nuclear magnetic resonance test data can be
used to study the fractal characteristics of reservoir pores [30,31]. In view of the reservoir
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space of different types of sandstone, researchers have tried to carry out fractal studies
using different models such as the Frenkel–Halsey–Hill (FHH), NK (Newton–Kantorovich),
and Neimark methods [32–35]. In this work, we calculated the fractal dimensions of tight
sandstone before and after adsorption using the most commonly used FHH model [29] and
based on the data from the low-temperature nitrogen adsorption experiment. The FHH
fractal dimension model is defined as the following Equation (5):

InV = (D − 3)In
[

In
(

P0

P

)]
+ C (5)

where V is the nitrogen adsorption amount when the equilibrium pressure is P, m3/g;
D stands for the fractal dimension; P0 represents the pressure when the gas is adsorbed
and saturated, MPa; and C is a constant.
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The fractal dimensions of tight sandstone derived from the fractal FHH model are
listed in Table 3. The relationship between ln(V) and ln(ln (P0/P)) according to the fractal
FHH equation is plotted in Figure 5. The curve is clearly divided into two segments by
P0/P = 0.5 for segmental fitting. At lower relative pressure, D1, which represents the fractal
dimension of the surface, is closely related to the van der Waals force. At a higher relative
pressure, the fractal dimension D2, representing the pore structure, is closely related to
the capillary condensation behavior. As the polymer concentration increases, the fractal
dimension D2 also shows an increasing trend, indicating that polymer adsorption makes the
pore throat structure of dense sandstone more complex and less homogeneous, which is the
main reason for the decrease in permeability. However, as the KCl concentration increases,
the fractal dimension D2 becomes smaller, indicating that KCl adsorption makes the pore
throat structure of tight sandstone more homogeneous and uniform, which improves the
permeability of the reservoir. The flat surface and uniform pore throat of the particles,
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which result from the salt solution treatment, are mainly due to the strong electrostatic
interaction between the positively charged ions and the negatively charged clay, which
results in a strong van der Waals force between the clay’s crystal layers, in turn leading to
the firm adsorption of the clay crystal layers and the formation of a dense clay layer.

Table 3. The fractal dimension of tight sandstone derived from the fractal FHH model.

Sample
P/P0 < 0.5 P/P0 > 0.5

Fitting Equation R2 D1 Fitting Equation R2 D2

Initial sample y = −0.9772x + 0.2981 0.9549 2.0228 y = −0.2723x + 0.5604 0.9946 2.7277
0.01% polymer y = −0.9788x + 0.3573 0.9634 2.0212 y = −0.2636x + 0.3120 0.9963 2.7364
0.02% polymer y = −1.0645x + 0.5021 0.9643 1.9355 y = −0.2461x + 0.3518 0.9973 2.7539
0.04% polymer y = −1.1492x + 0.5356 0.9398 1.8508 y = −0.2117x + 0.5604 0.9943 2.7883
0.08% polymer y = −1.2976x + 0.7831 0.9459 1.7024 y = −0.1831x + 0.9152 0.9612 2.8169
0.1% polymer y = −0.8536x + 0.8825 0.9608 2.1464 y = −0.2007x + 0.9778 0.9873 2.7993
0.2% polymer y = −0.6497x + 1.1454 0.8841 2.3503 y = −0.2025x + 1.0445 0.9841 2.7975

1% KCl y = −1.3704x + 0.6019 0.9754 1.6296 y = −0.1681x + 0.8321 0.9407 2.8319
2% KCl y = −0.8895x − 0.0944 0.9875 2.1105 y = −0.2128x − 0.0042 0.9905 2.7872
5% KCl y = −0.4424x − 0.5691 0.9997 2.5576 y = −0.3053x − 0.5045 0.9845 2.6947

10% KCl y = −0.2904x − 1.0023 0.9929 2.7096 y = −0.3834x − 1.0894 0.9874 2.0126
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3.3. Linear Expansion Rate

We used an OFI150–80–1 dynamic linear swell meter to determine the linear swell
rate of tight sandstone to evaluate the degree of reservoir water sensitivity. First, 10 g of
accurately weighed, crushed, 100 mesh tight sandstone powder was pressed at 20 MPa for
2 h to form a small cylindrical rock sample of approximately 1 cm in height. The prepared
sample was placed in a working cylinder, and different experimental fluids were passed
into the core cylinder for several sets of experiments. The equipment was run and the
samples were fluidized for 24 h with a constant expansion height. The linear expansion
rate of the artificial cores in the axial direction was recorded.

The linear swelling rate curves with time for the same tight sandstone sample in differ-
ent test fluids are shown in Figure 6. The linear swelling rate using deionized water as the
working fluid was determined to be 8.74% of the tight sandstone of the Shaximiao reservoir.
This reservoir was thus identified as having moderately strong water-sensitive properties,
and anti-expansion agents need to be added to the field construction fracturing fluid to
prevent water-sensitive damage to the reservoir from clay mineral swelling. Similarly,
the linear swelling rates of 0.1% acrylamide polymer and 5% potassium chloride were
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evaluated as 6.25% and 3.45%, respectively. Compared with deionized water as the working
fluid, the use of 5% potassium chloride as the working fluid reduced the linear swelling
of tight sandstone by 60.53%. Moreover, 0.1% acrylamide polymer reduced it by 28.49%,
1% polyamide reduced it by 88.33%, and 10% potassium chloride reduced it by 89.36%.
Compared with potassium chloride, the low concentration of polyamide can significantly
inhibit the hydration and swelling of the clay minerals contained in tight sandstone.
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3.4. Imbibition and Ion Diffusion

The basic parameters for ion diffusion in tight sandstone samples with different diam-
eters are listed in Table 4. The results show that smaller particle sizes exhibit greater initial
conductivity G0. At the same time, the small particle size leads to a smaller corresponding
ion diffusion rate D. The slope of the microcrack diffusion segment is significantly higher
than that of the matrix ion diffusion segment for samples with particle sizes of 0.1 mm
and above and exhibits a time index I that is higher than that of time index II, indicating
the presence of certain microcracks in the large–size samples. The diffusion of salt ions
from tight sandstone reservoirs through the fracturing fluid is the main reason for the high
mineralization of the rejection fluid. The salt ion concentration in the rejection fluid can
reflect the fracture characteristics of the formation. Spontaneous imbibition and salt ion
diffusion experiments were carried out, and the experimental results are shown in Figure 7.
Figure 7a depicts the imbibition curve of the plunger sample in deionized water and
Figure 7b shows the ion diffusion curve of the corresponding powder sample. In Figure 7c,
the lateral coordinate time is depicted logarithmically to compare the imbibition and ion
diffusion curve characteristics. The results show that the imbibition reaches stability before
the ion diffusion, reaching 50% of the imbibition capacity at 24 h. However, it is difficult for
the ion diffusion curve to reach stability, and the conductivity continues to increase after
200 days.
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Table 4. Basic parameters for ion diffusion in tight sandstone samples.

Mesh Diameter, mm G0, us/cm D, (us/cm)/t0.5 Time Index I Time Index II

10 2 28.8 11.6831 0.40 0.18
100 0.15 35.6 9.4232 0.33 0.15
120 0.13 46.2 8.6934 0.25 0.13
150 0.10 60.1 6.3972 0.17 0.13
180 0.08 81.4 6.1970 0.14 0.15
240 0.06 91.6 4.8045 0.10 0.16
280 0.05 109.2 2.3031 0.048 0.18
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Figure 7. Imbibition and salt ion diffusion curves of sandstone sample.

The tight sandstone of the Shaximiao Formation was processed into powders of
different particle sizes: 10 mesh, 100 mesh, 120 mesh, 150 mesh, 180 mesh, 240 mesh, and
280 mesh. Conductivity experiments were carried out by mixing 10 g of the sample with
200 mL of deionized water in a 250 mL sealed glass bottle. Figure 8a,b show the electrical
conductivity versus square root of diffusion time and double logarithm at different particle
sizes, respectively. Figure 8a depicts the magnitude of the rate of ion diffusion, while
Figure 8b reflects the pore connectivity. As shown in Figure 8a, the conductivity curve of
tight sandstone particles has a two–stage feature, and the curve turns after around one
week of diffusion, indicating that the tight sandstone formation has some microfracture
development; however, the scale of the microfracture is small. The higher ion diffusion
rate in the initial stage is mainly due to the contribution of microfractures, while the later
stage mainly reflects the ion diffusion process of the matrix. As the particle diameter
decreases to 0.05 mm, the conductivity curve is approximately a straight line, at which
time there are basically no microfractures, reflecting the matrix’s ion diffusion properties.
The scale of the microfractures in tight sandstone formations varies continuously, and the
smaller the particles are, the smaller the scale of microfractures that can exist. The different
morphologies of the conductivity curves depend to a large extent on the differences in
microscopic pore structure. The crushed tight rocks reflect the characteristics of the matrix,
and the complex matrix pore structure of tight rocks leads to the time index not being
exactly equal to 0.5. Therefore, different curve patterns are presented under the square root
of the time curve.
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Figure 8. Ion diffusion curves of sandstone sample with different particle sizes: (a) conductivity over
time0.5 and (b) double logarithm of conductivity with time.

The ion diffusion curves for single non–clay minerals are presented as conventional
and double logarithmic conductivity curves in Figure 9a and 9b, respectively. Mean-
while, the conventional and logarithmic ion diffusion curves for single clay minerals are
plotted in Figure 10a and 10b, respectively. The results show that the conductivity of
single–component mineral increases with time. However, different minerals have different
conductivity profile characteristics. The conductivity stabilization time of non–clay miner-
als is longer compared to that of clay minerals, and the conductivity continues to increase
after more than 200 days of immersion. Salinity analysis of the immersion solution for
tight sandstone particles is listed in Table 5. Among the non–clay minerals, pyrite, as the
main source of ferrous ions in the rejection solution, has significantly higher conductivity
than other minerals, and it has the characteristic of significantly increasing the conductivity
of the solution, which is attributed to the very good conductivity of pyrite itself. Among
the clay minerals, only kaolinite contributes a little to the conductivity, while illite and
montmorillonite make a relatively large contribution to the conductivity. The tight sand-
stone reservoir has very low pyrite content, so the high clay mineral content is considered
to be the important source of high mineralization in the fracturing rejection fluid. The
contribution of non–clay minerals to conductivity is 16.9%, while this value is 24.6% for
clay minerals, and the remaining 58.5% is attributed to dissolution of soluble salts and
carryover of reservoir fluids.

3.5. Isothermal Absorption

The adsorption mechanism of tight sandstone powder in different solution media,
including potassium chloride and polymers, is shown schematically in Figure 11. The pa-
rameters calculated by the Langmuir, Freundlich, Temkin, and linear adsorption isotherm
models are shown in Table 6. The tight sandstone exhibits different mechanisms of ad-
sorption when treated with potassium chloride and polymer. The sandstone reservoir
has a negative charge due to the clay–mineral–rich surface. The clay particles attract the
cations from the clay surface together by electrostatic attraction [36]. Potassium chloride
ionizes large amounts of potassium ions and neutralizes the electronegative ions in the clay,
resulting in strong electrostatic adsorption. The polymers mainly form polymer films on
the mineral surface, locking the channels of the water molecules.
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Table 5. Salinity analysis of immersion solution for tight sandstone particles.

Non–Clay Mineral Clay Mineral

Quartz Orthoclase Plagioclase Calcite Pyrite Illite/Smectite Illite Kaolinite Chlorite

Mass fraction, % 33.6 4.1 22.0 2.2 0.7 10.9 16.1 10.1 0.4
Conductivity, us/cm 5.9 73.0 76.6 60.7 2600 222.0 193.6 34.0 339.0

Proportion, % 0.8 1.2 6.9 0.5 7.5 9.9 12.8 1.4 0.5

The adsorption curves of KCl on tight sandstone with time and isothermal adsorption
curves are shown in Figure 12a and 12b, respectively. Different concentrations of 1%, 2%,
5%, and 10% KCl were used as adsorption solutions to fully submerge the dense sandstone
powder, and the solution concentrations were quantified at different time periods. The
adsorption equilibrium time of KCl becomes longer as the concentration increases, and
the rate of adsorption decreases with time until the adsorption equilibrium is reached.
The maximum adsorption capacity of 81.9397 mg/g for KCl exhibited by tight sandstone
powder can be obtained from the adsorption isotherm, and the adsorption characteristics
can be interpreted well by the Langmuir model. Based on the measured turbidity data for
known polymer concentrations, a standard curve for polymer adsorption was plotted, as
detailed in Figure 13. The curve equation y= 4665.57x − 2.39 with a correlation coefficient
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of 0·9998 can be derived from the polymer standard curve plot. The concentration of the
polymer after adsorption was calculated from the measured turbidity value of the test
solution based on the standard curve equation, and this concentration is the equilibrium
concentration Ce when the adsorption reaches equilibrium. Acrylamide polymers at
mass concentrations of 0.01%, 0.02%, 0.04%, 0.08%, 0.1%, and 0.2% were added to the
tight sandstone powder, and the adsorption per unit mass measured at 25 ◦C in a water
bath is shown in Figure 14a. The isothermal adsorption data were fitted to curves using
four different adsorption models, as shown in Figure 14b. The amount of adsorption
per unit mass of tight sandstone sample gradually increases with increasing polymer
concentration. The higher the initial concentration of polymer, the longer it takes to
reach the adsorption equilibrium. The maximum adsorption amount reaches 0.6347 mg/g
when the polymer concentration is 0.2%, and it takes at least 24 h to reach the adsorption
equilibrium at this time. The adsorption of acrylamide polymer on tight sandstone minerals
satisfies the Langmuir adsorption law and it has a lower saturation adsorption capacity
than KCl.
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0.7601 0.9988 n = 1.3156 Kf = 2.9061 

Temkin 𝑞𝑒 = 0.1694𝐼𝑛(𝐶𝑒) + 0.8672 0.8845 B = 0.1694 Kt = 167.2016 

Linear 𝑞𝑒 = 4.4302𝐶𝑒 + 0.05325 0.9859 C = 0.05325 KH = 4.4302 

KCl 

Langmuir 𝑞𝑒 =
81.9397 × 0.1166𝐶𝑒

1 + 0.1166𝐶𝑒
 0.9999 q0 = 81.9397 Kad = 0.1166 

Freundlich 𝑞𝑒 = 9.1249𝐶𝑒
0.7298 0.9875 n = 1.3702 Kf = 9.1249 

Temkin 𝑞𝑒 = 12.0910𝐼𝑛(𝐶𝑒) + 10.6784 0.9783 B = 12.0910 Kt = 2.4186 

Linear 𝑞𝑒 = 5.0542𝐶𝑒 + 3.6923 0.9840 C = 3.6923 KH = 5.0542 
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Figure 11. Schematic diagram of adsorption mechanism.

Table 6. Relevant parameters of the adsorption isotherm.

Treated Agent Isotherm Fitting Equation R2 Parameter

polymer

Langmuir qe =
1.6420×4.5895Ce

1+4.5895Ce
0.9989 q0 = 1.6420 Kad = 4.5895

Freundlich qe = 2.9061C0.7601
e 0.9988 n = 1.3156 Kf = 2.9061

Temkin qe = 0.1694In(Ce) + 0.8672 0.8845 B = 0.1694 Kt = 167.2016
Linear qe = 4.4302Ce + 0.05325 0.9859 C = 0.05325 KH = 4.4302

KCl

Langmuir qe =
81.9397×0.1166Ce

1+0.1166Ce
0.9999 q0 = 81.9397 Kad = 0.1166

Freundlich qe = 9.1249C0.7298
e 0.9875 n = 1.3702 Kf = 9.1249

Temkin qe = 12.0910In(Ce) + 10.6784 0.9783 B = 12.0910 Kt = 2.4186
Linear qe = 5.0542Ce + 3.6923 0.9840 C = 3.6923 KH = 5.0542



Energies 2023, 16, 2877 15 of 19

Energies 2023, 16, x FOR PEER REVIEW 16 of 20 
 

 

tion. The higher the initial concentration of polymer, the longer it takes to reach the ad-

sorption equilibrium. The maximum adsorption amount reaches 0.6347 mg/g when the 

polymer concentration is 0.2%, and it takes at least 24 h to reach the adsorption equilib-

rium at this time. The adsorption of acrylamide polymer on tight sandstone minerals sat-

isfies the Langmuir adsorption law and it has a lower saturation adsorption capacity than 

KCl. 

0 20 40 60

0

10

20

30

40

50

A
b

so
r
p

ti
o

n
 c

a
p

a
c
it

y
 (

m
g

/g
)

Absorption time (h)

 10% KCl

 5% KCl

 2% KCl

 1% KCl

(a)

 

0 2 4 6 8

0

10

20

30

40

50
 Experiment point

 Langmuir  Freundlich

 Temkin     Linear

q
e
(m

g
/g

)

Ce(w%)

(b)

 

Figure 12. Adsorption curves of KCl: (a) absorption capacity over time and (b) adsorption iso-

therm. 

Figure 12. Adsorption curves of KCl: (a) absorption capacity over time and (b) adsorption isotherm.



Energies 2023, 16, 2877 16 of 19

Energies 2023, 16, x FOR PEER REVIEW 17 of 20 
 

 

0.00 0.05 0.10 0.15 0.20 0.25

0

200

400

600

800

1000

1200
 Experimental point

 Fitted line

T
u

r
b

id
it

y
, 
N

T
U

Polymer concentration, %  

Figure 13. Standard curve diagram of polymer. 

0 5 10 15 20 25 30 35 40 45 50

0.0

0.5

1.0

A
b

so
r
p

ti
o
n

 c
a
p

a
c
it

y
 (

m
g
/g

)

Absorption time (h)

 0.2%    0.1%

 0.08%  0.04%

 0.02%  0.01%

(a)

 

Figure 13. Standard curve diagram of polymer.

Energies 2023, 16, x FOR PEER REVIEW 17 of 20 
 

 

0.00 0.05 0.10 0.15 0.20 0.25

0

200

400

600

800

1000

1200
 Experimental point

 Fitted line

T
u

r
b

id
it

y
, 
N

T
U

Polymer concentration, %  

Figure 13. Standard curve diagram of polymer. 

0 5 10 15 20 25 30 35 40 45 50

0.0

0.5

1.0

A
b

so
r
p

ti
o
n

 c
a
p

a
c
it

y
 (

m
g
/g

)

Absorption time (h)

 0.2%    0.1%

 0.08%  0.04%

 0.02%  0.01%

(a)

 

Figure 14. Cont.



Energies 2023, 16, 2877 17 of 19

Energies 2023, 16, x FOR PEER REVIEW 18 of 20 
 

 

0.00 0.05 0.10 0.15

0.0

0.2

0.4

0.6

0.8
 Experiment point

 Langmuir

 Freundlich

 Temkin

 Linear
q

e
(m

g
/g

)

Ce(w%)

(b)

 

Figure 14. Adsorption curves of polymer: (a) adsorption capacity over time and (b) adsorption iso-

therm. 

4. Conclusions 

Variation in mineralization with respect to the fracture rejection fluid used in sand-

stone reservoirs over time are regarded as an essential tool for comprehending reservoirs 

and assessing the degree of artificial fracture network formation. However, the mecha-

nisms of the low rejection rate and the high mineralization of the rejection fluid used in 

tight sandstone reservoirs are not well understood. In this work, we investigated the ion 

diffusion behavior of tight sandstone and its adsorption properties in fracturing fluid 

components. The main findings are summarized below: 

(1) The tight sandstone reservoir has a 37.5% clay mineral concentration with an 8.74% 

linear swelling rate, resulting in moderately severe water–sensitive damage. Both po-

tassium chloride and polyamide were effective in inhibiting the swelling of clay min-

erals; however, significantly more potassium chloride was added than polyamide. 

(2) According to the results of low-temperature N2 adsorption characterization, the 

structural parameters of tight sandstone nanopores changed significantly after ad-

sorption when treated with different concentrations of KCl or polymer. The fractal 

dimension D2 tended to increase with the increase in the polymer concentration. This 

indicates that polymer adsorption makes the pore throat structure of tight sandstone 

more complex and inhomogeneous, which is recognized as the main mechanism im-

pairing permeability. However, the fractal dimension D2 decreases with the increased 

mass fraction of KCl. It promotes a more uniform and consistent pore throat struc-

ture, which is an excellent behavior to improve the reservoir permeability. 

(3) Self-imbibition of tight sandstone is always accompanied by ion diffusion phenom-

ena. However, after the imbibition process stabilizes, the diffusion of salt ions pro-

ceeds, almost logarithmically, with time and takes a long time to reach stability. The 

diffusion rate of salt ions is controlled by the clay minerals and particle size. Pyrite is 

the most prominent source of ferrous ions in the flowback fluid, considerably increas-

ing the conductivity of the solution. The high mineralization of fracturing rejection 

fluid can be explained by the low pyrite content in tight sandstone and the large con-

tribution of clay minerals to its conductivity. 

(4) The absorption of both KCl and polymer on tight sandstone matches the Langmuir 

model; however, the adsorption mechanisms and their effects on the pore throat are 

Figure 14. Adsorption curves of polymer: (a) adsorption capacity over time and
(b) adsorption isotherm.

4. Conclusions

Variation in mineralization with respect to the fracture rejection fluid used in sandstone
reservoirs over time are regarded as an essential tool for comprehending reservoirs and
assessing the degree of artificial fracture network formation. However, the mechanisms
of the low rejection rate and the high mineralization of the rejection fluid used in tight
sandstone reservoirs are not well understood. In this work, we investigated the ion diffusion
behavior of tight sandstone and its adsorption properties in fracturing fluid components.
The main findings are summarized below:

(1) The tight sandstone reservoir has a 37.5% clay mineral concentration with an 8.74%
linear swelling rate, resulting in moderately severe water–sensitive damage. Both
potassium chloride and polyamide were effective in inhibiting the swelling of clay
minerals; however, significantly more potassium chloride was added than polyamide.

(2) According to the results of low-temperature N2 adsorption characterization, the struc-
tural parameters of tight sandstone nanopores changed significantly after adsorption
when treated with different concentrations of KCl or polymer. The fractal dimension
D2 tended to increase with the increase in the polymer concentration. This indicates
that polymer adsorption makes the pore throat structure of tight sandstone more
complex and inhomogeneous, which is recognized as the main mechanism impairing
permeability. However, the fractal dimension D2 decreases with the increased mass
fraction of KCl. It promotes a more uniform and consistent pore throat structure,
which is an excellent behavior to improve the reservoir permeability.

(3) Self-imbibition of tight sandstone is always accompanied by ion diffusion phenomena.
However, after the imbibition process stabilizes, the diffusion of salt ions proceeds,
almost logarithmically, with time and takes a long time to reach stability. The diffusion
rate of salt ions is controlled by the clay minerals and particle size. Pyrite is the most
prominent source of ferrous ions in the flowback fluid, considerably increasing the
conductivity of the solution. The high mineralization of fracturing rejection fluid can
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be explained by the low pyrite content in tight sandstone and the large contribution
of clay minerals to its conductivity.

(4) The absorption of both KCl and polymer on tight sandstone matches the Langmuir
model; however, the adsorption mechanisms and their effects on the pore throat
are very different. Potassium chloride adsorption increases the pore throat diameter
of the rock and protects the permeability of the reservoir by increasing the pore
throat’s uniformity through electrostatic adsorption with clay minerals. However, the
adsorption of polymers decreases the pore diameter of the rock and forms a thin film
that obstructs the pore throat, complicating the pore throat and causing damage to
its permeability.
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