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Abstract: Large-scale volumetric fracturing is generally used during shale gas development. The
return rate of fracturing fluid is low, and a large amount of slickwater is retained in the reservoir. The
adsorption and desorption of partially hydrolyzed polyacrylamide (HPAM), an additive commonly
used in slickwater, on the surface of shale was studied using Longmaxi shale from the Sichuan
Basin. The experimental results showed that the mass ratio of the HPAM solution to shale reached
saturation adsorption at 20:1 when the concentration of HPAM solution was 1000 mg/L and 25:1
when the concentration of HPAM solution was 500 mg/L. The mass ratio of the HPAM solution to
shale was fixed at 25:1, and the adsorption equilibrium was reached at a HPAM concentration of
1000 mg/L when the aqueous solution temperature was 30 °C and 800 mg/L when the aqueous
solution temperature was 60 °C. The Langmuir adsorption model yielded a better fit than the
Freundlich adsorption model. The adsorption equilibrium time at 30 °C was at 60 min for a HPAM
concentration of 500 mg/L, while for a concentration of 1000 mg/L, it was at 90 min. The adsorption
equilibrium time at 60 °C was 40 min for a HPAM concentration of 500 mg/L, whereas it was 60 min
for a HPAM concentration at 1000 mg/L. The pseudo-second order (PSO) kinetics model yielded
better fits than the pseudo-first order (PFO) kinetics model. The adsorption of HPAM on shale was
strong, and the adsorbed HPAM resembled cobwebs adhering to the shale surface. HPAM on the
surface of shale after adsorption was able to resist the desorption capacity of water. However, when
the amount of adsorbed HPAM on shale increased significantly, the amount of residual HPAM on
the surface of the shale decreased rapidly during desorption in deionized water. The desorption of
HPAM on the shale surface followed a modified desorption model. The higher the concentration
of HPAM adsorbed on the shale surface was, the easier it was to desorb and the easier it was to be
removed from the shale.

Keywords: shale; partially hydrolyzed polyacrylamide; adsorption; desorption; model

1. Introduction

Shale gas, as a kind of unconventional natural gas, is mainly present in shale reservoirs
in the form of free and adsorbed gas, which requires the formation of an artificial seam
network through volumetric fracturing in order to form high-production gas wells. Slip-
pery water is a large category of common water-based fracturing fluids, which is formed
by incorporating additives such as drag-reducing agents, filtration loss-reducing agents,
proppants, surfactants, biocides, and clay stabilizers to clean water, with a water content
of 96% to 99%. These fluids are therefore also known as clean-water fracturing fluids
or drag-reducing water fracturing fluids. Slickwater is a non-Newtonian fluid, showing
viscoelasticity and significant drag reduction effects, which can be used in operations with
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large displacements, large scales, and high pumping pressures, communicating with natu-
ral cracks in the formation to realize reservoir transformation, and it has the characteristics
of easily returning to drainage systems, being reusable, not easily forming filter cakes, and
causing little damage to the formation. As the most important additives in slickwater, drag
reduction agents have recently become a popular research topic for fracturing fluids. After
the fracturing of slickwater, it is necessary to return it to drainage to avoid causing damage
to the shale reservoir, and most of the current research has suggested that the retention of
slickwater in a shale reservoir will reduce the permeability of the reservoir, thus altering
the effect of fracturing to increase production.

Most slickwater fracking designs use water with friction reducers or low concentra-
tions of linear gels at relatively high injection rates. They typically place large masses of
proppants in low-concentration slurries, requiring tremendous volumes of slickwater [1].
The benefits of slickwater treatments include significantly reduced gel damage, lower costs,
higher fracture-network complexity (shale gas reservoirs), potential for improved height
containment, and environmental advantages (the ability to recycle/reuse both the load and
produced water).

There have been multiple relevant studies on slickwater. Liu et al. [2] conducted ad-
sorption and desorption isotherms for methane on gas shale from the Longmaxi formation
before and after slickwater treatment under different slickwater volume conditions. Hong
etal. [3] developed a new friction reducer and tested it in the laboratory and in the field. The
new friction reducer was effective and efficient, with the following characteristics. (1) It was
compatible and effective in fresh water, KCl solutions, high-salt brine, and produced water.
(2) It was compatible with live breakers and other fluid additives during pumping. (3) It
minimized the formation damage. (4) It was operation0O-friendly under field conditions.

Javad et al. [4] presented experimental and case studies of various cationic and an-
ionic friction reducers of similar molecular weights in high-brine flow-back conditions of
produced water from the Montney reservoir and a Horn River source well. The actual
produced water and fingerprint water analyses of the Montney and Horm River shale
reservoirs were used as a brine source to evaluate the friction reducers. A dynamic friction
loop flow apparatus was used as the main tool to evaluate the rheological properties and
the friction reduction contributions of friction reducers in high-concentration brine water.
Ahmed, F, et al. [5] introduced a friction reducer with an enhanced proppant-carrying
capacity. The friction reducer performance was evaluated with different experimental mea-
surements and compared with two conventional friction reducers. Viscosity measurements
were conducted to investigate the breakability of the new friction reducer with different
breakers. The friction-reduction performance was evaluated at different salt concentrations
(5 to 20 wt% KCl) and breaker types. The proppant-carrying capacity was examined with
static and dynamic settling tests. Finally, coreflood experiments in tight sandstone cores at
150 °F were conducted to assess the formation damage.

Polyacrylamide (PAM) adsorption has been examined in various studies. Based
on the molecular simulations of polymers and polymer flooding process visualizations,
Jianping Xu et al. [6] studied the microscopic seepage mechanism of polymer flooding,
enriching the theoretical knowledge of the polymer flooding flow. This study involved a
microscopic level analysis of the nature and mechanisms of the polymer flooding process of
viscoelastic polymer solutions, considering the interactions between molecules and between
the molecules and walls for molecular particle flow in internal pores. Lew et al. [7] provided
a study of the adsorption of three types of HPAM of different molecular weights (F3330S,
11-13 MDa; F3530S, 15-17 MDa; F3630S, 18-20 MDa) onto calcium carbonate (CaCQOs3)
particles via spectrophotometry using a Shimadzu UV-2600 spectrometer. Goshtasp et al. [8]
studied the role of nanoparticles in the adsorption of water-soluble polymers onto solid
surfaces of carbonate and sandstone. The results showed that lithology, brine concentration,
and polymer viscosity are critical parameters influencing the adsorption behavior at a rock
interface. Mohan et al. [9] studied the adsorption of HPAM using the QCM-D (Quartz
Crystal Microbalance with Dissipation) technique with sensors that were coated with either
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silica or alumina. Li et al. [10] studied the adsorption behavior and adsorption mechanisms
between PAM and shale and found that hydrogen bonding was the key force. Xu et al. [11]
explored the microscopic adsorption mechanism of shale inhibitors on the surface of
montmorillonite. The simulation results showed that cationic polyacrylamide (CPAM)
could stably adsorb and occupy the adsorption sites on the surface of montmorillonite.

The use of HPAM as friction reducers in slickwater can effectively reduce the molecu-
lar resistance, but the hydrophilic groups of HPAM and shale surface will form a chemical
bond, which is easily adsorbed and retained in shale microcracks and matrix pores, resulting
in a reduction in or even blockage of gas flow paths formed by fracturing and lowering the
effect of fracturing modification [12,13]. However, the mechanisms of shale-polyacrylamide
interactions still remain unknown. In this regard, it is necessary to investigate the adsorp-
tion and desorption properties of HPAM on the shale surface. Such data are the foundation
for shale reservoir stimulation. In this study, the Longmaxi Shale from the Sichuan Basin
was selected as the research object. The adsorption characteristics and influencing factors
of HPAM on the surface of shale and the desorption characteristics of HPAM on the surface
of shale were determined. The adsorption and desorption processes were characterized
and analyzed using relevant models, which will be helpful for the in-depth study of the
retention characteristics of slickwater in shale reservoirs.

2. Experimental Details
2.1. Experimental Materials and Equipment

The experimental materials used included an HPAM with a molecular weight of
16 million and a degree of hydrolysis of 30% (Beijing Top North Science and Technol-
ogy Development Co., Ltd., Beijing, China), 5 mol/L acetic acid solution, 1.31% sodium
hypochlorite, and 5-6 mesh core blocks from the outcrops of the Longmaxi shale for-
mation in the Sichuan Province, which were provided by Chuanging Drilling Co., Ltd.
(Chengdu, China).

The experimental instruments were as follows: a UV2601 dual-beam scanning ultraviolet-
visible spectrophotometer (Beifen Ruili Instrument Co., Ltd., Beijing, China), YC-530
thermostatic water-bath oscillator (Tianjin Taiste Instruments Co., Ltd.), a H4-20K high-
speed centrifuge (Hunan Kecheng Instrument Co., Ltd., Changsha, China), a SmartLab-9
intelligent rotary-target X-ray diffractometer (Rigaku Instruments Co., Ltd., Tokyo, Japan),
and a JSM-7800F field-emission scanning electron microscope (NEC Instruments Co., Ltd.,
Tokyo, Japan).

2.2. Experimental Methods
2.2.1. Method for Determination of Shale Clay Fractions

Three 5-6 mesh outcrop shale blocks of the test shale were taken and ground separately,
passed through a 100-mesh sieve, put into vacuum drying oven, and dried at 50 °C (1 °C),
and vacuumed at 0.090 MPa for 48 h. The shale was fully ground with agate mortar and
analyzed by X-ray diffraction (XRD) to determine the physical composition of the shale.

2.2.2. Determination of HPAM Concentration and Adsorption and Desorption
Test Experiments

The concentration of the HPAM solution was determined using the turbidimetric
method [14]. A specific volume of polymer detection solution was added to a cuvette, an
acetic acid solution was added, and the mixture was gently shaken well. After standing for
1-2 min, sodium hypochlorite solution was added, and the solution was shaken well. When
the precipitation reaction was complete, the solution became turbid. It was added to a
cuvette, and with a double-beam scanning-type ultraviolet (UV)-visible spectrophotometer
at a wavelength of 470 nm, the absorbance was measured. The absorption spectra and
concentration standard curves are shown in Figure 1. The effective concentration of HPAM
in the aqueous solution was determined using distilled water blank as a reference.
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Figure 1. UV absorption spectrum and standard curve of HPAM. (a) UV absorption spectra; (b) stan-
dard curve.

In order to test the concentration of the HPAM solution, the shale outcrop core was
crushed and ground to a 5-6 mesh. Next, 5 g (+0.001 g) of the sample was weighed,
the HPAM solution was placed in 250 mL stoppered triangular vials with the shale core
samples at a specific concentration and ratio of liquid to solid, and the vials were corked.
HPAM was adsorbed in a constant-temperature water-bath oscillator with a horizontal
reciprocating oscillation frequency of 120 times/min, and after adsorption for a certain
period of time, the supernatant was removed and centrifuged for 2 min (rotation speed
of 2000 r/min), and the intermediate layer was extracted to test the HPAM concentration
in the aqueous phase. The amount of HPAM adsorbed on the surface of the shale was
obtained based on the concentration of HPAM in the aqueous solution as follows [15]:

r— (G-0Ov 1)
w
where Cy and C are the initial concentration of HPAM and the concentration of the sample
after adsorption (mg/L), respectively; V is the volume of HPAM solution added (L); w is
the mass of shale added (g); and I is the amount of HPAM adsorbed (mg/g).

Similarly, to determine the amount of HPAM on the surface of the shale after desorp-
tion, the supernatant in the centrifuge tube of the adsorption isotherm experiment was
poured out, weighed together with the shale residue, and then added into an aqueous
solution. The desorbed liquid was collected after 2 h of shaking, and the desorption process
was repeated once. The desorbed liquid was mixed to obtain HPAM, and the concentration
was measured. The desorbed amount was calculated as follows:

_C2XV—C1XV1
B w

Iq 2)
where I'y is the amount of desorbed HPAM (ng/g), C; is the concentration after desorption
equilibrium (pg/L), C; is the difference between the initial concentration of HPAM and the
concentration after adsorption equilibrium (ug/L), and V is the volume of the solution
after desorption equilibrium.

2.2.3. Adsorption Test of HPAM by Liquid-Solid Ratio

The liquid-solid proportional adsorption equilibrium tests were carried out using a
thermostatic oscillator shaker with the parameters set at 30 °C (£0.5 °C) and 120 r/min.
The concentrations of HPAM were 500 and 1000 mg/L. The HPAM solution and 5-6 mesh
shale were mixed in 250 mL conical flasks at liquid-solid ratios (the mass ratio of the HPAM
solution to shale) of 5:1, 10:1, 15:1, 20:1, 25:1, 30:1, and 35:1. The flasks were corked, placed
into a constant-temperature shaker, and sampled after 2 h. Samples were taken after 2 h,
and the amounts of adsorbed HPAM under different liquid—solid ratios were determined
using the experimental method described in Section 2.2.2.
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2.2.4. HPAM Adsorption Isotherm Test

The concentrations of HPAM were 100, 200, 500, 800, 1000, 1500, and 2000 mg/L. The
mass ratio of the HPAM solution to shale was fixed at 25:1. A conical flask was placed into
a constant-temperature shaker, and the parameters of the shaker were a temperature of
30 °C and rotation speed of 120 r/min. Samples were taken after 2 h, and the amounts of
adsorbed HPAM in shale under the different concentration conditions were determined
using the experimental method described in Section 2.2.2.

In this paper, the adsorption isotherm parameters and regression equations were
determined by fitting the Langmuir and Freundlich isotherm models [16-19]. The Langmuir
isotherm model is an empirical model based on kinetics principles, i.e., at equilibrium, the
surface rates of adsorption and desorption are equal and there is zero accumulation. The
Langmuir isotherm model expression is given by:

QOKLCe

= TrKCe ©)

where g, is the adsorption equilibrium (mg/g), Ce is the liquid-phase equilibrium concen-
tration (mg/L), g, is the maximum adsorption per unit mass of surfactant (mg/g), and K,
is the Langmuir constant (L/mg).

The Langmuir isotherm model can be written as:

1 1 1

e —|— —_
e K1g0Ce do

(4)

The plot of 1/ge vs. 1/C, will produce a line with a slope of 1/Ky 4, and an intercept
equal to 1/g,.

Unlike the Langmuir isotherm, the Freundlich isotherm model can be used for mul-
tilayer adsorption on non-uniform sites. This model assumes that the adsorption heat
distribution and affinity for non-uniform surfaces are inhomogeneous. The Freundlich
isotherm model is:

ge = bCY/" ()

where g is the amount adsorbed per unit weight of adsorbent at the adsorption equilibrium
(mg/g), Ce is the liquid-phase equilibrium concentration (mg/L), b is the adsorption
capacity (L/mg), and 1/# is the adsorption strength or surface heterogeneity. Adsorption
is considered favorable when 0 < 1/n < 1. Unfavorable adsorption occurs when 1/n > 1
and is irreversible when 1/n = 1. The linearized form can be written as:

lnqezlnb—l-%lnCe (6)

The plot of Inge versus InCe produces a straight line with a slope of 1/n and an
intercept of Inb.

2.2.5. HPAM Adsorption Kinetics Test

The concentrations of HPAM were 500 and 1000 mg/L. The mass ratio of HPAM
solution to shale was fixed at 25:1 in 250 mL conical flasks, which were put into a constant-
temperature shaker at a temperature of 30 °C and a rotation speed of 120 r/min. Samples
were taken at 10, 20, 30, 40, 60, 90, and 120 min, and the amounts adsorbed on the shale
were determined at different times using the method described in Section 2.2.2.

The adsorption kinetics of HPAM was studied by fitting PFO and PSO kinetics equa-
tions and obtaining the adsorption rate constants. For the PFO reaction kinetics, there
is a simple linear relationship between the reaction rate and the concentration of one
reactant [20,21]:

In(ge — g¢) = Inge — ket (7)
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where g; is the amount adsorbed at time ¢ (mg/g), ge is the amount adsorbed when
equilibrium is reached (mg/g), t is the adsorption time (min), and k; is the adsorption
rate constant (min—1). Equation (7) is based on the amount adsorbed in a liquid-solid
system and assumes that the rate of the change in the uptake of the adsorption with time is
proportional to the difference in the saturated concentration and the change in the uptake
of solids over time. The degrees of fit of the respective kinetics models were evaluated
based on the values of the coefficient of determination R?.

The PSO kinetics equation based on the adsorption equilibrium capacity assumes that
the occupancy of adsorption sites is proportional to the square of the number of unoccupied
sites and that the adsorbed ion rate is related to the concentration of active centers on the
adsorbent surface. The PSO adsorption rate equation is [22]:

t 1 t

S T 8
qt kZ‘erz e ®)

where g is the amount adsorbed at adsorption equilibrium (mg/g), g is the amount
adsorbed at adsorption time t (mg/g), and ky is the PSO kinetics model rate constant

(g/(mg-min)).
2.2.6. Microstructural Analysis of Shale with Adsorbed HPAM

Shale with adsorbed HPAM in water was frozen using liquid nitrogen and then
vacuum sprayed with gold, and the microstructure of the shale after adsorption of HPAM
was analyzed using scanning electron microscopy (SEM).

2.2.7. HPAM Desorption Test

The shale outcrop core was crushed and ground to 5-6 mesh. The HPAM concentra-
tions were 500 and 1000 mg/L, and the mass ratio of HPAM solution to shale was fixed
at 25:1. The mixed samples were placed in 250 mL triangular vials with stoppers and put
into constant-temperature shaker oscillator at a shaking table temperature of 30 °C. The
constant-temperature water-bath oscillator temperature was set at 30 °C. The reciprocating
oscillation frequency was 120 times/min, so that it was fully adsorbed in 2 h. The adsorp-
tion of HPAM saturated shale occurred in 250 mL stoppered triangular vials. Deionized
water was added so that the weight ratio of deionized water to the shale core samples
gradually increased from 1:1 to 35:1. The flasks were sealed with stoppers in a thermostatic
bath oscillator with a horizontal reciprocating oscillation frequency of 120 times/min to
allow adsorption to occur. After 2.5 h, the supernatant was centrifuged for 2 min (rotation
speed 2000 r/min), and the intermediate layer was extracted to test the concentration of
HPAM in the aqueous phase. Each sample was tested three times and the average value
was calculated. The concentration of HPAM in the aqueous solution was used to obtain the
residual amount of HPAM adsorbed on the surface of the shale.

There have been fewer studies on the mathematical models of HPAM desorption.
In this study, we used the desorption model proposed by Chen et al. [23,24] in the field
of agrochemistry. The relationships between the residual HPAM concentrations on the
surface of the shale after desorption and the water—solid ratio can be described by the
following equation:

CG=CH7?(0<a<1), ©)

Equation (9) can be used to calculate the desorbed amount, but due to the much more
complex nature of the desorption experiments, the vast majority of the dynamic features of
desorption are not captured by this model. For this reason, a correction to Equation (9) is
required. Based on the measured results and the adsorption dynamic characteristics, the
process can be described by adding a correction term to Equation (9), i.e.,

Cr = C H %M (10)
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The parameters d and A describe the variation trend of C; with H. A larger value of A
indicates the faster rate of decline in the dynamic curve, as seen in Equation (10), i.e., as the
water-solid ratio increases, the HPAM concentration decreases faster. Thus, the larger the
value of A, the lower the buffering capacity of shale for HPAM desorption.

3. Experimental and Analysis
3.1. Mineral Composition of Shale Clay

The mineral composition of shale generally includes brittle minerals, clay minerals,
and small amounts of self-generated minerals. Brittle minerals can form a large number of
natural and induced fractures under the action of external forces, which provides storage
space and circulation channels for shale gas. Clay minerals are unstable factors in the
transformation of mudstone reservoirs, especially expansive clays, which can easily lead
to the blockage of shale gas-producing fracture channels due to their dissolution and
expansion when the content is high. This affects the output of shale gas.

The physical composition of the three shale samples was analyzed using XRD, as
shown in Figure 2. The results showed that the average content of dolomite in the sample
of Longmaxi shale from Sichuan Basin was the highest, accounting for 61.93% of the total
mineral composition; followed by calcite and quartz, accounting for 12.83% and 9.47% of
the total mineral composition, respectively; and then by pyrite and clay minerals, which
had the lowest contents of all of the minerals, with average values of 7.00% and 5.07%,
respectively. Thus, the tested rock sample was weakly expansive shale. Quartz, plagioclase
feldspar, calcite, and dolomite are brittle minerals, whose average contents were as high as
88.16%, which is typical of hard and brittle shale.

75

70 |:| Mineral composition of shale
65 |- T
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45t

Mineral content (%)
wow
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Figure 2. X-diffraction mineral composition of shale minerals.

3.2. Effect of Liquid—Solid Ratio on Adsorption of HPAM

The effect of different liquid-solid ratios on the effect of HPAM adsorption on shale
is shown in Figure 3 and the specific data are provided in Table A2 of Appendix A. The
experimental results showed that the amount of adsorbed HPAM on the surface of shale
increased rapidly with the increase in the liquid-solid ratio. When the concentration of the
HPAM solution was 1000 mg/L, the liquid—solid ratio was greater than 20:1. The amount
of adsorbed HPAM on the shale underwent a small change, which indicated that the liquid—
solid ratio for the saturated adsorption of HPAM in shale at this concentration was 20:1.
When the concentration of HPAM solution was 500 mg/L, the liquid-solid ratio was greater
than 25:1 and the amount of adsorbed HPAM on the shale did not change significantly,
which indicated that the liquid—solid ratio for the saturated adsorption of HPAM in shale at
this concentration was 25:1. The reason for the different adsorption patterns in the test was
mainly related to the amount of HPAM in the solution. With the gradual increase in the
ratio of the HPAM solution to shale, the influence of the liquid—solid ratio on the amount
of shale adsorption gradually became smaller. Because the ratio increased, the amount of
HPAM in the aqueous solution increased, and the amount of HPAM adsorbed by the shale
increased. When the amount of adsorbed HPAM reached saturation, the adsorbed amount
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no longer increased. At this time, when the liquid-solid ratio was increased, the amount of
HPAM adsorbed on the surface of the shale stabilized.

08
12+ ] 1000mg/L [ 500 mg/L
~ o
E‘f‘ LoF gn 06| +
g =z L
08| 2
3 Ew d
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Figure 3. Effect of liquid—solid ratio on adsorption on shale for different HPAM concentrations.
(a) 1000 mg/L HPAM; (b) 500 mg/L HPAM.

3.3. HPAM Adsorption Isotherm

Table A3 in the Appendix A shows the adsorption of different concentrations of HPAM
on shale. The experimental results showed that the adsorbed amounts were small when
the concentrations of the HPAM solutions were low. With the gradual increase in HPAM
concentration, the adsorption of HPAM on the shale samples increased and stabilized to
reach the adsorption equilibrium limit. Adsorption equilibrium was reached when the
concentration of HPAM in the aqueous solution was 1000 mg/L at 30 °C and 800 mg/L at
60 °C. The adsorption isotherms were fitted to the experimental results of HPAM adsorption
on shale, and in this paper, the Langmuir and Freundlich models were used for fitting.

The Langmuir model was fitted with 1/C, as the horizontal coordinate and 1/ge as
the vertical coordinate, while the Freundlich model was fitted with InC, as the horizontal
coordinate and Inge as the vertical coordinate. Straight lines were fitted, and the experi-
mental parameters of the two models were obtained. The two adsorption isotherms for the
shale adsorption of HPAM are shown in Figure 4. The isotherms of the shale adsorption of
HPAM were fitted using the Langmuir and Freundlich models, and the parameters of the
two models were obtained, as shown in Tables 1 and 2, respectively.

= 30°C 05+ ® 60°C
sk ® 60°C g e 30°C
Langmuir Model Freundlich Model
®
0.0 - .
Equation: y=0.63964x - 4.32162
Intercept: -4.32162 + 0.21206
[ ] Slope: 0.63964 = 0.03558 g »n
LA ~ 05k RE09mI2 pe
[=al o
= . k-1 A
L] ||
» . 1.0 F "
Ps ] Equation: y=368.27656x+0.61891 Equation: y=0.64632x - 4.70539
2k pe Intereept: 0.61891 = 0.06196 L) Intercept: -4.70539 + 0.25911
- " Slopx 8.27656 + 13.43389 Slope: 0.64632 = 0.04347
R 0.99207 209
o u sk pe R2: 0.97346
-
-
0 1 1 2.0 ! ! ! !
0.000 0.005 0.010 0.015 4 5 6 7 8 9
1/C, In(C,)
(a) (b)

Figure 4. Fitting of adsorption isotherm equations for HPAM solutions. (a) Langmuir adsorption

model; (b) Freundlich adsorption model.



Processes 2024, 12, 606

9of 16

Table 1. Langmuir adsorption isotherm model parameters.

Parameter 30°C 60 °C
Ky (L/mg) 0.00168 0.00160
o (mg/g) 1.61574 1.17306
R? 0.99207 0.99235
Equation y = 368.27656x + 0.61891 y = 531.18109x + 0.85247

Table 2. Parameters of the Freundlich adsorption isotherm model.

Parameter 30 °C 60 °C

1/n 0.63964 0.64632

Kg 0.01327 0.00905

R2 0.98172 0.97346
Equation y = 0.63964x — 4.32162 y = 0.64632x — 4.70539

The results of linear fitting of the Langmuir and Freundlich models using Origin
Pro 9.0 are shown in Figure 4. The experimental results showed that the Langmuir model
equations of the HPAM solution at 30 °C and 60 °C were well fitted with R? values of
0.99207 and 0.99235, respectively, and the corresponding R? values for the Freundlich model
equation fit were 0.98172 and 0.97346. It can be seen that the adsorption of HPAM on shale
was better captured by the Langmuir adsorption model. This indicated that the adsorption
of HPAM on the surface of the shale was relatively uniform, there were no interactions
between the adsorbed molecules, and the adsorption was dominated by the characteristics
of mono-molecular layer adsorption, resulting in the maximum equilibrium adsorption
amount. The maximum amounts of adsorbed HPAM on the shale were 1.05 and 0.71 mg/g
at 30 °C and 60 °C, respectively. The amount of adsorbed HPAM on the shale decreased
with the increase in the temperature, which indicated that this process was an exothermic
process, and high-temperature conditions were not conducive to the adsorption of HPAM
on the surface of the shale.

3.4. HPAM Adsorption Kinetics

The equilibrium adsorption amounts of the shale samples at different times and
temperatures are shown in Appendix A Table A4, and the experimental results showed that
the adsorption amount tended to increase with the increase in the adsorption time. The
experimental results showed that the adsorption equilibrium time was 60 min at 30 °C for a
HPAM concentration of 500 mg/L and 90 min for a HPAM concentration of 1000 mg/L. The
adsorption equilibrium time at 60 °C was 40 min for the HPAM concentration of 500 mg/L
and 60 min for the HPAM concentration of 1000 mg/L. This showed that the adsorption
equilibrium time was relatively shorter for the lower HPAM concentration at the same
temperature. With the same HPAM concentration, the adsorption equilibrium time was
relatively shorter when the temperature was higher.

In order to investigate the HPAM adsorption kinetics on shale, the experimental
data were fitted with the PFO and PSO kinetics equations, respectively, and the results
of the fitting were examined based on the R? values of the equations obtained from the
linearization of each model. The PFO kinetics equation was plotted as In(ge — g¢) versus t,
and the PSO kinetics equation was plotted as t/g; versus t. The two adsorption kinetics
models for shale adsorption of HPAM are shown in Figure 5, and the parameters of the
two models are shown in Table 3.

The experimental data were linearly fitted to the PFO and PSO models at different
temperatures using Origin Pro 9.0, and the results are shown in Figure 5. The fitting results
showed that the PFO kinetics equation obtained for the 500 mg/L HPAM test group had
R? values of 0.92439 and 0.95985 at 30 °C and 60 °C, respectively, and for the 1000 mg/L
HPAM test group, the corresponding R? values were 0.97147 and 0.96776. The R? values of
the PSO equation for the 500 mg/L HPAM test group were 0.99016 and 0.96019 at 30 °C and
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60 °C, respectively, and for the 1000 mg/L HPAM test group, the corresponding R? values
were 0.98879 and 0.97547. The results indicated that the HPAM adsorption kinetics data
on the surface of the shale were well fitted with the PSO kinetics model. The PSO kinetics
model assumes that the adsorption process is restricted to chemical adsorption. Thus,
the fitting indicated that the adsorption of HPAM on the surface of shale was chemical
adsorption. HPAM was adsorbed on the surface of shale because of the interactions of
HPAM with shale through hydrogen bonding of amide groups and electrostatic forces of
carboxylic acid groups.

0.0 180
sk T = 1000 mg/L. = 1000 mg/L .
o " u ® 500 mg/L ® 500 mg/L .
Lor ° . Equation: y=-0.03993x + 0.33437 o ->
s NN hmme g
~ 20k ° L R*: 0.97147 120 < .
;f 25k 2 g . -
= a0k = 90 L ° - "
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-5.0 | 095983 60 F - = R% 0.97547
3 0 II() zlo 3In 4I0 slo (:0 7I() xln 9I0 10( o 2I0 4I0 (:0 810 1;’0 ';0
t/min t/min
(c) (d)
Figure 5. Plots of different model fits. (a) 30 °C PFO; (b) 30 °C PSO; (c) 60 °C PFO; (d) 60 °C PSO.
Table 3. Results for different model parameters.
i Parameter Estimation Results ~ Modeling Evaluation
Temlzerature Model Concentration & Equation
(W@ (mg/L) Parameter  Estimated Value R?
PFO 500 mg/L Kj 0.05808 0.92439 y = —0.05803x + 0.28552
30°C 1000 mg/L K4 0.03993 0.97147 y = —0.03993x + 0.33437
PSO 500 mg/L K> 0.0168 0.99016 y = 1.05518x + 36.32215
1000 mg/L K3 0.007 0.98879 y =0.68303x + 27.77111
PFO 500 mg/L Kq 0.07737 0.95985 y = —0.07737x — 0.0309
60 °C 1000 mg/L Kj 0.04789 0.96776 y = —0.04789x + 0.05604
PSO 500 mg/L K5 1.58226 0.96019 y = 1.58226x + 37.13914
1000 mg/L Ky 0.98338 0.97547 y =0.98338x + 35.07034

3.5. Microstructure

SEM images of HPAM adsorption on the surface of shale are shown in Figure 6. The
experimental results of the microstructure show that the HPAM in the aqueous solution
resembled a spider’s web adhering to the surface of the shale. This indicated that the shale
had a strong adsorption force with HPAM, and it was able to adsorb some of the HPAM in
the water on the surface.
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Figure 6. Adsorption state of HPAM on shale surface.

3.6. Desorption Performance

The measured values from the desorption experiments of HPAM on the shale surface
are shown in Appendix A Table A5. The experimental results showed that the residual
HPAM concentration on the surface of the shale after desorption decreased with the increase
in the water—solid ratio, and the water—solid ratio was between 1 and 3. The residual HPAM
concentration on the surface of the shale after desorption decreased slowly, which indicated
that the HPAM on the surface of the shale had a certain degree of adsorption that could
resist the desorption ability of water. As the water—solid ratio continued to increase, the
residual HPAM concentration after desorption on the shale surface decreased rapidly, that
is, the dynamic change of HPAM desorption on the shale surface was significant, indicating
that a large amount of water could weaken the adsorption of HPAM on the shale surface
due to forces such as hydrogen bonding and could prompt the desorption of HPAM from
the shale surface.

The parameters of the desorption model were calculated using Origin Pro 9.0 software,
and the fitted models of the desorption of HPAM from shale for two HPAM concentrations
are shown in Figure 7. The obtained parameters of the model are shown in Table 4. The
fitted experimental parameters showed that the fitting accuracy of the experimental data
of the desorption changes after shale adsorption at different concentrations of HPAM was
high. This indicated that the relationship between the HPAM desorption on the shale
surface and the water—solid ratio followed Equation (9). The larger the value of A, the faster
the HPAM desorption curve decreased, i.e., with the increase in the liquid—solid ratio, the
concentration of HPAM on the shale surface decreased faster, and the value of A was related
to the desorption ability on the shale surface. The larger the value of A, the easier it was to
desorb from the shale surface and the lower the buffer capacity of desorption. The results
showed that the HPAM could be desorbed from the shale surface at both concentrations.
The results showed that the A values for the desorption after HPAM adsorption on the
surface of the shale at the two concentrations were significantly different, indicating that at
a higher concentration of HPAM, the HPAM was more likely to be desorbed after adsorbing
on the surface of the shale, as it was easier it is for the HPAM to detach from the surface.

Table 4. Parameters of modeling changes in desorption after HPAM adsorption on shale.

Desorption after Shale 2 .
Adsorption Cx 0 A R Equation
HPAM solution concentration 724.6009 0.1233 0.0040 0.9770 C, = 724.6009H~0-1233¢—0.0040

500 mg/L

HPAM solution concentration

1000 mg/L

1078.9436 0.0898 0.0131 0.9950 1078.943 6}%07)89%*00131
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Figure 7. Fitted curves of dynamic desorption changes in HPAM solutions of different concentrations.

4. Conclusions

In this paper, the adsorption pattern of HPAM on shale surface was tested. The
adsorption law was fitted and analyzed using Langmuir and Freundlich models. In
contrast to adsorption, relatively few publications deal with the desorption of HPAM in
shale soils. The desorption pattern of HPAM on the shale surface was tested, and the
desorption pattern was fitted using a mathematical model of desorption. The following
conclusions were drawn.

(1) With the increase in the liquid-solid ratio of the HPAM solution to shale, the
amount of adsorbed HPAM on the surface of the shale will increase, and the adsorbed
amount will increase to a certain value. The amount of adsorbed HPAM on the surface of
shale will reach saturation, and then the adsorbed amount will change by a smaller amount
with the increase in the liquid—solid ratio.

(2) The adsorption of HPAM on the shale surface followed the Langmuir adsorp-
tion model, and the maximum amounts of adsorbed HPAM on the shale were 1.05 and
0.71 mg/g under the two temperature conditions of 30 °C and 60 °C, respectively.

(3) The equilibrium time of HPAM adsorption on the shale surface was relatively
shorter when the HPAM concentration was lower under the same temperature conditions,
while the equilibrium time was relatively shorter when the HPAM temperature was higher
under the same HPAM concentration conditions. The adsorption kinetics were more in line
with the pseudo-second order adsorption kinetics model.

(4) Shale was able to adsorb some of the HPAM in the solution, and the adsorbed
HPAM resembled a cobweb adhering to the surface of the shale, which had a strong
adsorption capacity.

(5) HPAM adsorption on the surface of the shale was able to resist the desorption
effect of water, but a large number of water hydrogen bonds and other forces were able
to weaken the HPAM adsorption on the surface of the shale. This could prompt HPAM
desorption from the surface of the shale. The higher the concentration of HPAM adsorbed
on the surface of the shale, the more prone it was to desorption and the easier it was to
remove HPAM from the shale.

This paper only investigated the adsorption and the desorption characteristics and
influencing factors of HPAM, a commonly used additive for slickwater, on the surface of
shale. The adsorption and the desorption characteristics of HPAM on the shale surface
under gas-water—solid system conditions should be investigated in the future, and would
help to analyze the effects of slickwater micro-injuries on shale gas extraction.
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Abbreviations
PAM Polyacrylamide
HPAM Partially hydrolyzed polyacrylamide
CPAM Cationic polyacrylamide
PFO The pseudo-first order
PSO The pseudo-second order
SEM Scanning electron microscope
XRD X-ray diffraction
SD Standard deviation
Symbols Used
H [-] Solid-liquid ratio
Co [mg/L] Initial concentration of HPAM
C [mg/L] HPAM concentration at adsorption equilibrium
C1  [ng/L] Concentration after desorption equilibrium
Difference between initial HPAM concentration and concentration at
Cy [ug/L] . e
adsorption equilibrium
Ce [mg/L] Liquid phase equilibrium concentration
G [ug/gl Concentration of HPAM remaining on shale surface after desorption
Ce [-] Regression constant
ge [mg/gl Adsorption equilibrium
1% [L] Volume of HPAM solution
Vi [ Volume of solution after desorption equilibrium
do [mg/gl Maximum adsorption per unit mass of surfactant
Ky [L/mg] Langmuir constant
Kg [L/mg] The intercept of the linear expression of the Freundlich model, i.e., Inb.
R[] The overall accuracy of the model, i.e., the degree of fit
b [L/mg] Adsorption capacity
n [-] Adsorption strength
g [mg/gl Adsorption at time t
kq [min—1] Adsorption rate factor
t [min] Adsorption time
k,  [g/(mg-min)] Adsorption rate factor
A [--] Trend of C with H
d [--] Trend of C with H
w [g] Shale quality
'y [ug/gl Amount of HPAM adsorbed at desorption equilibrium
r [mg/g] Amount of HPAM adsorbed at adsorption equilibrium

Appendix A Appendix A

Table Al. X-diffraction mineral composition of shale minerals.

Sapphire %  Plagioclase %  Calcite %  Dolomite %  Pyrite %  Clay %

1 9.3 3.3 13.5 62.6 6.2 5.1
2 10.5 4.1 11.3 57.8 9.1 7.2
3 8.6 3.7 13.7 65.4 5.7 29
Average 9.47 3.7 12.83 61.93 7.00 5.07

SD 0.96 0.40 1.33 3.84 1.84 2.15
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Table A2. Effect of liquid-solid ratio on adsorption on shale for different HPAM concentrations.

Adsorption Capacity 5:1 10:1 15:1 20:1 25:1 30:1 35:1
mg/g
1000 mg/L 0.59 0.70 0.73 1.03 1.08 1.07 1.05
1000 mg/L 0.64 0.65 0.76 1.04 1.04 1.05 1.06
1000 mg/L 0.57 0.66 0.76 1.05 1.03 1.06 1.04
Average 0.60 0.67 0.75 1.04 1.05 1.06 1.05
SD 0.036 0.026 0.017 0.010 0.026 0.010 0.010
500mg/L 0.42 0.46 0.54 0.60 0.73 0.73 0.73
500mg/L 0.46 0.42 0.55 0.63 0.69 0.71 0.68
500mg/L 0.41 0.47 0.53 0.60 0.68 0.72 0.69
Average 0.43 0.45 0.54 0.61 0.70 0.72 0.70
SD 0.026 0.026 0.010 0.017 0.026 0.010 0.026
Table A3. Adsorption capacities for different HPAM concentrations.

Adsorption Capacity 100 200 500 800 1000 1500 2000
mg/g mg/L mg/L mg/L mg/L mg/L mg/L mg/L
30°C 0.25 0.43 0.68 0.97 1.02 1.08 1.05
30°C 0.23 0.42 0.71 0.93 1.09 1.06 1.04
30°C 0.21 0.47 0.74 0.95 1.04 1.04 1.06

Average 0.23 0.44 0.71 0.95 1.05 1.06 1.05
SD 0.020 0.026 0.03 0.020 0.036 0.020 0.010

60 °C 0.16 0.30 0.53 0.70 0.70 0.72 0.76
60 °C 0.14 0.30 0.53 0.69 0.69 0.68 0.68
60 °C 0.18 0.33 0.47 0.74 0.74 0.73 0.72
Average 0.16 0.31 0.51 0.71 0.71 0.71 0.72
SD 0.020 0.017 0.036 0.026 0.026 0.026 0.040
Table A4. HPAM adsorption capacity.

Time/min 10 20 30 40 60 90 120
500 mg/L 0.23 0.35 0.45 0.47 0.65 0.66 0.71

500 mg/L 0.16 0.31 0.44 0.55 0.67 0.73 0.67

500 mg/L 0.21 0.36 0.40 0.48 0.69 0.71 0.75
Average 0.20 0.34 0.43 0.50 0.67 0.70 0.71
30°C SD 0.036 0.026 0.026 0.044 0.020 0.035 0.040
1000 mg/L 0.27 0.47 0.65 0.75 0.88 1.01 1.07

1000 mg/L 0.24 0.51 0.63 0.70 0.91 1.01 1.06

1000 mg/L 0.24 0.52 0.61 0.74 0.91 1.04 1.02
Average 0.25 0.50 0.63 0.73 0.90 1.02 1.05
SD 0.017 0.026 0.020 0.026 0.017 0.017 0.026

500 mg/L 0.13 0.26 0.33 0.50 0.50 0.47 0.49

500 mg/L 0.15 0.25 0.29 0.47 0.51 0.52 0.53

500 mg/L 0.14 0.21 0.31 0.47 0.49 0.51 0.51
Average 0.14 0.24 0.31 0.48 0.50 0.50 0.51

60°C SD 0.511 0.026 0.020 0.017 0.010 0.026 0.020
1000 mg/L 0.20 0.38 0.47 0.59 0.73 0.73 0.69

1000 mg/L 0.18 0.36 0.44 0.56 0.69 0.71 0.72

1000 mg/L 0.16 0.34 0.44 0.56 0.68 0.69 0.75
Average 0.18 0.36 0.45 0.57 0.70 0.71 0.72

SD 0.020 0.020 0.015 0.017 0.026 0.020 0.030
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Table A5. Experimental data of desorption changes of shale after adsorption of HPAM.
Residual HPAM Concentration after Desorption (ug/g)
Water-Solid Ratio Desorption of HPAM Desorption of HPAM

Concentration 1000 mg/L after
Adsorption on Shale Rock

Concentration 500 mg/L after
Adsorption on Shale Rock

1:1 1051.1 703.6
1:1 1051.3 694.3
1:1 1048.2 703.6
Average 1050.2 700.5
SD 1.735 5.369
2:1 1000.7 683.2
2:1 998.2 683.9
2:1 1005.0 683.4
Average 1001.3 683.5
SD 3.439 0.361
3:1 949.9 638.7
3:1 954.6 643.2
31 955.4 638.7
Average 953.3 640.2
SD 2.972 2.598
5:1 882.6 580.0
5:1 875.3 584.5
5:1 869.2 580.3
Average 875.7 581.6
SD 6.709 2.516
10:1 750.0 512.0
10:1 755.8 508.2
10:1 762.8 511.7
Average 756.2 510.8
SD 6.409 2.113
20:1 626.4 450.8
20:1 634.2 453.2
20:1 629.7 448.1
Average 630.1 450.7
SD 3.915 2.551
25:1 578.5 432.0
25:1 577.3 427.1
25:1 582.1 433.6
Average 579.3 430.9
SD 2.498 3.387
30:1 525.9 423.7
30:1 522.5 425.6
30:1 525.7 422.1
Average 524.7 423.8
SD 1.908 1.752
35:1 513.8 419.6
35:1 5124 422.1
35:1 519.4 419.2
Average 515.2 420.3
SD 3.704 1.571
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