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In order to explain the difference in adsorption characteristics of CH4 and CO2 on
continental shale from the perspective of thermodynamics, the isothermal
adsorption experiments of CH4 and CO2 adsorbed by shale in Yanchang
Formation in Ordos Basin were carried out, and the excess adsorption capacity
was corrected to absolute adsorption capacity. Then the Clausius-Clapeyron
equation was used to analyze the isosteric heat of adsorption of CH4 and CO2 on
shale. The results show that, for calculating the absolute adsorption capacity, Ozawa
empirical formula or Van der Waals approximation method should be used to
calculate the adsorption phase density. The absolute adsorption capacity should
be selected as the basic data for calculating the isosteric heat of adsorption. The
reason is that the excess isosteric heat of adsorption has a negative value in the low
adsorption capacity stage, which is contradictory to the fact that the adsorption
process is exothermic, and is significantly higher than the absolute isosteric heat of
adsorption. There is a good linear positive correlation between the isosteric heat of
adsorption and the adsorption amount of CH4 and CO2 adsorbed by continental
shale, and the isosteric heat of adsorption of CH4 is greater than that of CO2. The
absolute initial isosteric heat of adsorption of CH4 and CO2 adsorbed by shale is
52.04 kJ/mol and 27.71 kJ/mol, indicating that the adsorption force of CH4 on
Yanchang Formation shale is stronger than that of CO2.
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1 Introduction

In recent years, with the increasing exploration and development of shale gas resources,
shale gas has become an important support for the continuous growth of global natural gas
production, shale gas production exceeds 8,000 × 108 m3 in 2021, accounting for 20% of total
natural gas production (Zou et al., 2022). Shale gas mainly exists in free and adsorbed states on
the surface of shale pores, clay mineral particles and organic matter pores (Xia et al., 2015; Zhou
S. et al., 2016). Adsorption gas accounted for 20%–85% of the total gas (Curtis, 2002; Zhang
et al., 2004). Study on the adsorption characteristics and mechanism of shale is an important
part of theoretical research on shale gas exploration and development, which is of great
significance to the evaluation of shale gas resources and the development programs compilation
(Jia et al., 2012; Zou et al., 2012; Meng et al., 2021; Han et al., 2022).

Adsorption characteristics of shale are affected by many factors such as adsorbate type,
shale material composition and pore structure, temperature and pressure conditions of the
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system (GASPARIK et al., 2014; M. E.Curtis, 2010). In terms of
adsorbate types, many scholars have used physical simulation (Zhu
et al., 2016; Yang et al., 2017; Zhang et al., 2019) or molecular
simulation methods (Li et al., 2014; Hongguan and June 2016; Sui
and Yao, 2016; Wang et al., 2017) to study the differences in the
adsorption characteristics of CH4 and CO2 on shale (Zhu et al., 2016;
Yang et al., 2017; Zhang et al., 2019) and its material composition
(kerogen (Hongguan and June 2016), clay minerals (Li et al., 2014; Sui
and Yao, 2016; Wang et al., 2017), etc.). The results show that for the
same shale, under the same temperature and pressure conditions, the
adsorption capacity of CO2 on shale, kerogen and clay minerals is
greater than that of CH4. The adsorption capacity ratio of shale to CO2

and CH4 can reach more than 1.5 (Zhu et al., 2016; Yang et al., 2017),
and some samples even reach about 5 times (Zhang et al., 2019). Shale
has an obvious competitive adsorption advantage for CO2 (Wang
et al., 2016; Liang and Li, 2021), which is the fundamental reason that
supercritical CO2 can be used to enhance shale gas exploitation (Liang
and Li, 2021; Lu et al., 2021). Although some studies have revealed the
differences of adsorption characteristics of CO2 and CH4 on shale, the
reasons for the differences are still lack of theoretical analysis. The
adsorption system is accompanied by changes of thermodynamic
energy during the adsorption process, that is reflected in the form
of adsorption heat. The adsorption heat reflects the strength of the
interaction between the adsorbent and the adsorbate, and the
heterogeneity of the adsorbent surface. Therefore, studying the
thermodynamic characteristics of shale adsorption process can
further clarify the adsorption mechanism.

There are some understandings on the adsorption thermodynamic
characteristics of marine shale and coal. Some scholars have studied
the thermodynamic characteristics of CH4 adsorption on Longmaxi
shale (GUO et al., 2013), Niutitang shale (YANG et al., 2014) in
Sichuan Basin and Carboniferous shale (LI et al., 2016) in Qaidam
Basin. The results show that there is a linear correlation between the
adsorption heat and the adsorption capacity of CH4 adsorbed on shale,
but the positive and negative correlations are different. NODZENSKI.
(1998); KIM et al. (2011) analyzed the thermodynamic difference of
adsorption of CO2 and CH4 on coal rock, indicating that the heat of
adsorption of CO2 on coal is greater than that of CH4, revealing the
essence of competitive adsorption of CO2 and CH4 on the surface of
coal from thermodynamic perspective. Because the adsorption
characteristics of different adsorption systems are obviously
different, the existing research results are difficult to accurately
reflect the adsorption mechanism of continental shale. At the same
time, the existing research results use the excess adsorption capacity to
analyze the thermodynamic characteristics. But the excess adsorption
capacity cannot represent the actual adsorption capacity of the
adsorbent. Therefore, the isosteric heat of adsorption calculated by
using the excess adsorption capacity cannot reflect the
thermodynamic characteristics of the adsorption process.

In this paper, the isothermal adsorption experiments of CH4 and
CO2 adsorbed by the continental shale in Ordos Basin at 30°C, 45°C
and 60°C were carried out. The difference between the excess and the
absolute adsorption capacity was studied. The isosteric heat of
adsorption of CH4 and CO2 adsorbed by continental shale was
analyzed to explain the competitive adsorption mechanism. The
research results are of great significance to improve the analysis
method of adsorption thermodynamics and further clarify the
competitive adsorption mechanism of CH4 and CO2 in continental
shale.

2 Expeiment

2.1 Experimental samples

During the Chang7 period, the sedimentary center of Ordos basin
is located in the central and southern part of the basin, mainly
developing semi-deep and deep lake sedimentary microfacies. The
thickness of the dark shale (Zhangjiatan shale) of the Chang7 strata
formed by deposition is between 400 and 500 m, of which the
thickness of the single layer is up to 30 m, and the thickness of the
Chang7 shale in Ganquan area is between 45 and 60 m.

The experimental samples are form Well CY1 in Xiasiwan Town,
Ganquan Area, Ordos Basin. The sampling horizon is the Upper Triassic
Yanchang Formation. The samples are gray-black shale, with a specific
surface area of 3.54 m2/g, TOC of 4.31%, organic matter type of II1, Ro of
0.91%, quartz content of 14.4%, feldspar content of 10.5%, clay mineral
content of 53.7%, and a small amount of pyrite and carbonate.

Due to the low evolution degree of organic matter in Yanchang
Formation shale, a large number of liquid hydrocarbons formed
during the thermal evolution process occupy the micropores in the
shale, and methane is easily soluble in liquid hydrocarbons. Therefore,
in order to eliminate the influence of liquid hydrocarbons on the
adsorption of CO2 and CH4 on samples, and truly reflect the
thermodynamic characteristics of the adsorption process, organic
matter solvent extraction is required for the shale sample.
Experimental samples from the same core sample, through organic
matter solvent extraction, vacuum drying, crushing, screening, made
into a particle size of about 0.2 mm broken samples, and according to
the experimental requirements are divided into three, and sealed spare.

2.2 Experimental method

The instrument used in this experiment is FY-KT1000 isothermal
adsorption instrument. The experimental method refers to the
relevant provisions of GB/T 19,560–2008 “high pressure isothermal
adsorption test method of coal. “ According to the temperature and
pressure conditions of the sampled formation, the experimental
temperatures were set to 30°C, 45°C, and 60°C, respectively. The

FIGURE 1
The sorption isotherm of shale of Yanchang Formation.
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initial pressure of the experiment was 0.5 MPa, and the upper limit of
pressure was 16 MPa. A total of 10–11 pressure points were measured
at different temperatures. The test gradually increased from the initial
pressure to the upper limit of pressure, and the equilibrium time at
each equilibrium pressure point was not less than 12 h. The
experimental gases are CH4 and CO2 with a purity of 99.99%.

3 Result and discussion

3.1 Adsorption properties of samples

The experimental samples are from the same core with the same
sample preparation method and sample specification. The difference
of experimental results is mainly due to the difference of experimental
temperature and pressure conditions and adsorbate types. The
experimental results are shown in Figure 1.

It can be seen from Figure 1 that under the same temperature and
pressure conditions, the adsorption capacity of CO2 is greater than
that of CH4. With the increase of temperature, the adsorption capacity
of shale decreases. The isothermal adsorption curve was fitted by
Langmuir equation, which can be expressed as

V � VLP

P + PL
(1)

Where V is isothermal adsorption capacity, g/cm3. VL is Langmuir
volume, cm3/g. PL is Langmuir pressure, Pa. P is pressure, Pa. The

fitting results of Langmuir equation are shown in Table 1. The fitting
results show that the Langmuir volume (VL) gradually decreases with the
increase of temperature, and the relationship between Langmuir pressure
(PL) and temperature is not obvious. Langmuir equation is widely used in
the isothermal adsorption curve fitting of coalbed methane and shale gas.
It assumes that there is no interaction between adsorbate molecules, and
the surface of the adsorbent is homogeneous. It is suitable for describing
the monolayer adsorption process on a uniform solid surface, and has
high fitting accuracy in the low gas pressure (≤ 15MPa) stage.

The Langmuir volume and temperature were fitted by linear
function, and the fitting results are shown in Figure 2. There is a
good negative linear correlation between Langmuir volume and
temperature, and the Langmuir volume of CO2 adsorbed by shale
is more sensitive to temperature than that of CH4. And the study
shows that the Langmuir volume of shale is positively correlated with
porosity, organic matter abundance, organic matter maturity and clay
mineral content, and negatively correlated with average pore size.

Since the critical temperature of CH4 and CO2 is −82.6°C and 31°C,
and the critical pressure is 4.64MPa and 7.4 MPa, respectively, when the
experimental temperature and pressure conditions exceed the critical
point, the adsorption of gas in shale belong to supercritical adsorption.
The isothermal adsorption curve under supercritical state will have a
maximum value, but there is no maximum value in the experimental
results. Liu Shengxin et al. (LIU et al., 2015) determined the isothermal
adsorption curve of CO2 on the Carboniferous shale in the QaidamBasin.
The maximum value appeared near the temperature of 45°C and the gas
pressure of 7.5 MPa, but the isothermal adsorption curve of CH4 in the
same shale sample did not appear. It can be seen that the appearance of
the maximum value is related to the gas type. Zhou et al. (2000) believed
that the appearance of the maximum value required the high
experimental pressure and large specific surface area.

3.2 Adsorption phase density

Adsorbed phase density is the key parameter to calculate the absolute
adsorption capacity by using excess adsorption capacity. The density of
adsorbed phase is often calculated by theoretical estimation and equation
fitting, which cannot be measured directly under supercritical conditions.
The commonly used calculation methods of adsorbed phase density (see
Table 2) mainly include the adsorption phase density constant
approximation method (MURATA et al., 2001; NIKOLAEV and
DUBININ, 1958; MENON, 1968; FINDENEGG and Loring, 1984;
MEHTA and DANNER, 1985), empirical formula method (OZAWA
et al., 1976) and excess adsorption capacity curve fittingmethod (Ross and
Bustin, 2007; Clarkson and Haghshenas, 2013; Zhou S. W. et al., 2016).
The density of the adsorption phase has a great influence on the correction

TABLE 1 The fitting parameters of Langmuir equation.

T/°c CH4 CO2

VLex/(cm3/g) PLex/MPa VLex/(cm3/g) PLex/MPa

30 3.45 4.23 9.67 7.79

45 2.14 3.71 6.66 6.61

60 1.38 3.81 4.60 7.05

The subscript ex represents the excess adsorption, distinguished from the absolute adsorption subscript ab below.

FIGURE 2
The relationship of Langmuir volume and temperature.
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results of the absolute adsorption amount. The smaller the density of the
adsorption phase is, the greater the absolute adsorption amount is.
Therefore, considering the accuracy of the absolute adsorption amount
correction results, it is necessary to screen the calculation method of
adsorption phase density.

Under supercritical conditions, the adsorbed molecules lose the
average moving energy due to the action of adsorption potential, but
still have high rotational and vibrational energy. Therefore, the density
of adsorbed phase under supercritical conditions is obviously higher
than the critical density, and slightly lower than the density of boiling
point liquid at atmospheric pressure (Hu et al., 2002). Theoretically,
the curve of absolute adsorption capacity is monotonic, and there is no
maximum value (Kondo et al., 2005). Therefore, the rationality of
different adsorption phase density estimation methods in Table 2 can
be verified from the perspectives of adsorption phase density range
and absolute adsorption capacity monotonicity. Figure 3 is the
relationship curve between CH4 adsorption phase density and
temperature obtained by different adsorption phase density
calculation methods.

In order to verify the rationality of the adsorbed phase density in a
large temperature and pressure range, the excess adsorption data are
derived from Reference (RexerBenhamAplin and Thomas, 2013). The

temperature range of the data is 26.85°C–199.85°C, and the pressure
range is 0.08–14 MPa.

It can be seen from Figure 3 that in the temperature range of
26.85°C–199.85°C, the liquid density at the normal pressure boiling
point of CH4 is approximately 0.424 g/cm3, and the critical density is
approximately 0.163 g/cm3.

Therefore, the adsorption phase density of CH4 should be in the range
of 0.163 g/cm3–0.424 g/cm3. The approximate value of Van der Waals
with 0.372 g/cm3, and the density of adsorption phase of CH4 obtained by
Ozawa empirical formula method with 0.265–0.172 g/cm3 are reasonable.

There are only two data points in the descending section of the excess
adsorption curve under the temperature of 26.85°C, and the data points
are too few to carry out linear fitting. Therefore, for the excess adsorption
capacity curve in the temperature range of 29.85–199.85°C, the linear
fittingmethod of the downward section is used to calculate the adsorption
phase density. The results show that the adsorption phase density is in the
range of 0.17434–0.06772 g/cm3. With the increase of temperature, the
adsorption phase density gradually decreases, and the adsorption phase
density is only in a reasonable range at 29.85 °C. The rest are lower than
the critical density value of 0.163 g/cm3.

The adsorption phase density obtained by the regression method
of the L-F equation is between 0.9066 and 0.0807 g/cm3, and the

TABLE 2 The calculation method of adsorbed phase density.

Estimation method Calculation formula References Remark

constant approximation
method

Van der Waals constant
approximation

ρa � ρvan � MRTc
8pc

NIKOLAEV and DUBININ
(1958)

ρa is adsorption phase density,g/cm3. M is gas
molecular mass,g/mol. R isuniversal gas constant,
J/(mol•K). Tc is critical temperature, K. pc is
critical pressure, Pa. ρlp is normal boiling point
density, g/cm3. ρc iscritical density, g/cm3.ρb is
boiling point density, g/cm3. Tb is boiling point
temperature, K. nex is excess adsorption amount,
mmol/g; nab,L is the Langmuir volume of absolute
adsorption amount, mmol/g. pab,L is the Lamguir

pressure of excess adsorption amount,Pa

Boiling Point Liquid
Density Approximation

ρa � ρlp MENON (1968),
FINDENEGG and Loring

(1984)

Critical density
approximation

ρa � ρc MEHTA and DANNER
(1985)

Ozawa empirical formula ρa � ρb exp[−0.002 5 × (T − Tb)] OZAWA et al. (1976)

excess adsorption capacity
curve fitting method

Langmuir equation fitting nex � nab,Lp
pab,L+p (1 −

ρg
ρa
) Ross and Bustin (2007)

L-F equation fitting nex � nab,L(bp)m
1+(bp)m (1 − ρg

ρa
) Zhou S. et al. (2016)

Linear Fitting of
Descending Curve

nex � a + bρg Clarkson and Haghshenas
(2013)

FIGURE 3
Adsorbed density curve from different calculation methods.
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calculation results are in a reasonable range only in the temperature
range of 44.85–115.85°C. The density of the adsorbed phase obtained
by the Langmuir equation regression method is only in a reasonable
range at a temperature of 84.85°–115.85°C. At a temperature of 26.85°C
and 29.85°C, the calculation results have negative values and that is
meaningless. In the temperature range of 26.85–199.85°C, only the
adsorption phase density obtained by Ozawa empirical formula and
van der Waals approximation is in the reasonable range of CH4

adsorption phase density. In this paper, the Ozawa empirical
formula is used to calculate the absolute adsorption capacity.

3.3 Excess and absolute adsorption capacity

Since the influence of the adsorbed phase volume is neglected in
the data processing of the isothermal adsorption experiment, the
experimental results represent the adsorption amount
corresponding to the remaining part of the actual adsorbed gas
density minus the gas phase density, which is called the excess
adsorption amount. The actual adsorption amount is the absolute
adsorption amount, and the absolute adsorption amount is greater
than the excess. At present, the correction formula proposed by
MOFFAT and WEALE. (1955) is used to realize the conversion
from excess adsorption to absolute adsorption. The formula is
expressed as

Vab � Vex

1 − ρg
ρa

(2)

Where Vab is sbsolute adsorption amount, g/cm3. Vex 为is excess
adsorption amount, g/cm3. ρg is gas phase density under equilibrium
adsorption conditions, g/cm3. ρa is adsorption phase density, g/cm3.

Due to the large variation of the compression factors of CH4 and
CO2 under the experimental temperature and pressure conditions (as
shown in Figure 4), if the ideal gas state equation is used to calculate
the gas phase density, it will cause large errors. Therefore, the real gas
state equation is used to calculate the gas phase density. The gas phase
density can be expressed as

ρg �
MP

ZRT
(3)

Where M is molar mass, g/mol. Z is real gas compression factor, which
is calculated by Peng-Robinson equation. R is universal gas constant,
8.314 J/(K×mol). T is absolute temperature, K.

The phase change and density curve of CH4 and CO2 under the
experimental temperature and pressure conditions are shown in Figure 5.
For CH4, there is a phase change from gas phase to supercritical state
under experimental conditions. For CO2, the experimental temperature
30°C is lower than its critical temperature (31°C), at which CO2 changes
from gas phase to liquid phase. At the temperature of 45°C and 60°C, CO2

changes from gas phase to supercritical state, during the phase change of
CO2, the density increases greatly.

Based on the results of isothermal adsorption experiments, the excess
adsorption capacity was converted to absolute adsorption capacity by
using Formula (2) combined with the calculation method of gas phase
density and adsorbed phase density. The absolute adsorption capacity and
its fitting curve are shown in Figure 6.

The absolute adsorption capacity is greater than the excess, and
the difference between them is affected by the temperature, pressure
and gas type. In the low pressure range of 0 MPa–4 MPa, the
difference between them is small, and the difference increases with
the increase of pressure. Under low temperature, the difference is
larger than that under high temperature. The difference between the
absolute and excess adsorption capacity of CO2 on shale is greater than
that of CH4 under the same temperature and pressure.

The absolute adsorption curve was fitted by Langmuir Eq. 1 and
Freundlich equation. The Freundlich equation can be expressed as

V � kP1/n (4)
Where k and n are fitting constants. Fitting results and fitting parameters
are shown in Figure 6 and Table 3. The fitting results show that above the
critical temperature, the fitting effect of Langmuir equation on the
absolute adsorption curve is better than that of Freundlich equation.
For the adsorption of CO2 below the critical temperature, due to the phase
transition of CO2 from gas phase to liquid phase, the fitting parameters of
Langmuir volume and Langmuir pressure are obviously not of practical
significance, and the fitting degree of Freundlich equation is higher.

Langmuir and Freundlich equations reflect the different energy
relationships in the adsorption process. The Langmuir equation
represents that the adsorption heat does not change with the
adsorption amount, and the adsorbate is less sensitive to the
heterogeneity of the adsorbent surface. The Freundlich equation
represents that the adsorption heat and adsorption amount satisfy the
logarithmic correlation. The adsorbate is sensitive to the inhomogeneity of
the adsorbent surface, and preferentially adsorbed at the highly active site.

3.4Isosteric heat of adsorption of CH4 and
CO2 on shales

The isosteric heat of adsorption refers to the enthalpy change when a
mol of gas is adsorbed when the temperature, pressure and surface area of
the adsorbent are constant. That is, when the adsorption amount is
constant, the heat released during the adsorbent adsorbs infinitely small
amount of gas molecules. The heat is the instantaneous value of enthalpy
change during adsorption process. The isosteric heat of adsorption can
indirectly reflect the adsorption force of the adsorption system and the
inhomogeneity of the adsorbent surface. Isosteric heat of adsorption is
usually calculated by the Clausius-Clapeyron equation (RAMIREZ-

FIGURE 4
The compressibility factor of CH4 and CO2.
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PASTOR and BULNES, 2000) with isothermal adsorption capacity. The
equation can be expressed as

1
P

dP
dT

� qst
RT2

(5)

Where qst is isosteric heat of adsorption, J/mol. By deforming and
integrating both side of Eq. 5 can be expressed as

lnp � − qst
RT

+ C2 (6)

FIGURE 5
The phase change and density curve of CH4 and CO2.

FIGURE 6
The absolute adsorption isotherm of shale of Yanchang Formation.

TABLE 3 The fitting parameters of Langmuir and Frenudlich equations.

Fitting equation CH4 CO2

Langmuir equation T/°C VLab/(cm
3/g) pLab/MPa R2 VLab/(cm

3/g) pLab/MPa R2

30 7.88 13.61 0.9933 123.97 145.15 0.9791

45 4.39 10.71 0.9934 10.17 11.50 0.9920

60 2.63 9.88 0.9944 6.19 12.28 0.9853

Freundlich equation T/°C k n R2 k n R2

30 0.73 1.54 0.9933 0.95 1.09 0.9812

45 0.52 1.66 0.9905 0.94 1.39 0.9843

60 0.33 1.69 0.9898 0.66 1.46 0.9843
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where C2 is integration constant. Eq. 6 shows that 1/T and lnp have a
linear relationship, and the isosteric heat of adsorption qst
corresponding to the adsorption capacity n can be obtained from
the slope. Assuming the slope is A, the isosteric adsorption heat is

qst � −RA (7)
For the convenience of subsequent description, the isosteric heat

of adsorption obtained based on excess adsorption capacity is referred
to as the excess isosteric heat of adsorption, and based on absolute
adsorption capacity is referred to as the absolute isosteric heat of
adsorption. Relative to the initial isosteric heat of adsorption,
respectively referred to as excess initial isosteric heat of adsorption
and absolute initial isosteric equal heat of adsorption.

Linear function Eq. 8 and power function Eq. 9 were used to fit the
pressure logarithm-adsorption amount (lnp-n) data based on excess
and absolute adsorption amount, respectively.

lnp � a1 + b1nex (8)
lnp � a2 + b2nab

c (9)
where a1, b1, a2, b2 and c are fitting function parameters. nex is excess
adsorption amount, mol/g. nab is absolute adsorption amount, mol/g.
The fitting results of lnp-n are shown in Figure 7. The results showed
that the lnp-n data based on excess adsorption conformed to linear
function fitting, and the lnp-n data based on absolute adsorption
conformed to power function fitting.

Using Eq.8–9, lnp under several adsorption capacities is calculated,
and the data of lnP-T-1 is linearly fitted. The fitting function is

lnp � AT−1 + B (10)

where A and B are fitting parameter。The fitting curves of lnP-T-1

based on different types of adsorption amounts are shown in Figure 8.
The fitting results show that the lnp-T-1 data are linear, and linear
function fitting correlation coefficient of lnp-T-1 based on absolute
adsorption capacity is above 0.98.

The isosteric heat of adsorption was calculated according to Eq. 7
combined with the slope of lnp-T-1

fitting function. The excess and
absolute isosteric heat of adsorption curves of CH4 and CO2 adsorbed
by Yanchang Formation shale are shown in Figure 9. The isosteric heat
of adsorption of CH4 is greater than that of CO2. The excess isosteric
heat of adsorption is obviously greater than the absolute, and as the
adsorption amount increases, the difference between them gradually
increases. Considering that the absolute adsorption capacity
represents the actual adsorption capacity in the adsorption process,
it can be considered that the excess isosteric heat of adsorption can not
truly reflect the thermodynamic characteristics of the adsorption
system. If the excess eat of adsorption is used as the
characterization parameter of thermodynamic characteristics, the
results of thermodynamic analysis will be higher. Therefore, the
absolute adsorption capacity should be used as the basic data for
thermodynamic analysis.

The linear function is used to fit the isosteric heat of
and adsorption capacity. The linear fitting equation is
expressed as,

qst � a3 + b3n (11)
Where a3, b3 is fitting constant. a3 is intial isosteric heat of
adsorption,J/mol. b3 is change rate of isosteric heat of adsorption,
J/mol. The linear fitting parameters of isosteric heat and adsorption
capacity are shown in Figure 9 and Table 4.

FIGURE 7
The fitting curve of lnp-nunder different types of adsorption capacity.
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For the adsorption of CH4 on shale, the excess initial adsorption heat
is less than zero, which is inconsistent with the fact that the adsorption
process is exothermic. Therefore, from the point of view of the rationality
of the initial isosteric heat of adsorption, the use of excess adsorption
capacity as the basic data of adsorption thermodynamic analysis will cause
a negative value of isosteric heat of adsorption in the low adsorption
capacity stage, which is contradictory to the exothermic phenomenon of
adsorption process. This also shows that the adsorption thermodynamic
analysis should be based on the absolute adsorption capacity.

And the calculation results of isosteric heat show that there is a linear
positive correlation between the isosteric heat of adsorption and the
adsorption amount of CH4 and CO2 adsorbed by shale. There are three
kinds of change rules between isosteric heat and adsorption capacity, that is,
isosteric heat is constant, with the increase of adsorption capacity increases,
it decreases with the increase of adsorption amount. The variation law is
affected by the heterogeneity of adsorbent surface and the interaction force
between adsorbate molecules. The surface heterogeneity of the adsorbent
determines that the adsorbate molecules are preferentially adsorbed at high
active sites and then gradually adsorbed at relatively weak active sites, which
results in the decrease of adsorption heat with the increase of adsorption
amount. The interaction force between adsorbate molecules increases with
the increase of adsorption amount, which leads to the increase of adsorption
heat (RUTHVEN, 1984). It can be seen that the isosteric heat of adsorption
of CH4 and CO2 adsorbed by Yanchang Formation shale is greatly affected
by the interaction between gas molecules.

Under the same adsorption system, the initial isosteric heat of
adsorption reflects the molecular force between the adsorbent and
the adsorbate. The larger the initial isosteric heat, the greater the
force of the adsorbent surface to the gas molecules (NODZENSKI,
1998). It can be seen from Table 4 that when n = 0, the absolute
initial isosteric heats of CH4 and CO2 adsorbed by shale are
52.04 kJ/mol and 27.71 kJ/mol, respectively, indicating that the

FIGURE 8
The fitting curve of lnp-T-1under different types of adsorption capacity.

FIGURE 9
The isosteric heat of adsoptionunder different types of adsorption
capacity.
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adsorption force of CH4 on Yanchang Formation shale is stronger
than that of CO2, but this cannot be used to demonstrate the
feasibility of replacing CH4 with CO2 in engineering practice. The
reason is that the adsorption of CH4 and CO2 by shale in this
experiment is carried out independently, while the replacement
process in the actual reservoir is carried out on the basis of CH4

molecules adsorbed on the surface of shale. CH4 desorption and
CO2 adsorption are carried out at the same time. There is an
interaction between CH4 and CO2 molecules, which is reflected in
the interaction between desorption heat and adsorption heat.

4 Conclusion

Based on the isothermal adsorption experimental data of CH4 and
CO2 adsorbed by continental shale in Ordos Basin, the difference
between excess adsorption capacity and absolute adsorption capacity
was analyzed. Then, the Clausius-Clapeyron equation was used to
study the thermodynamic characteristics of continental shale
adsorption based on different types of adsorption capacity, and the
reasons for the difference in adsorption performance of CO2 and CH4

by shale were revealed from the thermodynamic point of view.

(1) The absolute adsorption capacity is greater than the excess, the
difference between them is affected by temperature, pressure and
gas type. The difference decreases with increasing temperature,
and increases with increasing pressure, and when the adsorption
gas is CO2, the difference between them is larger than CH4.

(2) In the temperature range of 26.85–199.85°C, the adsorption phase
density obtained by Ozawa empirical formula and Van der Waals
approximation is in the reasonable range of CH4 adsorption phase
density.

(3) The thermodynamic analysis of the adsorption process should use the
absolute adsorption capacity as the basic analysis data. The reason is
that the excess isosteric heat of adsorption has a negative value in the
low adsorption capacity stage, which is contradictory to the fact that
the adsorption is exothermic. And the excess isosteric heat is
significantly higher than the absolute isosteric heat.

(4) There is a good linear positive correlation between the isosteric
heat of adsorption and the adsorption amount of CH4 and CO2

adsorbed by continental shale in Ordos Basin, and the isosteric
heat of CH4 is greater than that of CO2. The absolute initial
isosteric heat of adsorption of CH4 and CO2 adsorbed by shale is
52.04 kJ/mol and 27.71 kJ/mol, indicating that the adsorption
force of CH4 on Yanchang Formation shale is stronger than
that of CO2.
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