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CO, is the main greenhouse gas in Earth's atmosphere, and has been causing global warming since the
industrial revolution. Therefore, technologies to mitigate carbon emissions have attracted extensive
research. Shale gas reservoirs could serve as potential sequestration space for CO,. This paper aims to
gain insight in the CO, adsorption behavior and mechanism in Longmaxi shale. The micropore filling
theory is the best model for CO, adsorption in the shale samples with the smallest MSR (Mean Square of
Residual). This model fits better than that of the monolayer adsorption and multi-layer adsorption
theories. Specifically, micropore filling adsorption mainly occurs in micropores, including the closed end
of slit pores, capillary pores, and ink-shaped pores. Molecular layer adsorption mainly occurs in
mesopores and macropores, including the open end of slit pores, plate pores, capillary pores, and ink-
shaped pores. Moreover, the prediction model of CO, storage quantity in deep shale gas reservoirs of
China is established. This model shows that 91.5-388.89 x 102 m® of CO, could in theory be stored in
an adsorbed state. CO, is mostly stored by an adsorbed state (higher than 95%) and a free state with
good security and low leakage risk. The results from this work are of specific interest for global research
on CO, adsorption characteristics and adsorption mechanisms in different pore structures. Furthermore,
it provides certain guidance for geological storage of CO, in shale.
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1 Introduction

Excessive CO, emissions since the pre-industrial era have
caused significant environmental issues, such as global warm-
ing and rise in sea-level."* At present, mitigating carbon emis-
sions is a global goal under the ambition of “dual carbon”
(carbon peak and carbon neutral). Widely developed shale gas
reservoirs with huge volumes may offer potential CO, storage
space. Moreover, the strong sealing property of shale gas
reservoirs can effectively hinder the leakage of CO,.** Addi-
tionally, the adsorption capacity of CO, is several to ten times
greater than that of CH,. Therefore, CO, will desorb the pre-
adsorbed CH, in shale pore structures and enhance shale gas
recovery.>® CO, is also a new type of clean fracturing medium
due to its properties of low viscosity, high rock breaking
velocity, and low rock breaking threshold pressure.”® Liquid
CO, and supercritical CO, fracturing fluids have been proved to
form a better three-dimensional fracture network than
hydraulic fracturing. Moreover, the opening of fractures and
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conductivity of the fracturing fractures, and the stimulation
effect of shale gas is more effective with CO, than with water in
the fracturing process.”'® Furthermore, the drawbacks such as
freshwater resource loss, groundwater pollution, and ground-
water level decline caused by hydraulic fracturing could be
effectively avoided.'™* Nevertheless, the mechanism of CO,
injection and interaction in the shale gas reservoir is complex
and not well understood. Therefore, enhanced CH, recovery
through CO, injection is still need further research.

Niu et al. demonstrated that the adsorption capacity of CO,
in shale is over five times higher than that of CH,, and that the
adsorption capacity increases with higher experimental pres-
sure and with lower experimental temperature.”* Tao and Cla-
rens predicted that 10.4-18.4 Gt of CO, could be trapped into
Marcellus shale in 2013-2030."* Moreover, some researchers
discussed the adsorption mechanism of CO, in shale and laid
a significant research foundation. Abdulkareem et al. and Wang
et al. conducted isothermal adsorption experiments of CO, in
shale, and found that the Langmuir and Freundlich models
have a fine goodness of fit in the fitting process of experimental
data.™'® Hence, the monolayer adsorption theory is suitable to
describe the adsorption behavior of CO, in shale gas reservoirs.
Yu et al. and Zeng et al. fitted the CO, adsorption behavior in
shale by using the BET (Brunauer-Emmett-Teller) model and
indicated that the multi-layer adsorption theory could charac-
terize the CO, adsorption process in shale.””'® Rani et al. and
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Zhou et al. suggested that DA (Dubinin-Astakhov) and DR
(Dubinin-Radushkevich) models based on the micropore filling
adsorption theory are applicable for CO, adsorption simula-
tion."™?* Although predecessors have done a lot of fruitful
research, shale gas reservoirs are characterized by a high
heterogeneity, with obvious differences in pore structure and
gas occurrence characteristics. Previous studies focused mainly
on the simulation of CO, adsorption behavior in shale by
certain models. Only, few studies emphasized the applicability
of different isothermal adsorption models and corresponding
gas adsorption mechanisms. Furthermore, the influence of pore
type, pore size, and pore structure on CO, adsorption in shale
needs to be further explored.

Although scholars have proved that Langmuir, BET, DR, DA
and other models can be used for the fitting of CO, adsorption
results, there are few studies on the adsorption mechanism of
CO, in shale, especially the adsorption patterns of CO, in
different types of pore structures. Moreover, Longmaxi shale is
a significant shale gas reservoir in China, and its industrial
exploitation has been achieved in the southern area of China.
This reservoir can also be regarded as a potential storage space.
Therefore, this work tested the adsorption characteristics of
CO, in the Longmaxi shale gas reservoir through isothermal
adsorption experiments, and the excess adsorption amount of
CO, was corrected to absolute adsorption amount by using an
empirical model. Langmuir, BET, DA, and DR models were
employed to fit the experimental results, and the goodness of fit
was used to discuss the applicability of monolayer adsorption,
multi-adsorption, and micropore filling theories in the variation
of pore type, pore size, and pore structure in Longmaxi shale.
The controlling mechanisms and controlling patterns were
established to directly reveal CO, adsorption characteristics in
shale gas reservoirs. Moreover, the quantity of CO, sequestra-
tion in deep shale gas reservoirs in China was predicted, and the
risk of CO, leakage was discussed, in the context of promoting
the ambition of carbon emission reduction.

2 Samples, experiments and methods
2.1 Sample preparation and experiments

The study area is in the southeast edge of the Sichuan Basin,
China. Six Longmaxi shale samples were collected from a fresh
outcrop profile and numbered LMX-1 to LMX-6 from the bottom
to top. Shale samples were grinded to 60-80 mesh size and dried
at 105 °C for 24 h for the isothermal adsorption experiments. An
aliquot of 10 g was needed for each sample. The adsorbate is
CO, with a 99.99% purity. The isothermal adsorption experi-
ments were conducted by a Terratek-300 gas adsorption
instrument (Fig. 1) in a volumetric method. The experimental
pressure ranges from 0 to 6 MPa and the experimental
temperature is 25 °C. Twenty experimental pressure points were
set for each experimental sample (at intervals of 0.5 MPa and
more for experimental pressure below 2 MPa). Prior to the
adsorption experiments, the detection of instruments and
circuits is necessary, including air tightness, pretreatment test,
volume test of the reference chamber, etc. Then, the shale
particles are put into the sample chamber, the balance valve is
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opened, and the isothermal adsorption experiments are con-
ducted from low pressure according to the preset experimental
pressure points. After 12 h of adsorption equilibrium at the first
pressure point, the experimental pressure was raised and the
subsequent pressure point was tested. Following the same
procedure, the CO, adsorption experiments of all pressure
points and six experimental samples were completed.

2.2 Calculation and fitting of adsorption isotherms

(1) The correction of absolute adsorption amount.

The results of the isothermal adsorption experiments are the
excess adsorption amounts (Vey) (the excess amount of adsorbed
phase density over bulk phase density), which underestimate
the real adsorption capacity of shale gas reservoir. Therefore,
they need to be corrected to obtain the absolute adsorption
amounts (V,ps). The differences in Ve, and V,,s are caused by the
volume of the adsorption phase.”* Hence, an empirical formula
(eqn. (1)) is used for the correction process.?

-

Vabs: the absolute adsorption amount, cm?® 2; Vex: the excess
adsorption amount, cm?® g; pg and p,: the bulk density and
adsorption phase density of CO,, g ml™".

(2) Langmuir model.

The Langmuir model (eqn. (2)) is extensively used in the field
of shale gas adsorption, which is based on the monolayer
adsorption theory. The adsorption occurs until the adsorbent
surface is covered with a layer of adsorbate.”” Additionally, the
application of the Langmuir model needs to follow several
assumptions, namely (i) the adsorbent surface is uniform, (ii)
only monolayer adsorption occurs, and (iii) there is no force
between the adsorbed molecules.?
VLo*P
P+P.

Vavs = (2)
P: experimental pressure, MPa; V;, and P;: Langmuir volume
and Langmuir pressure, cm® g~ ' and MPa.

(3) BET model.

The BET model (eqn. (3)) is the extension of the Langmuir
model, which is based on multi-layer adsorption theory. Good
fitting results with this model have been reported in the
research of gas adsorption behavior in shale.'® According to the
BET model, van der Waals forces exist not only between the
adsorbent and the adsorbate, but also among the adsorbate (the
latter is far lower than the former). Therefore, the adsorption is
infinite.

Vabs ((P/p())

)

Vm: saturated adsorption amount of monolayer, cm® g; Po:
saturated vapor pressure of adsorbate at experimental
temperature, MPa; c¢: a constant related to adsorption heat,
dimensionless.

(4) DR and DA models.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Terratek-300 gas adsorption equipment.

DR and DA models (eqn. (4) and (5)) are also extensively
employed in shale gas adsorption behavior, which are based on
the micropore filling theory. Pore filling is regarded as the main
adsorption behavior for gas in shale in these models, rather
than molecular layer adsorption in the Langmuir and BET
models.” DA model is an improvement of DR model, an addi-
tional fitting parameter leads to improved fitting results.

Vabs = Vi exp{ -D [ln (%)} 2} @)
Vabs = Vn exp{ -D [ln (%)} “} (5)

a: structural heterogeneity constant of shale, ranging from 1 to 4.

3 Results and discussion
3.1 Fitting of experimental results

The experimental results are the excess adsorption amounts, in
which the influence of adsorption phase density is ignored,
resulting in lower values than the actual adsorption amount.***
The absolute adsorption amount corrected from the excess
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Fig. 2 The fitting of experimental data by the Langmuir model.
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adsorption amount is used to characterize the real gas adsorp-
tion capacity of shale gas reservoirs (Fig. 2, 3, 4 and 5).2%*” All
models presented fine applicability for CO, adsorption data,
with a high goodness of fit. The latter refers to the goodness of
fit of the fitting line to the experimental data represented by
MSR, and the goodness of fit increases with a smaller value
(Fig. 6 and Table 1). With fitting of the Langmuir model to the
data, MSR is in the range of 0.004-2.474 (0.504 on average).
Langmuir adsorption is a monolayer adsorption based on the
concepts of an ideal surface and ideal adsorption layer, which
reflects ideal adsorption regularity.>**° The high goodness of fit
with the Langmuir model means that the monolayer adsorption
theory is applicable for CO, adsorption in shale gas reservoirs.
However, the applicability of Langmuir model varies in the CO,
adsorption process. At low experimental pressure (P < 2 MPa),
the deviation between the experimental data and the fitting
curves is slightly larger than that for the subsequent adsorption
process at higher experimental pressure (P > 2 MPa) (Fig. 2).
This phenomenon suggests that the applicability of the mono-
layer adsorption theory at high experimental pressure is better.
With fitting of the BET model to the experimental data, MSR
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Fig. 3 The fitting of experimental data by the BET model.
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Fig. 4 The fitting of experimental data by the DR model.

ranges from 0.008 to 2.341, with an average of 0.487 (Fig. 3). BET
adsorption is a multi-layer adsorption developed from the
Langmuir model,* its application also follows several
assumptions. (i) The molecular adsorption on the adsorbent
surface is an infinite layer, and the adsorption capacity and
adsorption heat of the first layer are much larger than those of
the other adsorption layers; (ii) the adsorption capacity and
adsorption heat of the adsorption sites is equal; (iii) there is no
interaction between the adsorbed molecules in the same
layer.*>** Generally, the goodness of fit and stability of the BET
model are slightly higher than that of the Langmuir model
(Fig. 6 and Table 1). The BET model performs better at high
experimental pressure, which indicates that the molecular layer
adsorption theory is more applicable for adsorption in meso-
pores and macropores in shale gas reservoirs, whereas its fitting
for adsorption in micropores is slightly worse than for the
former two types of pores.

DA and DR models are established according to the micro-
pore filling theory. The adsorption behavior of gas in micro-
pores is obviously different from that in mesopores and
macropores.*** The models are developed based on the
adsorption potential theory. The adsorption area on the
micropore surface is sufficient to form multi-molecular layer
adsorption, and the gas adsorption density and adsorption
intensity gradually decrease.**** The DA model presented the
highest goodness of fit for the fitting of this model to the
experimental data of all six samples, with MSR in the range of
0.004-1.115 (0.257 on average) (Fig. 4). The goodness of fit of the
DR model is slightly lower than that of DA model, MSR ranges
from 0.005-1.118, with an average of 0.261 (Fig. 4, 5 and 6). This
difference is interpreted to be caused by the fact that the DA
model has one additional fitting parameter than the DR model,
resulting in a greater accuracy. Although the DA model is the
best model, also a difference was recorded in the CO, adsorp-
tion process. However, the deviation between the fitting curve
and the experimental data is lower at low experimental pressure
(P/Py < 0.3) than at high pressure. This result suggests that the
micropore filling theory is more suitable for the characteriza-
tion of the CO, adsorption behavior in the Longmaxi shale.
Micropores are widely developed in the Longmaxi shale and
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Fig. 5 The fitting of experimental data by the DA model.

dominate the specific surface area of pores which control the
adsorption capacity of shale.***” This is because the organic
matter in the Longmaxi shale is in the stage of high-over
maturity. The source rock reached the generation peak of
gaseous hydrocarbon and formed a great amount of expansion
micropores in organic matter.**** Xie et al., Li et al.,, and Wang
et al. also suggested that micropores are the main contributor to
the specific surface area in over mature shale gas reservoirs,
even with a ratio higher than 90%. Therefore, the micropore
filling theory can better characterize the adsorption behavior of
CO, in shale.****

3.2 The goodness of fit of each isothermal adsorption model

The goodness of fit in the fitting process of the isothermal
models is obviously different, hence, a specific criterion is
needed to evaluate and measure it. Zhou et al., Wang et al. and
Liu et al. suggested that the Average Relative Error, Akaike's
Information Criterion and the Residual Sum of Squares (RSS)
(eqn. (6)) could characterize the single point fitting degree and

Langmuir
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2 4
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= x
1 4
0.5 1
x °
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Fig. 6 Goodness of fit of Langmuir, BET, DR, and DA models for CO,
adsorption data.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 1 The MSR values of the fitting models to the CO, adsorption behaviors

Goodness of fit Fitting model LMX-1 LMX-2 LMX-3 LMX-4 LMX-5 LMX-6

MSR Langmuir 2.474 0.333 0.017 0.004 0.055 0.143
BET 2.341 0.086 0.165 0.008 0.206 0.115
D-R 1.118 0.244 0.016 0.005 0.051 0.129
D-A 1.115 0.233 0.014 0.004 0.049 0.125

the entire fitting degree comprehensively.**™** In this work, the
quantity of the experimental pressure points is different, and
thus, the mean square of residue (MSR) is more suitable. In
Table 1, the MSR values of the models in the fitting process of
CO, were calculated.
MSR = RSS/DOF = 3_ (Vﬁbs - Vf“)z / DOF  (6)
i=1
MSR: the mean square of residual; RSS: the sum of residual
squares; DOF: degree of freedom, which equal n—1; V2*%: the
absolute adsorption capacity of the i-th pressure point, cm® g;
Vi the fitting adsorption capacity of the i-th pressure point,
em® g7t
A smaller MSR value corresponds to a higher goodness of fit.
MSR of the DA model is the smallest, followed by DR, BET, and
Langmuir models (Fig. 6 and Table 1). These observations
confirm that the micropore filling theory is the most probable
adsorption mechanism for CO, adsorption in the Longmaxi
shale, whereas the performance of the molecular layer theory
depends on the type of pores.

3.3 The controlling mechanism of goodness of fit in the
fitting process

As mentioned above, the Langmuir, BET, DA, and DR models
can be used to fit the CO, adsorption behavior in shale, but an
apparent difference in the goodness of fit is exhibited in the
fitting process. The CO, adsorption capacity and mechanism in
the matrix are controlled by the pore structure of the Longmaxi
shale, which leads to differences in the applicability of the four
fitting models. Hence, the theory model of CO, adsorption in
shale was established to reveal the adsorption mechanism of
CO, in different pores (Fig. 7). Organic matter pores, inter-
granular pores, intragranular pores, and microfractures are
widely developed in shale gas reservoirs, and they were divided
into slit pores, plate pores, capillary pores, and ink-shaped
pores.***” Slit pores are mainly intergranular pores and micro-
fractures that are open at one end (Fig. 7a, al, and a2). CO,
adsorption in slit pores consists of micropore filling in the
closed end of pores and molecular layer adsorption at the open
end of pores (Fig. 7a1). All four models are appropriate for the
fitting of CO, adsorption behavior in the slit pores. Plate pores
are mainly interlay pores of clay minerals and microfractures
that are open in all directions along the rough plane of the
fracture (Fig. 7b, b1, and b2). Molecular layer adsorption
dominates the CO, adsorption behavior in plate pores
(Fig. 7b1). The adsorption capacity and adsorption heat of the
first layer are much larger than those of other adsorption layers.

© 2022 The Author(s). Published by the Royal Society of Chemistry

The Langmuir and BET models are suitable for the fitting of CO,
adsorption behavior in the plate pores. Capillary pores are
mainly intergranular pores that are characterized by opening at
both ends (Fig. 7c, c1, and c2). The cross-section of the pores is
approximately circular and the longitudinal section is roughly
rectangular. Micropore filling dominates CO, adsorption
behavior in the pores with a diameter lower than 2 nm, whereas
molecular layer adsorption dominates adsorption in the pores
with a diameter greater than 2 nm (Fig. 7c1). Ink-shaped pores
are mainly organic matter pores characterized by a thin neck
and a wide body (Fig. 7d, d1, and d2). The application of
micropore filling and molecular layer adsorption is similar to
that in capillary pores which is controlled by pore size (Fig. 7d1).
Generally, hydrocarbon generation micropores in organic
matter dominate the pore structure parameters (pore volume
and specific surface area) of shale gas reservoirs.***® Further-
more, the DA model exhibits the highest goodness if fit (higher
than that for the Langmuir and BET models) in the fitting
process of CO, adsorption in shale gas reservoirs.

(a), (b), (c), and (d) are the slit pores, plate pores, capillary
pores, and ink-shaped pores of shale matrix; (a1)-(d1) and (a2)-
(d2) are the corresponding pore structure and adsorption
mechanism.*** InterG is intergranular, IntraG is intragranular;
OM is organic matter, Cal is calcite, Ill is illite.

3.4 Potential of CO, storage in deep shale gas reservoirs

Shale gas reservoir is one of the potential sequestration places
of CO, under the “dual carbon” ambition. Shale gas reservoirs
are widely developed with a recoverable reserve of 214.5 x 10"
m? in the world, of which 31.6 x 10'* m?® is in China.** More-
over, the adsorption capacity of CO, in shale is several to ten
times higher than that of CH,.>**® CO, has a linear molecular
configuration, smaller kinetic diameter, higher boiling point
and critical temperature, higher polarity, and lower self-
diffusion coefficient than CH, and can thus easily penetrate
through the pore throats and be absorbed by the pore walls.>">°
Additionally, organic geochemical and mineralogical composi-
tion characteristics are also significant controlling factors of the
CO, adsorption amount and adsorption affinity, especially the
former. Xie et al. suggested that enhancing CH, recovery and
CO, storage amount is controlled by total organic carbon
content which provides a large pore volume and specific surface
area, whereas the performance of clay is worse in high-over
maturity Longmaxi shale gas reservoirs.® Thus, more CO, can
be stored in shale gas reservoirs, especially in organic-rich
shale, and the adsorbed CH, will be displaced by CO, to
enhance shale gas recovery simultaneously. The absolute
adsorption amount of CO,/CH, ranges from 2.47 to 12.16 in my
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previous research, and the ratio increases with a rise in exper-
imental pressure and decreases with a rise in experimental
temperature.” The geological reserve of deep shale gas (3000
4500 m) in China is approximately 101.67 x 10" m>.®* However,
it is difficult to realize large-scale commercial development of
deep shale gas. CO, injection into shale gas reservoirs to frac-
ture the reservoir, enhance CH, recovery, and store CO, is
regarded as an environmentally friendly and cost-effective
exploitation scheme.®** Under the situ condition of deep
shale gas reservoirs, the adsorption ratio of CO, to CH, is

25952 | RSC Adv, 2022, 12, 25947-25954

® Freegas

approximately 4.5.”* Adsorbed gas accounts for 20-85% in shale
gas reservoirs.* Therefore, China's deep shale gas reservoirs
can, in theory, store 91.5-388.89 x 10"> m*® CO, in an adsorbed
state (eqn. (7) and (8)). Additionally, Liu et al. and Li and Els-
worth suggested that CO, sequestration in shale gas reservoirs
is mainly in adsorbed and free states, of which the former
accounts for more than 95% (Fig. 8), and the leakage risk of CO,
is less than 1% with a considerable sequestration security.®>°

Oco, = #COL/CH, x Acu, X peo, )

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 CO, sequestration amount after injected into shale gas
reservoirs.®®

ACI—L, =GR x Pr (8)

where Qco, is the storage quantity of CO, in deep shale gas
reservoirs, m*; aCO,/CH, is the adsorption ratio of CO, to CH,
in shale under the situ condition of deep shale gas reservoirs;
Acn, is the adsorbed quantity of CH, in deep shale gas reser-
voirs, m®; GR is the geological reserve of deep shale gas, m?; Pr
is the proportion of adsorbed gas in shale gas reservoirs.

4 Conclusion

(1) The fitting of the Langmuir, BET, DR, and DA models to the
CO, adsorption results are applicable, with varying goodness of
fit for the different models. The fitting of the DA model is
characterized by a lower MSR, followed by the DR, BET, and
Langmuir models. The micropore filling theory is more suitable
to describe CO, adsorption behavior in shale than the mono-
layer adsorption and multi-layer adsorption theories, which are
controlled by the widely developed micropores in organic
matter.

(2) The CO, adsorption mechanism is also affected by pore
type, pore size, and pore structure. In slit pores, micropore
filling and molecular layer adsorption dominate the CO,
adsorption process, whereas molecular adsorption prevails in
plate pores. In capillary pores and ink-shaped pores, micropore
filling or molecular layer adsorption depends on the pore size,
with the former mainly occurring in pores of less than 2 nm,
and the latter mainly in pores greater than 2 nm.

(3) Through the calculation of the adsorption selective
coefficient of CO, and CH,, and the geological reserve of deep
shale gas in China, tillions of cubic meters of CO, is in theory
expected to be stored in an adsorbed state in China's deep shale
gas reservoirs with a low leakage risk.
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