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A B S T R A C T

Using CO2 as a shale fracturing fluid was proposed recently as an alternative to H2O fracturing, one of its
advantages is enhanced recovery of CH4, which is based on the competitive adsorption of CO2 and CH4 on shales.
Therefore, investigations on gas adsorption in shales are of great importance. Recent researches evidenced that
organic matter (OM) in shale is the major control on its adsorption behavior, but in some cases, mineral com-
ponents (MC) may also play a role. Herein, we focus on the alteration of porosity due to the presence of OM-MC
interface and their influence on gas adsorption, these cannot be simply attributed to either OM or MC as fre-
quently reported in the previous publications. In this context, OM from a shale sample was purified following
reported methodology, while a universal procedure for extraction of MC was established. Further studies on the
porosity and adsorption behavior were carried out on OM, MC, and shale, which were then compared with a
hypothetic mixture (HM) from OM and MC bearing the same composition of shale. For the first time, we de-
monstrate experimentally the profound effect of porosity at the OM-MC interface on gas adsorption of shales
particularly at temperatures more relevant to reservoir conditions. The current work deepened the under-
standing on gas adsorption of shale, and thus shed meaningful lights on related areas such as gas-in-place (GIP)
estimation, CO2 sequestration in shales, and particularly the utilization of CO2 for enhanced shale gas recovery.

1. Introduction

Shale gas generates from biogenic and/or thermogenic processes of
organic matter in shale plays, and thus shale is both the source and the
reservoir for shale gas (in contrast to conventional natural gas) [1,2]. As
a type of unconventional resource, exploration of shale gas develops
rapidly in recent years particularly in north America and China. CH4 in
shale reservoir includes free gas (within pores, fractures, voids, etc.),
adsorbed gas (enriched on shale surface due to adsorption), and dis-
solved gas (enriched in the bulk of bitumen, oil, and/or water) [3,4].
Among these, adsorbed gas accounts for 20–85% of the total gas, and
thus showing paramount importance to the continual production of
shale gas [5,6]. Normally, fracturing of the shale rock with H2O is
needed to achieve economical production of shale gas, however, recent
experience evidenced that the process is environmentally risky,

therefore using CO2 as a fracturing fluid was proposed as an alternative
with several advantages [7]. One very interesting feature of CO2 frac-
turing is that CO2 can be favorably adsorbed onto the surface of shale
than that of CH4, which leads to enhanced recovery of the adsorbed
CH4. In principle, the process is competitive adsorption of CO2 over
CH4, therefore related understandings are necessary to fulfill effective,
benefitable, and large-scale of CO2 utilization in the area.

In recent years, large efforts were made to investigate gas adsorp-
tion on shales, special focus included the effect of total organic carbon
(TOC), maturity, mineral composition, and others [8]. For example,
several groups have reported the increase of surface areas with the rise
of TOC in different shale samples, and thus organic matter is regarded
as the major control for gas adsorption [9,10]. On the other hand,
Gasparik et al. measured CH4 adsorption on a wide range of shale
samples from Europe and US, a positive correlation between CH4
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sorption capacities and TOC was observed, but great deviations from
this trend was also noticed [11]. In their further work on analyzing high
pressure CH4 adsorption of shale from the Netherlands, no correlation
of excess adsorption capacity with TOC was found, and low-TOC, clay-
rich shales showed comparable or even higher CH4 adsorption capa-
cities as compared with the TOC-rich samples [12]. Similarly, Heller
et al. also observed higher gas uptakes on shales with lower TOC [6].

In order to achieve in-depth understanding on the above issue, some
researchers attempted to study individual contribution from organic
matter (OM) and mineral components (MC) to the overall adsorption of
shales. For example, Xiong and colleagues measured gas adsorption on
kerogens extracted from shales, and the results were compared with
data obtained from different minerals (e.g. quartz, illite, and chlorite),
this enabled the authors to conclude that adsorption on kerogen is
significantly higher than minerals [13]. Based on adsorption data of
minerals in the literatures, Yang and co-workers calculated adsorption
capacity of shales by considering individual adsorption capacities and
mass ratios of organic matter and different minerals [14].

In general, previous researches established that the highly devel-
oped porosity in OM and some of the MC are the major locations for gas
adsorption, however, it is reasonable to expect substantial alterations
on the intrinsic porosity of OM and MC due to the presence of their
interface in a shale sample. Apparently, these changes in porosity,
which are expected to have considerable influence on the adsorption
behavior of shales, cannot be simply attributed to either OM or MC. For
example, Rexer and co-workers removed the clay minerals from shale
by acid washing, gas adsorption was then measured on the resulted
kerogen samples, combining with mineral adsorption data reported by
other researchers, they concluded that approximately 45–60% and

60–70% of the adsorption capacity of shales can be attributed to clays
and kerogen, respectively. They also suggested that the interfaces of
kerogen and clay minerals might have great influence to the adsorption
properties of shales. In this work however, neither direct observations
nor characterizations were attempted to understand gas adsorption at
the interfaces of kerogen and clay minerals [8].

Herein, extraction of OM and MC from a Longmaxi shale was car-
ried out, characterization of the samples during and after the extraction
indicated the effectiveness of those processes, and both the resulted OM
and MC stayed intact after extraction with minimized alternation as
compared with their counterparts in shale. This is to say that we es-
tablished a general procedure to extract MC from shale, which can be
used for other types of shales, and thus benefits the broad research
interests. Furthermore, systematic characterization on the porosity and
evaluation on gas adsorption (both CH4 and CO2) were then performed
on OM, MC, and shale, which were then compared with a hypothetic
mixture (HM) from OM and MC bearing the same composition of shale.
For the first time, we demonstrate experimentally and directly that a
large amount of the original micropores in OM was actually blocked in
shales, and thus are inaccessible for gas adsorption. More importantly,
generation of additional narrow mesoporosity was confirmed at the
interface of OM and MC (probably due to the presence of OM in the
larger pores of MC), which played an important role for gas adsorption
particularly at temperatures more relevant to reservoir conditions.
These observations deepened current understandings on adsorption
behavior and mechanism of shales, thus shed interesting lights on re-
lated applications such as gas-in-place (GIP) estimation, CO2 seques-
tration in shales, and particularly the utilization of CO2 for enhanced
shale gas recovery.

Fig. 1. a) TG curve of shale in an air atmosphere. b) MS signal during TG analysis. c) Photograph of Shale, MC, and OM. d) XRD patterns of Shale and MC.
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2. Experimental

2.1. Extraction of MC by controlled combustion of OM

The collected shale samples were first grounded into powders, and
then submitted to a TG (Thermal gravimetry)-MS (Mass spectroscopy)
analysis on a NETZSCH STA 449 F3 instrument under air atmosphere,
the temperature was increased with a slow ramping rate of 2 °C/min,
which allowed a proper temperature for OM combustion to be found
(see Section 3.1). Have determined this temperature, ca. 3 g shales were
loaded into a tube furnace and treated at the pre-determined tem-
perature for 5 h in an air flow (250mL/min). After the treatment, the
samples were cooled to room temperature and collected.

2.2. Extraction of OM by acid washing

50 g of grounded shale was charged in a Teflon beaker and stirred
with water for 4 h, after decant the water, the wet shale was then wa-
shed sequentially with: (1) 200mL HCl (6mol/L), (2) 80mL HCl
(6mol/L)+ 120mL HF (40 vol.%), (3) 80mL HCl (6mol/L)+ 120mL
HF (40 vol.%). The resulted shale was then soaked in 1mol/L HCl for
1 h, and then washed to neutral with H2O.

2.3. Characterization

N2 adsorption at −196 °C was measured on a Micromeritics
ASAP2420 apparatus, before any test, samples were degassed at 300 °C

Fig. 2. SEM images of a) and b) shale. c) and d) MC.

Fig. 3. a) TG curve of OM in an air atmosphere. b) XRD pattern of OM.
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for 10 h under vacuum. A Micromeritics TriStar II gas adsorption ana-
lyzer was used to collect CO2 adsorption data at 0 °C, similar to N2

adsorption, samples were degassed at 300 °C for 10 h under vacuum
before tests. Morphology of samples was investigated by scanning
electron microscopy (SEM) on a SUPRA 55 apparatus with an accel-
eration voltage of 2.0 kV. TOC of the samples was measured using a
SHIMADZU TOC-L instrument with a SSM-500 A solid sample module.
A Rigaku Ultima IV X-ray diffractometer was used to analyze the mi-
neral component in shale.

2.4. High pressure gas adsorption

High pressure gas adsorption of OM, MC, and shale was performed
on a Quantachrome iSorb HP1 high pressure gas sorption analyzer. The
samples were firstly treated at 200 °C in vacuum for 4 h, and then ad-
sorption isotherms at 25, 35, 50, and 70 °C were measured from 0.1 to
50 bar.

3. Results and discussion

3.1. Separation of kerogens and minerals from shale

In order to characterize the porosity at the interface of OM and MC,
the collected shale sample was submitted to oxidative decomposition
and acid etching to extract MC and OM, respectively. Comprehensive
characterization was carried out during and after the treatments to
ensure all the adopted procedures were appropriate.

3.1.1. Extraction of MC by oxidative decomposition
OM in shale is mainly composed by light elements, which can be

removed easily by oxidative decomposition at elevated temperatures
(combustion), however, the used temperature should be judiciously
controlled to ensure the complete removal of OM without damage on
MC. Therefore, we performed a TG-MS study in an air atmosphere with
a slow ramping rate of 2 °C/min to minimize any co-occurrence of OM
combustion and carbonate decomposition. Fig. 1a shows the obtained
TG curve together with the temperature profile, it can be seen that
below 120 °C, marginal weight loss was observed due to the removal of
trace amount of weakly adsorbed H2O and/or CO2. The weight of
sample remains almost unchanged from 120 to 350 °C, followed by
drastic decrease of ca. 5.80 wt.% from 350 to 550 ± 10 °C (second
step), after which a third step of weight loss can be seen from 550 to ca.
800 °C. Fig. 1b presents the MS signals (m/z=18, 44, and 64 re-
presenting H2O, CO2, and SO2, respectively) of the effluent gas during
the analysis, synchronous production of CO2 and H2O was detected
with main peaks at ca. 520 °C and shoulders at ca. 405 °C, indicating the
combustion of OM in the shale matrix, a small amount of SO2 was also
detected at ca. 380–480 °C due to the oxidation of sulfur in OM. After
520 °C, concentration of CO2 and H2O diminished quickly in the ef-
fluent, and the signals went back to baseline value at ca. 560 °C, in-
dicating the complete removal of OM at such temperature, this result is
in perfect match with the second weight loss in Fig. 1a. From 560 °C,
additional CO2 production without any formation of H2O was detected,
indicating the third weight loss in Fig. 1a should be ascribed to the
decomposition of carbonates.

Based on the above results, shale samples were treated in a tube
furnace at 550 °C under an air flow for 5 h, a yellowish sample was
obtained in contrast to the black shale (Fig. 1c), and TOC decreased
from 4.58wt.% for the pristine shale to ca. 0 wt.% for the extracted MC,
which is indicative to the complete removal of OM. XRD pattern of the
collected MC was measured and compared with that of the pristine
shale in Fig. 1d, perfect matching of both peak position and peak in-
tensity was obtained, indicating that during the removal of OM, any
structural and compositional changes on the minerals were minimized
by our procedure.

Fig. 4. a) N2 adsorption isotherms at −196 °C of Shale, OM, and MC. b) NLDFT pore size distribution of Shale, OM, and MC based on −196 °C N2 adsorption. c)
Cumulative pore volume of shale and HM. d) CO2 adsorption isotherms at 0 °C of Shale, OM, and MC. e) NLDFT pore size distribution of Shale, OM, and MC based on
0 °C CO2 adsorption. f) Cumulative narrow micropore volume of shale and HM.

Table 1
Textural properties and TOC of Shale, OM, MC, and HM.

Sample SBET(m2/g) Vmic(cm3/g) Vt(cm3/g) TOC (wt.%)

Shale 22 0.0033 0.029 4.58
OM 66 0.0084 0.118 50.14
MC 7 ∼0 0.027 0
HM 12 – 0.035 –
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We also compared the morphological features of shale and MC, in
order to do so, SEM images of a piece of shale were taken, and in the
obtained pictures a very special spot was marked as a reference location
(yellow circle in Fig. 2a and c). Afterwards, the OM in this shale was
removed, the morphology of the resulted MC was characterized again,
and its comparison with the parent shale was achieved by localization
of the reference point. From Fig. 2b and d, less rough surface was ob-
served after the removal of OM, however the general morphology of the
inorganic backbone remained unchanged, suggested again that MC in
the shale stayed intact during the treatment.

3.1.2. Extraction of OM by acid washing
MC in shale can be removed by acid etching, and after such treat-

ment, TOC of the obtained OM reached 50.14 wt.%, and their appear-
ance is in a black powder form similar to that of the parent shale
(Fig. 1c). Fig. 3a shows the TG curve of the obtained OM, weight loss
started at ca. 280 °C and greatly accelerated at 350 °C, after which a
rapid decomposition up to ca. 550 °C was observed owing to the com-
bustion of kerogens, this result is in good accordance with the 2nd
weight loss of the parent shale (Fig. 1a). From Fig. 3a, it can also be
seen that the TG curve of OM leveled off after 550 °C, namely the 3rd
weight loss for the parent shale is absent, however, there was still
30.0 wt.% residual left even at 1000 °C, indicating some inorganic
component(s) survived from HF etching. XRD pattern was then re-
corded to identify these residuals as presented in Fig. 3b, the broad
peak at ca. 25° was attributed to the amorphous kerogen, and the rest
peaks matched well and exclusively with those of pyrite (PCPDF 71-
0053), therefore it is reasonable to assume that except for pyrite, the
removal procedure was effective for all the other mineral components.

Rexer and co-workers also found that pyrite is the only residual mineral
after treating Posidonia shale by repeated washing with HCl, acidified
CrCl2, and HF [8].

Based on the above procedures, another shale sample was treated to
extract their corresponding OM and MC, very similar results could be
obtained, indicating that the current methodology can be universally
used to different shales (Figs. S1–S4).

3.2. Porous structure of OM, MC, and shale

Low temperature N2 adsorption (−196 °C) was carried out on OM,
MC, and shale to quantify any formation/diminishing of porosity due to
the presence of the OM-MC interface in shale. Fig. 4a presents the ob-
tained isotherms, according to a recent classification from IUPAC [15],
these isotherms showed a combinative feature of type II and IV, in-
dicating the presence of disordered mesopores. Moreover, a rapid in-
crease of N2 uptake at low P/P0 was also observed for the extracted
kerogens, demonstrating its better developed microporosity. Table 1
lists more textual parameters of the samples, specific surface areas of 7,
66, and 22m2/g were obtained for MC, OM, and the parent shale, re-
spectively. Correspondingly, higher pore volume was also measured for
OM (0.118 cm3/g) as compared with MC (0.027 cm3/g), and only
marginally higher pore volume of 0.029 cm3/g was measured for shale,
these values agree well with those reported by Yang et al. [14].

It is reasonable to assume that upon composing of shales from OM
and MC, the original pores from these components can be altered due to
the formation of the OM-MC interface. Therefore, we compared the
textural parameters of shale with a hypothetic mixture (HM) from OM
and MC, which bearing the same composition of shale. Similar concept

Fig. 5. CH4 adsorption isotherms at 25, 35, 50, and 70 °C on a) shale, b) OM, and c) MC. d) CH4 adsorption isotherm at 35 °C on shale, OM, and MC.
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has been extensively used for hybrid materials to show any synergistic
effect between different constituents. Based on separate measurements
of these parameters of the extracted OM and MC, the textural para-
meters of HM can be calculated from mass balance (Eq. (1)):

= × + ×A A A0.058
0.70

0.942HM
OM

MC (1)

In Eq. (1), 0.058 and 0.942 are weight fractions of OM and MC obtained
from Fig. 1a, where 5.8 wt.% weight loss was observed due to the re-
moval of OM during TGA test, and the rest (94.2 wt.%) was assumed to
be mineral components. 0.70 is the kerogen purity in the extracted OM
determined from Fig. 3a and b, where burning the extracted OM re-
sulted in 30.0 wt.% of residual pyrite, the latter was assumed to be non-
porous and do not contribute to any gas adsorption [8]. AHM, AOM, and
AMC are textural parameters for the HM, OM, and MC, respectively.

Based on the calculation from Eq. (1), it was very interesting to
found that the surface area of HM is significantly lower (by 45.5%) than
that of the parent shale, but the pore volume of HM is higher than shale
by a factor of 1.21 (0.035 vs 0.029 cm3/g). These results confirmed the
alteration of porosity from the original OM and MC due to the presence
of MC-OM interface. Based on the research experience on porous ma-
terials, high surface areas are normally obtained on microporous ma-
terials, while mesopores are required to achieve larger pore volumes.
Similar result was also reported for shale by Wang et al., their quanti-
tative analysis showed that micropores contributed 56.21–80.95% to
the total surface area, but only account for 13.56–37.25% of the total

pore volume [16]. Consequently, it is reasonable to assume that during
the above mentioned “hybridizing” of MC and OM to shale, the gen-
erated and diminished porosities were distributed at distinct apertures.

Pore size distribution (PSD) was then calculated by the Non-local
Density Functional Theory (NLDFT) method from the N2 isotherms
(Fig. 4b), the results confirmed the disordered mesoporous structure of
these samples and a better developed microporous structure of OM.
Fig. 4c compares the cumulative pore volume of shale and HM, con-
tributions of OM and MC to HM are also presented for comparison.
Interestingly, shale showed a larger amount of narrow mesopores
(< 25 nm) than that of HM, while the original wider mesopores
(> 25 nm), contributed mainly from MC due to its dominated con-
centration, were either blocked by OM or narrowed due to the presence
of OM within these pores. The above results provided convincing sup-
port on that in the real shale, considerable pores existed at the OM-MC
interface, which locates within 1–25 nm range, these porosities are re-
sponsible to the enhanced surface area compared to HM, at the mean-
time, substantial loss on the large mesopores pre-existed in MC induced
lower total pore volume. The combinative results of these alterations
can affect gas adsorption distinctively at varied conditions (vide infra).

Although N2 adsorption at −196 °C is the most widely used method
for measuring texture properties, narrow-microporosity (< 1 nm)
cannot be determined accurately since the diffusivity of N2 molecules at
−196 °C into these pores is fairly low. Alternatively, we measured CO2

adsorption at 0 °C and applied NLDFT analysis to further characterize

Fig. 6. Comparison of CH4 adsorption on Shale and HM at a) 25 °C. b) 35 °C. c) 50 °C. d) 70 °C.
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the narrow-micropores in the samples [17]. The obtained isotherms and
PSD were presented in Fig. 4d and e, it can be seen that OM possessed
significantly more narrow-micropores than both MC and shale. Narrow-
microporosity of shale and HM was compared in Fig. 4f, in contrast to
the result from Fig. 4c, larger values were obtained for HM in the entire
analysis range, this is to say that some of the highly developed narrow-
micropores in OM is inaccessible in real shales, therefore their con-
tribution to gas adsorption should be very limited.

3.3. Gas adsorption on OM, MC, and shale

3.3.1. CH4 adsorption
Fig. 5a–c present CH4 adsorption isotherms measured at different

temperatures on shale, OM, and MC, respectively. It was found that
adsorption increased with the increasing of pressures and decreased
with the increasing of temperatures. These results are in line with the
thermodynamic nature of the adsorption process. Within the measured
temperature range (25–70 °C), shale showed CH4 uptakes of ca. 0.081-
0.173mmoL/g at 50 bar. Considerably higher CH4 adsorption was ob-
served on OM than that of shale due to its highly developed porosity
(Fig. 5d). The isotherms of shale and OM showed larger slopes at low
pressures, which can be related to the filling of micropores in these
samples. Furthermore, except the isotherm measured at 70 °C, CH4

adsorption capacities measured on MC are on the same order of mag-
nitude to that of shale. The above results suggest that although OM has
considerably high adsorption capacity, for shales however, adsorption
sites in MC cannot be neglected, and the contributions from OM and MC
are complicated and highly dependent on temperatures, this might be a

key factor that led to previous contradictory results when solely cor-
relate adsorption properties of shales to TOC and/or content of mi-
nerals.

According to similar method in Eq. (1), we also compared CH4 ad-
sorption capacity of shale and HM at different temperatures as showed
in Figs. 6, S5, and S6, it was noted that at 25 and 35 °C, CH4 uptakes of
HM are slightly higher than those measured on shale, probably due to
multilayer adsorption in the larger mesopores of HM (originated from
MC) at elevated pressures, this can be confirmed by the type II iso-
therms at these temperatures as well. Moreover, with the increasing of
temperature from 25 to 35 °C, the difference between shale and HM
became smaller, and further increasing the temperature to 50 °C, si-
milar CH4 capacities were obtained. From thermodynamics, stronger
interaction with the gas molecular favors adsorption at higher tem-
peratures, and thus smaller pores are more effective due to the over-
lapped adsorption potential from the pore walls [18]. Consequently, the
results showed in Fig. 6 can be explained by the increased contribution
of smaller pores to CH4 adsorption at higher temperatures, and due to
larger amount of these pores in shale, its CH4 uptake gradually sur-
passed that of HM. Very interestingly, at 70 °C (which is more relevant
to the shale reservoir condition [19]), shale adsorbed considerably
higher amount of CH4 than that of HM, this result can be attributed
exclusively to the newly formed narrow mesopores at the interface of
OM and MC (Fig. 4c), demonstrating the importance of these pores to
gas adsorption, unfortunately, this point was overlooked and rarely
reported previously. Identical results were also obtained on other shale
samples as we showed in Figs. S5 and S6, indicating the influence of
OM-MC interface to the adsorption of shale is universally present.

Fig. 7. Snapshots of the configurations of methane adsorption at 70 °C and 50 bar, kerogen molecule was removed for clarity in the right figure of each panel.
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Molecular simulation was carried out to further evidence the im-
portance of OM-MC interface on gas adsorption from a theoretical point
of view. For sake of simplicity, shale model was construct from a quartz
supercell with a size of 42.96×42.96×129.648 Å and type II kerogen
molecule developed by Ungerer et al. was used [20]. An inner channel
with a diameter of 120 Å was created by digging a slit-like pore with
hydroxylated surfaces in the quartz supercell to establish a nanopore,
and a cluster of 24 kerogen molecules were placed in the middle of the
channel with about 40 Å size in z-direction. Based on this model, ab-
solute adsorption was calculated by MC simulations using the grand-
canonical Monte Carlo (GCMC) method by Sorption module in Material
Studio software. Fig. 7 presented four snapshots after the system
reached equilibrium at 70 °C and 50 bar, it can be seen that significant
amounts of CH4 were found to locate in the volume between MC and
OM, these are in perfect accordance with the previous experimental
results.

3.3.2. CO2 adsorption
Recently, using CO2 as a fracturing agent for shale gas recovery was

proposed as an alternative approach in addition to hydraulic fracturing
[21], during this process, it has been proved both experimentally
[22,23] and theoretically [24] that CO2 can favorably adsorb on the
pore surface of shale and displace CH4 to enhance shale gas recovery. In
the meantime, CO2 storage can also be achieved in the reservoir as an
extra benefit [11,25–27]. The above processes are intrinsically com-
petitive adsorption of CO2 and CH4 at geological conditions, therefore
we also carried out CO2 adsorption on shale and the extracted OM and
MC.

Fig. 8 shows the measured CO2 isotherms of shale, OM, and MC at
varied temperatures. Similar to the trend observed for CH4 adsorption,
OM showed much higher CO2 uptake than those of shale and MC, and
only marginal difference was obtained for shale and MC except at 70 °C.
CO2 uptakes measured by the shale at 50 bar were 0.171-0.653 mmoL/g
within the studied temperature range, and CO2/CH4 uptake ratios of
2–4 were obtained, these values are comparable to those reported by
Chareonsuppanimit et al. on New Albany shale sample from the Illinois
basin and Weniger et al. on shale samples from the Paraná Basin of
Brazil [6,22,23], demonstrating the feasibility of using CO2 as a
swapping agent to replace CH4 molecule adsorbed on the shale surface.

Fig. 9 compares the CO2 uptake of shale and HM at different tem-
peratures. To our delight, similar trend as compared with the results
showed in Fig. 6 was observed, namely higher CO2 uptakes were ob-
served on HM at low temperatures, while at 70 °C, higher adsorption is
obtained on shale than HM. Of great interest is that the CO2 isotherms
of HM at 70 °C showed a maximum value at ca. 30 bar, while this was
not visible for shale. Presence of maxima in excess isotherm was fre-
quently reported for gas adsorption at supercritical conditions due to
the rapid increasing of gas phase density with pressure, and this be-
havior is influenced by the pore aperture [13,28,29]. Consequently, the
difference observed in Fig. 9d proved again the porosity of shale differs
significantly from OM and MC due to the presence of OM-MC interface.
Additionally, the maximum CO2 uptake observed on HM at 70 °C is
invisible at lower temperatures. This result is in contrast with previous
reports that maximum gas uptake on shale was favorably observed at
lower temperature [11,30,31]. These results indirectly demonstrated
again that the gas adsorption behavior cannot be simply decomposed

Fig. 8. CO2 adsorption isotherms at 25, 35, 50, and 70 °C on a) shale, b) OM, and c) MC. d) CO2 adsorption isotherm at 35 °C on shale, OM, and MC.
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into contributions from OM and MC, and it is necessary to take the
porosity at their interface into consideration.

4. Conclusion

In conclusion, organic matter (OM) and mineral components (MC)
were isolated from a Longmaxi shale experimentally, TG-MS, XRD, and
SEM were employed to confirm that the extracted OM and MC re-
mained similar properties as they were in the original shales, thus the
established extraction methods were proved to be effective. As the ex-
traction of MC was rarely reported before, the procedures used here
provided a general methodology that is applicable to other shales.

Porosity of the obtained OM and MC were carefully analyzed and
compared with shale, by inducing a hypothetic mixture (HM) from OM
and MC bearing the same composition of shale, we were able to show
that presence of porosity at the interface of OM and MC is obvious,
which cannot be attributed solely to either OM nor MC. For the first
time, we demonstrated experimentally that these pores played an im-
portant role in gas adsorption especially at temperatures more relevant
to reservoir conditions, and therefore the current work deepened the
understandings on gas adsorption of shale, leading to potential appli-
cation in related areas such as gas-in-place (GIP) estimation, CO2 se-
questration in shales, and particularly the utilization of CO2 for en-
hanced shale gas recovery.
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