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To study the influence of different organic-inorganic composition on the adsorption in shale, taking the Niutitang Formation
shale in the Huijunba syncline in southern Hanzhong as the research object, based on acid treatment to extract kerogen and
wet chemicals. Extracting mineral components by oxidation method, a series of isothermal adsorption experiments were
carried out on the original rock, kerogen, and mineral components of the samples. Through the three-dimensional Langmuir
model fitting and adsorption thermodynamic calculation method, the adsorption thermodynamic parameters such as the
isometric heat of adsorption and the standard adsorption entropy are obtained. The research results show that organic matter
is the primary factor affecting the methane adsorption of shale and clay minerals also affect the adsorption to a certain extent.
When the burial depth is relatively shallow, diagenesis has a promoting effect on the total amount of adsorption. As the depth
increases, the diagenesis will turn into an inhibitory effect on the total amount of adsorption. Through the component
weighting method, the lower limit ratio of the adsorbed amount of organic matter to the total amount in the shale is
29.3%~46.7% when the depth reaches to 3000 m, while the upper limit ratio of the adsorption of mineral components is

66.4%~73.6%.

1. Introduction

The adsorption gas content of shale is mainly affected by the
total organic matter content (TOC), thermal evolution
degree, the type and content of minerals, and other factors.
At the same time, the temperature and pressure environ-
ment and the moisture of shale are also the main objective
factors controlling the adsorption gas amount of shale
[1-9]. In fact, the adsorption of natural gas belongs to phys-
ical adsorption, which is the retention of methane and other
gases on the surface of adsorbent in the adsorption state, and
the nanopores of shale are the important physical basis for
the methane adsorption [10-13].

On the one hand, organic matters in shales are an
important material condition for the formation of natural

gases [14-18]. At the same time, in the process of hydrocar-
bon generation and evolution, organic matter will also form
nanopores, providing a large number of adsorption sites for
gas. The higher abundance of organic matter in shale, the
stronger its adsorbability [3, 19]. The change of thermal evo-
lution degree of organic matter not only affects the develop-
ment of organic pores, but also changes the molecular
structure characteristics, which is directly reflected in the
adsorption capacity to shale [3, 20]. The mineral composi-
tion characteristics of shale also cannot be ignored, espe-
cially the influence of clay minerals on the adsorption of
methane is very complex due to their diverse composition
and the development of nanopores. Jiang et al. have found
that there is a good positive correlation between methane
adsorption and clay mineral content in the Chang 7 shale
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of Yanchang Formation in Ordos Basin [21]. However, more
studies believe that clay mineral content does not play a
dominant role in the methane adsorption of shale and even
has a certain negative correlation [1, 22]. The temperature
and pressure environment of shale is the most important
objective factor affecting the adsorption of shale [23].

From the perspective of thermodynamics, the adsorption
process of natural gas is an exothermic process, while the
desorption process is contrary to it. Zhang et al. established
evaluation models of gas adsorption volume for different
types of organic-rich shales based on Langmuir equation
and thermodynamics principle of gas adsorption [7]. Ji
et al. studied the adsorption thermodynamic characteristics
of different types of clay minerals by the same method and
pointed out that the order of gas adsorption capacity of clay
minerals was smectite > illite/smectite formation > kaolinite
> chlorite > illite and the adsorption heat of clay minerals is
lower than that of organic matter, meaning that organic mat-
ter has a stronger gas adsorption capacity than clay minerals
[4]. Li et al. pointed out that, without considering the forma-
tion water, the contribution of kerogen contained in organic-
rich shale in Jiaoshiba area to the adsorption gas was less than
50%, and the contribution of kerogen in the Niutietang For-
mation was even less than 30% [5]. In the study of Topor
et al., after removing the organic matter in shale of Silurian
Baltic Basin, isothermal adsorption experiments were carried
out on the mineral components [20]. And the result show that
the adsorption capacity of mineral components exceeds 50%
of the original shale adsorption capacity at 25°C and 15 MPa.

Based on the previous researches, although the unit mass
of gas adsorption capacity in organic matter is much higher
than that of the mineral composition, however, when nor-
malizing it to the whole shale, there is not much difference
between them, and the adsorption quantity of mineral com-
ponents is greater than that of organic matter, which further
indicates that the adsorption quantity in shale is jointly
determined by organic matter and mineral components.
However, the quantitative evaluation of gas adsorption
between organic matter and mineral components in shale
has not been thoroughly studied at present, and the control-
ling effect of organic matter and inorganic mineral compo-
nents on gas absorption is still not clear. In this study,
taking the Niutitang Formation shale in Huijunba syncline
as an example, a series of isothermal adsorption experiments
were carried out on the kerogen extracted from the original
shale and mineral components after H,O, treatment to
remove organic matter. Based on the adsorption thermody-
namic principle of adsorption and combined with XRD test,
organic geochemical analysis, and lower temperature physi-
cal adsorption experiment, the influence of organic matter
and inorganic mineral components on methane adsorption
behavior was analyzed and studied comprehensively in this
area, which was to provide a deeper understanding of shale
adsorption behavior process.

2. Experiments and Methods

2.1. Experiments. Three samples selected in the study were
all collected from the Niutitang Formation of the YSB profile
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from the south wing of Huijunba syncline in the south of
Hanzhong (Figure 1). The organic geochemical characteris-
tics and mineralogical characteristics of the samples are
shown in Tables 1 and 2. The organic carbon content of
the original rocks ranged from 1.19% to 3.14%, and the T,
reached to 600 °C, indicating that the samples had reached
the overmature stage and were close to the death limit of
hydrocarbon generation. The mineral components are
mainly composed of quartz, carbonate, rock, pyrite, feldspar,
and clay minerals, in which the content of quartz reaches to
35.53%~44.37%. The content of clay minerals is lower,
which is ranging from 13.81% to 16.95%. The main clay
minerals are composed by illite (43%~77%) and illite/smec-
tite formation (8%~36%), as well as a certain amount of kao-
linite, chlorite, etc.

The samples were first mechanically crushed to below 20
mesh in the laboratory and then divided into three unequal
parts, one of which was directly used for isothermal adsorp-
tion experiments, and the other two were performed on the
extracting of kerogen and mineral components, respectively.

Kerogen extraction was completed by acid treatment.
The sample with a weight about 200g was first soaked
in distilled water for about 4 hours, and then the superna-
tant was removed. Then, 6 mol/L hydrochloric acid was
added in a water bath at 70°C for 24 hours to fully dis-
solve the carbonate rock and then centrifuged to remove
the supernatant. In turn, the mixed acid solution of
6mol/L hydrochloric acid and 40%HF (2:3) was added
and repeated this step for 3 times in 70°C water bath
for 24h, to fully dissolve the minerals and then remove
the supernatant by centrifugation. Finally, the sample was
washed with distilled water to neutral and dried at 70°C
for standby application. The extractions of mineral com-
ponents were treated by chemical wet oxidation. About
5g of the samples were weighed and putted into a 200-
mL beaker and then slowly added 100 mL 30% of analyti-
cally pure H,O,. After standing for 5 hours, the samples
were heated in a water bath at 70°C until the liquid evap-
orated. The process is repeated until there is no obvious
reaction after adding new H,O,. Finally, dry the sample
for standby application. To evaluate the treatment effect
on samples, the TOC of all treated samples was measured
once. The test results are shown in Table 1. TOC of the
extracted kerogen was 20.90%~35.30%, and the samples
treated with hydrogen peroxide were 0.06%~0.25%, which
showed a good treatment effect.

Methane isothermal adsorption experiment was con-
ducted on the GAI-100 high pressure isothermal adsorption
apparatus produced by American Core Company, and sys-
tematic isothermal adsorption experiments were carried
out on the crushed original rock samples, kerogen, and min-
eral components, respectively. The samples were dried at
100°C for 24 hours until the sample weight was constant
and then loaded them into the test tank. He was used as
the leak detection gas to test the leakproofness of experimen-
tal system under the condition of higher than the experi-
mental target pressure. After sample loading, leak
detection, and volume calibration, the gas of 99.99% He
was used for volume calibration, and 99.99% CH, was used
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FiGure 1: Sample collection point ((a) planogeologic map; (b) lithology histogram).
TaBLE 1: Organic geochemical characteristics of the samples.
TOC Y .
Sample o K K M S, mg/g S, mg/g S, mg/g Iy mg/g I, mg/g Thax C
Sample 1 1.19 27.50 0.06 0.02 0.05 0.57 3 37 487
Sample 2 3.14 20.90 0.25 0.02 0.14 0.49 4 13 600
Sample 3 1.94 35.30 0.07 0.02 0.1 0.58 4 24 593
O: original rock; K: kerogen; M: mineral composition.
TaBLE 2: Mineral composition characteristics of the samples.
Total mineral (%)
Sample . . . Clay minerals
Quartz Carbonatite Pyrite Plagioclase Potash feldspar T s I K C
1 44.37 4.76 3.07 25.25 6.36 15.21 16 65 7 12
2 35.53 10.05 9.10 2523 3.15 16.95 36 43 9 12
3 37.49 9.77 2.36 30.31 6.26 13.81 8 77 6 9

T: total content of clay minerals; I/S: illite/smectite formation; I: illite; K: kaolinite; C: chlorite.

for isothermal adsorption experiment. The maximum pres-
sure was 13 MPa, and 12 pressure points were tested. The
isothermal adsorption experiment was conducted at 35°C,
60°C, and 85°C for each sample.

2.2. Methods. The adsorption of shale was tested by isother-
mal adsorption experiment. Then, the method of the three-
dimensional Langmuir model and adsorption thermody-
namics was used to calculate the standard adsorption
entropy and isosteric heat of adsorption in different shales,

which will be used to quantitatively evaluate the adsorption
capacity of shale. Generally, the higher the adsorption heat,
the stronger the adsorption capacity. The higher the adsorp-
tion entropy, the weaker the adsorption.

Langmuir isothermal adsorption model based on mono-
layer adsorption principle is shown in Equation (1). Assum-
ing that the adsorbent has a uniform surface:

KP
n U
L1+Kp

(1)

n,
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FIGURE 2: Excess methane adsorption capacity of each sample obtained from the experiment.

where n_ is the absolute methane adsorption capacity, mL/g;
n; is the Langmuir maximum adsorption capacity on the
surface of adsorbent, mL/g; K is the Langmuir constant, 1/
MPa; and P is the pressure, MPa.

For the assumed conditions of Langmuir, adsorption model
are only applicable under the condition of lower pressure.
Under the condition of higher pressure, the increasing density
of gaseous methane makes this assumption inapplicable for

the conditions with large error. Therefore, the Langmuir model
in Equation (2) of excess adsorption capacity is introduced to
deduct the influence of adsorption phase volume on this model
under the condition of supercritical pressure:

n

kP [
e~ "LITKP

(2)

_&>
)’
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TaBLE 3: Isothermal adsorption data.
Sample 1 Sample 2 Sample 3 Kerogen 1 Kerogen 2 Kerogen 3 Mineral 1 Mineral 2 Mineral 3
35°C 35°C 35°C
P/ v/ ° V/ P vV/ P V/ P V/ P V/ P V/ P VI P V]
MPa ml'g MPa ml'g MPa ml'g MPa ml'g MPa ml's MPa ml'g MPa ml/g MPa ml/g MPa mlL/g
033 012 032 025 034 019 033 143 031 075 029 165 035 01 038 023 039 0.11
086 028 084 055 088 038 085 264 081 145 078 333 104 021 104 051 107 022
L5 041 148 074 152 052 169 413 162 217 159 512 178 031 178 073 181 03
26 054 258 095 264 068 26 501 252 273 249 656 286 041 286 095 2.9 042
372 064 371 109 377 078 335 572 328 299 325 725 381 046 381 112 384 049
492 074 491 12 497 082 413 619 481 328 478 845 5 054 499 131 504 053
597 077 597 122 602 087 562 69 625 353 622 918 59 058 595 15 6 056
709 083 71 128 715 089 698 723 768 36 767 918 718 058 718 162 724 058
831 084 832 126 838 089 771 733 881 362 88 941 848 062 849 165 854 059
974 089 975 128 982 092 888 757 1006 3.66 1005 972 985 064 986 174 991 0.2
1136 091 1138 129 1145 093 1015 7.67 1158 37 1146 984 1147 0.65 1149 178 1154 0.63
13.04 092 1306 129 1311 093 1367 778 1353 374 1334 991 1327 0.65 1333 181 1338 065
60°C 60°C 60°C
P/ v/ ° V/ P NV/ P V/ P V/ P V/ P V/ PV P V]
MPa mLl'g MPa ml'g MPa ml'g MPa ml'g MPa ml'g MPa mLl'g MPa ml/g MPa mLl/g MPa mL/g
038 008 036 016 038 013 03 081 03 056 028 115 042 009 041 014 042 006
.02 02 1 04 104 032 083 162 084 099 082 27 104 016 102 031 106 017
182 033 181 06 18 045 159 259 162 178 158 408 175 024 173 051 177 025
275 045 274 079 28 056 226 372 229 2 226 49 278 033 276 072 281 034
395 054 396 09 401 064 316 418 32 241 317 568 375 041 374 094 379 04
503 063 505 102 51 07 435 522 44 27 436 657 5 047 498 111 504 047
612 069 616 108 622 074 553 549 56 29 555 732 603 053 602 122 606 051
723 073 727 11 732 079 649 603 659 3.07 654 7.84 727 054 727 131 732 053
863 078 867 112 872 082 771 641 78 322 775 843 843 058 843 142 847 055
10.12 081 1015 115 1022 084 906 66 915 331 91 882 971 06 971 147 976 0.6
1185 08 119 117 1196 086 1059 679 1069 341 1064 909 1136 061 1138 157 1142 0.8
1373 082 1372 117 1386 087 127 693 1281 346 1277 913 1317 061 1318 16 1323 0.8
85°C 85°C 85°C
P/ v/ ° V/ P V/ P/ V/ P V/ P/ V/ P V/ P VI P V]
MPa ml'g MPa ml'g MPa mL'g MPa mLl'g MPa ml'g MPa mL'g MPa ml/g MPa mL/g MPa mL/g
042 007 039 01 04 009 037 065 038 031 036 05 039 008 039 01 039 006
1.07 017 102 031 105 024 095 112 097 08 093 193 1.02 014 101 023 103 0.4
195 028 1.89 048 193 036 196 2.1 2 141 195 33 176 02 176 042 177 022
308 04 302 067 307 045 303 308 308 1.85 303 434 272 029 273 059 275 03
422 046 417 077 421 055 418 392 424 214 419 521 375 034 377 074 379 035
556 056 552 085 556 065 545 457 554 244 547 601 495 041 498 09 5 041
687 061 682 095 687 069 657 512 666 261 659 664 6 046 603 103 606 045
799 066 795 099 799 072 7.66 545 775 278 768 727 694 049 698 111 7 048
929 07 925 103 929 075 881 563 891 295 884 751 832 053 839 12 841 051
1091 072 1086 1.06 109 077 1025 576 1037 295 1029 773 978 054 982 131 984 054
1254 076 1249 1.08 1253 079 1193 6.03 1206 3.02 1198 793 1137 058 114 137 1141 053
1402 076 1398 1.07 1401 08 1362 6 1375 3.05 1367 808 13.09 059 1312 144 1312 0.6




TaBLE 4: Langmuir constant, maximal adsorption capacity n,,.
and thermodynamic parameters.

T/I°C Sample 1 Sample 2 Sample 3
Original rock Original rock Original rock
n K ng K n K
35 1.543 0.224 1.895 0.445 1.372 0.41
60 1.529 0.158 1.845 0.282 1.362 0.262
85 1.518 0.118 1.819 0.196 1.361 0.184
q* AS° q AS° q AS°
12.05 -70.64 15.10  -74.89 14.59 -74.01
Kerogen Kerogen Kerogen
n; K n; K ng K
35 12.264 0.214 5.504 0.434 15.257 0.349
60 12.154 0151 5321 0275 15188  0.211
85 12.104 0.111 5.243 0.186 15.114 0.142
q AS° q AS° q AS°
16.09 -81.39 15.09 -75.16 14.98 -77.03
Mineral Mineral Mineral
n; K n; K ng K
35 1.106 0.161 3.604 0.14 1.067 0.236
60 1.124 0.122 3.361 0.117 1.013 0.194
85 1.118 0.097  3.197  0.095 0.995 0.161
q AS° q AS° q AS°
8.80 -60.65 1140  -72.22 7.06 -54.11

where n, is the excess adsorption capacity, p, is the density of

methane at experimental temperature (K) and pressure
(MPa), and p, is the density of adsorbed methane, which is
generally equal to 424 mg/mL (the density of liquid methane
at its boiling point under standard atmospheric pressure) [6].
Langmuir constant K is a function of temperature (K):

g A
mKk=-1 42 _
TRTRT TR

In p°, (3)

where q is the isosteric heat of adsorption, kJ mol'; A’ is the

standard adsorption entropy J mol” K; p° is the standard

?tmlospheric pressure, and R is the gas constant, 8.314 ] mol
K.

According to the results of isothermal adsorption exper-
iments at different temperatures, the Langmuir constant can
be obtained by using the least square method, and the
parameters of methane adsorption thermodynamic can be
obtained by using Equation (3). Based on this, the content
of adsorption gas in shale under different temperatures and
pressure can be calculated back.

3. Experimental Results

3.1. Isothermal Adsorption Characteristics. Figure 2 and
Table 3 show the excess methane adsorption capacity of each
sample obtained from the experiment, which is similar to a
large number of previous researches [4, 6, 7, 24]. During
the experiment, the excess methane adsorption capacity of
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the sample increased rapidly firstly with increasing pressure
and then gradually tended to be stable after a certain pres-
sure. With the increasing temperature, the adsorption capac-
ity under the corresponding pressure decreased accordingly.
The methane adsorption capacity of the three samples was
significantly higher than that of the corresponding original
rocks and minerals. Among them, the methane adsorption
capacity of samples 1 and 3 was slightly higher than that of
minerals, while the methane adsorption capacity of sample
2 was higher than that of minerals at the lower pressure
stage. When the pressure was higher than 4 MPa, the min-
eral adsorption capacity began to be higher than that of orig-
inal rock.

3.2. Three-Dimensional Langmuir Fitting and Adsorption
Thermodynamic Parameters. This study was based on the
three-dimensional Langmuir model and combined with the
isothermal adsorption experiments together. The Langmuir
constant and maximum adsorption capacity (n,,,) calcu-
lated in these series of experiments are presented in
Table 4. The adsorption thermodynamics parameter
obtained by the linear relationship between In (K) and 1/T
(inverse of Kelvin temperature) in Figure 3 is also shown
in Table 4.

The isosteric heat of adsorption in original rocks is
closed to that in kerogen of sample 2. Different situation
occurs in samples 1 and 3, which showed that the equal heat
of adsorption in kerogen was the highest, but the standard
adsorption entropy was the lowest, while the equal heat of
adsorption of mineral components was the lowest, but the
standard adsorption entropy was the highest. These results
prove that kerogen has the strongest adsorption and mineral
components have poor adsorption from the thermodynamic
perspective. In Figure 4, the comparisons between thermo-
dynamic parameters obtained in this study are almost same
to those in previous studies. Thermodynamic adsorptions of
mineral components are similar to those of clay minerals
given by Ji et al. [4]. The adsorption property of kerogen is
between type I and type II kerogen given by Zhang et al.
[7]. The sample in the study belongs to a typical marine sed-
imentary shale, and the kerogen is mainly Type I [25, 26],
and the main reason for this difference is the higher maturity
[26]. A large amount of adsorption potentials are formed
after the aromatization of organic matter, which makes its
adsorbability is higher than that of type I kerogen. The
adsorption of shale is close to that of North American shale
obtained by Zhang et al. and Gasparik et al., but much lower
than that of Longmaxi Formation and Wufeng Formation
shale in Sichuan Basin [5, 7, 24, 27].

4. Discussion

4.1. The Adsorption Capacity of Shale under Geological
Conditions. After Langmuir adsorption, thermodynamic
parameters are determined; Langmuir constant, formation
temperature, formation pressure, Langmuir maximum
adsorption capacity, and other parameters are functions of
strata depth (Figure 5(a)). Assume that the geothermal gra-
dient is 3°C/100m and the pressure gradient is 1MPa/
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FIGURE 3: The adsorption thermodynamics parameter obtained by the linear relationship between In (K) and 1/T (inverse of Kelvin

temperature).

100m in this area, and then based on the parameters listed
in Table 4, the absolute and excess adsorption capacity of
methane under geological conditions at different burial
depths can be calculated by three dimensional Langmuir
method (Equations (1), (2), and (3)).

The simulation results are shown in Figure 6, for the
effect of formation water and other gas components on
methane adsorption was not considered during the experi-
ment, so the maximum adsorption amount of shale under
geological conditions is obtained. It is also seen from the fig-
ure that, with the increasing depth, the absolute and excess
adsorption capacity do not increase along with it together,
but appear a maximum after reaching a certain depth, and
then decrease gradually. In addition, it can be seen that the
excess adsorption amount by volume correction is signifi-
cantly lower than the absolute adsorption amount after
300 m, which has an important impact on the potential eval-
uation of resources. While when the in situ gas content of
shale is calculated without considering the adsorbed gas vol-
ume, the corresponding resource evaluation amount will be
significantly larger. When the burial depth ranges in
450 m~900 m, the excess adsorption capacity reaches to the
highest, and the average maximum excess adsorption capac-
ity is 1.01 mL/g. When the burial depth reaches to 3000 m,
the average excess adsorption capacity decreases to
0.79 mL/g with the reduction rate of 21.8%.

4.2. Contribution of Organic Matter and Mineral
Components to Shale Adsorption Capacity

4.2.1. Adsorption Capacity of Organic Matter and Mineral
Components. The calculation method is the same as that of
original rock; we calculated the corresponding adsorption
gas content of kerogen and mineral components separately.
The relationship between the maximum adsorption capacity
of kerogen and mineral components and temperature is
shown in Figures 5(b) and 5(c). Based on this, the adsorp-
tion capacity of kerogen and minerals under geological con-
ditions can be deduced by combining with adsorption
thermodynamic parameters.

In Figure 7, the tendency of methane adsorption in ker-
ogen with depth is slightly different to that in the original

rock, which is mainly reflected in the absolute adsorption
capacity. The absolute adsorption amount increases rapidly
with the increasing depth and keeps stable gradually after
500 m, while the excess adsorption rises rapidly in shallow
and decreased gradually after the maximum at about
600 m~900 m. In addition, the decelerated value is slightly
lower than that in the original rock. The average maximum
excess adsorption is 6.76 mL/g, which is corresponding to a
depth of 900 m. When the depth reaches to 3000 m, the
excess adsorption is reduced to 5.29 mL/g with a reduction
ratio of 21.7%, which is similar to the reduction rate in the
original rock.

The variation of methane adsorption of minerals with
depth (Figure 8) is similar to that of the original rock sample.
In terms of adsorption capacity, the excess adsorption capac-
ity increases rapidly with the increasing depth and then
gradually tends to be stable at about 500m, reaching the
maximum at 1200m, and then gradually decreases. The
average maximum excess adsorption capacity was 0.96 mL/
g; when the depth was 3000 m, the average excess adsorption
capacity was reduced to 0.84 mL/g with a reduction ratio of
12.5%, 9.3%, and 9.2%, which is lower than that of protolith
and kerogen, respectively.

4.2.2. Contribution of Organic Matter and Mineral
Components to the Adsorption Capacity. To clarify the con-
tribution of organic matter and mineral components to the
adsorption capacity in shale, we normalized the organic
matter before and after sample treatment based on the law
of conservation of matter (Equation (4)). And then the
adsorption capacity per unit of organic matter is obtained,
and the corresponding contribution ratio of organic matter
to adsorption capacity could also be gained further:

K
R, = X "~ X Rrocs (4)
TOC

where R, is the excess adsorption of organic matter in shale,
K, is the excess adsorption of organic matter in kerogen,
Kyoc is the total organic matter content in kerogen, and

Ryoc is the total organic matter in shale.
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temperatures.

Similarly, in the minerals, clay minerals play a decisive
effect on the adsorption of methane, and the effects by other
minerals could be relatively negligible. Therefore, by the unit
normalized calculation of clay mineral in the adsorption
quantity of mineral components, combining with the pro-
portion of clay minerals (Equation (5)), we could get the
contribution of mineral components to the total amount of
shale adsorption:

M

R, = “— X Repay, (5)
CLAY

where R,,, is the excess adsorption of mineral composition
in shale, M, is the excess adsorption of mineral composition,
M1y is the content of clay mineral in total mineral compo-
nents, and R,y is the content of clay mineral in shale.

The adsorption amount of organic matter and its contri-
bution to the total adsorption changing with depth are
shown in Figure 9. The proportion of organic matter adsorp-
tion to the total adsorption first decreases rapidly with the
increasing depth and then becomes stably exceeds about
900 m. The adsorption capacity of organic matter in shale
can reach to 0.31~0.54 mL/g, and the corresponding propor-
tion of total adsorption capacity is 33.2 ~ 48.7%. The average
adsorption capacity is 0.45 mL/g, and the average proportion
is 38.9%. When the burial depth of shale reaches to 3000 m,
the adsorption capacity of organic matter is 0.24~0.41 mL/g,
which accounts for 29.3~46.7% of the total adsorption
capacity, and the corresponding average adsorption capacity
and proportion were 0.35mL/g and 35.2%, respectively, on
average. This result is slightly lower than that calculated
for Wufeng-Longmaxi Formation shale in the Jiaoshiba area
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[5]. The adsorption properties of kerogen reflected by the
thermodynamic parameters obtained in this study are
slightly worse than that in the Wufeng-Longmaxi Formation
shale in the Jiaoshiba area, which is consistent with the cal-
culated results.

The adsorption amount of mineral component and its
contribution to the total adsorption amount changing with
depth in shale are shown in Figure 10. For the incomplete
removal of organic matter in the three samples, there is still
part of residual organic matter occurring in the samples
(Table 1). Among them, the highest content of residual
organic matter occurred in sample 2, with the residual
TOC =0.25%. Besides, the calculated proportion of mineral
components to adsorption is higher than the adsorption
amount of original rock at 2400 m, which is unreasonable.
For the residual organic matter may be one of the direct
causes to the result, we will not discuss the adsorption
capacity of mineral components in sample 2 in the follow-
ing section. On the other hand, due to the hydrophilic
characteristics of clay minerals, the existence of formation
water will greatly limit the adsorption capacity of mineral
components to methane, which will result in the lower con-
tribution of mineral components to the methane adsorption
capacity under the actual geological conditions. Therefore,
the adsorption proportion of mineral components obtained
from these results can only be the maximum proportion
under the geological conditions.

The proportion of mineral components to the total
adsorption capacity of shale increases rapidly first with the



10

Nexcess adsorption (ml/g)

Geofluids

Effect ratio (%)

0 0.5 1 1.5 0 20 40 60 80
0 : . ; 0 | ./ ) )
500 500
1000 A 1000 -
—~ 1500 A ~ 1500 4
) g
= -~
a a,
L o
2 2000 A 2 2000 1
2500 A 2500 A
3000 1 3000
3500 - 3500 =
-——— K-sample 1 ---- K-sample 3 Sample 1 Sample 2
R-sample 2 —— R-average Sample 3 —— Average
---- K-average K-sample 2
—— Re-sample 1 —— R-sample 3

FIGURE 9: The adsorption amount of organic matte and its contribution to the total adsorption amount changing with depth in shale.

increasing depth, which is opposite to the situation of
organic matter. When the burial depth of shale exceeds
about 900 m, the adsorption capacity of mineral components
gradually tends to be stable. The adsorption capacity of min-
eral components in shale can reach up to 0.54~0.59 mL/g
with the corresponding proportion of 60.99~61.4% to the
total adsorption capacity. And the corresponding average
adsorption capacity and proportion was 0.57mL/g and
63.5%, respectively, on average. When the burial depth of
shale reaches 3000 m, the adsorption capacity of mineral
components is 0.47-0.54 mL/g, which accounts for the total
adsorption capacity with 66.4~73.6%.

4.3. Influence Mechanism of Methane Adsorption under
Organic-Inorganic Interaction of Shale. The essence of meth-
ane adsorption in shale is, under a certain temperature and
pressure, as well as with the acting force between micro-
scopic pore surface and methane molecules, making the free
methane molecules bounded to the pore surface and turned
into the adsorbed state, which is accompanied by both the
exothermic process of adsorption and endothermic process.
And when the adsorption is in equilibrium, the adsorbed
heat release and desorbed caloric receptivity maintain a
dynamic balance [7]. Therefore, the most direct factor to
the adsorbability of shale is the changing pore characters in
the adsorbents. Specifically, pore characters include two
aspects: pore type and pore structure. Pore type determines
the adsorption amount per unit area of pore surface, and

then the pore structure determines the total adsorption
amount of shale.

For the decisive effect of different pore types occurring
on the adsorption capacity of the adsorbent pore surface,
there is a better ability of organic matter to absorb methane.
Because organic pores are rich in aromatic molecular func-
tional groups, they are more likely to form a variety of forces
with methane molecules or even form hydrogen bonds,
including dispersion forces, induction forces, van der Waals
forces, and even hydrogen bonds, so they have a stronger
adsorption capacity for methane. However, the interaction
between mineral pores and methane molecules is mainly
affected by the van der Waals force, which is weaker, so
the adsorption capacity of methane on the mineral pore sur-
face is weaker than that of organic pores.

Pore structure directly affects the total amount of meth-
ane adsorption in shale. When the specific surface area of
pores is same, the stronger of the adsorption ability is, the
higher of the total amount adsorption will be. The diameter
of methane molecular dynamics is 0.38 nm, that is to say,
when the pore diameter is less than 0.38 nm, methane mol-
ecules cannot enter into the pores as well as adsorb. In gen-
eral, after the maturity of organic matter reaches to a certain
value, more developed micropores and higher specific sur-
face area will occur. In addition, the micropores are the most
developed in clay minerals compared to other mineral com-
ponents, which could also provide a lot of adsorption poten-
tial to methane in shale.
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4.3.1. Constraints of Pore Structure on Adsorbability. By
comparing the adsorption capacity of the original rock and
each single component of the sample under geological con-
ditions (Figure 11), the adsorption capacity per unit of

organic matter is the highest, while the adsorption capacity
is the lowest in the mineral constituent when the organic
matter removal degree is the highest. However, due to the
slightly higher residual organic matter content in sample 2,
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FIGURE 13: The comparison between calculated total organic-inorganic adsorption with the actual fitting adsorption of original rock.

which may affect the calculation results, and then making
the recovery results under geological conditions show that
the adsorption capacity of mineral and kerogen are higher
than that of the original rock when the buried depth exceeds
300 m. However, this result can only reflect the adsorption
capacity per unit mass, but not enough to reflect the relevant
information about the methane adsorption capacity on the
adsorbent surface.

To clarify the relationship between the adsorption capacity
and the composition difference in three samples, the results of
previous studies on the pore structure of original rock, kero-
gen, organic matter, and minerals were used to unify the above
calculation results on the specific surface area of the adsorbent
for comparison, to obtain deeper information in this study. In
Figure 12, after the adsorption ability of three samples unified
to the pore surface, the better efficiency of organic matter
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removal in samples 1 and 3 and their highest and lowest
adsorption capacity per unit surface area occur in kerogen
and minerals, respectively. However, for sample 2, this charac-
teristic only appears at the shallow level less than 1000m,
which possibly due to the influence of residual organic matter.

For samples 1 and 3 (Figure 12), the adsorption thermo-
dynamic parameters of organic matter and mineral compo-
nents of both (Table 4) are consistent with the adsorption
characteristics per unit specific surface area. Both of them
show that the adsorption capacity per unit specific surface
area is lower when the adsorption heat is low. However,
the relationship between the adsorption thermodynamic
parameters and the specific surface area of original rocks is
different, while the reasons for this need to be further stud-
ied. Our previous study on the development mechanism of
pore structure found that the sum of specific surface area
and pore volume of organic-inorganic pores calculated by
the method of weighting were greater than that in the actual
original rock. However, in terms of specific surface area, the
increased proportion is 18.7% in sample 1, and that only is
3.5% in sample 3, which may reflect the great difference in
pore development between them.

Especially in terms of the organic-inorganic marginal
pores, the development proportion may be lower in sample
1, that is to say, the area of organic pores sealed by mineral
components in sample 1 may be larger and further leads to
the reduction of the effective adsorption area in the original
rock. As a result, although the adsorption thermodynamic
parameters show the good adsorptivity in sample 1, the
adsorption per unit area is lower than that of sample 3.

4.3.2. Influence of the Organic-Inorganic Composition
Difference on the Adsorption in Shale. It is very difficult to
quantitatively study the contribution ratio of organic matter
and mineral components to methane adsorption in shale. In
the study on the contribution proportion of organic-
inorganic adsorption to shale adsorption mentioned above,
we, respectively, obtained the amount of organic-inorganic
adsorption in shale. Along this way of thinking, we com-
pared the calculated value based on the total amount of
organic-inorganic single component adsorption in shale
with the actual fitting adsorption of the original rock. Since
organic matter has a great influence on the total amount of
adsorption in the mineral component of sample 2, we only
discuss the corresponding influences about samples 1 and
sample 3 (Figure 13(a)). It can be seen that when the burial
depth reaches a certain value (sample 1: 600 m; sample 3:
150 m), the fitting excess adsorption amount of the actual
shale is lower than the sum of treated kerogen and mineral,
while the fitting result of the actual shale is higher than the
calculated result of treated single component when the
burial depth is relatively shallow.

Here, we refer to the difference between the organic-
inorganic calculated results and the actual fitting results as
the influence rate (0, Equation (6)) of diagenesis on the
adsorption of a single component:

Ny-N
R KM 100%, (6)
NR

a:

13

where Ny is the actual fitting excess adsorption in original
rock and Ny, is the sum of calculated organic-inorganic
excess adsorption based on the kerogen and mineral compo-
sition (Figure 13(b)). It shows that when the burial depth is
relatively shallow, the 0 >0, that is to say, the actual fitting
value is greater than the organic-inorganic calculated value;
diagenesis has a promoting effect on the total adsorption.
And with the increasing depth, the 0 will gradually reduce
to below 0, that is to say, when the critical depth is reached,
diagenesis has an inhibiting effect on the total adsorption.
Within the depth range in this study, the 0 varied from
-6.9~7.7% (sample 1) to -19.7~17.4% (sample 3),
respectively.

5. Conclusion

Based on the three-dimensional Langmuir model to get the
excess adsorption of Niutitang Formation shale in Huijunba,
synclinal reaches the highest value when the burial depth is
about 450-900 m, and the average maximum excess adsorp-
tion is 1.01 ml/g. However, its average excess adsorption
decreases to 0.79ml/g when the burial depth reaches to
3000 m. For kerogen, its maximum average excess adsorp-
tion is 6.76 ml/g corresponding to a depth of 900m, but
decreases to 5.29ml/g when the depth reaches to 3000 m.
For mineral components, the maximum average excess
adsorption is 0.96ml/g, but decreases to 0.84ml/g when
the depth reaches to 3000 m.

The primary factor affecting the adsorbability is the
complex changing pore characteristics caused by the hetero-
geneity in shale. This is mainly reflected in that the pore type
determines the gas adsorption per unit area of the pore sur-
face, while the pore structure determines the total adsorption
in shale. Compared with the adsorption capacity of organic
matter and mineral components, the diagenesis can promote
the total adsorption when the burial depth is relatively shal-
low, and the diagenesis will change to inhibit the total
adsorption with the increasing depth. When the burial depth
reaches to 3000 m under geological conditions, the adsorp-
tion of organic matter in shale is 0.24~0.41 mL/g, accounting
for 29.3%~46.7% of the total adsorption, while the adsorp-
tion of mineral components can reach to 0.47~0.54mL/g,
accounting for 66.4%~73.6% of the total adsorption.
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