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Abstract: The development depth is mostly greater than 2 000 m in major shale gas producing areas of China. As burial depth
increases, reservoir pressure increases. The experimental and theoretical study of shale gas adsorption under low pressure is not
suitable for the development of medium-deep and deep shale gas reservoirs. Thus, it modified the Uniform Langmuir model, and
developed a high-pressure methane adsorption model, i.e., the modified Uniform Langmuir(Unilan) model. Then, we used the
published experimental data under high pressure to validate the modified Unilan model. Moreover, we compared the modified
Unilan model with other high-pressure adsorption models. It is found that the modified Unilan model with less fitting parameters is
characterized by high precision, compared with other high pressure adsorption models. Finally, we investigated the fitted model
parameters based on the mineral composition of the used shale samples. It is found that the adsorption capacity of shale is mainly
controlled by organic matter and clay. Moreover, the volume of the adsorbed phase at maximum adsorption capacity is greater than
micropore volume, but is less than total pore volume. Adsorption entropy change is mainly controlled by the interaction strength

between adsorbed methane molecules and shale.
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2021) TEAMBIZ ST WE S MG A, 322 DA By
SRR N AR T oA LB b Rk, 50
A B AIE S X T A 2 I ASCA L R VT A A R T
A5 A S CBR B ORE 4%, 20205 Gao and
Xiong, 2021). F49] , XJ F 5UA S B a9 a9 i T
I )22 S0 R Y S 3 T VR R (2R 7 AF, 2014).
MRS )2 A, — M/ T 1 000 m. {H 8 [F 5T
AR TR R TR — B T 2 000~
4 500 m, J& T RIZ R JZ 50U U(He ez al., 2018).
DL H T E 28 S Rk AT & Y e B R A v
At 2 4R — B 7E 2 000~3 500 m, FE ) R AR
1.3~2.1(4B A Re %, 2015). #5808 I R HCh 1.3,
XF B 6if JZ T AT ik 26 MPa L b L b Abh , 36 & A
TR T X )2 TUE SR FE & T BE L RAI I g o
U SOoh B, HAE 2 3 TR TE 3 500~4 500 m, 5 il 3%
PR S W, R 0 &R R Tk 2.45 (SR Bk,
2021). PRI AR T 2% A0 T B D0 R R 52 36 0 PR
M LUt 2 3 R R R s R I R
PRk, MR EC AR T SRS T I
AR MY S8 (Tang et al., 20165 L et al., 2017;
Yang et al., 2017; Chen et al., 2018) , ¢ fm M i H&
1 T 50 MPa. i 43 2% 3 i8 gE 7 T IS R R Ok
R 5 R AR A B W B B 42, 40 Langmuir £
B (Ye et al., 2016) .Brunauer- Emmett-Teller & %
(Yu et al., 2016) .Dubinin-Radushkevich 5 % ( Rex-
eretal., 2013)% (HZ REWMBERTIA T 5K
JEA KRB S8 X SR B R TR LS
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Astakhov #5755t 26 55 1 W BREASE 7R 6 5 R 40040 Fn 2%
SR, X —Z8ON B A U0 #1023, o
Il 5 25 AF N N FF AE A 2R A7 RS (0] 4
2002 ) . X} 33X #6 [n] 381 , AX 3C X Uniform Langmuir
(Unilan) B8 647 7B, KB T — A A X 1
OH B A BB SO R R B R R O
FII T SCHER A 2 1 W B S 56 A X i R R G AT
TR AR E K B AL 3R R R
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(DR) # # ( Dubinin and Astakhov, 1971) /& % F
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AH %5 BE B ki N 78 R (Sakurovs e al., 2007).
U AE Ok, DA B AL B2 gk ] T 0 A OB Y B
7% (Ren et al., 2017a; Yang et al., 2017). H |
Yang et al. ( 2017 ) % i T Supercritical Dubinin
~Astakhov ( SDA ) £ 89 | 3% 15 X F
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(AR B M GE A AR B — R W
a EM 13X 4D S 8AE RS S5
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a

1n(p“) RT/E
O

n. {OAWO(I -

3 A& IE % Unilan #5558 56 50F

IR A JF & 3= 0 R R RS2 5 5 (s
Mk K 7 K F 30 MPa) Xt & IE % Unilan # %
AT T R OUE , % K B ¥E Ok A Xiong er al
(2016) .\ Li et al. (2017) | Chen et al. (2018) .
Zuo et al. (2020) Fll Shen et al. (2021) ,— 4
13 A 0 W B S e K L WER 1 TR .

3 R T B, HUJR R THR 4 e R B S 59 4R
i, A VA 2 s NI T T LU Y A0 30 7
BAF 2k I 5 T 0 1 o o 9 0 KL Y T B B —
(B ok 700 2 B £ 38 31 5 R AR, i — 2B g s g, i
el Wz B 5 % T A AT . O b R R R e R R A
FAB XF B ok AR, B 1a s, Y
T = 313.75 K I, 2 6 W Bt 4 1) fe KAE 4 0.13 mol/
kg, Xt 1 HE J1 o8 12.75 MPa; 24 T = 368.75 K A,
Ik 0 2 B 14 A KA R 0.096 mol/kg , X I 1Y R 7 1K
F| T 18.48 MPa. b4, an & 2a i 7, XF F 0 B
2,4 T = 348.75 K i}, 1o 76l W B 5t 9 5 K AE R 0.11
mol/kg, Xf I f & 7724 17.71 MPa; 24 T = 368.75 K
B, o 70 1 o 4 1 B KA A 0.097 mol/ kg, %1 1 &
J1iEE T 18.43 MPa. [ 1 FIIE 238 /R T ASIAl & J
W RS 8 ) 40045 45 SR 6 T8 IE 19 Unilan B8 $016
15 2 (A SO0 26 2 i, 0 o7 A4 0145 15 2 L 36 3
JIEoR AR R 6T BT A A il B S 0 5 L B
1E Y Unilan #5584 $01 6 2028 8 45, 858 1R 22 78
2.10%~7.84% WG, F- BI{E R 3.60% . B 1ERY
Unilan £ & #1145 15 2 (1) n, 7£ 0.10~0.35 mol/kg

F1 EBEAEFT RS E WM SRR

Table 1 High-pressure adsorption experimental data used for model validation
FE i 4 S50 I (KD S2 86 336 Bl (M Pa) B B e I
X2 313.75~368.75 0.69~52.74 e IR Chen ez al. (2019)
FC-47
FC-66 312.95~393.15 0.24~35.00 Lower Cambrian shale Lietal (2017)
FC-72
X3 313.75~368.75 0.30~53.75 o IR A Xiong et al. (2016)
1
) 348.75~368.75 0.50~52.20 T By 41 Zuo et al. (2020)
w1
w2
WS S Y
. 313 0.50~51 Je iR A Shen et al. (2021)
L2




%5

507555 3 P T o VRS VR U2 T 1 8 O A 2 1869

1 e e e B ASE TR0 4045 5
Fig.1 Model fitting results
I Bt 52 56 45 Ok [ Chen ez al. (2019). a. & 1 A9 Unilan Al DL AR b, OK Al SDA #5751

12 T e W B A TR 401 7 4
Fig.2 Model fitting results
T2 B S 56 4R K [ Zuo et al. (2020). a. & 1E B Unilan f DL 25 ;b. OK fil SDA f5 74

1 7E N, 5 AT AR — 2 (Yang et al., 2015).
H ot o3 1 6 DUSA 0 0 6 J 1 4y B R R (T < g
&5, 2017) , Pl I XoF 7 1 1 B 8 2 /N T 42 kT /mol. 3
2 W oR , & 1E B Unilan £ 8 801 5 15 8 E,,, 75 10~
35.02 kJ/mol By & [l , E,, 7 3.08~20 kJ/mol 1 {8
Fil , /N T 42 kI/mol. JL4h , % T FC-47 \FC-66 Al
FC-723% 3/MFEM , Lier al. (2017) AN E T A [F]
T BT F e R o A5 R 2k R R I I B AR AR Y
R TR SR I R S 35 5T T3 3 AN A TR L A RN
S LA, X Y S 50 45 R A ] 3 i L ] 304 g R
THRIABREN V. NESTEE, V ENT
FCFL AR BRI L AR B 2 ) L 3 R Sy, I R A% 1
TAGEABMEERING, H AT EB 5 FL B 25 )] 9 it
B2 B 4 o i, HG e DU AL A IR DAL B
Fe IR A A LR % AL b W R DL R/ 22 2 I
& F (Do and Do, 2003; Ren ez al., 2017b; Zhou et

B3 Vo JEAL RS AL AR =25 1 oA
Fig.3 Comparison between the micropore volumes and the
maximum adsorbed volumes and total pore volumes of

these samples
PRALAR A B ALAFR A Li ez al. (2017)
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al., 2018). it — A& IE /9 Unilan B 5 DL SDA
N OK BERYHEAT T X L 43 A1 . X T 3% 1R 1 W Bt
SCE IR, DL SDA H OK A6 I il 8 4 5% 22 L 36 3
FE o R R BB S8R A~ 3R 6. 8 KOk F DL
B A LA R 25 1E 1.84%~4.20% RYTE I, 1
fH R 2.76% ; OK £ A iy $l & = 2 £ 2.91%~
11.62% MG A, X R 6.54 %0 5 SDA B ALY 4
AR 2 1.70%~8.0% B YE Bl W, X R
4.47% , W3 3 s . AHXT T DL A& IE (1% Unilan £
A1, SDA FI OK 8 AU (4005 ROR B 2% |, Jo HOZ OK A3
B LLX2 SRS B, p = 12.75 MPa, T =
313.75 K i, OK #5% AU Ak 1 2o ol W 25 24 p =
12.75 MPa, T = 368.75 K i} , OK B 8 3 45 1 3
T 0 FfE i, G0 1 i s SDA AR AU -t £ 7 [ B A )
B, p = 12.75 MPa, T = 313.75 K}, SDA #5
g5 g5 58 0.12 mol/kg, 1fif 52 56 K4 4 0.13 mol/
kg; 2 p = 13.81 MPa, T = 368.75 K i}, SDA i #1
Al Tk R O B, W B 1b TR LB 2 o
DL F1& 1E () Unilan 5 8 &) #1425 &2 4, i
SDA Ml OK BRI (0L &5 8 R 2% LA 2 5 FE oy
fi] , 24 T = 348.75 K, p > 35 MPa i} , OK # % &%
SR A L A, BE A D BE n, OK A5 L 45
SRS 00 B 1) 22 SR W AR K, a1 2b BT s LOK
B AL 0045 RO e 22, X BB R O - OK B A
A 25 5 U A 2 T AR B AR 8 B 3 A
B S 80 34 25 T ik — R &R L Ik Ah A X T DL ORLEE
1E #9 Unilan #5 #  SDA #5845 R R 88022, X
FEEW R AT DL ME IE A Unilan #8 , I
JE 451 T 9 SDA B8 R £ 4 Henry &, 15X T
Sy 2 — B M (Shethna and Bhatia, 1994).

DL A58 B4 152 22 19 - 20y 2.76 %6, hi & 1
i Unilan £5 289§ & 15 22 (19 °F- ¥ {8k 3.60% , DL %
T F0 A R SR A 18 1E B9 Unilan B8 {8 & DL
BRI & 7 A LA S0, A& IE 1Y Unilan 8528 H 4
FTOEMNUG S UGS L BRI S, i U
A 1 JRURS: At B . AH X & IE 1) Unilan AR, DL A
RN T 2 UESHE M RZE L TRET
0.84 %6 . & 4 B 48 31 J7 J5 B, A6 RS B A 24 041 0
R 9 N R S S VA (VS g Sl 1
Unilan #8 f F DL AR 28 F fr ik, & 1E 49 Unilan
R B A LA S 50D CHIXTF DL BEEY) FORE &
(FHXF T OK H SDA #1801 £ o5, B i 77 2R FH &
1E 19 Unilan #5518 £ 3 v B 2 -8 2 0025 S

#&2 {EIEH UnilanEE S
Table 2 Fitted parameters of the modified Unilan model

7, V e E. .« E —AS

A N

(mol/kg) (cm®/g) (kJ/mol) (kJ/mol) (J/mol/K)

X2 0.35 0.013 26.41 9.84 100.13
FC-47 0.16 0.008 30.74 10.00 94.29
FC-66 0.28 0.012 32.30 11.95 101.40
FC-72 0.35 0.015 32.50 12.91 100.36
X3 0.18 0.008 28.39 7.98 98.49
1 0.18 0.007 21.51 12.73 92.40
2 0.31 0.010 35.02 11.14 114.76
W1 0.11 0.006 23.90 18.16 98.53
W2 0.20 0.009 25.84 17.61 98.15
W3 0.20 0.010 20.14 11.13 78.31
L1 0.20 0.009 28.32 20.00 105.32
L2 0.10 0.004 10.00 8.20 59.56
L3 0.15 0.006 10.57 3.08 49.00

x3 KARE
Table 3 Relative error between model results and experi-

mental data

- S H AN 525 (%)
& IE Y Unilan OK DL SDA
X2 4.24 10.31 2.79 8.00
FC-47 5.40 11.62 3.07 7.71
FC-66 3.90 10.38 2.44 7.40
FC-72 3.82 10.11 2.54 7.56
X3 7.84 10.59 3.93 5.84
1 3.16 4.72 3.34 4.71
2 3.54 8.59 2.29 3.68
\Uat 2.88 3.29 4.20 2.84
w2 2.10 3.00 1.85 1.74
w3 2.38 3.21 2.19 2.09
L1 2.29 3.07 1.84 1.70
L2 3.08 3.20 3.40 2.94
L3 2.17 2.91 2.02 1.91
T 3.60 6.54 2.76 4.47

4 SR 5Te

4.1 HBIWRHEHN

JEF & IE 19 Unilan #5288, F H LGB 219 V,,
¥4 Chen er al. (2018) 45 1) =k el Wiz BT 2 46 Ay 246
WG B, AN 4 R L 438 B R T 8 1E 1 Unilan 5
AU IS A NIE A il DU PR 1 W) 6 2 B
B AL, B OBETE DU b I B A TR L A A T TR
Bl R R AE . i — 20 i TE IE Y Unilan A5 8 150
TS TR B R (358.75 K il 323.75 K) 1) & Xt 1 Fff
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Table 4 Fitted parameters of the OK model

FEA n, (mol/kg) —e./k(K) P (mol/m?)
X2 0.11 755.93 2.64%107
FC-47 0.05 1237.54 2.37%X10*
FC-66 0.09 1189.77 2.64%10*
FC-72 0.12 1209.05 2.64%107
X3 0.05 900.09 2.30x10*
1 0.07 679.87 2.64x10%
2 0.10 774.66 2.64x10*
W1 0.10 774.66 2.64x10*
w2 0.09 957.96 2.23x10*
W3 0.09 970.36 2.09x10*
L1 0.09 972.37 2.17x10*
L2 0.05 835.59 2.19x10*
L3 0.07 999.20 2.29x10*

a0 A TR LB RD I 2 B R RE A A T AL I
Bl &, H 5 5080 45 R0 AR bl B— 2. Wk,
& IE (% Unilan #% 8 2R A 0] LUK 52 56 0 45 (9 2o
T W B K % o Ry S bR BT SR Y 48 X I BT AL 6
ALLL I AN W] BE T Y s X W R
4.2 RESHHW

HE— 25, R & 1E B9 Unilan 8280 | 35 T 4004 15
PN BRI S H (R 2) 456 TUA RS 0 W) 24 B, JF
BT RSN XBXNAS Vo (Bt EL)/
2., TOCHIZEE 0" & & 6 NS BT T b . 2
Fr LA #E (E,,+E,..) /23X —Z 5, J& I 2h Unilan £
AR 152 W B 5] 2% T % W B RE A A 1 A0 A A IR
(E,tE,.) /2 0] LLRAE 57 1 F ¥ 0 B 66 E.,., B

7

E, = (E,+E,)/2. K 5ERTIX 644 &K
Pearson #H 3¢ 22 B [ . Pearson #H 56 R % () H T 3%
TIE P A 728 BE (0 2 P AH DG AR B, LB Y L AE — 1~
1Y HH 56 R B r R SO B, 7R AN A8 o A7 7F DA
KR UMK R B r I IEAE BT, 3RoR A48 i A7 A
NV PSS W Y5 @ S PO R N P S
PR L (1) 4 XHEAE 0.8~1.0 1938 BBl N 26 7R 19 2
R AH G, 0.6~0.8 X N7 5 AH G, 0.4~0.6 XF [ Hr 45 5
JEAH I, 0.2~0.4 X 17 55 46 56, 0~0.2 % 1 B 55 4H 5¢
s TCAH G NS AT DL 5 TOC /9 AH 6 1
e, X R r = 0.85. 1L4h ,n, SE LY A
HEAH S, XY - = —0.63. K 6 FE 7 5 5 BT
n, 5 TOCMZE 0P & iR NE 6 ] LI
W HEE TOC BN, n, 2t F TS P 1Y A G2
FER MR e RECRY A H T 0.73(XF —
JCEMERNIE R = ). 3xX J& N A LT 44 K 9L BR
K 0GB B T S A W BN A L e A, AR R
TR TCHLT B, JE PSR T e B 25 5 B i /K
(A AL W B C 2845, 2019) . [ 7 BoR n, 58+
W) o i M DG, X E IR TOC XFAH 26 M
SAFTRE LT T B 5 BoR B E W & A TOC K
M (r = —0.72) B0 TOC #5 , 8 + 09 & &
B A T IHBR TOC MF2 M, 3% 5L X n, 4T 17 0H —
A Ak B, BIHE: 7, 28 738 Ry B J5T et T OC X 0 114 7 1
W4 2, (Gasparik ez al., 2014) .0, 585+ 9 & &
B R WNE 8 frsn . I 8 th ] LA Y, nye 556+
40 0 AH DGR B B, X RP = 0.7, 35X Ul B B
T AL, B Y0 HE e i R B A T ek

<5 DL#EES#H

Table 5 Fitted parameters of the DL model

[EN n, (mol/kg) a’ A, (MPa™) E, (kJ/mol) A, (MPa™) E, (kJ/mol) V. (cm®’/g)
X2 0.32 0.26 2.55 107 19.74 1.63x 107 15.98 0.013
FC-47 0.29 0.29 8.54 107 26.44 5.45x10" 21.13 0.016
FC-66 0.30 0.39 7.01x10° 23.64 8.38x 10 20.14 0.014
FC-72 0.36 0.44 5.36 10" 25.13 1.01x107 19.80 0.016
X3 0.15 0.12 1.64x10" 17.03 5.54 10" 7.43 0.007
1 0.19 0.23 1.05x 10" 16.68 2.83x10° 12.47 0.008
2 0.20 0.09 9.9910° 20.02 2.02>x 10" 30.06 0.007
w1 0.13 0.23 3.07%10* 15.52 2.95%X10" 14.44 0.007
w2 0.21 0.06 3.99x10* 16.92 12.95x 10" 25.21 0.010
W3 0.20 0.09 4.04 <10 16.90 5.77%X107 18.12 0.010
L1 0.20 0.09 4.00x 10 16.90 5.86%10" 18.20 0.010
L2 0.11 0.29 3.63x10* 15.22 2.63X10" 13.71 0.005
L3 0.15 0.12 3.96x10* 16.88 4.69x107 17.05 0.007
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Table 6 Fitted parameters of the SDA model

FEA W, (em®/g) a (1/K) E (kJ/mol) ¢
X2 0.012 5.47x 10" 5.73 1.00
FC-47 0.010 2.11x10° 7.78 1.04
FC-66 0.016 1.78X10° 7.11 1.00
FC-72 0.022 1.72X10° 7.34 1.00
X3 0.007 1.38X10° 6.33 1.00
1 0.005 2.42 10" 6.94 1.46
2 0.009 1.49%x 10 7.16 1.18
A 0.005 1.72X10° 8.23 1.96
w2 0.009 9.63x 10 9.41 1.99
w3 0.009 1.27X10° 9.55 1.99
L1 0.009 1.09X10° 9.54 1.99
L2 0.004 9.87x 10 8.50 2.00
L3 0.006 8.59x 10 9.70 1.99

Pl 4 o W o T 00 45 2R
Fig.4 Predicted absolute adsorption isotherms at different

temperatures

5 Pearson ¢ £ 505 f4:

Fig.5 Pearson correlation matrix of various variables

K5k 7R, mo 5 Vo BRSPS 38 (r = 0.94).
B9 871 g B V7, B0 58 00T 16500, %68 B2 ) R X3 T

K6 n,45 TOCHXKER
Fig.6 Relationship between 7, and TOC

B7 n ST YHEERCR

Fig.7 Relationship between 7, and clay content

Fig.8 Relationship between 7., and clay content

0.88. 31X J& K Ry V7, XF I W2 BF 35 20 40 1 BsF iy W0 o A
R NE SR rl LIFE H, — AS 5 E, WA &t
Mok (r = 0.97). 10 B8 —ASHK,E, K.
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B9 V.. 59nlXR

Fig.9 Relationship between V. and n,

max

E10 —ASSE, MER
Fig.10 Relationship between —AS and E,,.

—ASEWPE T FAHHBBEMENER . — AS B
KW FRAmBEHREBRKL M TARSD
W be 43, iz 2 i B2 = 4 s )Lk A W R
S, WEE s F iz shyu 2 IR T 4 & m , 3 3
o H A R AR X A RE R B 5, 20125 Ren et
al., 2019) .1 E,.. & AF 51 7 09 °F 4 W B 68 | E... B
K, W B S WS A - UL A A R R R, o
RPN | NS I 5 NN I 2 S 2 7
W & K (Gasparik ez al., 20145 Liu et al., 2016).
B, —AS 5 E,. 25 1y 1E A1 ¢ .

5 458

(1) % %t & B 005 A HE IR LR 1 K
BT Gibbs TR, KR T — A A X R B H B A
WY A0 ) 3 SO e H W BEE A Y BV R TE % Unilan
RRRD, I ) FH v e VR o 52 0 25 5 F T A A

(2) # X} F Ono-Kondo, Dual-site Langmuir I
Supercritical Dubinin-Astakhov £ &1 , #& 1E (1) Unilan
B BAT U5 2 500 FIORE BE & 0 L, 7 SR T B
1E 9 Unilan #58 BE 5 78 th I 238 2 5UE SR

(3)FE A R RUBE /Y AL B b, B 68 20 1 8 W Fff
HLBEAS [6], 52 B B 3k 31 46 0 Y e B A 44 FR
I T iAL AR B R B LR B Z )

(A BR T A HLBT, B 0 ) % F e W B o A ot
R . TR B A A2 0 70 (B T BT A 4 6 A0 AH G PR R, TR
B 25 o8 23 F — 00 A B AR R, 4y Fis B 2
FI) 1 BIR T BR A, X I Y PR RE A AR K
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