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Thermodynamics and kinetics of water vapor adsorption onto shale .
A case study of the Permian Shanxi Formation, Ordos Basin
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Abstract ; Adsorption is one of the key mechanisms for the occurrence of connate water and formation water in shale
reservoirs. A characterization of water adsorption onto organic-rich shale is of great theoretical and practical significance to
tackling such geological and engineering issues as the micro-distribution of water and gas, the mechanisms of shale gas
enrichment and the improvement of shale gas recovery. Shale-water vapor isothermal adsorption experiments were
therefore combined with some theoretical adsorption models (7 thermodynamic models and 4 kinetics models) to study
the fundamental principles of water vapor adsorption on shale. Results indicate that the adsorption/desorption isotherms
are showing the typical Type Il curves with hysteresis loops extending to very low relative pressure region, which may be
explained by the fact of reluctant dehydration of clay minerals. Two of the models, GAB and Dent, are proven to be the
most fitting to the shale-water vapor isotherm curves and reveal a two-stage water molecule adsorption on shale from
forming monolayers to multilayers and capillary condensation. With p/p  less than 0. 1, water molecules are mainly

adsorbed as monolayer on one site of shale. With p/p  between 0. 1 and 0.8, the site is gradually saturating and more
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layers start to build upon the first layer, thus forming a secondary adsorption site. With p/p greater than 0. 8 ,the first site

is almost fully saturated and the adsorption on the secondary site continues in such a rate that capillary condensation of

water occurs. Moreover, the negative values of Gibbs free energy change, enthalpy change and entropy change of the

adsorption ,indicate a spontaneous , exothermic and entropy-reduction process. Thus the double first-order rate model is the

most suitable for describing the adsorption process of water vapor on shale. It reveals that the adsorption process can be

divided into a surface adsorption dominated by an earlier external diffusion and a pore adsorption dominated by a later

internal diffusion,and that the internal diffusion serves to control the adsorption rate of water vapor onto shale.

Key words: thermodynamics, adsorption kinetics, adsorption mechanism, water vapor adsorption, organic-rich shale,

Shanxi Formation , Permian , Ordos Basin
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Fig. 1 Simplified map showing the tectonic division of
the Ordos Basin and the location of sampling wells
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Table 1 Essential geological information of shale samples from the Permian Shanxi Formation,Ordos basin
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Fig.2  Adsorption/desorption isotherms of water vapor on shale under different temperature conditions
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Fig.3 Fitting results of shale-water vapor adsorption isotherms
with different adsorption thermodynamics models
a. 20 C AT RISFIELIR/ JLR mhZ LG 2521 5
b. 30 C AT AYSF IR/ LR i 2R A5 4521 5
c. 40 CHAMT BSFIELIR/ IBLR thZe L5 25

RSS = Y (V. -V,)’ (16)

Ap VRV, 20 SEMME A S (B, THEE A5 R
x2,

i DW GAB LU Dent BRI AIC, {5 ] L)
K, =F W AIC, A5 & BRAY T : DW > GAB =
Dent, %] GAB 15 Dent BERUR A GUE — /K28 T
HIE AR BT E R M, GAB 15 Dent R () BR 8 S Al
SEE—E MUY S BCE LA T XA AR



180 14l 5 KRR R a2
%2 DW ., GAB IR Dent #EEI KNG SH
Table 2 Fitting parameters of DW,GAB and Dent models
DW #5i 7Y GAB 7Y Dent 5 %4
L/
/ / / /
< g © Lk R AL, o EOR AL, %o E R AL,
(mg-g™') (mg-g™") (mg-g™") (mg-g™")
20 6.79 10. 84 10.43 0.56 0.997 -2.47 7.99 13.94 0.63 0.997 -11.09 7.99 8.83 0.63 0.997 -11.09
30 7.15 10.31 10.04 0.55 0.998 -7.67 7.96 14.98 0.61 0.998 -16.24 7.96 9.11 0.61 0.998 -16.24
40 4.75 26.59 13.47 0.33 0.998 -11.29 7.91 12.04 0.57 0.998 -15.99 7.91 6.88 0.57 0.998 -15.99

T GAB 554, Dent BIAIREAL IS 240 K 5 & 4B 7R 0T
FrRIH ) — PO B a5 5 W B A A R, Xk
FATRTUE - K28 TRMIALEE S HAE T

S S EK 5 kRN RUR B, S8 K
{HE L b R— AR g, 2 — 0 B A A e R e
FLE KT M AL, Wan 25 SR - K
AWM B A 2R AR R S — 2K 31 (B —
R RS AL ) ) A PR I i T 2 ) A R (B
MR RS s 52) , FRE I B GRUA DR D 2 T B2 RS 57 X5 7K 73
T HIVE R I O R TR oy Z AR

AN FEWIBE S8 K 5 k iRl 2 1, T DLid
1 AR AR BUK 28 I — 245 G ff e
(VRIS o

P T (17)
' T 1+ Kh - kh
~ qOKkhz (18)
© = (1 Zkh) (1 + Kh - kh)

RXPiq, 5 q, 35KZE SR — %S W A
B AW R, me/ g, TSR UL 4,

W& 4 R, 24 p/p, <0. 1 I, K431 B0 M e
U F L B 2 T 19— W o w57 |, K ZE S o
TN, T 2 B A7 Xk K 43T B ) BT kA 2L
b7 lEANE L 5% 52 p/p, FRe 3 nini it A rh AHXT )
XIF(0. 1 <p/p, <0.8) , BT H oL B 2 T 7Y — 2k
WS A5 A7 T B3 322 4 VR T R, 7K 28 7 W o 8 3 2 -
S Langmuir W MHE S, WK 2 F 168 W B 47 1
VA TR 6 2 T s TS 1, R ot S AR RO K i B B —
G B A XF 7K A3 W B A4 BT R A 95 % [ %8 55 %, —
G A BT TTER AN 5 %o 8K 2 45% ;Y p/p, Uk
SEHE M 2 B AN R T X (p/p, >0.8) , TUE B BT AL IR
AT — R B 85407 28 BE A 35 1) 08 B4R, 17— i
B sSSE X 7K 53— R B 7D T mRATS AE 4k 238, B B —
G B0 5 AN X 7K 43— W R A D AR 2 ek — 2 A
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Fig.4 Variation of water vapor adsorption amount on primary

and secondary adsorption sites as a function of relative pressure
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Table 3 Termodynamic parameters for water adsorption on
shale at 20 °C

AS/
% [/ ‘ AH/ (k) - AG/(k] -
%, o g o 4 (kJ » mol ! -
(mg-g™) mol ™) mol ") o
K™)
1 -1164.04 0.22 -9.67 -9.14 -0.0018
8 -798.61 1.61 -6.64 -2.72 -0.013 4
15 -536.29 1.59 -4.46 -0.59 -0.0132
20+
pIp=0.95
151
0
o0
g
= 10+
i
= 030
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Fig. 6  Kinetic process of shale-water vapor adsorption
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Fig.7 Kinetics curves of shale-water vapor adsorption
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Table 4 Fitting parameters of different adsorption kinetics models

se. 30 CHMET MMM B 27 M ARG 25 2 £, 40 C A AE T I Bl )~ 2 5 45

" PP, 7/C
Y A S5
0.05 0.30 0.90 20 30 40

k,/min ! 0.24 0.12 0.07 0.13 0.06 0.08

U — B gl R? 0.992 0.974 0.968 0.974 0.945 0.971
AlC, -205.12 —255.41 —378.46 -255.41 -230.73 -239.06

ky/(mg® + g™+ min!) 0.23 0.22 0.14 0.23 0.12 0.16

q,/(mg-g™") 2.31 1.16 1.13 1.16 1.15 1.11

B8l 2

R? 0.949 0.952 0.959 0.952 0.97 0.948
AlC, ~150.96 -228.82 -353.51 -228.81 -257.78 -215.83

q, 0.63 0.60 0.58 0.61 0.55 0.51

4, 0.37 0.40 0.42 0.39 0.45 0.49

k'/min ™! 0.47 0.23 0.14 0.23 0.25 0.32

XL —Bir 8l J1 2 A5 1

E"/min ! 0.02 0.05 0.06 0.06 0.03 0.06

R? 0.995 0.995 0.994 0.992 0.993 0.992
AlC, -209. 66 —292.44 —466.61 —292.44 -324.83 -288.78

(D/R*)/min ! 0.014 0.007 0.004 0.006 0.003 0.005

ALY O R? 0.978 0.972 0.979 0.972 0.991 0.981
AlC, ~174.95 —251.49 -394.77 —251.49 -303.86 -254.21
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