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1. International Energy Agency (IEA)
2. Shale Gas

3. Coalbed Methane

4. Tight Gas
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7. X-ray Diffraction
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9. Eagle Ford
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1. Molecular Dynamics (MD)

2. Monte Carlo (MC)

3. Density Function Theory (DFT)

4. CaCO, Polymorphs

5. Spera and Franco

6. Non-Equilibrium Molecular Dynamics (NEMD)
7. Grand Canonical Monte Carlo
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1. Periodic Boundary Condition
2. Lennard Jones

3. Mixing Rule

4. Lorent_Berthelot

5. LAMMPS

6. Tail Correction

7. Ensemble

e s i anllas

—9s0 (gilwds Ly joSde dalllas o a el jo
S nm daie ojlasl L codS SIS 950 e Jew
00l i (A Al 0gou dlos (51 A
6‘)—.' )_sj.oify ud_'> 6l_aop.€b JJ._A (T o g
NS MPa)wba_ﬂaa@Ja_wup)o_uwbu

Al dsles Sl

PNgo (55 lwdand

oo eolaiwl (Vo F) cods SIS 5l jimghy ol yo
Al o oS S s oS e
GO A Oy oty (5lwdnd 4 sl [TV
ol i ooy i ) ISCs o

\/Y+ nm

f/+s nm

Gt dnx ol ) S

aS bl ¥ om A ojlasl i slllae 0l o
S (S sloansl 55 0 4y 55 e jlalals
PRRCU PN Y 1 RRPRE SR [PPSR 73 KY
Ol oLzl gilwancs Lo idn — fnee
e Sl sl dsdllas ol 1o sl slis (55,0
5 CamdS” (61— 5 [YA] TraPPE-UA (64,5 oylas
OhlSen 5 5305 Lasgs 00 03ld dxugi (595 s
ol 5 65 5l 4 el sa sslanul [¥4]
Sl [V s ¥ol as s Ko Ly 5,5 sloaloss
2 e Dot CodS (Slule 4tz oS
G0 ol olils ) g oS > 5l goad a s S Ly



TV-FA amino AF) Wbl 3 cyods ATV o lois “UU”;
7

I U9 élﬁ)l_.d L . °C 9 Y. 6LAO 99 (_g|)_:
03— v, GCMC/MD (g3l 3l sasl cwoa
903 g 0,lgm0 G o 10 led g0 om0l
Lol o o)lgmo o ;o j0 00l i a0y g
Slaie (omndS a5l ot jeo L aSlas ey
)lé_u ‘A_’L)GA w_ﬂls o)lHo l_) JL\_MA LJ“_’SW"Q)"
(i ol Jgl aY 51 568 pg0 a Y Sy
SIYANm ol ¥ STl s ead LS Y e pyc
Sl fe Wl aie 15 0 40 o< LeA 5 Yol el
2ol 0395 (B e Ly ol Sl (B
b Je Loojlond (AiSem p cldS 55 10 50
5zl 500l Jlew o 65l e 0)l900 9 009
JuSis olyT 5 g e i F nmoojlasl L daie
Sl iz plw slaandh gollhe 45 395 0
sy lalS 5 [FA 5 771 o818 g5 lte Sl
2 TC Ve Los awslio L o zen ol [fa]
S o des iol8l L aSasd oo sl o S
ol ol amboe Aals (B jlade (LSS Lss

Al i eS slabs (o Jlew i

FENTIUER

5 Sy B Lo plE Ve ee o ghila aalae 0l o
B9 so plzsl GCMC S S NVT o, 50,0 )
Sy Bdsfadlsl es > 0+ Jells GCMC S -2
Los JmiiS slym [F7] 990395 clioge 5 5 aslllas
Sl Ve ns gilwans S lo) .l ool ool

MUM)JQLUA_:(_g‘)_"Js‘anSASM‘OM

ol 00 03lal by 9,5 duaslmo gl , 510 ns

a3 L e sla Sl Shaas g5 5,0 Joya
(ot oy Jolad a5 dmy 45 (g pgloay 0l oo
g 3 (hwgte lade Joo (e slaJgSIge Slass
[\NY] Sl W u_:9_> JOL:U oMOul_m) as 03¢
T ie oo Sl 5l Giomgly (ol po Sl 534 03
Ls‘)—’ Sl 00 solas__wl GCMC Ls)l_mw Ls‘)—’
LA Ca ¥ slws g0 o liw 0o B> slaspn
las o auslie [FY] T (NIST) alliolejl mols
5 =l g, g aalllas as) gy Lo aS o)l

Coy g i
IS Ly

Fom e o3l U e A Joleg, o ST (o

NN _l
g Jve e
- I |
By, r _ A
3 g
. 'I‘ 4 ’ ”
3 ~
o YAl l‘ 4‘
E ,.,” X ® GCMC/MD 30°C
8 . A A  GCMC/MD 90°C
", ----- NIST 30°C
P NIST 90°C
o + + + +
A\l Y v A -

(MPa) ,Lzs

[fv] 2Rkl i b JsSUse (gjluad gl 5l onel Cuvsdy e 0095 JK> slospd bl auslie ¥ JSC&

1. Nosé-Hoover Thermostat
2. Metropolis
3. National Institute of Standards and Technology
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Introduction

Unlike conventional reservoirs, there are three types
of gas stored in shale reservoirs: free gas, adsorbed gas
on the surfaces of solid materials, and dissolved gas
within kerogen. [ 1,2]. However, 20 to 85% of the fluid
in shale reservoirs can be adsorbed in nanopores [3].
Therefore, understanding the adsorption mechanisms
for estimating the gas-in-place (GIP) and more
accurate exploration decisions is crucial. To date,
few studies have investigated adsorption mechanisms
in Iranian shale gas reservoirs where calcite is an
abundant mineral [4]. Therefore, understanding the
adsorption mechanism in calcite is important for
estimating the GIP of Iranian shale gas reservoirs.
Unfortunately, the lack of accessibility to proper
laboratory instrumentation to measure adsorption at
high pressures can be overcome through molecular
simulation studies, particularly in nanopores [5].
Moreover, molecular simulation can directly measure
the excess and absolute adsorption isotherms [1,2,
making it suitable for studying methane adsorption in
calcite. In this study, adsorption was calculated in slit-
like pores with 4 nm in size, temperatures of 30 and 90
°C, and a pressure range of 0-50 MPa.

Materials and Methods
Methane adsorption into calcite was studied using the

Accepted: May/18/2022

LAMMPS software [6] with hybrid grand canonical
Monte Carlo/molecular dynamics (GCMC/MD)
simulations [1,2]. A Monte Carlo cycle was employed
every 1000 time steps in the NVT ensemble, including
500 insertions/deletions and 500 translation moves. To
reduce the computational cost, calcite was considered
rigid. TraPPE-UA [7] and Xiao et al. [8] force fields
were selected for methane and calcite, respectively.
The cut-off radius is 1.4 nm, and periodic boundary
conditions are used in the x- and y-directions. The total
simulation time was considered 10 ns, where the first
5 ns was considered for system equilibration and the
last 5 ns to generate data. Finally, the performance of
the Langmuir adsorption model [9] in estimating the
absolute adsorption isotherm was investigated.
Results and discussion

This study obtained the methane density profiles,
adsorbed densities, excess adsorption, and absolute
adsorption isotherms using GCMC/MD simulations.
The methane density profile showed that in a pore size
of 4 nm, there was both adsorbed and free fluid, and two
adsorbed layers were formed on each side of the wall.
Also, the adsorbed density obtained from the GCMC/
MD simulations shows this parameter is a function of
pressure and temperature, while as the temperature
and pressure increase, the adsorbed density decreases
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and increases, respectively.

Conclusions

Molecular simulations can be used as an efficient tool
to study adsorption within the nanopores of shale gas
reservoirs, especially for GIP estimations. This study
investigated methane adsorption in calcite with a pore
size of 4 nm using GCMC/MD simulations. From this
study, the following results are obtained.

According to the methane density profile, two layers
of adsorbed gas were formed on each side of the wall.
This was contrary to the assumption in the Langmuir
model, which only allows for single-layer adsorption to
exist in the adsorbent. In addition, using the Langmuir
model to estimate the absolute adsorption isotherm can
lead to underestimation, and the difference increases
with increasing pressure. Additionally, temperature
and pressure positively and negatively affected the
adsorption amount, respectively. Collectively, this
study suggests using molecular simulation to convert
the excess to absolute adsorption isotherms.
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