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Abstract: Enhanced coal bed methane recovery using gas injection can provide increased methane
extraction depending on the characteristics of the coal and the gas that is used. Accurate prediction of
the extent of gas adsorption by coal are therefore important. Both experimental methods and modeling
have been used to assess gas adsorption and its effects, including volumetric and gravimetric
techniques, as well as the Ono—-Kondo model and other numerical simulations. Thermodynamic
parameters may be used to model adsorption on coal surfaces while adsorption isotherms can be used
to predict adsorption on coal pores. In addition, density functional theory and grand canonical Monte
Carlo methods may be employed. Complementary analytical techniques include Fourier transform
infrared, Raman spectroscopy, XR diffraction, and '3C nuclear magnetic resonance spectroscopy. This
review summarizes the cutting-edge research concerning the adsorption of CO,, N, or mixture gas
onto coal surfaces and into coal pores based on both experimental studies and simulations.
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1. Introduction

Coal bed methane (CBM) has been extracted from coal seams for many years [1]. This
methane is held in micropores [2] and so numerous methods have been developed based
on gas injection techniques to remove the maximum possible amount of methane from
these micropores. CBM relied on the natural pressure in the coal bed, but these methods
were unable to achieve complete extraction [3]. Since then, other technologies have been
developed, including the use of polymers, water injection, and proppant injection [4-10].
Among the various method, gas injection has been found to provide maximum methane
recovery of up to 90% [11]. The gases commonly used in enhanced CBM (ECBM) recovery
are carbon dioxide (CO,) and nitrogen (N3) or and mixture of the two [12-15].

The extraction process comprises gas injection into the CBM reservoir, followed by
the selective adsorption of the gas on the coal surfaces and in the coal pores, methane
desorption from the coal matrix, and methane flow along fractures in the bed based on
Darcy’s Law [16-20] (Figure 1). Both the gas injection and adsorption rates in the coal bed
are critical because these factors affect the coal structure and thus the extent of methane
recovery [18,21-23]. Based on accurate adsorption analyses, including factors such as bed
swelling and permeability, the effectiveness of ECBM extraction can be predicted [18,24].
Accurate predictions of gas adsorption must also take into account the possibility of
sequestration of the injected gas [17]. Despite that the publication of many research and
review articles on the subject of gas adsorption on coal, the adsorption of gases by coal beds
based on actual coal pore morphologies and chemical structures poorly understood [25,26].

This review discusses the state of research developments regarding gas adsorption on
coal surfaces and pores using experimental and simulation methods following the injection
of CO,, Ny, orCO,-Nj. Present knowledge regarding methane generation on coal, coal gas
adsorption characteristics and ECBM recovery is examined. The review concludes with a
summary and prospects for future research.
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Figure 1. The ECBM extraction process based on gas injection. Adapted from [16-20].

2. Methane in Coal

Methane is present in coal beds both as an adsorbed gas (accounting for 80-90% of the
entire methane content in a coal seam) and a free gas [16]. The latter can be compressed in
pore spaces, condensed as a solid or liquid, dissolved in the coal structure or adsorbed on
surfaces [2]. Coal contains methane gas because of biogenic and thermogenic processes [27]
that occur during coalification with resultant storage of the gas in the coal seams [19].

Biogenic methane produced by bacterial activity at shallow to moderate depths
(<500 m) [2,28,29] begins with fragmentation of the coal macromolecules via two main
processes; exfoliation and /or anaerobic oxidation [30]. The biogenic processes begin with
oxygen consumption after which biologically-generated CO, is converted to methane [29].
The anaerobic oxidation reactions are promoted by various bacterial species capable of oxi-
dizing aromatic and aliphatic structures to CO, [30]. The majority of the biogenic methane
and CO, generated in this manner are most likely dissolved in water and removed from
the system during compaction and coalification [31].

The thermogenic formation of CBM results from kerogen or the cracking of heavier
hydrocarbons and increases with depth [32]. Thermogenic processes that occur in deep
coal [33] at higher pressures increase the coverage of the coal surface by the CBM and result
in stronger interactions between adsorbate molecules [34]. Although the composition of coal
bed gases does not have a strong relationship with either coal rank or depth, thermogenic
generation usually begins in highly volatile bituminous rank coal and increases with
rank [32]. The thermogenic processes cause coals with higher ranks to have greater holding
capacities such that they retain more gas, and also yield micropores that act as methane
reservoir [30,35-37].

CBM can be produced at almost any time during the coal life cycle based on
methanogenic bacterial growth in response to heating if the coal is uplifted and favor-
able subsurface environmental conditions are restored [30]. Secondary biogenic gases are
also generated through bacterial metabolic activity based in the introduction of bacteria by
meteoric waters migrating through permeable coal beds [31]. The biological methane in
coal be continuously produced, although thermogenic gases tends to result in higher total
gas contents in coal beds compared with pure biogenic-derived gases [30].
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3. Gas Adsorption Characteristic of Coal

Gas adsorption on coal is influenced by the specific characteristics of the coal. Re-
search has confirmed the effects of the coal condition and the type of coal, as well as the
moisture content, ash yield, maceral content and coal pore distribution on the efficiency of
ECBM extraction.

3.1. Effects of Sample Condition

The sample aspect that has most frequently been shown to affect coal gas adsorption
tests is particle size. Specifically bulk samples adsorb gases more slowly than crushed
coal samples [38,39]. The crushed coal used for adsorption analyses is typically in the size
range of 100-60 mesh [38,40-42] while bulk coal specimen are usually approximately 2 cm
cubes [40]. The crushed coal has a higher diffusivity and requires a shorter measurement
time to achieve equilibrium compared with coal blocks [39,43,44].

Even so, crushed coal has several detrimental effects on adsorption. As an example,
this material will have a damaged pore network in which closed pores have been opened.
Therefore, the sample surface area will have been increased so that the adsorption capacity
is artificially improved compared with the original state [38]. The crushing of coal also
decreases the moisture level and increases the amount of adsorbed gas [40]. When crushed
coal is used, it is nearly impossible to observe coal shrinkage or swelling because of
adsorption, in contrast to trials using solid coal [45].

3.2. Moisture Effects

Moisture is an important factor in adsorption because water molecules are highly po-
lar [46], and so can modify, the gas adsorption kinetics, mechanisms and capacity [43,46-50].
A comparison of adsorption during ECBM extraction trial using moist and dry coals has
shown that dry conditions provide the highest gas adsorption capacity and saturation
values [51]. This occurs because the adsorption sites that were originally occupied by
moisture become available for methane adsorption [49,52-54].

Dry coal has greater coal gas adsorption capacity but can yield a large correction factor
because coal in the field contains natural moisture [47,55]. Natural (or inherent) moisture
affects the methane adsorption capacity differently for each coal rank. Specifically, low-rank
coals exhibit greater capacities for water retention medium-rank coals show pore-blockage
and fewer micropores as a result of water adsorption which limits the gas adsorption
capacities and high-rank coals contain numerous in micropores that provide sufficient pore
space for the exchange of water and methane [49].

3.3. Ash Yield Effects

Ash yield is attributed to pore infilling, blockage cleats and fracture systems resulting
from extraneous mineral matter (such as clays and carbonates) in coal [56]. The adsorption
capacity of coal is decreased with increases in the mineral ash content [57] because this
material reduces the storage capacity [53] and blocks gas migration [38]. The presence of
mineral matter indicates that the increasing pore volume, especially in open pores and
macropores, such that gas adsorption is inhibited at faster desorption rates [2,58,59]. For
these reasons, coal having a high ash yield is generally not suitable for ECBM recovery
with gas injection because it cannot absorb the injected gas or requires the application of
high pressures and temperatures for adsorption [60].

3.4. Maceral Effects

In coal, organic matter is known as the maceral component and this material affects
gas adsorption and absorption [41]. Generally, the feasibility of performing ECBM recovery
is based on assessing the vitrinite content of coal [17].

Vitrinite is a type of maceral that affects the pore structure of the coals [61], especially
the coal micropores and pore distribution [62]. A higher vitrinite content leads to a higher
void volume [63], greater specific surface area (SSA) [45], increased adsorption capacity [56],
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and decreased desorption rate [2,53,64]. Coal that is rich in vitrinite also reacts more
effectively to CO; injection and undergoes swelling [65,66].

Liptinite is another type of maceral that affects the mesopores in coal [62]. By encourag-
ing surface diffusion, liptinite can promote the adsorption of CO; and also act as a medium
for gas transport by adsorbing CO, while acting as a catalyst [65]. Inertinite differs from
vitrinite and liptinite that it contains more macropores and fewer micropores [67]. As a
result of the dominance of macropores in this material, liptinite lower the apparent surface
area of the coal [62], resulting in a shorter time being required to achieve equilibrium [68],
and producing significant swelling upon CO, injection [66].

3.5. Coal Pore Effects

Methane in coal is stored on the walls of micropore networks [2] an various methods
are used to understand the manner in which gases can be extracted from these micropores.
ECBM recovery research has demonstrated that these pores modify the adsorption and
flow of gases that are injected into coal or other porous media [69,70].

The pore volume in coal is determined by its thermal maturity [71] such that increasing
maturity increases the adsorption capacity [2]. Figure 2 presents pore size distribution
curves for coals from low rank to high rank as obtained from nuclear magnetic resonance
(NMR) analyses [72].
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Figure 2. Pore distributions in different coal ranks as determined using an NMR method. Modified
from [72].

Low-rank coal contains primary epigenetic pores having irregular shapes and poor
connectivity. Although the dehydration of lignite to low-rank coal reduces the moisture
and oxygen-to-carbon ratio of the material [36], low-rank coal exhibit a high degree of
porosity and low pore compressibility [14].

Metamorphism changes pores into circular, oval or slit morphologies [73,74] and
medium-rank coal contains pore sizes ranging from macropores to micropores [75]. Medium-
rank coal with a high proportion of micropores is the most suitable for industrial methane
production [73].

High-rank coals contain primarily micropores with limited pore connectivity as a result
the coalification process [49,62]. Coalification also leads to smaller coal pore, larger surface
areas, a greater number of micropores and a higher methane content [52,76,77]. Although
increases in coal rank are associated with increases in the methane content [78], the pores
gradually close and form flattened structure that make gas absorption impossible [35,37,62].
As a result of the small pore surfaces, gas injection into high-rank coal must be performed
at high pressures [79].
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4. Gas Injection for ECBM Recovery

As noted, COy, N, and their mixtures are commonly used for ECBM extraction, and
the injection of pure or mixed gas will lead to different adsorption effect, as explained in
this section.

4.1. COy Injection

CO;, is an acidic gas [80] that is widely for ECBM recovery because it can extract
methane with significant efficiency [12]. Coal has a high adsorption affinity for CO, and so
this gas is adsorbed rapidly, whereupon it seeps into micropores [47,64,65,81-84]. The CO,
molecule also has a small kinetic diameter and so can replace methane originally present in
the micropores [12,14,85]. However, the CO, storage capacity is affected by temperature
and pressure, both of which can change the coal structure and permeability [35,43,86-90].

4.2. N Injection

N3 is used for ECBM extraction because N, promotes methane desorption from the
coal matrix [12,14,91,92]. N reaches equilibrium quickly, leading to a more rapid re-
sponse [91,93]. N, adsorption increases with increases in pressure, although, N, undergoes
weak interactions with adsorbents [94,95]. N, injection also alters the coal pore structure
and increases the transition pore volume such that the pore volume, pore size distribution,
and connectivity are all increased [96].

4.3. Mixed Gas (CO;-N,) Injection

ECBM recovery experiments using gas mixtures have been carried out, Such mixtures
have been found to be applicable to low-permeability coal [13,97] because N, prevents
expansion of the coal matrix and increases the diffusion coefficient to provide faster methane
extraction [14]. However, such mixtures are not suitable for carbon sequestration [98].

The desorption of methane is enhanced in the case that the mixed gas has a CO,
concentration of less than 10%. Increasing the proportion of CO, increases the probability
of adsorption while decreasing the desorption of methane [99]. The adsorption selectivity
obtainable from a mixed gas injection may be calculated as [99]

(X0, /Ny ) aisorbed 1)
(o, /YNy pu

Sco,/N, =

where Sco, /N, is the adsorption selectivity and, x and y represent the mole fractions of
each gas in the adsorbed and bulk phase, respectively. An adsorption selectivity of 1
indicates that N, is adsorbed more strongly than CO, while a value greater than 1 indicates
the opposite.

5. Gas Adsorption

Temperature and pressure are important factors in ECBM recovery. Higher temper-
atures lead to reduced gas adsorption capacities, reductions in the residual forces on the
coal matrix surface and breaking of the bonds between gas molecules and the coal [92].
In contrast, higher pressures increase the coal adsorption capacity [100]. A higher pressure
increases the adsorbate density and provides greater surface coverage and stronger inter-
actions of the adsorbate molecules with the coal [34]. Thus, increasing the temperature is
detrimental because this promotes gas desorption rather than adsorption [101]. The present
section describes calculations, isotherms and thermodynamic parameters associated with
gas adsorption on coal, and discusses modeling used to predict gas adsorption in coal pores.

5.1. Adsorption Calculations

In most cases, coal injection calculations are performed using volumetric and gravi-
metric methods [102]. However, each method has a different calculation focus and consid-
erations that are affected by the adsorption isotherm. In particular, experimental methods
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take into account both excess and absolute adsorption with the difference between the two
being required to determine the adsorbed phase density [26].

5.1.1. Volumetric Methods

The volumetric/manometric methods are techniques for assessing adsorption based
on variations in the pressure of the adsorbate gas in a coal sample [26,55,103,104] (Figure 3).
The associated equation is [104]

PAV PVia
() )
ZRT pump ZRT sample cell

where n®* is the Gibbs excess adsorption (mmol g’l), P is the pressure (MPa), AV is the
gas volume that is injected(cm3), Vioid is the void volume (cm?), R is the ideal gas constant
(8.314 J mol~! K1), Z is the compressibility factor of the gas, and T is the temperature (K).
The value of Z is calculated using the equation [92]

422\ P,
Z=1+ (0.0830> -r
T,

0172\ Py
1% +w (0.139 — )
y

—, 3
mr )1 ©

where w is the acentric factor for the gas, P; is the reduced pressure (MPa), and T; is the
reduced temperature (K). P, and T, are, respectively, expressed as [92]

P

PV - FC/ (4)
T

Tr - Tcr (5)

The critical pressure (P) value for CO; and Nj are 7.39 MPa and 3.395 MPa, respec-
tively while the critical temperature (T;) values are 304.2 K and 126 K. The acentric factors
(w) for CO, and N are 0.224 and 0.040, respectively.

Gas 1] Vacuum gas Gas Chromatograph

] Reference_® ®_ Sample cell

cell

Piston pump

Air Temperature Bath Air Temperature Bath

Figure 3. A diagram showing the apparatus used during adsorption analysis based on a volumetric
method. Modified after [104].
5.1.2. Gravimetric Methods

The gravimetric methods are based on the use a microbalance [102] to monitor changes
in sample mass during gas adsorption [26,103] (Figure 4). The equation is [26]

n = Am+ %Pgas/ (6)
Os
where n* is the Gibbs excess adsorption (mmol/g), Am is the mass change (g), ;s is the

coal sample mass, ps is the density of the coal sample (g cm~3), and Pgas is the density of
the gas (g cm—3).
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Figure 4. Diagram of the apparatus used for gravimetric adsorption methods. Modified after [105].

5.2. Modeling for the Prediction of Coal Adsorption

Predictions of coal adsorption have been performed using many mathematical mod-
els, with the Ono-Kondo lattice model being commonly used, in addition to numerical
simulations. The Ono-Kondo process estimates adsorption on the microscopic scale by con-
sidering thermodynamic equilibrium in multilayer adsorption based on the equation [106]

@)

— 2n((1 — exp(eis/K'T)) 1 /
Ome pmfipb +exp(eis/K'T)

where 71,y is the amount of absolute adsorption (mmol g~1), p; is the bulk density (g cm~3),
Pme is the adsorbed phase density at maximum capacity (g cm™3) n) is the extent of
monolayer adsorption (mmol g~ 1), k¥’ is Boltzmann’s constant, 1.38 x 10723 (J mol ' K1),
and ¢, is the interaction energy between the adsorbate molecules and the adsorbent surface
(k] mol™1).

Numerical simulations are used to calculate value within a bidisperse model system
using computer codes that describe gas transport during adsorption in coal macropores
and micropores. The relevant equations are [83]

d 1 d 200a 3(1 — ¢q)¢:iD; 0p;

g(ﬁbupa) = %87,1 <¢”Dar”81’u> + TE)T’I r,-:R,-I (8)
Ot (1—oal = L2 (D2
&[@pl + (1 471)‘7] _ riz ari (‘PzDzri ari)/ (9)

where ¢ is the adsorbate-wall interaction potential in a micropore (J), p is the gas phase
density (kmol m~3), 7 is the pore radius (m), D is the gas diffusivity (m?s71), q is the
adsorbate concentration (kmol m~3) and the subscripts 2 and i indicate macropores and
micropores, respectively.

5.3. Thermodynamic Parameters

Adsorption on coal surfaces can be understood based on thermodynamic parameters,
such as the isosteric heat of adsorption (Qs;), change in entropy (AS), change in enthalpy
(AH), change in Gibbs free energy (AG) and surface potential (Q2) [107]. The isosteric heat
parameter can also be used to assess the degree of surface homogeneity [108].

Qs resulting from the interaction between an absorbent and adsorbate, can be calcu-

lated as [109]
Qs = RT? <alnp) , (10)
v

oT
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where R is the ideal gas constant (J mol~! K1), T is the temperature (K), P is pressure
(MPa) and V is the amount of gas adsorption as determined by the Langmuir method
(cm® g 1),

The energy released from the adsorbate attaching to the adsorbent surface, otherwise
known as the surface potential (()) can be determined as [101]

Py
Q:—mjnfw, (11)
o P

where R is the ideal gas constant (J mol~! K1), T is the temperature (K), P is the pres-
sure (MPa) and V is the amount of gas adsorption determined by the Langmuir method
(cm® g 1),

The Gibbs free energy (AG) is an indicator of the reaction spontaneity and is calculated

as [101]

Q
AG = — 12
G v (12)

where () is the surface potential and V is the amount of gas adsorption determined by the
Langmuir method (cm? g 1).

The change in entropy (AS) is a measure of the variation in order at the gas-solid
interface on the coal surface and can be written as [107]

_ AH - AG

A
S T ,

(13)
where AH is the energy change associated with the adsorption process (AH = —Qg), AG is
the change in Gibbs free energy, and T is the temperature (K).

It is evident that adsorption on the coal surface is affected by temperature, pressure
and pore size distribution. Increasing the temperature decreases the isosteric heat of
adsorption [101] while increasing the equilibrium pressure reduces the change in entropy
and surface potential [101]. A pore system in the coal in which micropores are dominant
will be indicated by higher (), AG and AS values [107].

5.4. Adsorption Isotherms

Adsorption isotherms provide information related to physical adsorption at equilib-
rium pressure. The most commonly used methods for analyzing adsorption isotherms ob-
tained from coal are the Langmuir, Brunauer-Emmett-Teller (BET), Dubinin—-Radushkevich
(DR), and Dubinin-Astakhov (DA) techniques. These four methods each assess different
types of adsorption and different types of curves. Specifically, the Langmuir D-A and D-R
approaches are used with type I isotherms, whereas the BET method is used with type II
isotherms [110] (Figure 5). Type I isotherms reflect increased adsorption and pore filling,
whereas type Il isotherms indicate multilayer physical adsorption [111].

5.4.1. Langmuir Method

The Langmuir method is based on dynamic equilibrium and the result of Langmuir is
used conjunction with type I isotherms [110]. This technique produces results similar to
experimental data [56] because the Langmuir pressure typically decreases with increases in
moisture content [50] and coal rank [53]. The adsorption used in this method calculation
is [112]

P
- PL + P !

where P is the equilibrium gas or vapor pressure (MPa), V is the gas adsorption amount
(em® g~1), V| is the Langmuir monolayer volume constant (cm® g~!), and Py is the Lang-
muir pressure at half of V; (MPa). The weakness of the Langmuir model is that it only
applies to monolayer adsorption on solid surfaces [113,114].

(14)
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5.4.2. BET Method

The BET method is used to obtain information regarding multilayers based on as
type Il isotherms [110]. This technique expands the concept of the Langmuir adsorption
isotherm by assuming perfect multilayer adsorption via the formation of monolayers [115].
The BET data are obtained by injecting N, gas at 77 K into a coal sample and provide
information related to the type of pores in which adsorption occurs, the SSA of the material
and the total pore volume [37,62,74,96,116,117]. The BET method is also used to calculate
the SSA values of mesoporous solids in general [77,118]. The pore types determined from
this technique are classified as H1, H2 or H3. The H1 pores promote adsorption whereas
the H2 and H3 types are better for desorption and diffusion [74]. The BET equation used to

calculate adsorption is [110]
1 1 C—1/P
= + ( ), (15)

V(%_) ViuC ~ ViuC \ Py

where P is the pressure (MPa), V, is the volume of gas adsorbed (Cm3g_1), P/Py is the
relative pressure, V,, is the volume of adsorbate as a monolayer (cm®>g~!) and C is a
constant related to the net heat of adsorption.

5.4.3. Dubinin Method

The Dubinin method assumes that the adsorbates molecules fill the micropores [110]
and the relevant data are obtained by injecting gaseous CO; at 273 K into a coal sample [119].
This technique uses the D-R equation to analyze micropore capacity and surface area along
with the D-A equation compute the pore size distribution [120]. Isotherm equations based
on the Dubinin method have been found to reproduce experimental data better than either
monolayer or multilayer pore filling models. The relevant equations are [110]

For the D-R method,

2
W = Wy exp _<I;}€ nl;o) ], (16)
For the D-A method
n
W = Wy exp [— (‘I;glnlljg) }, (17)

where W is the pore volume filled at P/ Py (cm3 g 1), Wy is the total volume of the micropore
system (cm3 g~1), B is the sorbate affinity coefficient (mol? k] ~2), E is the characteristic
energy (kJ mol~1), R is the ideal gas constant (J mol~! K~1) and T is the temperature (K),
and P /P is the inverse of the relative pressure of the adsorbate.

30 .
= Langmuir
— BET

23| — DR
— D-A

20

Volume adsorbed (cm*/g @STP, daf)
O

2 4 6 8 10 12 14 16

Pressure (MPa, abs)
Figure 5. Adsorption isotherm curves based on the Langmuir, BET, D-R and D-A methods. Adapted
from [110].
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5.5. Modeling for Predicting Gas Adsorption in Coal Pores

Density functional theory (DFT) is often used to produce models for predicting gas
adsorption in coal pores, while the grand canonical Monte Carlo (GCMC) method is
employed to simulate adsorption isotherm.

5.5.1. DFT

DFT models can be used to determine the size distributions of micro-, meso-, and
macropores, as well as pore structure morphologies [16,121]. DFT is able to calculate a
pore size distribution (PSD) based on the use of different adsorbates such as N at 77.4 K
and CO; at 273 K with CO, being more suitable [121]. In the case of narrow micro- and
mesopores, DFT methods provide more accurate pore size analysis [122]. This process
involves two steps. Initially, a kernel is produced to determine the PSD from test data
for use as a reference for subsequent calculation, after which PSD is obtained an integral
adsorption equation corresponds to the kernel. This equation is [16,123]

"Dmax
N(p/po) = [ N(p/po, D)f(D)dD, (18)

where N(p/po) is the number of moles adsorbed at pressure P, D is the pore size (nm),
N(p/po, D) is the kernel obtained from theoretical isotherms with different pore widths
and f(D) is the PSD of the heterogeneous solid adsorbent.

Using the DFT method, factors such as the adsorption energy (E;), formation energy
(Ef) and cohesive energy (E.) can be calculated as follows [109].

E;, =Eap—Es—Eg, (19)
Ef = (Ecample — netic) /N, (20)
Ec= (Esample - ncEc> /N, (21)

where E4p, E4, and Ep are the energies of the AB complex (eV) and the A and B isolates,
Esample is the energy of the coal sample complex (eV), n is the moles of carbon atoms (mol),
jic is the chemical potential of the carbon atoms (eV mol~!), and N is the total number of
atoms in the coal sample.

5.5.2. GCMC
Using the GCMC method, the chemical potential can be calculated as [124]

u= ]/to + RT ln(quloJ), (22)

where y is the chemical potential, p° is the standard pressure, #° is the chemical potential,
P is the gas reservoir pressure and ¢ is the fugacity coefficient.

The first step in calculating gas adsorption using the GCMC approach is modeling
the movement of a gas molecule, followed by the generation and then deletion of a gas
molecule. The relevant equations are [125]

Py, = min {1, exp (_k?fp)], (23)
. 14 u—Ap
P, = min [1, BN 1) exXp - }, (24)

. ASN —u—Ag
P; = min [1, 7 eXP (kT) ] , (25)
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where Py, is the pressure of movement (MPa), Py is the pressure of generation (MPa), P; is
the pressure of deletion (MPa), N is the number of gas molecules, Ag is the change in
the total potential energy of the system after one of the three steps (J), k is the Boltzmann
constant JK~1), A is the wavelength (nm), and V is the volume (nm3).

These simulation are repeated until equilibrium is achieved after a number of deletion
and insertion steps [124]. Based on these GCMC simulations and experimental data, gas
adsorption can be calculated using the equation [126]:

Nexcess = Nubs - NAPVf/RT/ (26)

where Nexcess is the excess adsorption amount, N is the absolute adsorption amount,
Ny is the Avogadro constant, P is the pressure (Pa), Vy is the free volume, R is the ideal gas
constant (J/mol K) and T is the temperature (K).

5.6. Adsorption into the Coal Chemical Structure

Modern techniques, such as Fourier transform infrared (FTIR) Raman, and 13C NMR
spectroscopies as well as X-ray diffraction have been applied to the analysis of coal [99].
Low-rank coals have been determined to be primarily composed of oxygen-containing
functional groups [49] while medium-rank coals with lower volatile matter content ex-
hibit a high degree of aromatization and lower amount of oxygen-containing functional
and aliphatic compounds [127]. High-rank coals contain some oxygen-based functional
groups [49].

13C NMR can be used to elucidate the macro-molecular structure of coal [99]. Such
studies have indicated that lignite exhibits decarboxylation and dehydration, bituminous
coals show decarboxylation and hydrogen disproportionation and anthracite contains
aromatic rings and shows dehydrogenization (Figure 6). The '3C NMR is data can be
processed using the equation [99].

i
Xor = g @7

where Xpp is the average degree of aromatic ring condensation in the coal structure, fI is
the protonated aromatic carbon, f! is the oxygen-linked aromaticity carbon, f is the side
branch aromaticity carbon, and f2? is the bridging aromaticity carbon.

Coal rank Macromolecular structure
Lignite
Bituminous :
Anthracite
= Catom Hatom = O atom N atom = Satom

Figure 6. The macromolecular structure of a variety of coal ranks. Modified from [99].
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FTIR is used to analyze the functional groups of organic compounds, including aro-
matic, oxygen-containing, aliphatic, and hydroxyl structures [92,127]. Prior to such anal-
yses, the coal sample should be demineralized [127] and CO, will generate a peak at
2330 cm ! [128]. Results from FTIR studies of CO, adsorption on wet coal indicated a sig-
nificant decline in CO, adsorption capacity compared with dry samples, although aliphatic
and aromatic functional groups were unaffected [92] (Figure 7).

S
(=C=0)

(b)
Cc-n -

\(C=C) (—OH) ~N

450 1050 1650 2250 2850 3450

Wave number (cm™1)

Transmittance (%)

Figure 7. FTIR spectra of (a) wet coal exposed to CO; at 300K and pressure up to 6 MPa, (b) dry coal
exposed to CO; at 300 K, and (c) fresh coal. Modified from [92].

The Raman method allows the analysis of microcrystalline carbon structure [127]
based on signal related to the vibrations of aromatic fused rings [129]. This technique can
be used to study gas adsorption coal by evaluating the D peak (1332 to 1366 cm ') and
G peak (1576 to 1608 cm~ 1) [127].

According to [128], coal must be demineralized prior to evaluating gas adsorption
using XRD and the difference between treated and untreated coal following gas injection
can be clearly seen at the 26 = 23° peak position [128] (Figure 8). The (002) band is the
most prominent band in the XRD diffractogram, and change in the position of this peak
are related to changes in the aromatic sheet structure (that is, in the interlayer spacing
doo2) [128,130]. The equations for calculating the interlayer spacing between the aromatic
sheets (dgo2) and the average crystallite stacking height (Lc) are [128]

dooz = A/2sin Bygp, (28)

LC = 0.9)\/[3002 CcOSs 9002, (29)

where A is the X-ray wavelength (A), ooz is the 002 diffraction angle, Boo is the width at
half maximum intensity of the pure reflection profile in radians.

8000 1

6000 1
Z —— Treated CO, for 6 months
é i = Treated CO, for 14 days
€ 4000 untreated

2000 1

20 40 60 80 100
20

Figure 8. The XRD pattern obtained from untreated coal and coal treated CO; for different time
spans. The primary difference is at 26 = 23°. Modified from [128].
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6. Adsorption Effects

Previous research has shown that CO; injection is likely to produce swelling of
coal [26,93,131,132], whereas N injection is less likely to do so [131,132]. The effect of
gas can be assessed using volumetric and gravimetric method and by monitoring tri-axial
stress (Table 1). Additional measurement devices, such as strain gauges, strain bridges,
linear variable differential transformers (LVDT), and optical analyzers, can be used to
assess instantaneous volume changes [102]. Compared with non-pressurized methods,
pressure-based techniques can show initial fracturing and tend to indicate higher gas release
volumes [133]. Increases in the adsorption pressure promote expansion of the coal matrix
that in turn reduces the cleat apertures and closes pre-existing fractures [39,134-137]. These
phenomena decrease the permeability of the coal and inhibit methane production [24,118].

Table 1. Summary of experimental studies related to gas adsorption by coal. Sg: strain gauge, Sb:
strain bridges, L: LVDT, O: optical and Pmax: maximum experimental pressure.

Experimental Method Experimental Analysis

Coal .
Coal Rank S an(ia le Adsorbate SIv:elhln 8 Reference
p Sorption Swelling Pmax T esult
Bituminous Block CO, Gravimetric o 16 MPa 55 °C 1.8% [138]
Semi-anthracite  Block CO,/N,  Manometric/ Sg 16MPa  318-338 K 1.42% [43]
volumetric
Bituminous Cube CO, Volumetric Sg 6 MPa 30°C 3.8 x 10 uE [51]
Anthracite Core CO, Volumetric Land Sg 18 MPa 45 °C 0.9% [139]
High volatile Block Co, Tri-axial Sg 0.4 MPa 25°C 1200 pE [140]
bituminous
Adsorption
Bituminous core CO, deformatlon Sg 2.5 MPa Room 1.8% [137]
testing
system

7. Discussion and Prospects for Future Research

Experimental work and simulations methods aimed at understanding gas adsorption
during ECBM recovery are being increasingly improved. This review focused on the effects
of the chemical structure of coal, taking into account various properties of the coal and
the injection gas. Gas adsorption is essentially a solid-liquid system in which adsorption
leads to the infusion of a sorbate into a sorbent, which is converted to a rubbery state such
that its pores disappear [128]. As a consequence, moisture is an important factor in the
adsorption of gas by coal. Experimental data shows that the adsorption by dry coal has
higher adsorption capacity than wet coal [49,52-54]. Analyze of the chemical structures of
coals have established that interactions between hydroxyl and carboxyl functional groups
with water molecules are stronger than those with gas molecules [92]. Hence, dry coal will
always exhibit higher gas adsorption capacity than wet coal, even though wet coal is the
closest to the natural condition of this material.

Demineralized coal is commonly used in coal structural analyses but does not closely
match real coal. The various minerals in coal can be dissolved and mobilized during gas
adsorption [141] and so a challenge for future research will be to ascertain the effects of
mineral content on gas adsorption by coal.

The maceral content of coal and its pore size have a unique correlation. The maceral
content is greatly affected by the deposition of coal, whereas pore size is affected by the
coalification process. Studies of gas adsorption by coal using FTIR spectroscopy have
demonstrated that coal with a higher vitrinite content generates higher adsorption capacity
because the small pores of the vitrinite are able to capture gas molecules [142]. Adsorption
isotherm analyses using the Langmuir, Dubinin and BET methods will all show differences
in the effects of pores in coal. The Langmuir technique assumes monolayer formation,
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while the BET method postulates the formation of multilayers based on monolayers and
the Dubinin calculations are predicated on pore filling. The most significant difference
between the Langmuir and BET methods is that the former takes each adsorption site
into account but assumes only one molecule at each site, while the BET method calculates
the adsorption of several molecules at each site [115]. Adsorption analyses using the BET
method indicate minimal variations in the mesopore volume between dry and wet coal [92].
However, the micropore surface area is increased in dry coal and decreased in wet coal [92].
The Dubinin method is better at fitting experimental data than the monolayer or multilayer
pore filling models. Differences in pore size and correlations in these differences with coal
chemical structures can be examined using XRD by investigating the structural geometry in
micropores [128]. Overall, the data show that a higher vitrinite content and more accessible
pores promotes gas adsorption and methane desorption from the coal matrix.

The gas that is injected during ECBM recovery depends on the type of coal being
processed. Coal having a higher oxygen content will adsorb CO, and N, more strongly be-
cause the heat of adsorption of these gases will be higher [99]. Thermodynamic calculations
also indicate that CO, adsorbs to the coal surfaces more readily than N; and is more stable
once adsorbed [101]. The fraction of the coal surface populated by CO, molecules increases
with increases in the heat of CO, adsorption, indicating higher CO, adsorption [128]. Both
simulations and experimental data regarding adsorption selectivity associated with inject-
ing CO,-Nj mixtures show similar trends in which CO; is preferentially adsorbed and
lower rank coal has higher adsorption selectivity [99] (Figure 9). However, even though
CO; is preferentially adsorbed increasing the percentage of CO, in the gas mixture makes
it more difficult to desorb methane [99]. This phenomenon occurs because CO, alters the
coal pore sizes via internal and external expansion effects [137]. The injection of pure CO,
also results in swelling of the coal such that methane extraction is inhibited. Thus, for the
purpose of ECBM recovery, the injection of CO,-N; mixtures is the best option.

65+
= ~
60- S o = =Simulation fitted curve of lignite
55 o Simulation fitted curve of bituminous
) S o = = Simulation fitted curve of anthracite
50 4 S
~
~ ~
454 N
™~ - - ~
40 -

~— Experiment fitted curve of lignite
354 Experiment fitted curve of bituminous
— Experiment fitted curve of anthracite

Adsorption selectivity of CO,/N,

304

25 \

20 40 60 80 100
Component of CO, (%)

Figure 9. Adsorption selectivity during CO, /N, injection into lignite, bituminous and anthracite
based on simulations and experimental work. A selectivity value larger than 1 indicates preferential
adsorption of CO;. Modified from [99].

Laboratory experiments using volumetric and gravimetric methods are commonly
used to assess gas adsorption by coal. The volumetric methods determine gas adsorp-
tion at a variety of pressures but cannot assess variations in volume and density after
adsorption [26]. The gravimetric methods are highly accurate but have several weaknesses.
Specifically, these techniques require buoyancy correction [102] and make it difficult to
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control the sample temperature during the experiment [26]. As a consequence of these
issues, modeling should be used to improve accuracy.

Modeling-based predictions of gas adsorption have been found to be similar to experi-
mental data, although these models tend to neglect physical adsorption mechanisms. Even
though the Ono-Kondo lattice model considers the crystalline coal structure, this technique
assumes monolayer adsorption and omits swelling of the coal matrix [106]. Numerical
simulations provide better predictions but assume uniform micropores [83]. DFT and
GCMC provide improved results. DFT can predict a variety of coal pore sizes while GCMC
simulates adsorption based on gas molecule movement, generation, and deletion on coal.

Various methods proposed to understand the adsorption in chemical structures have
their respective advantages and disadvantages (Table 2). The '*C NMR detects total
aromaticity better than other methods and XRD explains a better aromatic layer than
method [143]. The coalification process affects gas adsorption in coal and increasing
proportions of aromatic components is related to increasing vitrinite reflectance value [127].
Aliphatic and aromatic in coal are unaffected by water molecules because these groups are
hydrophobic [92].

Table 2. Advantages and disadvantages of different techniques for evaluating gas adsorption in the
chemical structures of coal.

Method Advantages Disadvantages Source
Detect aromatic CO, adsorption It is difficult to describe
13C NMR in different coal types and coal complexity of selectivity gas [144]
ranks in detail adsorption
Changes in the amounts of
functional groups can be Discovered the inconsistencies in
FTIR detected, and the evolution of functional groups for the same [145-147]
micropore structure can be type of coal
described

Consider the loss of oxygen It shows higher average lateral

Raman oups in aromatics size of crystalline aromatics in [143,148]
sroup coal compared to the XRD result
. Cannot directly mention
It shows an accurate change in S .
micropore by interplanar destruction in later spacing of
XRD crop y p the microcrystalline aromatic by [149]
spacing, stacking height and .
. adsorption or by other
lateral size .
mechanisms

Even though adsorption measurement methods have been improved, there have been
few reports related to the use of these techniques to study the injection of mixed gases into
coal. This suggests opportunities for future research in this field as a means of examining
ECBM by injecting a variety of gases into different coal ranks. An improved understanding
of the adsorption processes and more detailed data should allow more accurate simulations
of ECBM recovery.

8. Conclusions
This review examined various aspects of gas adsorption by coal during ECBM extrac-
tion. The most important factors as affecting this process are follows:

° Moisture

Experimental data show that adsorption is inhibited on wet coal because the adsorp-
tion sites are occupied by water molecules. This effect is reinforced by interactions between
water molecules and hydroxyl/ carboxyl functional groups in the coal.
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e  Maceral and pore size

Changes in the coal structural geometry related to the presence of mesopores and
micropores as well as chemical structure can affect the extent of gas adsorption in coal pores.
The presence of maceral is determined by the type of coal deposit while pore sizes are
affected by the coalification process, and these relationships indicate that higher vitrinite
proportions and more accessible pores increase the possibility of gas adsorption.

e  Gas characteristics

CO;, is adsorbed by coal to a greater extent than N, although the injection of CO,
alone results in swelling of the coal. The use of CO,-N, mixture appears to be the best
option for ECBM recovery.

e  Cutting-edge methods used to understand adsorption

Laboratory experiments using volumetric and gravimetric methods can provide ap-
proximate information concerning gas adsorption by coal. However, such experiments also
require modeling to ensure accuracy, such as the Ono—-Kondo lattice model or numerical
simulations. Since such modeling does not take physical mechanisms into account, DFT
and GCMC method may also be applied. Analytical techniques including '*C NMR and
XRD can also monitor gas adsorption and may provide superior data.

Further research concerning gas adsorption by coal as a means of improving ECBM
extraction is required, especially concerning the injection of mixed gases into a variety of
coal ranks.
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