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ABSTRACT: Quantitative characterization of multiphase methane and investigation of the methane dynamic adsorption process of
coals were performed by a low-field nuclear magnetic resonance (NMR) method. Meanwhile, methane diffusion behaviors during
the step-by-step pressurization adsorption process were evaluated by three diffusion models. The results indicate that the transverse
relaxation time (T2) spectra of methane demonstrate two distinct peaks of adsorbed methane (P1, T2 < 2.5 ms) and porous medium-
confined methane (P2) at a low-pressure step (∼1.0 MPa), and the third peak of bulk methane (P3) obviously appears when the
pressure >2.0 MPa. The integrated T2 amplitude of adsorbed methane increases quickly during the first 2 h (>75% of total) and then
gradually reaches a maximum value in the last 4 h during the initial pressure step of ∼1.0 MPa, whereas it reaches >90% of total
amplitude in 1 h as the pressure is increased step-by-step. According to the strong linear relationship between the adsorbed methane
volume and the integrated T2 amplitude, the real-time methane adsorption volume can be determined, and adsorption isotherms
from the NMR method are found to be mostly overlapped with those of the volumetric method. Moreover, the effective diffusion
coefficient of the unipore model (10−6 to 10−5 s−1) coincides with the micropore diffusion coefficient of the bidisperse model and
the slow diffusion coefficient of the multiporous model, which is generally 1−3 orders of magnitude less than the macropore
diffusion coefficient (10−3 to 10−2 s−1) and the fast diffusion coefficient (10−2 s−1) or transitional diffusion coefficient (10−4 to 10−3

s−1). The dynamic changes in diffusion parameters with pressure may be related to the comprehensive effects of methane diffusion
mechanisms and coal matrix swelling under different adsorption pressures.

1. INTRODUCTION

Coalbed methane (CBM), which is found mainly adsorbed on
a coal matrix pore surface with its main component being
methane (80−90%) and the rest impurity gases, has attracted
the great attention of many countries because of its great
significance for mining safety, greenhouse gas reduction, and
solving the supply−demand contradiction of natural gases.1−3

The gas adsorption kinetics in a coal reservoir is a
comprehensive dynamic process involving the gas seepage
stage, bulk diffusion stage, surface diffusion stage, and gas
adsorption stage,4,5 and the gas adsorption capacity is one of
the key parameters for accurately predicting the gas-in-place
content and gas production behaviors.6−8 Commonly, the gas
adsorption process and the capacity of coals are determined by
the volumetric and gravimetric methods.9,10 Based on the gas
isothermal adsorption analysis of coals, it has been reported
that the gas adsorption behavior and capacity are primarily
dominated by the coal rank, maceral composition, moisture
content, pore structure, temperature, pressure, and so
forth.11−15 Moreover, the gas diffusion process in coals can
be accurately described by the unipore model, the bidisperse
model, and the multiporous model with fitting gas adsorption
rate data, which mainly depend on the pore size/volume
distribution of coals.16,17 These results indicate that the gas
diffusion behavior in the pore network plays an important role
in controlling the gas adsorption process. Therefore, the
understanding of the gas dynamic adsorption−diffusion

process in the coal matrix is key to reveal the CBM storage
mechanism and enhance the CBM recovery.
A significant amount of studies have verified that the low-

field nuclear magnetic resonance (NMR) technique is an
efficient and nondestructive method for characterizing the pore
structure, porosity, permeability, surface wettability, and gas−
water two-phase flow behaviors of unconventional reser-
voirs.18−23 Recently, there have been some studies that
begun to use the low-field 1H NMR relaxation characteristics
to make qualitative and quantitative analyses of multiphase
methane gases in coal and shale. By analyzing the 1H NMR
wide-line spectra and transverse relaxation time (T2) spectral
characteristics of methane phases in coals, Alexeev et al.24 and
Guo et al.25 found that methane exhibits three phase states
(adsorbed state on the surface of small pores, free state in large
pore fractures, and solid-solution state in the coal matrix) in
the open/closed pore-fracture system and solid solutions of
coals, corresponding to the adsorbed methane peak, porous
medium-confined methane peak, and bulk methane peak in the
T2 spectrum. Based on the independently developed low-field
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NMR gas adsorption experimental setup, Yao et al.26 proposed
a quantitative method to assess the methane adsorption
capacity of coals using the T2 amplitude of coal-adsorbed
methane, which shows very good agreement with the results of
traditional volumetric method under the same experimental
conditions. Meanwhile, the gas adsorption capacity and the
specific contents of free gas and adsorbed gas in shale can also
be accurately quantified by the corresponding T2 spectral
distribution from low-field NMR measurements.27 Some
researchers studied the influence of adsorbed/nonadsorbed
water on methane adsorption/desorption process of coals
using NMR spectral measurements and found that the water
film in pore walls and the water droplet near the pore throat
can seriously reduce or block the methane adsorption/
desorption process on the micropore.28−30 Zhao and Wang31

and Liu et al.,32 by studying the effect of CO2 injection on the
methane adsorption process in shale with the NMR-based
methodology, observed that the methane adsorbed onto the
shale pore surface can be strongly replaced by CO2 and then
only the desorbed methane changes to the free-state methane
in the pore center and is hardly gets extracted from organic
pores. Furthermore, Quan et al.33 utilized the low-field NMR
technology to study the methane desorption−diffusion
dynamics of coals and discovered that the dynamic variation
of the methane diffusion process caused by the pore
deformation behavior is related to different desorption
characteristics under the conditions of various depressurization
schemes.
However, the above-stated research mainly concentrates on

the application of the NMR-based technology in the
identification of multiphase methane gases, quantitative
characterization of gas adsorption capacity, and its influencing
factors in coal or shale gas reservoirs. There is no further
analysis on the gas dynamic adsorption−diffusion process and

the control mechanisms of gas diffusion behavior in coal and
shale. In this work, a series of step-by-step CH4 pressurization
adsorption measurements with a temperature of 25 °C were
conducted on different rank coals using the low-field NMR
instrument to evaluate the CH4 dynamic adsorption−diffusion
process. During the step-by-step pressurization adsorption
process, the NMR T2 spectral distribution of multiphase
methane (adsorbed methane and free methane) was
continuously recorded by distinguishing the 1H protons of
methane in coals. Meanwhile, the amounts of adsorbed
methane and free methane were quantitatively calculated by
the linear relationship between the methane volume and their
corresponding T2 amplitudes, respectively. Compared with the
Langmuir parameters obtained from the volumetric method,
the application of the NMR-based adsorption method was
further verified and the CH4 dynamic adsorption process could
be characterized by the dynamic change in the T2 spectra.
Moreover, three different diffusion models (unipore, bidis-
perse, and multiporous models) were applied to calculate the
CH4 diffusion parameters of coals using the integrated T2
amplitudes with respect to different CH4 pressurization stages.
Finally, this study also discussed the dynamic changes in
diffusion parameters and their controlling mechanisms with
increasing adsorption pressure.

2. SAMPLES AND METHODS
2.1. Sampling and Coal Analyses. According to Chinese

Standard Method GB/T 23561.1-2009, three fresh bulk coal samples
(∼15 × 15 × 15 cm3) used in this study were collected from active
underground mines in the southern Junggar Basin and northwestern
Qinshui Basin of China, respectively. Based on the Leitz MPV-3
photometer microscope, the maximum vitrinite reflectance (Ro,m) and
maceral composition analyses were performed on polished coal slabs
(∼3 × 3 cm2) under the guidance of China National Standards of
GB/T 6948-2008 and GB/T 8899-2013. Moreover, the proximate

Table 1. Sampling Information and Results of Ro,m, Maceral Composition, and Proximate Analysis of Coal Samplesa

Coal composition (%) Proximate analysis (%)

Sample no. Sampling location Ro,m (%) Vitrinite Inertinite Liptinite Mineral Mad Aad Vad FCad

LRC Southern Junggar Basin 0.64 55.6 39.8 3.2 1.4 5.54 4.65 33.46 56.35
MRC Northwestern Qinshui Basin 1.68 69.3 20.1 0 10.6 0.84 14.6 20.74 63.82
HRC 2.61 74.5 14.2 0 11.3 0.67 17.6 13.6 68.13

aNote: Mad - Moisture content (wt %, air dry basis), Aad - ash yield (wt %, air dry basis), Vad - volatile matter (wt %, air dry basis), and FCad - fixed
carbon (wt %, air dry basis).

Figure 1. Schematic diagram of the low-field NMR experimental setup (modified from Zheng et al.,34 Copyright © 2020, American Chemical
Society).
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analysis of coal samples was analyzed by the Automatic Proximate
Analyzer 5E-6600. The detailed experimental procedures of these
measurements were in accordance with our previous work.17 The
results of Ro,m, maceral composition, and proximate analysis of coal
samples are summarized in Table 1, indicating that the coal sample
collected from the southern Junggar Basin belongs to low-rank coal
(LRC) with an Ro,m of 0.64%, whereas a medium-rank coal (MRC)
with an Ro,m of 1.68% and a high-rank coal (HRC) with an Ro,m of
2.61% originated from the northwestern Qinshui Basin.
2.2. Experimental Procedure and Method. The low-field

NMR measurements of methane adsorbed on coals were performed
on the Niumag MiniMR-60 analytical instrument with a constant
magnetic field of 0.54 T and a frequency of 23.15 MHz, which
consists of the reference cell, the sample cell, and the high-pressure
gas-delivery system (Figure 1). Prior to methane isothermal
adsorption measurements, coal samples were crushed and sieved
into 60−80 mesh (0.18−0.25 mm) powders, and dried in a vacuum
oven at 105 °C for 24 h to remove free water and other impurities.
Moreover, both the reference cell and sample cell were put into the
thermostatic apparatus at a temperature of 25 °C and preheated for 4
h at least. First, the bulk methane was injected into the reference cell
with volume of 70.41 cm3 under setting pressures and then the
corresponding NMR T2 spectrum was measured to establish the
correlation between the T2 amplitude and the methane volume.
Subsequently, the dried powder sample was weighed and placed into
the sample cell and vacuumed for 2 h. The dead volume has been
measured and calculated by injecting the helium at a gas pressure of
∼3 MPa before methane adsorption measurements. Finally, the
methane was first injected into the reference cell at certain pressure
and then entered into the sample cell as the valve opens. During the
adsorption process, the change in the NMR T2 spectrum with time
was recorded every 10 min for the first 2 h, after which the recording
interval of the NMR T2 spectrum was increased to 30 min for the next
4 h until the change in T2 amplitude of two consecutive tests could be
neglected. For each sample, the NMR T2 spectra at six or seven
different pressures were recorded by repeating the above procedures.
2.3. Quantitative Calculation Methodology of Multiphase

Methane. 2.3.1. Quantification of Free Methane by Low-Field
NMR Measurements. Because of the different magnetic relaxation
behaviors of multiphase methane in coals, the free methane (bulk
methane and porous medium-confined methane) and adsorbed
methane can be identified by different ranges of T2 relaxation times
and their amounts were further calculated with the corresponding T2
amplitude.25 In this study, the NMR T2 spectrum of free methane was
determined at 25 °C and a series of pressures (0.64, 1.4, 2.28, 3.18,
4.11, 5.01, 5.84, and 6.94 MPa), indicating that a series of distinct T2
spectral peaks occur at approximately 50−2000 ms, and the spectral
peak increases with the increase of gas pressure (Figure 2a). Yao et

al.26,27 proposed that the NMR T2 amplitude of free methane is
related to the number of 1H protons and increases linearly with the
volume concentration of methane at a constant temperature, as
follows

= × −V C Tfree 1 2 free (1)

where Vfree is the free methane volume, which can be calculated by the
ideal gas state equation at the STP condition (cm3); T2‑free is the T2
amplitude of free methane at a given pressure (p.u.); and C1 is the
slope of the fitting curve. As shown in Figure 2b, there is a significant
linear correlation between the STP free methane volume and the total
T2 amplitude (y = 0.0897x, R2 = 0.997), indicating that the C1 value is
equal to 0.0897 in this study.

2.3.2. Quantification of Adsorbed Methane by the Volumetric
Method and Low-Field NMR. The conventional volumetric method
has been widely used to calculate the methane adsorption capacity of
coals, which has been comprehensively reported in previous
studies.9,15 In this study, the dead volume (Vd, cm

3) is composed of
the volume of the connecting pipeline, the volume between coal
particles, and the remaining volume of the sample cell after coal
sample loading, which can be determined as follows

= − ×
i
k
jjjjj

y
{
zzzzzV

P Z
PZ

V1d
0 1

1 0
r

(2)

where P0 is the initial pressure of helium in the reference cell (MPa);
P1 is the equilibrium pressure of helium in the reference cell and the
dead space of the sample cell (MPa); Z0 and Z1 are the corresponding
helium compression factors when the gas pressure is at P0 and P1,
respectively; and Vr is the volume of the reference cell (70.41 cm3).

When the methane is injected into the reference cell at a certain
pressure (Pi), the total methane volume (Vit, cm

3) consists of the free
methane volume in the reference cell and the dead space of the
sample cell, which can be calculated using the following equation

= + × ×−

−

i
k
jjjjj

y
{
zzzzzV

PV
Z RT

P V
Z RT

22.4 1000i
i

i

i

i
t

r e 1 d

e 1 (3)

where Pie‑1 is the last equilibrium pressure of methane in the reference
and sample cells (i = 1 to 6/7, MPa); Zie‑1 and Zi are the
corresponding methane compression factors when the gas pressure is
at Pie‑1 and Pi, respectively; R is the universal gas constant (8.314 J·
mol−1·K−1); and T is the temperature (25 °C). Moreover, when the
adsorption equilibrium state is reached, the total volume of free
methane in the reference cell and the dead space of the sample cell
can be expressed as

Figure 2. T2 spectral distribution of bulk methane of different pressures (a) and the linear correlation between the STP free methane volume and
the total T2 amplitude (b).
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=
+

× ×V
P V V

Z RT
( )

22.4 1000i
i

i
f

e r d

e (4)

where Pie is the equilibrium pressure of methane (MPa) and Zie is the
corresponding methane compression factor when the gas pressure is
at Pie. Therefore, the volume of adsorbed methane at equilibrium
pressure Pie can be derived by

∑= − + × ×
=

−V V V V( ) 22.4 1000ia
n

i

i i i a
1

t f ( 1)
(5)

where Via is the volume of adsorbed methane at equilibrium pressure
Pie (cm

3).
According to the NMR T2 spectral distribution of coal samples at

pressure Pie, the T2 amplitude of adsorbed methane (T2i‑P1) and Via
can also be characterized as a linear relationship

= × −V C Ti ia 2 2 P1 (6)

where C2 is the slope of the fitting curve, which depends on the
methane adsorption process of different coal samples.

3. RESULTS AND DISCUSSION
3.1. T2 Spectral Characteristics of Multiphase Meth-

ane in Coals. Figure 3 shows the T2 spectral distribution of
multiphase methane in a coal-filled sample cell under different
equilibrium pressure conditions. The results show that the T2
spectra of different rank coals usually exhibit two distinct peaks
of adsorbed methane (P1) and porous medium-confined
methane (P2), while another peak of bulk methane (P3)
obviously appears when the equilibrium pressure is greater
than 2.0 MPa. Herein, the T2 time of P1 mainly falls within 2.5
ms, which does not change as the equilibrium pressure
increases. This phenomenon may be related to the adsorption
mechanism between methane molecular and micropore surface
of coals.26 In contrast to P1, the cut-off point of T2 time (T2C2)
between P2 and P3 varies for different rank coals, namely, 75
ms for the LRC sample, 200 ms for the MRC sample, and 150
ms for the HRC sample in this study. Because the P2 peak
originated from the relaxation of free-state methane filled into
large pores or fractures,25 its T2 boundary is primarily
dominated by the pore morphology, connectivity, and pore
size distribution. As shown in Figure 4, the total T2 amplitudes
of P1, P2, and P3 all increase to varied extents with increasing
equilibrium pressure. For adsorbed methane, the total T2
amplitude of the LRC sample increases sharply in a low-
pressure range and then tends to gently increase to an extreme
value with increasing pressure (Figure 4a), whereas those of
MRC and HRC samples gradually increase to a limiting value
as the pressure increases (Figure 4a,b). Moreover, the total T2
amplitude of the porous medium-confined methane and bulk

Figure 3. T2 spectral distribution of multiphase methane in a coal-filled sample cell with respect to different pressures for coal samples. (a): LRC
sample; (b): MRC sample; and (c): HRC sample.

Figure 4. Variation of total T2 amplitudes for adsorbed methane (P1),
porous medium-confined methane (P2), and bulk methane (P3) with
increasing pressure. (a): LRC sample; (b): MRC sample; and (c):
HRC sample.
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methane almost linearly increases with increasing pressure for
different rank coal samples. These phenomena are consistent
with the results of Yao et al.,26,27 where the total T2 amplitude
of adsorbed methane in coals/shales demonstrated a Langmuir
function trend with the equilibrium pressure of methane.
3.2. Quantitative Characterization of Adsorbed

Methane and Adsorption Isotherms. As discussed above,
the porous medium-confined methane volume and the bulk
methane volume can be quantified by their corresponding T2

amplitudes of different pressures using eq 1, respectively.
Moreover, the adsorbed methane volumes at different
equilibrium pressures can be accurately determined by the
volumetric method using eqs 2−5 (Table 2). As shown in
Figure 5, a strong linear relationship between the adsorbed
methane volume and the corresponding T2 amplitude (eq 6)
has been proven for each coal sample, as follows

= × =− −V T R0.088 ; 0.998i ia LRC 2 P1
2

(7)

= × =− −V T R0.0824 ; 0.998i ia MRC 2 P1
2

(8)

= × =− −V T R0.2001 ; 0.999i ia HRC 2 P1
2

(9)

Based on eqs 7−9, the adsorbed methane volume per unit
mass of coal samples (VNMR) can also be calculated using the
T2 amplitude of P1 at different equilibrium pressures (Table
2). For the LRC sample, the VNMR increases from 3.89 cm3/g
at 0.93 MPa to 6.22 cm3/g at 5.98 MPa, and the relative
deviation with respect to the volumetric method is in the range
of 1.43−11.14%. Meanwhile, the VNMR of the MRC sample
also increases from 7.43 cm3/g at 0.95 MPa to 15.72 cm3/g at
6.02 MPa with the relative deviation of 1.36−7.37%. It is found
that the deviation between the volumetric method and the
NMR method is mainly lower than 5%, whereas it may be
significant at a low-pressure adsorption stage (11.14% for the
LRC sample and 7.37% for the MRC sample). Moreover, the
VNMR of the HRC sample varies from 10.37 cm3/g at 0.92 MPa
to 25.02 cm3/g at 6.13 MPa with an extremely low relative

Table 2. Quantitative Calibration of the Adsorbed Methane Volume of Coal Samples by the Volumetric Method and the Low-
Field NMR Methoda

Volumetric method Low-field NMR method

Sample
no. m (g)

Vd
(cm3)

Pi
(MPa) Vit (cm

3)
Pei

(MPa) Vif (cm
3)

Via
(cm3) VVOL (cm

3/g)
T

2i‑P1 (p.u.) VNMR (cm3/g)
|VNMR-

VVOL|/VVOL (%)

LRC 30.05 35.9 1.55 1013.02 0.93 907.91 105.11 3.50 1329.41 3.89 11.14
2.04 1651.26 1.65 1631.08 125.29 4.17 1468.19 4.30 3.12
2.56 2253.52 2.25 2247.48 131.33 4.37 1557.05 4.56 4.35
3.5 3124.94 3.06 3099.7 156.57 5.21 1753.24 5.13 1.54
4.38 4052.42 3.93 4040.91 168.08 5.59 1845.9 5.41 3.22
5.39 5126.48 4.89 5110.38 184.18 6.13 2031.75 5.95 2.94
6.53 6368.42 5.98 6363.02 189.58 6.31 2123.23 6.22 1.43

MRC 27.91 32.01 1.66 1086.99 0.95 893.79 193.2 6.92 2516.08 7.43 7.37
2.18 1719.77 1.72 1640.01 272.96 9.78 3249.7 9.59 1.94
2.7 2312.72 2.35 2265.34 320.34 11.48 3945.03 11.65 1.48
3.47 3052.46 3.07 2996.48 376.32 13.48 4312.73 12.73 5.56
4.47 4008.57 4.02 3988.22 396.67 14.21 4610.37 13.61 4.22
5.41 5023.51 4.97 5010.52 409.66 14.68 5038.93 14.88 1.36
6.5 6185.05 6.02 6175.05 419.66 15.04 5324.66 15.72 4.52

HRC 27.81 36.1 1.81 1188.3 0.92 899.66 288.64 10.38 1440.59 10.37 0.10
2.97 2294.36 2.14 2137.49 445.51 16.02 2219.35 15.97 0.31
3.63 3183.78 3.02 3062.75 566.54 20.37 2778.22 19.99 1.87
4.69 4273.32 4.08 4213.69 626.17 22.52 3191.52 22.96 1.95
5.51 5281.39 5.0 5244.69 662.87 23.84 3351.37 24.11 1.13
6.75 6593.35 6.13 6550.63 705.59 25.37 3477.57 25.02 1.38

aNote: m - sample weight, VVOL - methane adsorption volume per unit mass sample, as calculated by the volumetric method, and VNMR - methane
adsorption volume per unit mass sample, as calculated by the low-field NMR method.

Figure 5. Linear relationship between the T2 amplitude and the adsorbed methane volume of LRC sample (a), MRC sample (b), and HRC sample
(c).
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deviation of 0.1−1.95%. On one hand, partially adsorbed
methane distributed for <0.1 ms may be inaccurately measured
because the echo spacing is set as 0.3 ms,26 which may result in
the VNMR value being generally low at some pressure stage. On
the other hand, the change in the ambient temperature of
laboratory and the exothermic adsorption may cause some
small fluctuations in the temperature of the sample cell when
the NMR instrument records signals. As shown in Figure 6, the
NMR methane adsorption isotherms of coal samples are well
in accord with the Langmuir equation (R2 > 0.98), and the

corresponding Langmuir volume (VL‑NMR) and Langmuir
pressure (PL‑NMR) are 6.826 cm3/g and 0.887 MPa for the
LRC sample, 19.94 cm3/g and 1.725 MPa for the MRC
sample, and 34.974 cm3/g and 2.305 MPa for the HRC
sample, respectively. Compared with the Langmuir volume
obtained from the volumetric method, the VL‑NMR of the LRC
sample has a relative deviation of 9.4% (Figure 6a), whereas
that of MRC and HRC samples demonstrates the relative
deviation <1.0% (Figure 6b,c). These results suggest that the
methane adsorption data of coals determined by the low-field
NMR measurement are reliable, and this method can be used
to investigate the real-time dynamic gas adsorption/desorption
and diffusion behaviors of coals.

3.3. Methane Dynamic Adsorption−Diffusion Char-
acteristics by Low-Field NMR. 3.3.1. Dynamic Changes in
T2 Spectra during Step-By-Step Pressurization Adsorption.
During the process of step-by-step CH4 pressurization
adsorption, the dynamic change in the T2 spectra were
recorded at different time intervals. Herein, taking the times of
30, 60, 120, 180, 240, 300, and 360 min as examples, the T2
spectral distribution of methane at different pressure steps for
three coal samples is presented in Figure 7. In the initial low-
pressure adsorption stage, the T2 spectral distribution of
methane significantly changes as the time increases and
presents two distinct peaks or three inconspicuous peaks for
coal samples (Figure 7a,d,g). Moreover, the T2 spectra of
methane are distributed at a broader relaxation time of 0.03−
1000 ms and shows an obvious three-peak structure for the
LRC sample during the medium−high-pressure adsorption
stage (Figure 7b,c), whereas the T2 spectral distribution of
methane is almost coincident with the change in time and also
has three distinct peaks within the relaxation time of 0.5−1000
ms in the medium−high-pressure adsorption stage for the
MRC sample (Figure 7e,f) and the HRC sample (Figure 7h,i).
These phenomena may be related to the process of methane
molecules filling into pores, the adsorption effect between the
methane and the pore surface in the low-pressure adsorption
stage,35,36 the slow process of further occupying the adsorption
sites on the pore surface, and even the multilayered adsorption
process under the van der Waals force during the medium−
high-pressure adsorption stage.
Figure 8 shows the variation of the integrated T2 amplitudes

of adsorbed methane (P1 peak) and free methane (P2 and P3
peaks) in coals as a function of time at different pressurization
stages. For the first pressure step of ∼1.0 MPa, the integrated
T2 amplitude of adsorbed methane increases quickly during the
first 2 h (>75% of the total T2 amplitude) and then gradually
reaches the maximum value (equilibrium state) in the last 4 h
for different rank coal samples (Figure 8a,c,e). As the pressure
increases to ∼5.0 MPa step-by-step, the integrated T2
amplitude of adsorbed methane has even reached more than
90% of total amplitude in 60 min. This indicates that the gas
adsorption rate is very fast in the initial 1−2 h, whereas it needs
a long process to reach the adsorption equilibrium state, which
mainly depends on the coal properties, gas diffusion character-
istics, and gas pressures. In comparison, the integrated T2
amplitude of free methane at the first pressure step of ∼1.0
MPa significantly decreases in the first 2 h for the LRC sample
(Figure 8b) and in the first hour for the MRC sample (Figure
8d), whereas there is no obvious change of that in the HRC
sample during the process of step-by-step CH4 pressurization
adsorption (Figure 8f). Similarly, the integrated T2 amplitude
of free methane in LRC and MRC samples almost remained

Figure 6. CH4 isothermal adsorption curves obtained from the
volumetric method and the NMR method for the LRC sample (a),
MRC sample (b), and HRC sample (c).
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stable when the pressure gradually increases. This phenomen-
on may be related to the conversion rate of free methane to
adsorbed methane during the adsorption process and the
dynamic methane equilibrium condition between the sample
cell and the reference cell. Therefore, this method can provide
a fast and advanced technique to accurately analyze the CBM
dynamic adsorption/desorption process at a given pressure and
temperature and quantitatively identify the gas content with
different existence states in coals.
3.3.2. Modeling of Methane Diffusion Process by Low-

Field NMR. Based on the gas adsorption/desorption data, the
unipore model, the bidisperse model, and the multiporous
model are usually used to describe gas diffusion behaviors in
coals, which originated from the solution to Fick’s second law
for spherically symmetric flow16,17,37
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where D is the gas diffusion coefficient, r represents the pore
radius, t is the time, and C is the cumulative adsorbate
concentration. For a constant surface concentration of the
diffusing gas, all diffusion models can be derived from eq 10 as
follows
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where Mφ represents the amount of gas adsorbed in a certain
diffusion stage at time t, Mφn is the total amount of gas
adsorbed in a certain diffusion stage at indefinite time, Mt and
M∞ represent the amount of gas adsorbed at time t and the
total amount of gas adsorbed at indefinite time, respectively,
Dφe is the effective diffusion coefficient (Dφe = D/r2), and βφ is
the ratio of the amount of gas of certain diffusion stage to the
total amount. Herein, the unipore model is equivalent to φ = 1,
the bidisperse model is equivalent to φ = 2, and the
multiporous model corresponds to φ ≥ 3.
In this study, because of the linear relationship between the

amount of adsorbed methane and the integrated T2 amplitude
of P1 peak, eqs 11−13 can be expressed by the increment in
the integrated T2 amplitude (S) at a certain pressurization step
as follows

Figure 7. Representative T2 spectral distribution at different adsorption pressures with increasing time for coal samples.
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where i represents different CH4 pressurization adsorption
steps (i = 1−5) and the term S∞

i is replaced by the integrated
T2 amplitude at 6 h for the sake of avoiding the over-
parameterization. As shown in Figure 9, the adsorbed methane
fraction data calculated from the integrated T2 amplitude at
different CH4 pressurization stages as a function of time are
fitted using the unipore model, the bidisperse model, and the
multiporous model (φ = 3), respectively. For LRC and MRC
samples, both the bidisperse model and the multiporous model

agree well with the methane adsorption fraction data, and their
fitting curves are almost coincident, whereas the fitting curves
of unipore model obviously deviate a lot from the adsorption
fraction data of different CH4 pressurization stages (Figure
9a−f). This indicates that the methane diffusion process of
LRC and MRC coals generally appears in two diffusion stages
(the fast macropore diffusion stage and the slow micropore
diffusion stage) or multiple diffusion stages because of the
complicated bidisperse or multimodal microporous structure.
Our previous research found that the bidisperse model may
deviate from the data at the initial diffusion stage in some
lignite samples in contrast with the multiporous model,17

which is not evident in this work as a result of the duration
limitation of the NMR signal sampling process. Moreover, the
same fitting phenomenon also exists in the initial low-pressure
adsorption step of 0.92 MPa for the HRC sample (Figure 9g),
whereas the fitting curves of three different models tend to
overlap when the methane adsorption equilibrium pressure is
greater than 2.0 MPa in the HRC sample (Figure 9h,i). It
suggests that the gas diffusion process of some anthracite or
bright coals may present multistage characteristics during the
initial low-pressure adsorption stage, and then it may change to

Figure 8. Dynamic change in the total T2 amplitude of multiphase methane with respect to time at different pressures for coal samples.
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the homogeneous diffusion behavior under the combined
action of the complex pore structure and increasing gas
pressure (the mean free path of the methane molecule) during
step-by-step pressurization adsorption.37

3.3.3. Dynamic Changes in Diffusion Parameters during
Step-By-Step Pressurization Adsorption. Through Python
programing, the methane diffusion parameters and the
correlation coefficient (R2) of coal samples calculated using
three diffusion models are shown in Table 3. The results
indicate that the bidisperse model and the multiporous model
are more suitable for describing the methane diffusion process
of three coal samples (R2 > 0.99), whereas there may be no
obvious difference between the three diffusion models when
the gas adsorption pressure is greater than 2.0 MPa in the
HRC sample (0.904 < R2 < 0.99). It can also be observed that
the effective diffusion coefficient (De) of the unipore model at
different pressurization adsorption steps ranges from 5.61 ×
10−6 to 5.84 × 10−5 s−1 for three coal samples, which is
between the macropore diffusion coefficient (Dae) and the
micropore diffusion coefficient (Die) of the bidisperse model.
According to the calculation results of LRC and MRC samples,
the order of magnitude of Dae is approximately between 10−3

and 10−2 s−1 and that of Die ranges from 10−6 to 10−5 s−1,
which is consistent with the results of Pan et al.16 and Wang et
al.38 As the proportion of methane adsorption amount in

macropores is relatively low (0.061 <β < 0.494) in LRC and
MRC samples, the De values are so much closer to the Die

values at different pressurization adsorption steps, which
indicates that the diffusion process is mainly dominated by
the much slower micropore diffusion stage. Moreover, the Dae

of the bidisperse model generally lies between the fast diffusion
coefficient (Dfe, 1.42−5.34 × 10−2 s−1) and the transitional
diffusion coefficient (Dte, 0.102−8.9 × 10−3 s−1) of the
multiporous model for LRC and MRC samples, whereas the
Die is almost equal to the slow diffusion coefficient (Dse,
0.987−2.36 × 10−5 s−1) of the multiporous model in this
study. Meanwhile, the proportion of methane adsorption
amount of fast and transitional stages (βf and βt) is also
commensurate with that in macropores (β). Therefore, it
suggests that the fast macropore diffusion process in some
coals may have multistage characteristics, which are mainly
controlled by the complex pore structure and distribution.
Figure 10 shows the variation of different diffusion

parameters with the equilibrium pressure of coal samples
during the step-by-step pressurization adsorption process.
Herein, the De of LRC and MRC samples approximately
experiences the process of decreasing first (Pe < 3.0 MPa) and
then increasing (Pe > 3.0 MPa) with increasing pressure,
whereas that of HRC sample tends to decrease steadily as the
adsorption pressure increases (Figure 10a). This phenomenon

Figure 9. Representative fitting curves of the unipore model, bidisperse model, and multiporous model to the adsorbed methane fraction data
calculated from the integrated T2 amplitude of coal samples at different CH4 pressurization stages.
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may be related to the comprehensive effects of methane
diffusion mechanisms under different adsorption pressures and
coal matrix swelling during the adsorption process. On one
hand, gas adsorption-induced coal matrix swelling can also be
described using a Langmuir-like equation with increasing gas
pressure, and its ratio is closely related to the adsorption
capacity and elastic properties of coals,39,40 which results in the
reduction of pore size and even the closure of partial
micropores of coals. It further leads to the decrease of
methane diffusion capability in coals. On the other hand, three
different mechanisms of gaseous methane diffusion (Fickian
diffusion, transitional diffusion, and Knudsen diffusion) have
been determined in coal pores with different pore sizes by
means of comparing the pore size and the mean free paths of
methane molecule (λ = π

KT
d P2 0

2 ).41,42 As the methane
pressure increases, the Fickian diffusion (pore diameter >
10λ) and the transitional diffusion (0.1λ < pore diameter <
10λ) can further occur in the smaller pore of coals, which may
result in the continual increase of methane diffusion capability.
Because of the impact of the above two factors and the
complex pore structure of coals, the Dae of the bidisperse
model for LRC and MRC samples first increases and then
decreases with the increase of pressure (Figure 10b).
Meanwhile, the proportion of macropore diffusion stage
shows a gradual increasing trend for the LRC sample and a
decreasing tendency for the MRC sample, respectively.
Similarly, both Dfe and Dte values of the multiporous model
for LRC and MRC samples increase first and then decrease,
and finally tend to a fixed value as the pressure increases
(Figure 10c,d). Therefore, the change in the low gas pressure
has a great influence on the initial and middle stages of
diffusion process in coals, while the slow diffusion stage is
more sensitive to high pressures.
3.4. Application of This Study in CBM Reservoir

Characterization. Until now, the total gas content of coal
reservoir and gas adsorption/desorption behaviors has been
generally determined by the on-site and laboratory canister
adsorption/desorption measurements, which mainly focuses

on the content of adsorbed gas in coals and its adsorption/
desorption behaviors under different pressures.8,43,44 However,
it cannot accurately measure the residual gas content stored in
the desorption canister and characterize the conversion process
of gas in adsorbed and free states in coals. In this work, the
low-field NMR method is preliminarily established to
quantitatively analyze the distribution of adsorbed gas and
free gas in coals during one-step or step-by-step adsorption/
desorption process, which can be further used to estimate the
content of multiphase gas in the on-site desorption test rather
than being confined only in the laboratory. This method can
accurately determine the residual gas content according to its
T2 spectral amplitude. Moreover, we also proposed an NMR-
based method to calculate the gas diffusion coefficient and
monitor the gas dynamic diffusion behavior in coals during the
adsorption/desorption process. On this basis, the relevant data
capture and calculation program can be linked to the NMR
signal acquisition system and then the dynamic change in the
gas diffusion coefficient can be depicted as soon as possible. To
combine with the application of the low-field NMR method in
the characterization of the pore structure, porosity, and
permeability of coals,45,46 the physical properties and gas
microscopic characteristics of coal reservoir can be effectively
characterized by low-field NMR measurements, which can
provide significant implications for clarifying the gas storage/
flow mechanisms in coals and the related parameters for the
forecast of CBM production. However, there still needs a lot of
work to ensure the extensive applicability of the NMR-based
method in studying the dynamic adsorption-diffusion process
of different rank core/bulk coal samples under in situ
conditions.

4. CONCLUSIONS
In this study, the quantitative characterization of multiphase
methane in coals and a study of the methane dynamic
adsorption process were carried out using the low-field NMR
method. Meanwhile, three different diffusion models were
applied to study the CH4 diffusion behaviors on the basis of
integrated T2 amplitudes with respect to different CH4

Figure 10. Relationships between the adsorption pressure and different diffusion parameters calculated from different models for coal samples.
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pressurization stages, and the dynamic changes in diffusion
parameters and their controlling mechanisms were discussed.
The main conclusions are summarized as follows:

(1) The T2 spectra of multiphase methane in a coal-filled
sample cell usually exhibit two distinct peaks of adsorbed
methane (P1) and porous medium-confined methane
(P2) in the low-pressure adsorption stage, and another
peak of bulk methane (P3) obviously appears when the
pressure is greater than 2.0 MPa. The T2 interval of P1
always falls within 0−2.5 ms, whereas the T2C2 between
P2 and P3 is not fixed for different rank coals, which is
related to the pore morphology, connectivity, and pore
size distribution of coals.

(2) Both the adsorbed methane volume and the free
methane volume demonstrate a strong linear correlation
with their corresponding T2 amplitude. The relative
deviation of adsorbed methane volume between the
volumetric method and the NMR method is less than
∼10% for the LRC sample, ∼8.0% for the MRC sample,
and ∼2.0% for the HRC sample. For the first pressure
step of ∼1.0 MPa, the adsorbed methane volume
increases quickly during the first 2 h (>75% of total)
and then gradually reaches the equilibrium state in the
last 4 h, whereas it even reached more than 90% of total
volume in 60 min when the pressure increased.

(3) For LRC and MRC samples, the bidisperse model and
the multiporous model agree well with the integrated T2
amplitude data at different CH4 pressurization stages
and the fitting curves of the unipore model obviously
deviate a lot, whereas the fitting curves of three different
models tend to overlap when the adsorption pressure is
greater than 2.0 MPa in the HRC sample. The variations
of CH4 diffusion parameters with different pressures may
be related to the comprehensive effects of methane
diffusion mechanisms under different adsorption pres-
sures and the coal matrix swelling during the adsorption
process. Overall, the proposed NMR-based method can
provide an effective technique to accurately determine
the content of multiphase gas and the dynamic
adsorption−diffusion process of different rank core/
bulk coal samples under in situ conditions.
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