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Abstract: Discriminating multiphase methane (adsorbed and free phases) in coals is crucial for
evaluating the optimal gas recovery strategies of coalbed methane (CBM) reservoirs. However, the
existing volumetric-based adsorption isotherm method only provides the final methane adsorption
result, limiting real-time dynamic characterization of multiphase methane in the methane adsorption
process. In this study, via self-designed nuclear magnetic resonance (NMR) isotherm adsorption
experiments, we present a new method to evaluate the dynamic multiphase methane changes in
coals. The results indicate that the T, distributions of methane in coals involve three different peaks,
labeled as P1 (T, < 8 ms), P2 (T, = 20-300 ms), and P3 (T, > 300 ms) peaks, corresponding to the
adsorbed phase methane, free phase methane between particles, and free phase methane in the sample
cell, respectively. The methane adsorption Langmuir volumes calculated from the conventional
volumetric-based method qualitatively agree with those obtained from the NMR method, within an
allowable limit of approximately ~6.0%. Real-time dynamic characterizations of adsorbed methane
show two different adsorption rates: an initial rapid adsorption of methane followed by a long
stable state. It can be concluded that the NMR technique can be applied not only for methane
adsorption capacity determination, but also for dynamic monitoring of multiphase methane in
different experimental situations, such as methane adsorption/desorption and CO,-enhanced CBM.

Keywords: low-field NMR; coal; free methane; paramagnetic mineral

1. Introduction

The increasing attention paid to clean energy has promoted the efficient development
and exploration of the coalbed methane (CBM) industry [1-4]. At the same time, the
scientific characterization of coals’ petrophysical properties, such as pore structure, perme-
ability, and methane adsorption capacity, have recently aroused great research interest [5-8].
For example, the methane adsorption capacity is a crucial parameter in evaluating the
methane content of CBM reservoirs [7,9-11]. Additionally, investigating the methane
adsorption process in coal pore systems is essential to establish and assess CBM wells’ pro-
duction [12,13]. Thus, an accurate and real-time dynamic characterization of the methane
adsorption process in coals is necessary for CBM production.
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Commonly, the methane adsorption capacity is determined using the volumetric-based
adsorption isotherm [14,15]. However, this method is quite complicated and susceptible to
impurities or the volume effect, may result in larger variations in experimental results [16].
Furthermore, the Langmuir isotherm curve consists only of cross-plots of adsorbed methane
content and experimental pressure, and has the significant shortcoming that it is incapable
of depicting any details in the methane adsorption process. The dynamic characterization of
the methane adsorption process in coals is usually evaluated based on the assumption of a
single pore or regular structure pore network model, which is derived from well-established
sandstone or tight sandstone [17,18]. However, due to complicated and heterogeneous
coal pore structures, the model obtained from sandstone or tight sandstone needs to be
modified, which is complex and time consuming. To the best of the authors” knowledge,
few methods can be individually and directly applied for the dynamic characterization of
methane adsorption in coals.

Nuclear magnetic resonance (NMR) is a non-destructive technique that has been
widely applied for investigating hydrogen-bearing reservoir fluids” petrophysical proper-
ties [19-25]. Based on the fully water-saturated and centrifuged NMR transverse relaxation
time (T7) distribution of coals, Zheng et al. [22] calculated the T; cutoff values and then used
them to classify pore types and evaluate the full-scale pore size distribution. Guo et al. [26]
first applied the NMR T, measurement to evaluate the methane T, distributions of low-
rank coals. They found three different methane relaxation mechanisms existing in coals:
adsorbed methane, porous medium confined methane, and free methane. Vasilenko [27]
presented an NMR study of the ratio between the free and adsorbed phase methane in
fossil coals, and found that the adsorbed methane was the predominant phase state, only
upon the opening of a high-pressure chamber after the emission of methane from filtration
channels. Liu et al. [28] discussed the CO, enhanced gas recovery efficiency in shales based
on NMR measurement. They found that the higher concentration ratios of CO,/CHy are
more efficient for gas recovery. By introducing the NMR relaxation method, Yao et al. [29]
investigated the multiphase methane relaxation characterization in shales. In their study,
NMR peaks with T, < 1 ms and 1-50 ms corresponded to the adsorbed phase methane and
free phase methane in shale, respectively. Additionally, Yao et al. [30] characterized the
methane adsorption capacity on two low volatile bituminous coals using low-field NMR
measurements and revealed that the P1 peak amplitude increases rapidly at the beginning
stages, and then trends to attain an ultimate value, in a manner similar to the Langmuir
equation. However, the research objects in Yao et al. [30] were only two low-rank coals,
which restricted the NMR relaxation measurement application for medium- and high-rank
coals, especially for some coals containing paramagnetic minerals. Previous achievements
have verified the qualitative ability of the NMR relaxation method in methane adsorption
characterization in unconventional reservoirs (e.g., shale and coal). Moreover, few studies
relate to the application of the NMR data for estimating the real-time dynamic methane
adsorption process in coals.

In this paper, a series of comparative volumetric- and NMR-based methane adsorp-
tion measurements were performed for eight coals whose ranks were strikingly different.
Comparing experimental results from the volumetric method, the accuracy of the NMR-
based method for methane adsorption characterization in coals having different ranks
was validated. Based on the NMR T, distribution in different time intervals, the methane
adsorption dynamic process characteristics in coals were investigated.

2. Experimental Methods
2.1. Coal Sampling

In this study, a total of eight block coals (20 x 20 x 20 cm®) having different ranks
were collected from the Junggar basin, Ordos basin, and Qinshui basin, China. Table 1
shows the summary of the detailed basic petrophysical coal information. The maximum
vitrinite reflectance (Ro,m) of the selected samples ranges from 0.52% to 3.03%, covering a
wide array of coal ranks, including low, medium, and high ranks.
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Table 1. Detailed information of the selected coals.

Maceral Composition (%) Proximate Analysis (%)
Sample No. Ro,m (%)

A\Y I E M M4 Aq FCq
L1 0.52 64.3 30.7 47 0.3 7.67 21.34 44.95
L2 0.60 64.8 16.1 16.4 2.7 5.82 11.15 45.83
L3 0.70 50.2 37.2 4.7 7.9 2.55 15.49 56.42
M1 1.52 50.9 20.3 19.1 9.7 5.43 33.54 33.77
M?2 1.68 58.6 22.1 14.3 5.0 6.30 29.19 36.51
H1 2.36 80.3 10.7 1.0 8.0 0.88 17.8 87.21
H2 2.54 83.4 159 0 0.7 0.74 12.06 75.05
H3 3.03 86.2 10.1 0 3.7 1.46 1.62 95.94

Notes: Ry m—maximum vitrinite reflectance, V—vitrinite; I—inertinite; E—exinite; M—minerals. M,q—moisture
(air-dried basis); Aq—ash (dry basis); FCq—carbon (air-dried basis).

Figure 1 shows the pore morphology characteristics of the selected coals by the scan-
ning electron microscope (SEM) measurement. Results show that the pore types developed
in samples L3, M1, H1, and H2 are mainly gas pores. Intergranular pores and residual
plant tissue pores are found in samples M2 and H3, respectively, whereas fractures are well
developed in samples L1 and L2.

Figure 1. Pore morphology characteristics of the selected coals by SEM measurement.

2.2. NMR Adsorption Measurements

Compared with NMR T7 measurements, T, measurements are preferred for the char-
acterization of petrophysical properties in rocks due to their obvious advantages, such as
short testing time, good applicability, and convenient operation. Generally, the NMR T,
characteristics are tested by applying the CPMG sequence. Based on the NMR principle, T
can be characterized as follows [31-35]:

111 1 3T, S\ D(yGTg)?
= — J— - =" —_\NI="E; 1
T, Top * Tas * Top 298y +p2< ) " 12 g

1%

where T5p represents bulk relaxation; T»s represents surface relaxation; Top represents dif-
fuse relaxations; Ty means experimental temperature; 77 means methane viscosity; p, means
surface relaxivity of the sample; S means specific surface area; V means pore volume;
D means methane diffusion coefficient; 7 means proton gyromagnetic ratio; G means
magnetic field intensity; T means echo spacing time.

1 1 S
7=t (7) ?
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As shown in Figure 2, the experimental set-up of NMR methane adsorption mea-
surement mainly includes five parts: (1) the gas supply system, providing a different gas
source for the experimental system; (2) the gas exhaust system, recycling exhaust gas after
experiments; (3) a non-magnetic PEEK sample cell, for placement of coal powders; (4) a
non-magnetic PEEK reference cell, for transporting and sustaining methane pressure for
the sample cell; and (5) an NMR measurement device, measuring the NMR T distributions
in methane adsorption process. Here, NMR experimental parameters were set to: waiting
time, 3000 ms; echo spacing, 0.3 ms; echo numbers, 10,000.
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Figure 2. Schematic diagram of the NMR methane adsorption experimental set-up.

Two independent experiments were performed for methane adsorption characteri-
zation by the NMR measurement; one was a free methane T, relaxation property exper-
iment (no powder coals in the sample cell) and the other was a methane adsorption T,
relaxation experiment.

The free methane T, relaxation property was measured under different methane
pressures, at a stable temperature (304.15 K). The amount of free methane can be determined
according to the ideal-gas equation. At the same time, the NMR relaxation distributions of
free methane under different pressures were measured using an NMR device.

Prior to methane adsorption T, relaxation experiments, the sample cell and reference
cell must be cleaned to prevent the contamination of impurities. Then, 60-80 mesh powder
coals were dried at 368 K in a vacuum oven at least for one day. The workflow of methane
adsorption T, relaxation experiments was as follows:

P1: The powder coals were transformed into the sample cell and placed in vacuum for
three hours;

P2: ~8 MPa free methane was injected into the reference cell;

P3: The G8 valve was switched on to introduce the reference cell methane into the
sample chamber until it reached the set pressure;

P4: The NMR T distributions were continuously measured for methane adsorption
until completely adsorbed, with an interval time of 45 min;

P5: The sample cell methane pressure was increased to six different pressure levels,
which were repeated for the same sample.

3. Results and Discussions
3.1. Free Methane T, Distributions

As shown in Figure 3, the T, characteristics for free methane under different pressures
exhibit one significant peak. This peak appears at approximately ~50-1500 ms. As shown
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in Figure 4, the NMR spectra amplitude shows an evident linear relationship with the free

methane mass:
y = 0.000015x (R2 - 0.9990) G)

where y means the free methane mass; x means the free methane NMR signal amplitude.

1 000
i L —=—0.68 MPa
——1.57 MPa
- —+—2.54 MPa
2 600 —v—3.65 MPa
5 —+—4.60 MPa
E —<+—5.51 MPa
E— 400 |-
<
200
0 L e 1 L L
0.01 0.1 1 10 100 1 000 10,000
T, (ms)

Figure 3. NMR T, distributions of free methane.
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Figure 4. Correlations between T, amplitude vs. methane mass.

3.2. Methane Adsorption Ty Relaxation Characteristics

Methane adsorption T, spectra for the selected coals are presented in Figure 5. The
minimal T, amplitude of the dry samples (solid purple line) indicates the nuclear responses
from the coal itself can be ignored. Results show that the methane adsorption T, spectra
exhibit three peaks: P1, P2, and P3. The NMR P1 peak appears in approximately ~0.1-8 ms,
whereas the P2 and P3 peaks emerge in approximately ~20-300 ms and 300-2000 ms,
respectively. Based on the NMR principle in Equation (2) and the research results in
Yao et al. [30], the multiphase methane in coals characterized by NMR was divided into
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three parts: (1) the adsorbed phase occurring in the coal pore surface, represented by the
NMR P1 peak; (2) the free phase emerging between coal particles, represented by the NMR
P2 peak; and (3) the free phase occurring in the sample cell free space, represented by the
NMR P3 peak. Here, we defined the multiphase methane in coals as the adsorbed phase
and the free phase.
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Figure 5. NMR T spectra of methane adsorption in coals.

Figure 5 shows that all peak (P1, P2, and P3) amplitudes have an increasing trend with
the increase in methane pressure. In order to advance quantitative characterization of the

7, (ms)
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NMR P1 peak variation, the relationship between NMR P1 peak amplitude and methane
pressure is plotted in Figure 6a. The results show that the NMR P1 peak amplitude rapidly
increases at the beginning stages, and then trends to attain an ultimate value, in a manner
similar to the Langmuir equation.
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Figure 6. NMR P1 (a) and P2 + P3 (b) amplitude changes during the process of methane adsorption.

Figure 6b shows that the free phase methane amplitudes have a linear relationship with
the methane pressure. The results in Figure 6 confirm that the NMR P1 peak represents the
adsorbed phase methane, and NMR P2 + P3 represent the free phase methane. Moreover,
the adsorbed methane content cannot be determined by NMR P1 amplitude directly
because the relaxation mechanisms are obviously different between free phase methane and
adsorbed phase methane. Free phase methane was controlled by bulk relaxation, whereas
adsorbed phase methane surface relaxation was controlled by surface relaxation [36].

3.3. Methane Adsorption Capacity Determination

Methane adsorption capacity is crucial for understanding and predicting the CBM
content [37-40]. This section provides a detailed comparison of the methane adsorption
capacity based on the volumetric method and the self-designed NMR method. Then, the
application of the NMR-based method to different coals is further estimated and discussed.

3.3.1. Volumetric-Based Method

Volumetric-based adsorption measurements are commonly used for calculating the
methane adsorption capacity in coals. Based on the equation of the state of an ideal gas, the
reduced amount of free phase methane can be calculated based on the reduction in sample

cell pressure:
PV’ =nZRT 4)

where P means experimental pressure; V' means free methane volume; n means free
methane amount; Z means compressibility factor; R is 8.3144 ] /(mol-K); T means experi-
mental temperature.

Based on the volumetric-based adsorption experimental data, including adsorption
pressure (P) and adsorption volume (V), the Langmuir volume (V1)) and pressure (P) can
be calculated using the Langmuir equation:

_vp
a P+ P

©)

where V means experimental adsorption volume, equaling to the reduction in free methane
volume in the cells; P means experimental pressure, which can be obtained directly from a
pressure sensor in the sample cell. V1, and P, mean the Langmuir volume and Langmuir
pressure, which can be determined based on Langmuir curve fitting between the parameters
of experimental adsorption volume (V) and experimental pressure (P).
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As shown by the blue dotted line in Figure 7, the volumetric-based adsorption experi-
mental data exhibit an excellent fit with the Langmuir curve (Figure 7). As listed in Table 2,
the volumetric-based Langmuir volumes (V] _yo)) are in the range of 5.79-21.14 cm3/ g,
whereas the volumetric-based Langmuir pressure (Pp .yo)) ranges from 0.65 to 2.75 MPa.
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Figure 7. Adsorption isotherms obtained from two different methods.
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Table 2. Comparison of the Langmuir parameters determined by volumetric-based and NMR-based
methods.

Volumetric Isotherm Adsorption Method NMR Isotherm Adsorption Method
- : Powder Mass
Sample No. Vi-vol Pyl Adjusted VL-NMR Pr.NMR Adjusted (2)
(cm3/g) (MPa) R-Square (em3/g) (MPa) R-Square &
L1 14.62 2.65 0.9900 14.17 2.74 0.9983 14.6
L2 9.89 1.11 0.9906 9.59 1.32 0.9913 16.5
L3 11.45 1.70 0.9933 11.04 1.97 0.9985 17.3
M1 5.79 0.65 0.9990 5.07 0.51 0.9972 12.9
M2 9.62 2.75 0.9745 797 2.20 0.9930 18.9
H1 11.56 2.44 0.9960 10.92 2.45 0.9961 17.4
H2 16.34 1.20 0.9965 15.08 1.02 0.9973 13.7
H3 21.14 0.99 0.9983 19.81 0.90 0.9971 14.5

Note: The index variables ‘vol’ and ‘NMR’ represent the results from the volumetric isotherm adsorption method
and NMR isotherm adsorption method, respectively.

Figure 8 displays the relationships between V7., and coal’s basic petrophysical
parameters (Ro m, vitrinite + inertinite content, FCq, and A4 content). The Vi o shows
a ‘U-morph’ relationship, with Ry m, having a minimum value at approximately ~1.6%
(Figure 8a). The “vitrinite + inertinite’ content shows a positive relationship with the
values of V1 o1 (Figure 8b), but no significant correlations were found between the vitrinite
content, inertinite content, and Vi ) (data not shown here). As shown in Figure 8c, the
VL-vol is positively correlated with the FC4 content. Compared with the results in Figure 8a,
the influence of FC4 content on Langmuir volume is weaker than that of R, m. Figure 8d
displays the relationship between the A4 content and V7,01 The results show that, with the
increase in the A4 content, V1 o1 shows a decreasing trend, probably because the presence
of ash can decrease the concentration of organic matter and reduce the methane adsorption
capacity in coals [41].

3.3.2. NMR-Based Method

As discussed in Section 3.2, Equation (3) may lead to an erroneous adsorbed methane
content. In the process of methane adsorption, only injected methane initially consists
of a pressure-tight sample cell. Based on conservation of mass, the increase in adsorbed
methane must have resulted entirely from the decrement in free methane. Similarly, the
amount of adsorbed methane under specific pressures can be indirectly determined as:

Vads = Vior — Vpip - Vfre (6)

where V,;; means the adsorbed methane content, cm?; Vpip means the free methane content
in the pipeline between two cells, 34.5 cm?; Vi, means the total methane content in the
sample cell, which can be determined according to the equation of state of ideal gas, cm?;
Vi means the free methane content in sample cell, cm?.

Similar to the calculation steps of the volumetric-based Langmuir parameter, the NMR-
based adsorption experimental data, including adsorption pressure (P) and adsorption
volume (V), are fitted by the Langmuir equation using Excel. As shown in Figure 7, the ad-
sorption isotherms determined by the NMR method fitted well with the Langmuir equation.

3.3.3. Validity Application of the NMR Method

To verify the NMR method for quantitative evaluation of adsorbed phase methane
content in coals, the results from the NMR method were compared with those from the
volumetric-based method. Figure 7 shows the adsorption isotherms evaluated by the
two different methods (volumetric- and NMR-based methods). The results show that the
adsorption isotherms from these two methods have an excellent agreement for the selected
coals (except for M2). Additionally, Figure 9 shows the scatter plots of the Langmuir
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volume obtained from the two methods contrasted in this study. The results show that
all data points are approximately distributed on the 45° diagonal line (the dashed line in
Figure 9), with the exception of sample M2. It is worth noting that the V _nvr values are
slightly less than V1 ) (Figure 9); this is probably because: (1) the minimum T value of
NMR device in this study is 0.24 ms, thus does not detect the NMR distributions when
T, is smaller than 0.24 ms; and (2) due to the methane adsorption exothermic in coals,
the temperature error would have little effect on the experimental results. The relative
deviation between the NMR and volumetric methods is ~5.95% (except for sample M2),
which is within an allowable error. Additionally, the coal powders used in this study
may result in a discrepancy in the experimental data for granulated samples because the
grinding of samples would destroy the primary texture of the coal pore systems.
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Figure 8. The cross-plots of R m, Vitrinite + inertinite content, FC4 content, and Aq4 content versus
Langmuir volume V| _y. (a) Ro,m Versus Langmuir volume V7, (b) vitrinite + inertinite content
versus Langmuir volume V7 ., (¢) FCq content versus Langmuir volume Vi, (d) Agq content
versus Langmuir volume V7 _y).
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Figure 9. Scatter plots of Langmuir volume obtained from two contrasting methods.

For the sample M2, the adsorption isotherms determined from the NMR method show
a large deviation from those of the volumetric-based method (Figure 7), and the Langmuir
volume relative deviation is relatively high, at ~17.15%. Previous literature has found that
paramagnetic minerals can form larger internal magnetic fields, and thus influence the
NMR signal response [42]. SEM-EDS results demonstrate that some paramagnetic minerals
were present in sample M2, namely, pyrite (Figure 10a) and ferrocalcite (Figure 10b). This
probably results in a larger variation in methane adsorption capacity. The experimental
results indicate that NMR T, measurements can be considered to be an effective method
for the characterization of adsorbed methane content, even though some limitations exist
due to paramagnetic minerals containing coals. Thus, the results observed in this study
identify the directions for future work because the influence of paramagnetic minerals on
NMR signals cannot be neglected.

Figure 10. SEM-EDS results in sample M2. (a) pyrite minerals occured in sample M2, (b) ferrocalcite
minerals occured in sample M2.
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3.4. Methane Adsorption Dynamic Process Characterization

It is known that the Langmuir isotherm curves are only cross-plots of the adsorbed
methane content and methane pressure. The shortcoming of this is that it is incapable of
depicting any details of the methane adsorption dynamic process. An evident advantage of
the NMR measurement designed in this study is that it can dynamically monitor multiphase
methane in the methane adsorption process, because the NMR device can automatically
measure the multiphase methane T, characteristics at any time. Here, the sample L2 is
taken as a representative sample to discuss the application of the NMR relaxation method
to dynamic characterization methane adsorption.

Figure 11a shows the NMR methane adsorption spectra under a methane pressure of
3.46 MPa with an interval time of 45 min. At the methane first injection, the NMR P1 peak
shows a clear increasing trend, whereas the NMR P2 peak shows a decreasing trend. By
comparison, the NMR P3 peak has changed to an obvious spectral peak. This is probably
because of the larger amount of methane injected into the sample cell free space, which
results in the clearer T, relaxation. The amplitude of the P1 peak increases rapidly from
1150.71 to 1652.53 during the first 45 min, and then decreases to an essentially stable level
after 180 min (Figure 11b). The NMR P2 peak shows a rapidly decreasing trend during the
first 135 min, and then increases slowly to reach an equilibrium condition.
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Figure 11. NMR T, spectra of methane adsorbed (a) and peak amplitude change characteristics
(b) under a pressure of 3.46 MPa with an interval time of 45 min for sample L2.

Figure 12 displays the relationship between the adsorbed methane T, amplitude and
injection time under six different pressures for sample L2. The results indicate that the
NMR T, amplitude of the adsorbed methane increased rapidly at about 45 min, and then
decreased to an equilibrium condition at approximately 3 h, indicating the adsorption time
was approximately ~3 h. Compared with the conventional method (e.g., volumetric- or
gravimetric-based methods), the unique features of the NMR-based method not only enable
the determination of methane adsorption capacity, but also allow dynamic monitoring
of multiphase methane in different experimental situations, such as methane adsorp-
tion/desorption and CO;-enhanced CBM.
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Figure 12. Relationship between adsorbed methane T, amplitude and injection time under six
different pressures, for sample L2.

4. Conclusions

This paper proposed a novel method for the evaluation of the methane adsorption
capacity and the quantitative characterization of the methane adsorption dynamic process
based on NMR T, measurements. The main conclusions are:

(1) The NMR T, distributions of methane in coals exhibit three peaks, which are P1
(T2 <8 ms), P2 (T, =20-300), and P3 (T, > 300 ms), corresponding to adsorbed phase
methane, free phase methane between pores, and free phase methane in the sample
cell, respectively.

(2) According to the results from the self-designed NMR isotherm adsorption mea-
surements for eight coal samples, the NMR-based Langmuir volume ranges from
5.07 to 19.81 cm®/g. The adsorption isothermal curves evaluated from the NMR and
volumetric methods show an excellent agreement, and the Langmuir volume relative
deviation, of approximately ~6.0%, was within an allowable limit.

(8) The NMR technique provides an alternative method for dynamic monitoring of multi-
phase methane in the methane adsorption process, which is difficult to implement
using conventional methods, such as the volumetric- and gravimetric-based methods.
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