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ABSTRACT: A series of coal-based activated carbons (CACs) were synthesized from mylonitized fat coal, a type of tectonically
deformed coal (TDC) and symbiotic primary structural coal (PSC), followed by oxidative modification. The pore structure, surface
oxygen-containing functional groups, and their influence on methane adsorption by CAC as the simplified coal model were
investigated by using low-temperature nitrogen adsorption, Fourier transform infrared spectroscopy, Boehm titration, and X-ray
photoelectron spectroscopy. The results showed that tectonic deformation fostered smaller pores, particularly ultramicropores in
TDC, dominating methane adsorption. Acid-modified TDC-based activated carbons (ACs) showed higher pore parameters and
oxygen-containing functional groups than those of PSC-based ACs. Nitric acid introduced abundant carboxyl groups concurrently
increasing the pore volume and specific surface area (SSA), while sulfuric acid—ammonium persulfate treatment resulted in increased
lactone groups and a partial collapse/blockage of nanopores. Methane adsorption experiments confirmed the importance of
micropores and revealed a significant decrease in capacity owing to increased oxygen-containing functional groups as the primary
role, with pore wall corrosion playing a secondary role. Thus, the study highlights the surface effects of TDC on methane adsorption
and the potential for producing high-performance methane storage materials from China’s tectonic coal resources.

1. INTRODUCTION

Coalbed gas comprising methane represents an unconventional
energy resource. However, it is responsible for severe mining
safety incidents, particularly coal and gas outbursts.' > The
efficient extraction and rational utilization of coalbed gas are
vital for green transformation and the smooth realization of the
dual carbon strategy of the energy sector of China,4_6
mitigating mine gas disasters, and substantially alleviating
environmental pressure.” An in-depth investigation of methane
adsorption by coal has been the central focus of gas geology
research.”’

Coal comprises a heterogeneous and complex porous
structure, which is important in the storage and transport of
coalbed methane.'” The adsorption, desorption, and diffusion
of methane depend on the porous structure of the coal. A
subtle variation of the porous structure can profoundly affect
the overall distribution of methane.® Qiu summarized that
methane is predominantly adsorbed by micropores owing to
their large specific surface area (SSAs) with abundant

© 2024 The Authors. Published by
American Chemical Society

7 ACS Publications

33510

adsorption sites.'' Hence, the large SSA of coal governs its
methane adsorption capacity. Wei and Song'*'® emphasized
that micropores and transition pores dominated gas adsorption
through their combined pore volumes and surface areas at low
pressure; methane was adsorbed on the walls of mesopores and
macropores with increasing pressure. Li'* revealed distinctive
fractal characteristics in the pore structures of differently
ranked coal samples, displaying an asymmetric U-shaped
pattern and reflecting the influence of coalification on pore
fractal dimensions. Jia et al.'® revealed that the greater
tortuosity of the middle- and low-ranked coal was responsible
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Table 1. Proximate and Ultimate Analysis Results of Coal Samples”

proximate analysis (wt %)

ultimate analysis (wt %, daf)

sample no. deformation degree My Ay Vit C H N S o*
PSC-8 primary structural coal 1.34 14.49 34.56 87.23 5.75 1.24 1.03 4.75
TDC-8 tectonically deformed coal 1.65 16.86 37.49 87.69 521 1.10 1.11 4.89

“M, moisture; A, ash yield; V, volatile matter; ad, air-dried basis; daf, dry ash-free basis; O, oxygen; *, by difference.
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Figure 1. Schematic representation of (a) activated carbon prepared by heating using an electrical furnace and (b) a high-pressure adsorption

process.

for a low methane uptake. Oxygen-containing functional
groups (OFGs) on the coal surface influenced methane
adsorption behavior by interacting with methane mole-
cules.'®"” Sun et al.'® revealed that the gas adsorption capacity
was negatively correlated with the ash content and OFGs,
while positively correlated with the vitrinite content in a study
via synchrotron radiation nanocomputed tomography and
small-angle X-ray scattering. Thus, the intricate internal
structure of coal hinders the quantitative elucidation of the
impact of physicochemical structures on methane adsorption
behavior via direct methodologies compared to conventional
solid adsorbents.' >’

Coal exhibits exceptional sensitivity to stress and strain.”
The Paleozoic coal-bearing basins in China have been
tectonically modified owing to extrusion, shearing, and
extensional stress since the Mesozoic era, resulting in the
formation of tectonically deformed coal (TDC) within the
coal-bearing strata.””~>* TDC characterized by severely
damaged physicochemical structures, high adsorption, and
low strength and permeability are critical preconditions for
coal and gas outbursts.”*”° The stress—strain system proposed
by Ju et al.””** has been adopted from the several proposed
classification schemes of TDC.”” The stress—strain system
categorizes TDC into three major classes (brittle, shear/
transition, and ductile TDC) and 10 subtypes. Brittle coal
(cataclastic and granulitic coal) is a repository for abundant
coalbed methane, whereas mylonitic coal is abundant in areas
of coal and gas outburst. The abnormal behavior of TDCs is
attributed to the complex pore-fracture structure, heteroge-
neous coal matrix, and intricate changes in mechanical
properties compared to the symbiotic undeformed grimary
structural coal (PSC) retaining their original structure.”” These
factors influence gas occurrence, transportation properties, and
the challenge of studying methane adsorption by TDC.***!

Coal-based activated carbon (CAC) possesses micro-
structures and OFGs on the surface analogous to those of
coal.**** However, the surface areas and nanopore contents of

1
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CAC are higher than those of coal. The physicochemical
surface properties of CAC can be tailored through appropriate
acid—base modifications.”* CAC can be used as a prevalent
simplified model for investigating methane adsorption by
coal’®® and the influencing factors based on the similar
functional groups and surface characteristics of coal and CAC.
However, prevailing studies rely on commercial CAC, which
conventionally does not have similar parameters describing the
characteristics and quality of the original coal. In addition,
commercial CAC exhibits marked disparities from specific coal
varieties, owing to its standardized manufacturing process, and
is not suitable for exploring the impact of TDC on methane
adsorption.

This study aims to address these issues by using TDC and
symbiotic PSC as raw materials to synthesize and modify
CACs via mild methods. The modified CAC samples were
used as simplified models to overcome current limitations and
investigate methane adsorption by TDC. We selected
mylonitic coal with a prominent fragmented structure,
ultrahigh porosity, and abundant surface active sites, owing
to its severe tectonic deformation, as an ideal candidate for
investigating methane adsorption properties by TDC. TDC
was used as a novel feedstock for CAC synthesis for the first
time, broadening the scope of feasible raw materials. The
advantages of TDC over conventional coal sources based on
CAC performance were explored, revealing the potential of the
abundant resource. The objectives of the work are as
mentioned: (i) investigating the methane adsorption mecha-
nisms of TDC and (ii) exploring the range of raw materials to
prepare CAC while revealing the distinctive attributes and
substantial potential of TDC in the production of AC.

2. MATERIALS AND METHODS

2.1. Coal Samples and Basic Parameter Determina-
tion. The Pingdingshan mining area in Henan Province has
been subjected to successive tectonic influence from the North
China plate, Qinling-Dabie orogenic belt, and Pacific Kula

https://doi.org/10.1021/acsomega.4c00978
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plate subducting in the north—northwest direction. These
activities caused severe geological structural damage to form
different types of TDC.”' Our group has extensively
investigated the microstructure and adsorption properties of
TDC in these areas.’* >’ We selected fat coal from the Wuy
coal seam of the No. 8 mine in Pingdingshan for this study.
Detailed information on the tectonic disposition of the
Pingdingshan coalfield is reported earlier.*’

The PSC-8 sample appears bright with a clear coal
petrological composition and bedding. It possesses high
mechanical strength and well-developed joints and lacks visible
wrinkles or a structural sliding surface. Conversely, the TDC-8
sample is completely destructed from its original structure. Its
petrological components, bedding, and cleavage patterns are
not discernible. The coal matrix disintegrates into fine powder
particles, characteristic of mylonitic coal.”’ We performed
proximate and ultimate analyses of coal samples following the
Chinese national standards GB/T 212-2008 and GB/T 31391-
2015, and the results are presented in Table 1.

2.2. Preparation of Coal-Based Activated Carbon. A
three-step hydrochloric acid—hydrofluoric acid—hydrochloric
acid (HCI-HF—HCI) demineralization protocol was per-
formed to eliminate the influence of minerals on structural
quantitative analysis and subsequent activation. Analytical
grade HCl and HF (procured from Shanghai Aladdin
Biochemical Technology Co., Ltd., China) were used to treat
200-mesh powdered coal samples at a constant temperature of
60 °C. Specific procedures were followed from the literature.*'

CAC samples were synthesized from PSC-8 and TDC-8 via
a potassium hydroxide (KOH) chemical activation method*
using a specific activation apparatus, as illustrated in Figure la.
TDC-8 was blended with analytical grade KOH (procured
from Sinopharm) in a mass ratio of 1:1. Deionized water was
added to the mixture, and the mixture was stirred to form a
homogeneous mixture, which was allowed to stand for 12 h.
The mixture was transferred to a nickel reactor equipped with
a YFFG 150 X 400 activation furnace. The temperature was
ramped up to 800 °C at S °C min~" and maintained at 800 °C
for 1 h. The mixture was allowed to cool naturally. The
product was thoroughly rinsed with hot deionized water,
filtered to remove unreacted KOH, and dried in a vacuum
oven at 110 °C for 24 h to form TDC-based AC (TDC-8A).
PSC-based AC (PSC-8A) was also prepared by following the
same procedure.

2.3. Oxidative Modification of CACs. Common
oxidizing agents for surface modification are nitric acid
(HNO;), phosphoric acid, hydrogen peroxide, sulfuric acid
(H,S0,), and ammonium persulfate (APS).**** Recognizing
that strong oxidation can significantly increase the abundance
of OFGs,” we selected HNO; and the strongly oxidative
H,SO,—APS system. Notably, HNO; exhibits a sluggish
reaction rate at room temperature (28 °C), primarily affecting
mesoporous structures with a minimal impact on micropores.
Hence, boilin§ conditions are imperative to ensure effective
modification,*® while care must be taken to avoid prolonged
reaction time that could lead to unnecessary pore damage.
Conversely, the H,SO,—APS system, when brought into
contact with AC at 28 °C, releases substantial heat;
theoretically, there is a possibility of altering the pore structure.

To ensure the investigation of pore structure variations while
effectively enriching OFGs, we meticulously developed two
targeted strategies: preserving the pore integrity of HNO;-
modified products and leveraging the strong corrosive nature

of H,SO,—APS for precise control of the modified pore
architectures. Here is the experimental procedure, exemplified
by TDC-8A.

(1) HNO; modification: 300 g of TDC-8A was added to a
500 mL HNO; (2 mol L™") solution and was gently
boiled for 3.5 h using a water bath.

(2) Combined modification of H,SO,—APS: 300 g of TDC-
8A was added to a 500 mL saturated APS solution
prepared with 1 mol L™ H,S0,, and the reaction
proceeded for 24 h at 28 °C.

The reaction mixture was filtered under vacuum after the
completion of the reaction to obtain a filter cake, which was
washed with deionized water until a neutral pH was obtained.
The products (TDC-8AN and TDC-8AS) were vacuum-dried
at 60 °C for 12 h. Identical procedures were used for PSC-8A
modification, generating the CAC series presented in Table 2.
HNO;, H,SO,, and APS were of analytical grade and were
procured from Shanghai Aladdin Biochemical Technology Co.,
Ltd., China.

Table 2. CAC Series and Sample Numbers”

HNO,
modified H,SO,—APS-
sample series CACs CACs modified CACs
series of primary structural coal- PSC- PSC-8AN PSC-8AS
based activated carbon 8A
series of tectonically deformed TDC- TDC-8AN TDC-8AS
coal-based activated carbon 8A

“A, N, and S represent the first letters of activated carbon, nitric acid,
and sulfuric acid, respectively.

2.4. Characterization of Pore Structure. Low-temper-
ature nitrogen adsorption (LTNA) isotherms were employed
to obtain detailed pore information in the range of 0.5—200
nm."” The SSA, pore volume, and pore size distribution of coal
and CAC samples were determined using a 3H-2000 PM2 SSA
and pore size analyzer.*® In total, 2—3 g of each sample was
degassed at 110 °C for 20 h to remove moisture and gaseous
impurities before analysis. Nitrogen adsorption isotherms were
recorded at liquid nitrogen temperature (77.35 K at 101.3 kPa)
over a range of relative pressures, P/P, (the ratio of gas
pressure to saturated vapor pressure) extending from 0.06 to
0.994. Pore structure parameters were automatically computed
using specialized software, employing methodologies grounded
in Brunauer—Emmett—Teller (BET), Barrett—Joyner—Halen-
da (BJH), and Dubinin—Radushkevich (D—R) theories for
determining SSA, calculating pore volume using BJH and D—R
methods, and obtaining pore size distribution (PSD) using
Dubin—Astakov (D—A) model and density functional theory
(DFT). An extensive explanation of these underlying theories
and techniques can be found in the publications.*’ ™"

2.5. Characterization of Microstructure. Before charac-
terization, the samples were ground to below 200 mesh.

2.5.1. Fourier Transform Infrared Spectroscopy (FTIR)
Analysis. FTIR was used to analyze surface functional groups
on the coal and CAC samples. Experiments were conducted
using the KBr pellet method using a Thermo Scientific Nicolet
380 IR spectrometer.’”>” Each sample was scanned 32 times at
ambient temperature over a range of 450—4000 cm™' with a
resolution of 4 cm™.

2.5.2. Boehm Titration of CACs. Boehm titration was used
to quantify OFGs on the AC surface.”® The OFGs were

https://doi.org/10.1021/acsomega.4c00978
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Figure 2. LTNA isotherms of coal samples (a) and the CAC series (b) at 77 K.
Table 3. Nanopore Structural Parameters of Coal Samples®
pore volume/(cm® g™*) pore volume ratio (%)
sample no. v, v, Vs v, V, Vi/V, V,/V, V3/V, V,/V,
PSC-8 0.00070S 0.000083 0.000022 0.000025 0.000835 84.43 9.94 2.64 2.99
TDC-8 0.001345 0.000433 0.000062 0.000133 0.001973 68.17 21.95 3.14 6.74
percentage added 90.78% 421.67% 181.82% 432.0% 136.29%
the SSA/(m* g™*) the SSA ratio (%)
sample no. S, S, S Sy S, S,/S; S,/S: S5/S; S4/S:
PSC-8 0.08043 0.02820 0.01074 0.04982 0.16919 47.54 16.67 6.35 29.45
TDC-8 0.14971 0.18685 0.07978 0.2678S 0.68419 21.88 27.31 11.66 39.15
percentage added 86.14% 562.59% 642.83% 437.64% 304.39%

“Vy, Vs, V3, V,, and V, are the volumes of the transitional pore, micropore, mild micropore, ultramicropore, and nanopore, respectively. V, =V, + V,
+V3+ V5 8, 85 83, Sy, and S, are the specific surface areas of the transitional pore, micropore, mild micropore, ultramicropore, and nanopore; S; =

Si+ 8 +S8+ 8,

allowed to react with specific bases, followed by back-titration
with a standard HCI solution to determine the amount of the
neutralized base.”> CAC samples (1 g) were added to separate
250 mL conical flasks containing S0 mL of 0.1 mol L' NaOH,
Na,COj;, or NaHCOj solutions. The samples were shaken at
room temperature for 24 h and allowed to settle overnight.
The supernatant (5 mL) was titrated with a 0.05 mol L™ HCI
standard solution using methyl orange as an indicator. The
various OFGs were neutralized following reported proce-
dures:***” NaHCO; was used for carboxyl groups, Na,COj for
carboxyl and lactones, and NaOH for carboxyl, lactones, and
phenolic functional groups.

2.5.3. X-ray Photoelectron Spectroscopy (XPS) Analysis.
XPS was used to investigate the surface oxidation state of coal
and CAC samples. Spectra were acquired using a PHI-5300/
ESCA spectrometer and Al Ka radiation with a 250 W X-ray
source. The analysis chamber maintained a background
pressure <107 Pa. Binding energies were calibrated using
the C 1s peak at 284.6 eV.

2.6. Methane Isothermal Adsorption. The impact of the
altered pore and surface chemical structure in coal and CAC
samples before and after modification on methane adsorption
was evaluated. High-pressure adsorption experiments (Figure
1b) were conducted at 30 °C and a maximum equilibrium
pressure of 5.35 MPa. Methane purity was 99.99%. The
experimental protocol comprised the following steps: (i)
manually separating the mineral-rich gangue from the raw coal
samples to mitigate the impact of minerals on methane
adsorption, and then crushing the coal samples to 60—80
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mesh; (ii) weighing approximately 30 g of each sample (either
raw coals or CACs), and drying them in a vacuum oven at 105
°C for 2 h to eradicate moisture; (iii) allowing the cooled
samples to reach room temperature before subjecting them to
vacuum at 70 °C for 8 h at a pressure <4 Pa; and, last, (iv)
determining the adsorbed quantities utilizing the capacity
measurement method specified in MT/T752-1997.

3. RESULTS AND DISCUSSION

3.1. Pore Structure Characteristics. The pore size of
porous solids can be divided into macropores (>S50 nm),
mesopores (2—50 nm) and micropores (<2 nm)>® based on
the International Union of Pure and Applied Chemistry
(TUPAC). However, Ju et al. proposed a natural classification
method different from the IUPAC classification based on the
characteristics of coal,”® which was based on the law of
mutation points in pore size distribution. The TDC nanopores
(adsorption pores <100 nm) are classified into transition pores
(15—100 nm), micropores (5—15 nm), mild micropores (2.5—
5 nm), and ultramicropores (<2.5 nm). Given that coal is a
stress-sensitive special organic rock,”" as well as the special
nanoporous and macromolecular structures of TDC, using the
classification of Ju and IUPAC to characterize the nanoporous
structures of coal and CAC separately is more in line with the
actual situation. The LTNA isotherms of the coal and CAC
samples are presented in Figure 2. Tables 3 and 4 present their
respective parameters for nanopore structures.

https://doi.org/10.1021/acsomega.4c00978
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Table 4. Nanopore Structural Parameters of CAC Samples”

e (nsz ) (cmyg-l) (cnYSm . (cn:/f" ) V’Eﬁ/i,/)vt
PSC-8A 812 0.511 0.378 0.133 26.03
PSC-8AN 863 0.533 0.391 0.142 26.64
PSC-8AS 710 0.454 0.301 0.153 33.70
TDC-8A 912 0.611 0.400 0.211 34.53
TDC- 1002 0.643 0416 0.227 35.30

S8AN
TDC- 839 0.520 0.388 0.132 25.38

8AS

“Sger is the BET SSA; V, is the total pore volume; V. is the
micropore volume; V., is the mesopore volume.

Figure 2a shows the LTNA curves of coal samples.
According to the TUPAC classification,””"®* the adsorption
curves increase slowly when the relative pressure P/P, < 0.8,
indicating a type II adsorption isotherm. The transition from
monolayer adsorption to multilayer adsorption by coal samples
possessing a continuous and complete pore system is indicated.
The adsorption amount by TDC-8 is higher than that by PSC-
8, suggesting the superior development of macropores and
transitional pores in TDC. Both samples show a sharp increase
in the adsorption quantity without saturating as the pressure
approaches saturation, indicating that capillary condensation
and multilayer adsorption occur simultaneously.

TDC-8 displays a strikingly evident hysteresis loop (P/P, >
0.5) than that of PSC-8," which indicates higher pore
connectivity and the presence of more open and semiclosed
pores. The hysteresis loop of TDC-8 exhibits a sharper

variation at P/P; of 0.5 compared to that of PSC-8. This
distinction further reveals that TDC-8 comprises excess bottle-
shaped and slit-shaped pores with a closed end,”” whereas
PSC-8 comprises cylindrical pores with two open ends and slit-
shaped pores with all open sides, and a few bottle-shaped
pores.

Table 3 indicates that transitional pores dominate PSC-8.
Nanopores increase during the transition from PSC-8 to TDC-
8. The volume and SSA of transitional pores, micropores, mild
micropores, and ultramicropores of TDC-8 increase by 90.78
and 86.14, 421.67 and 562.59, 181.82 and 642.83, and 432.0
and 437.64%, respectively. Thus, tectonic deformation
facilitates the development of various nanopores. The volume
and SSA ratio of transitional pores of TDC-8 decrease
compared to those of PSC-8. Alternately, the volume and
SSA ratio of micropores, mild micropores, and ultramicropores
of TDC-8 increase more than those of PSC-8. The transitional
pores during the formation process of TDC are surpassed by
micropores, mild micropores, and ultramicropores, as indicated
by the changes in the volume ratio and SSA ratio. Tectonic
deformation contributes to the formation of pores with small
diameters.”* The SSA of ultramicropores in TDC-8 dominates,
providing more adsorption sites for methane.®>"’

Prior to delving into Figure 2b and Table 4, a pivotal aspect
of our methodology merits emphasis. Conventionally, the ratio
of carbon to KOH in the synthesis of CAC ranges from 1:1 to
1:S. A high ratio of 1:S achieves an ultrahigh SSA of 4012 m?
g™, total pore volume of 2.07 cm® g™/, and average pore size of
3.56 nm.* However, it might obscure the distinction among
CAC samples derived from different coal sources. Our strategy
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Figure 3. Pore size distribution of the samples. (a) Comparison in coals: PSC-8 versus TDC-8. (b, c¢) Comparison in both PSC- and TDC-based
AC series. Insets represent magnified views of the 0—5 nm pore size range for detailed examination.
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focuses on enhancing the key properties of the precursors
without eradicating their individuality. Consequently, we opted
for a minimal ratio of 1:1 to preserve the distinctive porosity
structures and innate functional groups of each CAC, thus
preventing the homogenization of the final products.

Figure 2b shows that the nitrogen adsorption capacity of
CAC samples increases by 200- to 300-fold, and the adsorption
curve is similar to Type I of the IUPAC standard dominated by
filling of micropores (P/P, < 0.1) and monolayer adsorption.*”
The adsorption by micropores with diameters of <2 nm
increases rapidly. The adsorption/desorption hysteresis loops
of P/P, in the range of 0.4—1 show that an increase in the
relative pressure induces monolayer and multilayer adsorption
by mesopores, which agglomerate at the saturated pressure,
appropriately accelerating the adsorption capacity. The
adsorption capacity of the TDC-based AC series is higher
than that of the PSC-based AC series, indicating that the basic
characteristics of a high micropore content and SSA of TDC
are inherited. Furthermore, the four parameters of CACs (Sggr,
V, Vi and V) from the same coal source (Table 4)
increase after HNO; modification but decrease after H,SO,—
APS modification. Two exceptions should be noted: (i) the
adsorption capacity of TDC-8AS is slightly lower than that of
PSC-8AN and (ii) the V.., of PSC-8AS is higher than that of
PSC-8A, indicating that H,SO,—APS modification might
either collapse the micropores or form mesopores, inhibiting
further adsorption.

Figure 3 illustrates the PSDs of the coal and CAC samples.
Figure 3a underscores TDC-8’s superior nanopore abundance
versus PSC-8, notably in ultramicropores (<2.5 nm) and
micropores (5—15 nm), with TDC-8 presenting heightened
enrichment. TDC-8 also excels in transition pores (15—100
nm). Figure 3b,c illustrates a common trend: the nanopores of
CACs cluster densely below S nm, peaking near 1.2 nm and
secondarily at 1.45 nm, with negligible variation beyond this
range. Zooming into the 0—S5 nm interval to assess acid
modification effects, HNO; (PSC-8AN, TDC-8AN) notably
bolsters peak intensities at both key widths, whereas H,SO,—
APS treatment elevates PSC-8AS’s 1.45 nm peak but
diminishes the peak at 1.2 nm for both samples. Regarding
mesopores (>2 nm), HNO;-modified CACs see maintained or
slightly enhanced distributions relative to unmodified forms,
conversely, TDC-8AS post H,SO,—APS modification shows a
reduction in pores with a size of 2—5 nm compared to TDC-
8A.

Thus, the two modification methods show different results.
HNO; increases the number of micro- and mesopores,
particularly enriching micropores, thereby enhancing the
adsorption capacity. Despite using a slightly boiling water
bath, the concentration of HNOj; is low and the reaction time
is short, which expands and loosens the original pore system of
CAC. Although combined H,SO,—APS modification is
performed at room temperature, the concentration of the
mixed solution is high, and the reaction time is long. A
substantial amount of heat is released in contact with PSC-8A
and TDC-84, inducing intense oxidative reactions that result
in corrosion of the surface and pore walls. Thus, a few
nanopores in TDC-8AS and PSC-8AS are collapsed or
blocked. Specifically, PSC-8AS is predominantly affected in
micropores below 1.2 nm, whereas TDC-8AS, owing to its
inheritance of weak structural characteristics and high porosity
from TDC, experiences a comprehensive collapse or
blockage, affecting both micropores and mesopores alike

(Figure 3b,c). This, in turn, leads to substantial reductions in
their respective pore volumes and SSAs.

3.2. Molecular Structure Characteristics. 3.2.1. FTIR
Spectra of Coal and CAC Samples. The baseline corrected
FTIR spectra of the demineralized coal samples and the
synthesized CAC series are shown in Figure 4. Coal and CAC
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Figure 4. FTIR spectra of coal samples and the CAC series.

samples have similar microstructures, and the positions of
FTIR spectral characteristic peaks are similar, but the intensity
varies considerably. The peaks are assigned based on reported
values®”*® with a particular emphasis on the changes in OFGs.

The strong and broad absorption peak at 3600—3000 cm™*
corresponds to the stretching vibration of hydroxyl (—OH)
groups. Hydroxyl groups are the main acidic OFGs in coal and
CAC samples capable of binding with different acceptors via
hydrogen bonds.”” Painter et al.’® indicated six types of
hydroxyl groups: free (~3620 cm™'), aromatic ring bonded
(Ar—OH or OH—m; ~3500 cm™), self-associated (~3410
cm™'), ether oxygen bonded (OH—ether; ~3300 cm™"), cyclic
associative hydrogen bonds (OH—cyclic; ~3200 cm™), and
nitrogen bonded (OH—N; ~3050 cm™") hydroxyl groups. The
intensity of the characteristic peaks of TDC-8 is slightly less
than that of PSC-8, indicating that tectonic deformation causes
oxygen loss in coal. The hydroxyl content increases, enhancing
the surface polarity of CACs.”"

The absorption bands in the range of 3000—2800 cm™" are
assigned to aliphatic structures. The two characteristic peaks at
2850 and 2925 cm™' correspond to CH, symmetrical and
antisymmetrical stretching vibrations, respectively.”” Figure 4
shows that the concentration of aliphatic hydrocarbons in the
CAC series is lower than that of coal samples, indicating that
the aliphatic groups on the coal surface rapidly oxidize and
decompose during the formation of AC.

The 1800—1000 cm™' region indicates OFGs, excluding
hydroxyl groups.”” The deformation vibrations of CH, and
CH, appear at 1435 and 1380 cm™', and the stretching
vibration of aromatic C=C appears at 1600 cm™". The band at
1800—1650 cm™ corresponds to the stretching vibration of
C=0 attributed to carbonyl (—C=0) and carboxyl
(—COOH) groups.”” Figure 4 shows that the absorption
band of acid-modified CACs is enhanced. A well-defined peak
at 1705 cm™' in the modified CAC series is attributed to
unsaturated carboxylic acids, indicating an increase in the
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number of carboxylic acid groups on the surface of the acid-
oxidized CACs. The absorption peak at 1575 cm™
corresponds to lactones. The bands in the range of 1300—
1000 cm™ correspond to lactone, ether bonds, and a few
oxygen—heterocyclic bonds.”* The peak areas of the samples
increase in the order of coal samples < CACs < modified
CACs. Thus, OFGs, particularly carboxyl groups, and lactones,
increase on the acid-treated CACs surface.

Table 1 indicates that coal samples comprise a few impure
atoms, such as organic sulfur and nitrogen, which potentially
influence the subsequent methane adsorption process.
However, Figure 4 shows that the characteristic peaks of
—SH (475 cm™), —S—S— (540 cm™), and OH—-N (3050
cm™) of PSD-8 and TDC-8 disappear after activation,
indicating the effective removal of these impure atoms. The
low contents of N and S in coal samples and their depletion
during the activation process have negligible impacts on
methane adsorption. Alternately, the effect of the porosity and
OFGs on methane adsorption is notable. Consequently, our
discussions primarily focus on the effects of porosity and OFGs
on methane adsorption performance.

3.2.2. Boehm Titration of CACs. The Boehm titration
method was used to quantitatively assess the alterations in
functional groups of the acid-modified CAC. The resulting
data presented in Figure S graphically illustrate the
comparative contents of carboxylic, lactone, phenol, and total
OFGs on the surface of CAC. The values are presented in
Table S1.

Figure Sa shows that the surface of TDC-8A exhibits higher
concentrations of carboxyl (0.063 mmol g~'), lactone (0.019
mmol g"'), phenolic (0.050 mmol g™"), and total OFGs (0.132
mmol g™') than those of PSC-8A of carboxyl (0.055 mmol
g™"), lactone (0.014 mmol g™"), phenolic (0.039 mmol g*),
and total OFGs (0.108 mmol g~'). The abundance of OFGs
increases notably in modified CACs (Figure Sb). However, the
growth rate and extent of augmentation are more pronounced
for TDC-8AN and TDC-8AS than those of PSC-8AN and
PSC-8AS. The total OFG content of PSC-8AN (0.899 mmol
g”") and PSC-8AS (0.854 mmol g~') increases by 8.32- and
7.91-fold, respectively, whereas the same of TDC-8AN (1.723
mmol g~') and TDC-8AS (1.501 mmol g~') show higher
increases by 13.05- and 11.37-fold. A meticulous inspection of
the growth and changed data of individual OFGs is presented
in Table S1.

Numerous fractures, microcracks, and cleavages are
produced, effectively transforming the coal body from a closed
system to an open system during the formation of TDC.** This
structural transformation forms fragmented and finely
powdered coal particles, accompanied by a marked increase
in the internal surface area of primary pores, particularly
micropores. The surfaces of TDC-8 and its TDC-based AC
series exhibit enhanced reagent accessibility, promoting
extensive reactions and the incorporation of additional OFGs
during activation and subsequent acid modification.

Moreover, the total number of OFGs introduced in HNO;-
modified CACs is higher than those introduced in H,SO,—
APS-modified CACs. Figure 5b indicates that HNOj treatment
substantially augments carboxyl groups, followed by lactones
and phenolic functional groups. By contrast, H,SO,—APS
treatment introduces more lactones than carboxylic and
phenolic groups in the order of lactones > carboxylic groups
> phenolic groups.

3.2.3. XPS Characteristics of Coal and CAC Samples.
Figure 6a displays the XPS spectra of the coal and six CAC
samples. C 1s and O 1s are the two main peaks with
remarkable heights. Figure 6b—g shows the deconvolution of
the O 1s region of the CAC series, aiding in the identification
of the changes in surface OFGs before and after modifica-
tion.”> Table S2 presents the XPS results. The degree of
surface oxidation was determined by calculating the ratio of
total oxygen to total carbon (Oy/Crotal)-

Figure 6a indicates that the main peaks of CACs are higher
than those of the coals. The orders of O 1s peak heights are
PSC-8 < PSC-8A < PSC-8AS < PSC-8AN and TDC-8 < TDC-
8A < TDC-8AS < TDC-8AN. The O 1s peak height of TDC-8
is lower than that of PSC-8, while the TDC-based AC series
has higher values than those of PSC-based AC series. TDC
becomes soft and changes its chemical structure owing to the
geological tectonic action. The surface OFG content decreases
and is lower than that of the symbiotic PSC. The conversion of
CAC inherits the softness of the coal body and the
characteristics of nanoscale pores and SSAs, resulting in the
introduction of excess OFGs. The oxygen content increases
further after modification. The O 1s peak heights of PSC-8AS
and TDC-8AS increase, while the C 1s peak decreases.

The O 1s spectra decompose into three peaks:”*”” carbonyl
C=O0 (531.0-531.9 eV; Peak 1), C—O hydroxyl groups, and
noncarbonyl ether-type oxygen atoms in esters and anhydrides
(532.3—532.8 eV; Peak 2), and carboxyl COO— (534.0—535.4
eV; Peak 3) peaks. Table S2 shows that PSC-8A and TDC-8A
are dominated by Peak 3 with relative contents of 52.60 and
49.36%, tollowed by Peak 2 at 39.78 and 40.52%, respectively.
The COO-— content of both PSC-8AN and TDC-8AN
increases to over 60%, and notably, TDC-8AN exhibits a
higher COO— content compared to PSC-8AN. However, the
C—O and C=O contents of PSC-8AN and TDC-8AN
decrease. The COO— content of PSC-8AS and TDC-8AS
decreases to <38%, while the relative contents of C—O and
C=O0 are increased, with the relative content of C—O
increasing to 47.43 and 43.51%, respectively.

The O/ Ciora ratio represents the oxidation degree,
indicating the relative oxygen content. Table S2 shows that
PSC-8AN and PSC-8AS exhibit 53.26 and 39.84% higher
Oyotal/ Crotal Tatios, respectively, than PSC-8A. Similarly, TDC-
8AN and TDC-8AS show 66.19 and 45.87% higher O,/ Ciotal
ratios, respectively, than TDC-8A. The orders of O,/ Cyora Of
CACs are PSC-8A < PSC-8AS < PSC-8AN and TDC-8A <
TDC-8AS < TDC-8AN, consistent with the O 1s peak height
and Boehm titration results. The TDC-based AC series are
more active than the PSC-based AC series in terms of the
fluctuation range of three functional group contents,
irrespective of whether the amount is increased or decreased.

3.3. Methane Adsorption Properties and Analysis of
Coal and CAC Samples. PSC-8 is dominated by transitional
pores, while TDC-8 has micropores (5—15 nm), mild
micropores (2.5—5 nm), and ultramicropores (<2.5 nm),
which determine methane adsorption capacity.””®" Ultra-
micropores dominate the SSA of TDC-8. The phased increase
in the SSA of coal (Table 3) indicates that the gas adsorption
capacity of TDC increases owing to the rapid increase in the
ultramicroporous surface area. The amount of mesopores (2—
S0 nm) and micropores (<2 nm) of CAC significantly
increases after transformation. Although the classification
criteria of nanopores in coal and CAC might vary, a remarkable
similarity exists in the pore size of the ultramicropores of coal
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Figure 7. Adsorption isotherms of coal samples (a) and the CAC series (b).

and the micropores of CAC. In addition, a few macromolecules
exist on the surface of CAC, and the influence of the molecules
can be ignored for methane adsorption. Thus, the TDC
homologous CAC serves as an effective amplification model
for identifying and analyzing the changes in methane
adsorption characteristics in TDCs.

The methane adsorption results (Table S3) were used to
generate the isothermal adsorption curves of coal and CAC
samples (Figure 7). The characteristics of the adsorption
curves are consistent. The amount of adsorption in the low-
pressure section increases rapidly with the equilibrium
pressure, and then, the growth rate gradually reduces. The
curve gradually flattens until it reaches its maximum value.
Figure 7a shows that the methane adsorption of TDC-8 is
approximately twice that of PSC-8 at the same temperature
and pressure, indicating that TDC has a higher methane
adsorption capacity than PSCs. Figure 7b demonstrates that
the adsorption capacity of CAC for methane is 8—13-fold
higher than those of the corresponding raw coal samples.

Figure 7b compares the methane adsorption curves of the
CAC samples. Methane adsorption by TDC-8A is higher than
that by PSC-8A, indicating that TDC-8A inherits strong
methane adsorption capability. As previously discussed, HNOj;
increases the SSA and pore volume of CAC, whereas H,SO,—
APS collapses and blocks the pores. Despite these contrasting
effects, all modified CAC samples exhibit a marked decrease in
methane adsorption, particularly the H,SO,—APS-treated
CAC samples. Consistent results from FTIR, Boehm titration,
and XPS analyses demonstrate that acidification enhances
OFGs on the surface of CACs, which is in contrast to the
expectation that the introduction of functional groups
augments methane adsorption, suggesting that factors beyond
changes in porosity might affect the adsorption process.

Acidic OFGs such as carboxyl, lactone, lactol, phenols,
hydroxyl, and anhydride groups make the carbon surface
hydrophilic,"”” which is unfavorable for the adsorption of
methane, a nonpolar hydrophobic %as.44 Our findings are in
agreement with previous reports,®’® which confirm the
inhibitory effect of acidic OFGs on methane adsorption. (i)
The most active adsorption sites for methane reside on the
surface of nanopores and at the juncture between nanopores.
The augmented number of nanopores and the SSA furnish
additional adsorption space for methane, forming the
foundation and governing the methane adsorption capacity.
(i) Acidification increases the number of OFGs, increasing the
negative charge and hydrophilicity on the pore surface,** which
prevents hydrophobic methane adsorption.”* (iii) The robust
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oxidation of modifiers induces the corrosion of pore walls,
causing collapse and blockage, which is a secondary factor for
decreasing methane adsorption capacity. The quantum
chemical assessment of the negative charge on coal
surfaces”’ ™ speculates that carboxyl groups strongly inhibit
methane adsorption, whereas lactones and phenolic groups
weakly inhibit methane adsorption. In addition, the isotherm
adsorption curves between TDC-8AN and PSC-8AN, as well
as between TDC-8AS and PSC-8AS, display minimal
disparities, with TDC-8AS even slightly lower than PSC-8AS.
This implies that the identical acidification process nullifies the
difference in methane adsorption capacity between PSC- and
TDC-based CACs.

A few reports indicated an increased methane adsorption by
acid-modified samples. For example, Song et al.*’ modified
commercial CAC using acetic acid, which increased the surface
area, total pore volume, and micropore volume, and decreased
the micropore diameter. The increased CO, and CH,
adsorption was attributed to either increased porosity or
introduction of OFGs, which remains ambiguous. Notably,
acetic acid is a weaker acid than the HNO; and H,SO, used in
our study. Strong acids are expected to introduce OFGs
rapidly, which strongly inhibits methane adsorption. Thus, the
suppression of methane adsorption by OFGs might outweigh
the enhancing effect of increased microporosity in the case of
strong acid modification, as in our study. This underscores the
need for further investigation into the mechanistic aspects of
acid-induced changes in methane adsorption, providing a
promising avenue for future research.

4. CONCLUSIONS

Homologous CAC samples were used as a simplified enlarged
model for coal with complex structures, especially tectonic
coal, and were subjected to HNO; and H,SO,—APS
modifications for studying the impact on methane adsorption
characteristics. The results are as mentioned.

(i) Tectonic deformation converted porous coal into
micropores, mild micropores, and ultramicropores with
ultramicropores responsible for methane adsorption.
The micropore volume and SSA of CACs increased
sharply. The various pore parameters of the TDC-based
AC series were higher than those of the corresponding
PSC-based AC series.

A less concentrated HNO; expanded the pores, while
the strong oxidizing properties of H,SO,—APS corroded
the pore walls, finally collapsing and clogging some

(i)
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nanopores. OFGs introduced by HNO; (carboxyl >
lactone > phenol groups) were higher than those
introduced by H,SO,—APS (lactone > carboxyl >
phenol groups). The increase in OFGs on the surface
of DC-based AC series is higher than that on PSC-based
AC series.

(iii) The impact of micropore development and the SSA on
methane adsorption is fundamental in determining the
capacity for methane adsorption. The impact of reduced
methane adsorption by increased OFGs is considerably
higher than the enhanced methane adsorption by the
increased micropore volume and SSA. OFGs are the
primary cause for the decrease in methane adsorption
capacity, while pore wall corrosion plays a secondary
role.

(iv) This study highlights the unique advantages and
tremendous potential of TDCs in producing ACs,
offering new insights into the high value-added
utilization of China’s abundant tectonic coal resources
and the development of high-performance coal-based
methane storage materials.
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