
Academic Editor: Frits Agterberg

Received: 25 September 2026

Revised: 20 October 2026

Accepted: 22 October 2026

Published: 25 October 2026

Copyright: © 2026 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license.

Article

Multiple Fractal Characteristics of Nanoscale Pore Structure and
Surface Morphology in Low-Rank Coal Macerals: Implications
for Coalbed Methane (CBM) Exploitation
Xiaomei Zhang 1,2,* , Xinyu Chen 1, Subinuer Memet 1, Shuo Feng 1,2, Xin Li 1,2 and Hao Chen 1,2,*

1 School of Geology and Mining Engineering, Xinjiang University, Ürümqi 830047, China
2 Xinjiang Key Laboratory for Geodynamic Processes and Metallogenic Prognosis of the Central Asian

Orogenic Belt, Xinjiang University, Ürümqi 830047, China
* Correspondence: zhangxiaomei@xju.edu.cn (X.Z.); chenhao@xju.edu.cn (H.C.)

Abstract

Maceral composition critically controls nanoscale pore structure and influences methane
behavior in low-rank coal reservoirs, yet the role of individual macerals remains inade-
quately quantified. Therefore, vitrinite, semifusinite, and fusinite of low-rank coal were
characterized by atomic force microscopy (AFM) and micro-Raman spectroscopy to reveal
their surface morphology, nanoscale pore parameters, and chemical structure. Bulk coal
samples enriched in different maceral assemblages were subjected to low-pressure CO2 ad-
sorption, low-temperature N2 adsorption, and high-pressure mercury intrusion to quantify
the full-scale pore size distribution. Vitrinite exhibits the highest surface fractal dimension,
the largest pore number, the highest micropore proportion, and the smallest mean pore size,
forming an adsorption-favorable nanostructure. Fusinite has the largest mean pore size and
a pore system dominated by mesopores and macropores, favoring diffusion and desorption,
while semifusinite shows transitional characteristics. Raman analysis further indicates
that fusinite has higher aromatic condensation and larger structural domains, whereas
vitrinite is enriched in amorphous carbon and aliphatic functional groups. At the bulk coal
scale, vitrinite-rich bright coal C2 is micropore-dominated, with micropores contributing
91.79% of the total specific surface area, whereas the inertinite-rich semi-dull coal develops
abundant macropores but poor connectivity. The V/(V + I) ratio decreases from bright coal
to dull coal and may provide a practical parameter for reservoir evaluation. Differentiated
CBM exploration and development strategies are suggested. Bright and semi-bright coals
are suggested to be prioritized for sweet-spot identification. Fracturing should connect
the micropore-dominated matrix to the macro-fracture network in vitrinite-rich zones and
bypass mineral-clogged pore throats in inertinite-rich zones.

Keywords: low-rank coal; maceral; macrolithotype; CBM; pore structure

1. Introduction
Coalbed methane (CBM) is both an important unconventional natural gas resource

and a major safety concern in coal mining. In China, medium- and high-rank CBM
has achieved comparatively mature commercial development, especially in the Qinshui
Basin [1,2]. However, low-rank coal reservoirs account for approximately 47% of China’s
CBM geological resources, and low-rank coal-bearing basins, such as the Junggar Basin in
Xinjiang and the Ordos Basin in northern Shaanxi, have become important targets for future
exploration [3]. Although low-rank CBM has been commercially exploited in the United
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States, Canada, and Australia [4], large-scale industrial development in China remains
restricted by low production and low efficiency in more than one-third of the wells [5].
Clarifying the intrinsic controls on methane storage and migration in low-rank coal is
therefore essential for improving reservoir evaluation and engineering design.

Macerals are the fundamental organic constituents of coal, and their physicochem-
ical heterogeneity directly affects methane adsorption, desorption, and diffusion [2,5,6].
Many studies have reported a positive correlation between vitrinite content, micropore
development, and methane adsorption capacity [7,8], whereas others have emphasized the
adsorption or desorption contribution of inertinite-rich components [9,10]. Semifusinite is
important because it is transitional between reactive vitrinite and inert fusinite and may
preserve mixed structural characteristics during coalification [11]. These views indicate
that maceral percentage alone cannot explain CBM behavior; instead, the nanoscale pore
structure, surface morphology, and molecular structure of individual macerals should also
be evaluated.

Pore structure is a fundamental factor governing methane adsorption, desorption, and
migration in coal. Nanopores provide storage space for adsorbed methane, whereas multi-
scale pores and fractures act as pathways for gas diffusion and seepage [12–16]. Micropores
generally dominate methane adsorption capacity, while mesopores and macropores con-
tribute more strongly to diffusion, desorption, and pressure transmission [14–16]. However,
the pore heterogeneity of low-rank coal macerals remains insufficiently quantified, which
restricts the mechanistic interpretation of low-rank CBM reservoir performance [8,17]. In
particular, the quantitative relationship between maceral nanopore morphology, pore-size
distribution, and gas transport properties remains unclear, and complementary micro-
scopic evidence is urgently needed to reveal the structure–performance relationship of coal
organic matter [18,19].

Traditional pore characterization methods, including CO2 adsorption, N2 adsorption,
and mercury intrusion porosimetry [12,20], can provide quantitative pore volume and
pore-size distributions but cannot directly visualize the morphology of individual mac-
erals. In addition, external fluid intrusion may alter original nanopores [21]. Scanning
electron microscope (SEM) and transmission electron microscope (TEM) are useful for pore
visualization [22,23], but their resolution is insufficient to resolve the fine structure of indi-
vidual macerals surfaces. Atomic force microscopy (AFM) provides direct, non-destructive,
nanometer-scale imaging of surface morphology [19,24–27]. Micro-Raman spectroscopy
reveals the aromatic condensation and the structural ordering of organic matter [28–30].
Combing these techniques with fluid-based pore characterization therefore offers a means
to link maceral chemistry and nanoscale morphology to full-scale pore structures.

Although the pore structure and morphology of macerals have been studied, the
linkage between molecular structure, surface nanomorphology, and a full-scale pore system
has not been established. The novel contribution of this study is linking these maceral-scale
characteristics to the full-scale pore system of bulk coals with contrasting macerals and
proposing the V/(V + I) ratio as a macroscopic index for the microscale pore structure of
low-rank CBM reservoirs. In this study, vitrinite, semifusinite, and fusinite from Jurassic
series low-rank coals were characterized by AFM and micro-Raman spectroscopy, and bulk
coals representing different maceral assemblages were characterized by low-pressure CO2

adsorption, low-temperature N2 adsorption, and high-pressure mercury intrusion. The
objectives were to (1) quantify the surface morphology, nanoscale pore parameters, and
chemical structure of individual macerals and (2) establish the genetic link between maceral
composition and full-scale pore structure, thereby providing a basis for differentiated CBM
exploration and development strategies in low-rank coal reservoirs.
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2. Samples and Methods
2.1. Samples and Pretreatment

The coal samples used in this study were collected from Jurassic coal seams, following
the Chinese national standard GB/T 482-2008 (Sampling of coal seams) [31]. Maceral
composition identification was performed according to GB/T 8899-2013 (determination
of maceral group composition and minerals in coal) [32], and the maximum vitrinite re-
flectance (Ro,max) was measured according to GB/T 6948-2008 (Method of determining
microscopically the reflectance of vitrinite in coal). Maceral determination and vitrinite
reflectance measurement are conducted using a Germany produced Leica Confocal Micro-
scope modelled DM 2700P (Leica, Wetzlar, Germany) [33].

2.2. Methods
2.2.1. Raman Spectroscopy Analysis

Raman spectra of three macerals (vitrinite, semifusinite, and fusinite) were collected
using a Germany produced WITec alpha 300 R confocal Raman microscope equipped with
a Zeiss EC Epiplan-Neofluar Dic objective lens, from Carl Zeiss Microscopy Deutschland
GmbH in Oberkochen, Germany. A 532 nm laser was used as the excitation source. The
experimental parameters were set as follows. Laser power was 0.8 mW, accumulation
times were 5, and the single integration time was 3 s. Each maceral was tested on the
same polished section to ensure the consistency of the measured position and eliminate the
influence of sample heterogeneity. Macerals were identified under an optical microscope
and then for Raman analysis. For each maceral, eight points were selected for Raman
spectra analysis. All original Raman spectra were peak-fitted and deconvoluted using
Origin software (2024 version), and the peak fitting protocol followed Chen et al. [30]. The
detailed peak-fitting procedures are listed in Figure S1 (Supplementary Materials), and
Gaussian peak functions were chosen for the peak fitting.

2.2.2. AFM Analysis

The morphological features (two-dimensional and three-dimensional) and pore struc-
tural characteristics of vitrinite, semifusinite, and fusinite were characterized using a Bruker
produced AFM modelled Dimension Icon (from Berlin, Germany). The scanning area for
each maceral was set to 2 µm × 2 µm. For each maceral, eight zones were scanned and
analyzed under identical conditions on the same pellet. To obtain distortion-free and stable
surface images, the tapping mode was adopted with a scanning rate of 1 Hz. For accuracy
measurement, scanning spots of 512 × 512 were selected. The frequency of the tip and
cantilever was 300 KHz. The horizontal and vertical resolutions of the instrument are
0.2 nm and 0.03 nm, respectively. AFM images were acquired using NanoScope Analysis
software (3.00 version). Image export, fractal dimension calculation, and pore structural
analysis were completed via NanoScope Analysis and Gwyddion software (2.59 version).
The detailed procedures of AFM image analysis and data processing were completed
according to Liu et al. (2019) [26] and Nečas et al. (2012) [34]. The fractal dimension of
surface morphology (Ds) was obtained following the methods of Elson et al. (1995) [35]
and Zhang et al. (2023) [36]. The fractal dimension of surface pores (D) was calculated
based on the Hausdorff dimension following the methos of Mandelbrot (1975) [37] and
Peng et al. [38]. The detailed calculations of Ds and D are listed in Supplementary Materials
(Equations (S1)–(S13)).

2.2.3. CO2 and N2 Gas Adsorption

Gas adsorption experiments were conducted on a Beijing JWGB Sci. & Tech. Co., Ltd.
produced automated surface area and porosity analyzer modelled JW-BK200C from Beijing,
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China. Around 2 g of each 60-mesh coal sample was degassed at 378 K for 12 h under vac-
uum to remove moisture. Afterwards, low-pressure CO2 adsorption and low-temperature
N2 adsorption were conducted. Low-pressure CO2 adsorption was used to measure pores
with diameters below 2 nm; it was conducted at a temperature of 273.15 K. High-purity
CO2 was employed as the adsorbate, with relative pressures ranging from 0.0004 to 0.0294.
Low-temperature N2 adsorption was used to measure pores with diameters above 2 nm.
N2 adsorption measurements were subsequently carried out at 77 K with high-purity N2

as the adsorbate over a relative pressure (P/P0) range of 0.01–0.99. The detailed procedures
for gas adsorption were carried out following GB/T 21650.3-2011 [39] and GB/T 21650.2-
2008 [40]. For low-pressure CO2 adsorption and low-temperature N2 adsorption, the pore
size distributions were calculated using the Density Functional Theory (DFT) model.

2.2.4. High-Pressure Mercury Intrusion

High-pressure mercury intrusion was performed using a Micromeritics produced
porosimeter modelled AutoPore V 9600 from Norcross, GA, USA, following the standard
GB/T 21650.1-2008 [41]. Fractures and pores with diameters of 3.5–106 nm are characterized
by this experiment. Based on the Washburn equation, the volume of mercury intruding
into the coal pores under different pressures was measured, yielding a relationship curve
between mercury intrusion pressure and intruded mercury volume. The maximum in-
trusion pressure reached approximately 61,000 psia (420 MPa) to access pores down to
2.96 nm. However, because the coal matrix is compressible, the high-pressure segment is
prone to cause matrix compression. Therefore, pore diameters below 50 nm, corresponding
to intrusion pressure at around 25 MPa, were not used for pore quantification. Instead,
this range was characterized by low-pressure CO2 adsorption and low-temperature N2

adsorption (DFT). The surface tension of mercury was taken as 0.485 N/m.

3. Result and Discussion
3.1. Basic Properties of Coal Samples

The basic properties of the coal samples are presented in Tables 1 and 2, including
proximate analysis, ultimate analysis, and petrological components. The four bulk coal
samples represent varied maceral assemblages and macrolithotypes. The maceral images
are shown in Figure 1. In the C1 coal sample, inertinite (51.1%) is the dominant group,
including fusinite (6.1%) and semifusinite (31.3%). This was followed by vitrinite, with a
content of 43.9% in volume, mainly occurring as collodetrinite. Liptinite had the lowest
content by volume (0.2%), occurring mainly in the form of cutinite. The detailed maceral
components are shown in Table 2. C1 and C4 are semi-dull coals of the macrolithotype,
with relatively high contents of inertinite. C2 and C3 comprise bright coal and semi-bright
coal, respectively, with relatively high contents of vitrinite.

Table 1. Basic properties of the studied low-rank coal.

No. Ro,max/%
Proximate Analysis/% Ultimate Analysis/%

Mad Ad Vdaf Cad Had Ot Nad Sad

C1 0.46 2.03 5.55 38.26 67.97 4.54 18.40 0.81 0.81
C2 0.66 1.39 6.9 44.42 76.23 4.65 7.47 1.03 0.59
C3 0.64 0.50 17.84 26.35 74.62 4.91 7.83 1.24 0.76
C4 0.69 2.35 4.99 40.8 77.47 5.55 8.43 0.81 0.33

Ro,max is the maximum vitrinite reflectance; M is moisture; A is ash; V is volatile; C is carbon; H is
hydrogen; N is nitrogen; S is sulfur; O is oxygen; ad denotes air-dry basis; d denotes dry basis; daf
denotes dry-ash-free basis.
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Table 2. Petrological components of the studied low-rank coal.

No.
Petrological Component/%

Macrolithotype
V I L Mm

C1 43.8 51 0.2 4.8 Semi-dull coal
C2 88.2 2.3 1.8 7.7 Bright coal
C3 78.4 15.8 - 5.8 Semi-bright coal
C4 61.0 27.7 7.9 3.4 Semi-dull coal

V is vitrinite; I is inertinite; L is liptinite; Mm is mineral matter.

Figure 1. Petrological images of coal macerals. (a) semifusinite(Sf) and vitrinite(V); (b) vitrinite(V)
and fusinite(F); (c) semifusinite(Sf); (d) fusinite(F) and vitrinite(V).

3.2. Chemical Structural Characteristics of Macerals

Coal is composed of complex macromolecules, including aromatic nuclei, aliphatic
chains, and other functional groups. Based on the peak deconvolution proposed by Morga
(2011) [11,42] and Guedes et al. (2010) [43], eight Raman peaks (S1, S, S2, V1, V, D, G,
and R) were curve-fitted for vitrinite, semifusinite, and fusinite, as shown in Figure 2,
and the assignment of bands is shown in Table 3. The Raman spectra of macerals are
shown in Figure 2a; all three macerals exhibit two dominant bands at ~1350 cm−1 (D
band) and ~1580 cm−1 (G band). The D band (~1350 cm−1) corresponds to lattice defects
and aromatics with not less than six rings, while the G band represents the vibration
of sp2 aromatic carbons in graphite/graphite-like skeletons, which directly reflects the
aromatization degree and stacking order of aromatic basic structural units (BSUs). S-
series bands (S, S1, and S2) correlate with aromatic C-H and aliphatic substituents on
aromatic edges; the V1 and V bands represent disordered amorphous carbon; the R band
is attributed to oxygen-containing functional groups in organic matter, including C=O
and -COOR [42,43].

Table 3. Assignments of Raman bands [30,42].

Band Shift/cm−1 Assignments

S1 ~1100 C-H on aromatic rings

S ~1170 Caromatic–Calkyl; aromatic (aliphatic) ethers; C–C on
hydro-aromatic rings

S2 ~1245 aryl–alkyl ether and para-aromatic-like structures
D ~1350 aromatics with not less than 6 rings; graphite defects

V1 ~1420 methyl group; semicircle breathing of aromatic rings;
amorphous carbon structures

V ~1480 methylene or methyl; semicircle breathing of aromatic
rings; amorphous carbon structures

G ~1580 graphite E2g; aromatic ring quadrant breathing
R ~1700 carbonyl group C=O; ester-COOR

https://doi.org/10.3390/fractalfract10110744
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Figure 2. Raman spectra of macerals in low-rank coal C1. Note: (a) shows the raw Raman spectra
of macerals, (b) shows the peak-fitting curves of the Raman spectra, and (c) shows the identifying
microscopic images of macerals.

Spectral disparities are identified among vitrinite, semifusinite, and fusinite. An
obvious baseline fluorescence uplift is present in vitrinite and semifusinite spectra, while
fusinite presents a flat baseline with negligible fluorescence interference, consistent with
previous research on low-rank coal macerals [43]. This distinction arises from higher
contents of non-aromatic structural groups in vitrinite, which generate strong fluorescence
under 532 nm laser excitation. Fusinite undergoes intense early thermal oxidation during
peatification, with aliphatic structures removed and the aromatic skeleton condensed; thus,
its fluorescence response is probably weakened.

As shown in Figure 3, the D-band wavenumber ranges of vitrinite, semifusinite, and
fusinite are 1329 cm−1 to 1351 cm−1, 1336 cm−1 to 1355 cm−1, and 1328 cm−1 to 1348 cm−1,
respectively. The G-band position of the three macerals is distributed at 1585 cm−1 to
1592 cm−1 (vitrinite), 1588 cm−1 to 1592 cm−1 (semifusinite), and 1589 cm−1 to 1593 cm−1

(fusinite). For fusinite, the D band is located at lower wavenumbers (1328 cm−1 to
1348 cm−1), whereas the G band shifts to higher positions (1589 cm−1 to 1593 cm−1), demon-
strating higher aromatic condensation and larger primary structural domains compared
with vitrinite and semifusinite, consistent with the inherent high-temperature wildfire gen-
esis of fusinite [11,42]. Semifusinite acts as a transitional maceral between vitrinite and fusi-
nite, containing both reactive and non-reactive types. Reactive semifusinite possesses more
abundant aliphatic chains and surface-active sites than non-reactive semifusinite [11,42,43].

Quantitative Raman structural parameters further verify maceral heterogeneity
(Figures 3 and 4). Fusinite has the highest average G peak position, the lowest D peak
wavenumber, and the maximum intensity of the R band, which matches the fact that inerti-
nite groups have higher O/C atomic ratios at identical coal ranks [11,42]. High oxygenated
groups of inertinite-rich coals were also reported by Morga et al. (2011) [11,42]. This
phenomenon is related to the formation of inertinite, which forms during wildfires due
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to complete or incomplete combustion [11,42,43]. Semifusinite presents scattered Raman
parameter distributions (Figure 4b) because of the coexistence of reactive and non-reactive
subtypes. Vitrinite has the lowest R band intensity and the broadest FWHM of the G band,
reflecting abundant amorphous carbon and aliphatic functional groups.

Figure 3. Raman data of macerals in low-rank coal. The measured number of each maceral is eight.
(a) wavenumber of D band in macerals; (b) wavenumber of G band in macerals; (c) half-width at
half-maximum of D band; (d) half-width at half-maximum of G band.

Figure 4. Raman parameters of macerals in low-rank coal. The measured number of each maceral is
eight. (a) ID/IG of macerals. (b) intensity of Raman bands in vitrinite; (c) intensity of Raman bands
in semifusinite; (d) intensity of Raman bands in fusinite.
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3.3. Morphological Characteristics of Macerals
3.3.1. Three-Dimensional Morphological Characteristics

AFM has become a key technique for the molecular-scale characterization of polymers,
nanomaterials, and coal organic matter [25]. The visible granular structures in AFM
images correspond to coal macromolecular aggregates, which are assembled by condensed
aromatic nuclei, aliphatic chains, and functional groups [25,44]. The morphological features
of vitrinite, semifusinite, and fusinite were explicated by 2D and 3D images, as visually
displayed in Figure 5. For vitrinite (Figure 5a1–a6), macromolecular aggregates present a
loose, chaotic arrangement with uneven inter-aggregate connections. Even some of these
macromolecular aggregates were partially well aligned, but most were connected to each
other, without a compact structure. The overall structure is highly complex, consistent
with its high fractal dimension. The functional groups in vitrinite further increase the
surface heterogeneity [27,29,44,45]. For semifusinite (Figure 5b1–b6), the arrangements of
macromolecule aggregates are slightly ordered, and the connections among macromolecule
aggregates number fewer than those of vitrinite. Some of the macromolecule aggregates
can be isolated. For fusinite (Figure 5c1–c6), the macromolecule aggregates are organized
without many connections. Their orientations were quite uniform, and arrangements
were well aligned, matching its low fractal dimension. Even though pores existed, the
macromolecule aggregates were quite evenly distributed and had a simple spatial structure.

Figure 5. 2D and 3D AFM morphology of macerals. Modified based on Ref. [36]. (a1–a3) two-
dimension AFM images of vitrinite; (a4–a6) three-dimension AFM images of vitrinite; (b1–b3) two-
dimension AFM images of semifusinite; (b4–b6) three-dimension AFM images of semifusinite;
(c1–c3) two-dimension AFM images of fusinite; (c4–c6) three-dimension AFM images of fusinite.

3.3.2. Fractal Characteristics of Morphology

Organic matter of coal is assembled by complex macromolecules consisting of aromatic
nuclei, aliphatic chains, and various oxygen-containing functional groups [44,46]. AFM
can intuitively characterize the nanoscale morphology of macromolecular aggregates,
but it is difficult to quantitatively describe the irregularity and complexity of surface
structures. Fractal theory, first proposed by Mandelbrot in 1975, is widely used to quantify
the irregularity of geological materials [37]. The fractal analysis used here is an application
of the established power spectral density (PSD) framework of surface fractal analysis [26,37].
Fractal analysis has been extensively applied to coal pore structure research; few studies
have focused on the fractal features of macromolecular aggregates in individual macerals.
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Here, PSD-based quantitative fractal analysis and qualitative 3D morphological observation
are combined to analyze the surface structure of three macerals (vitrinite, semifusinite,
and fusinite).

Taking the surface height as a random variable, the surface structure of coal macerals
can be regarded as a random spatial process described by the autocorrelation function φ(x).
Combined with spatial-frequency and angular-frequency transformations, the power spec-
tral density S(ω) is defined. For a fractal surface, S(ω) follows a power-law relationship with
the angular frequency ω. After logarithmic transformation, the surface fractal dimension
Ds is obtained from the linear fitting result. The general theory is summarized in Equations
(1)–(4) below based on previous publications [35–38], and the full derivation is provided in
the Supplementary Materials. Detailed calculations are shown in Supplementary Materials
Equations (S1)–(S10).

φ(x) = lim
l→∞

∑∞
n→−∞

1
2l

(︃∫︂ l

−l
φl(t)e

−inπ/tdt
)︂

einπx/l, (1)

S(ω) =
1
τ
[F(ω, τ)]2, (2)

S(ω)∞ω−β, (3)

Ds =
(7 − β)

2
, (4)

The logarithmic PSD frequency fitting results of three macerals are shown in Figure 6.
The coefficients of determination (R2) of vitrinite, semifusinite, and fusinite are 0.99494,
0.98808, and 0.99131, respectively, indicating a strong linear correlation and confirming that
PSD-based fractal analysis is applicable to the surface structure of macerals.

Figure 6. Linear fitting of logarithmic PSD versus logarithmic frequency for three macerals. (a) Vitri-
nite; (b) semifusinite; (c) fusinite.

The calculated surface fractal dimensions, Ds, are summarized in Table 4. Vitrinite
has the highest Ds (1.55), whereas semifusinite (1.40) and fusinite (1.39) show lower and
similar fractal dimensions. A larger fractal dimension represents a more complex surface
morphology and stronger undulation of macromolecular aggregates [24–27]. Here, the
three macerals were measured with identical instrument and processing parameters. The
complex surface of vitrinite provides abundant adsorption sites for methane molecules,
which is the structural basis for its strong adsorption capacity [47].
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Table 4. Fractal dimension (Ds) of morphology in different macerals.

Samples Ds β R2

V 1.55 3.89077 0.99494
Sf 1.40 4.19154 0.98808
F 1.39 4.22777 0.99131

V is vitrinite; Sf is semifusinite; F is fusinite; Ds denotes the surface fractal dimension calculated
from the fitted spectral exponent as Ds = (7 − β)/2; β is the spectrum exponent; R2 is the coefficient
of determination.

3.4. Pore Structural Characteristics of Macerals Derived from AFM
3.4.1. Pore Structural Parameters

The quantitative analysis of average pore parameters in vitrinite, semifusinite, and
fusinite is listed in Table 5, including pore number, pore area, mean pore size, and the
pore-size distribution. These parameters were obtained by processing the 2D AFM images
(2 µm × 2 µm) of each maceral. Vitrinite develops the largest number of micropores
(<2 nm). Fusinite has fewer pores but a larger pore area and average pore size. The
total pore area of inertinite is mainly controlled by mesopores (2–50 nm) and followed by
macropores (>50 nm), so semifusinite and fusinite have a larger total pore area than vitrinite.
In vitrinite, the total pore number is 921, and the total pore area and mean pore size are
508.14 nm2 and 15.86 nm, respectively. The mean pore size is defined as the arithmetic
mean of the equivalent diameters of all AFM-identified pores. Therefore, when numerous
micropores coexist with a small number of macropores, the latter can raise the arithmetic
mean. The proportion of micropores is highest in vitrinite (72.45%), followed by mesopores
(26.86%), with macropores accounting for only 0.69%. Micropores were not detected in
semifusinite or fusinite under the AFM scanning area and image-processing conditions;
this reflects the detection limit and the surface-specific nature of the AFM analysis and
does not imply that these macerals contain no micropores. Inertinite has the highest
proportion of mesopores, followed by macropores; the combined proportion of mesopores
and macropores in the inertinite group is much higher than that in vitrinite (Table 5).

Table 5. Pore structural parameters of the macerals.

Macerals Pore Number Pore Area/nm2 Mean Pore Size
/nm

Percentage of Different Sized Pores/%

<2 nm 2–50 nm 50–100 nm >100 nm

V 921 508.14 15.86 72.45 26.86 0.63 0.06
Sf 701 768 19.44 - 97.27 2.16 0.57
F 545 976 21.22 - 97.39 2.31 0.3

V is vitrinite; Sf is semifusinite; F is fusinite; -: not detected.

3.4.2. Fractal Characteristics of Pores

Pores in coal typically exhibit irregular shapes and cannot be described as circular
or elliptical. Mandelbrot et al. showed that the equivalent perimeter and area can be
used to compute fractal parameters that indicate the degree of irregularity of pores [37].
A higher fractal dimension corresponds to a greater degree of irregularity. A linear rela-
tionship exists between the logarithm of the perimeter (log10

S) and the logarithm of the
area (log10

A) of microscopic pores. For each maceral, log10
S was plotted against log10

A,
and a linear relationship log10

S = (D/2) × log10
A + c was obtained by least-squares fitting;

the fractal dimension was then calculated as D = 2 × slope. The results demonstrate a
strong linear correlation among these data points, indicating the self-similarity of the pore
structure (Figure 7).
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Figure 7. Fitting curves of the pores in the macerals. (a) Vitrinite; (b) semifusinite; (c) fusinite.

The pore fractal dimension (D) was calculated and is shown in Table 5. The pore
fractal dimensions for vitrinite, semifusinite, and fusinite were determined to be 1.491,
1.492, and 1.488, respectively. The fractal dimension D reported here is calculated from the
equivalent perimeter and area of AFM-identified surface pores and therefore represents a
two-dimensional morphological parameter. Therefore, it should not be directly compared
with the three-dimensional fractal dimensions derived from gas adsorption isotherms,
which are typically larger. The difference in fractal dimension (D) between semifusinite and
vitrinite is minimal, with both values exceeding that of fusinite (Table 6). This may suggest
approximate similarity and a higher degree of pore irregularity in vitrinite and semifusinite,
whereas fusinite exhibits relatively less irregular pore structures among the three macerals.
Nevertheless, AFM characterizes only the surface topography of polished sections, and
the pores quantified by AFM are surface depressions that differ from the volumetric pores
measured by adsorption and intrusion. Therefore, a multi-scale pore characterization of
different maceral assemblages was performed.

Table 6. Fractal dimensions of pores in different macerals.

Macerals Slope D R2

V 0.745 1.491 0.99285
Sf 0.746 1.492 0.99362
F 0.744 1.488 0.99358

V is vitrinite; Sf is semifusinite; F is fusinite; D is the pore’s fractal dimension, calculated as
D = 2 × slope.

3.5. Multiple-Scale Pore Characteristics of Different Maceral Assemblages

To accurately characterize the full-range pore structure of bulk coal samples, an inte-
grated approach combining three techniques (including high-pressure mercury intrusion,
low-pressure CO2 adsorption, and low-temperature N2 adsorption) was employed. By
merging the optimal pore-size ranges of these three techniques (Figure 8), a continuous
quantitative characterization from micropores to macropores was achieved. The three
datasets were joined at their optimal ranges. The CO2-derived micropore distributions
(<2 nm) were connected to the N2-derived mesopore distributions (2–50 nm), which were,
in turn, connected to the mercury-intrusion macropore distributions (>50 nm). The gas
adsorptions and high-pressure mercury intrusion data are shown in Figures 9–11. To reduce
the effects of coal rank, the full-scale pore analysis was restricted to C2–C4. Because C1 had
the lowest Ro,max value (0.46%), C2, C3, and C4 had similar Ro,max values (0.64 to 0.69%).
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Figure 8. Test ranges and optimal ranges of different experimental methods for pore size characteri-
zation of coal samples. Redrawn based on [48].

Figure 9. Low-pressure CO2 adsorption curves of coal samples.

Figure 10. Low-temperature N2 adsorption curves of coal samples. (a) C2 sample; (b) C3 sample;
(c) C4 sample.
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Figure 11. High-pressure mercury intrusion curves of coal samples. (a) C2 sample; (b) C3 sample;
(c) C4 sample.

The multiple-scale pore structure characteristics reveal systematic variations that
are intrinsically governed by the maceral assemblages. As shown in Figure 9, sample
C2 (bright coal) exhibits the highest CO2 adsorption capacity, followed by C4 and C3,
confirming the largest micropore abundance in C2. This is consistent with the AFM and
Raman results of individual macerals, which demonstrated that vitrinite possesses a loose
macromolecular arrangement (Figure 5), the highest surface fractal dimension (Ds = 1.55),
and abundant amorphous carbon (Figure 2). These microscopic features are consistent
with the development of abundant adsorption-available micropores [48], constituting the
structural basis for the superior adsorption capacity of vitrinite-rich coals (C2 and C3).

However, the macropore structure characteristics reveal a different maceral control
mechanism. The high-pressure mercury intrusion curves (Figure S2e–g) show that sample
C4 has the maximum macropore volume, followed by C3 and C2. Correspondingly, the
integrated full-scale pore size distributions (Figure 12a–c) display a unimodal distribution
dominated by micropores in C2 and C3, whereas C4 exhibits a distinct bimodal distribution
dominated by both micropores and macropores. This bimodality in C4 is attributed to its
elevated inertinite content (I = 27.7%). AFM analysis on individual macerals confirmed that
fusinite and semifusinite possess a pore system overwhelmingly dominated by mesopores
(above 97.39%), with the largest mean pore size (21.22 nm).

Despite the substantial macropore volume in C4, its pore connectivity is significantly
compromised. The N2 adsorption of C4 displays an H2-type hysteresis loop with a sharp
drop at P/P0 ≈ 0.5 (Figure 10c), a diagnostic feature of the “ink-bottle” effect. This
phenomenon indicates an abundance of narrow-necked, wide-bodied pores. It directly
reflects the fact that, in semi-bright or semi-dull coals (enriched in inertinite), authigenic
clay minerals (as indicated by the high ash yield of C3 in Table 1) can physically clog
and segment the mesopores and macropores. In contrast, C2 and C3 display narrow
H3-type hysteresis loops with nearly parallel branches, indicating slit-shaped pores with
minimal “ink-bottle” effects and excellent mesopore connectivity [49], consistent with their
vitrinite-rich composition.

The pore size distribution curves of micropores, mesopores, and macropores are
shown in Figure S2 (Supplementary Materials). The micropore size distribution curves
(Figure S2) exhibit a consistent trimodal pattern for three coal samples, with three distinct
peaks centered at approximately 0.3 nm, 0.5 nm, and 0.9 nm. The peak at approximately
0.5 nm is the most prominent, contributing the most to the pore volume and specific surface
area. Quantitatively, Table 7 shows that micropores contribute 63.57%, 44.70%, and 10.94%
of the total pore volume and 91.79%, 85.26%, and 88.40% of the total specific surface area
for C2, C3, and C4, respectively. This indicates that although C4 has a large macropore
volume, its methane adsorption capacity is still dominated by micropores, which are mainly
associated with vitrinite. The mesopore size distribution curves are shown in Figure S2b,e,h.
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The pore volume (black curves) shows a multimodal pattern across the three coal samples.
Pore volumes are mainly contributed by the 5–50 nm region in C2 and C4, while the pore
volume is mainly contributed by the >20 nm region in C3. The specific surface area (red
curves) is overwhelmingly dominated by pores smaller than 15 nm, with prominent peaks
at 3–10 nm. When pore diameters are above 20 nm, the mesopore specific surface area
exhibits an overall decreasing trend. The macropore-size distribution curves are shown
in Figure S2c,f,i. The pore volume (black curves) is mainly contributed by pores of larger
diameters, a phenomenon that is most pronounced in inertinite-rich sample C4, while the
specific surface area (red curves) is mainly contributed by pores of 50–200 nm.

Figure 12. The integrated full-scale pore size distributions of the coal samples. (a–c) are pore volume
distributions; (d–f) are specific surface area data.

Table 7. The pore volume and specific surface area of different pore sizes.

No.
V (cm3/g) S (m2/g) V (%) S (%)

V1 V2 V3 S1 S2 S3 V1 V2 V3 S1 S2 S3

C2 0.0482 0.0223 0.0054 151.7600 13.4963 0.0777 63.5657 29.3478 7.0866 91.7899 8.1631 0.0470
C3 0.0305 0.0272 0.0105 96.6680 16.5187 0.1929 44.6962 39.8443 15.4596 85.2605 14.5694 0.1701
C4 0.0388 0.0259 0.2898 124.8500 16.2636 0.1159 10.9422 7.3004 81.7575 88.4022 11.5157 0.0821

V1, V2, and V3 represent the total pore volumes of pores with diameters below 2 nm, 2–50 nm, and
above 50 nm, respectively; S1, S2, and S3 represent the total surface areas of pores with diameters
below 2 nm, 2–50 nm, and above 50 nm, respectively.

The integrated full-scale pore-size distributions (Figure 12) and associated pore pa-
rameters (Table 7) further reveal that pores in C2 and C3 are dominated by well-developed
micropores, whereas C4 is dominated by both well-developed micropores and macrop-
ores. Mesopores are relatively underdeveloped. For all studied coal samples, the specific
surface area decreases with increasing pore size. Micropores, peaking at 0.55–0.58 nm,
are well developed and dominate methane adsorption, contributing 85.26–91.79% of the
total specific surface area. In contrast, the well-developed macropores and fractures act as
the principal seepage pathways facilitating gas flow towards the wellbore [47–49]. These
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contrasting pore systems, controlled by maceral composition, have significant implications
for CBM exploitation.

3.6. Implications of Maceral-Controlled Pore Structure for CBM Exploitation

The microscopic heterogeneity of macerals fundamentally dictates the macroscopic
storage and transport behavior of CBM. Based on the differentiation among vitrinite,
semifusinite, and fusinite and their corresponding full-scale pore responses in bulk coals,
evidence from the perspective of maceral-controlled pore structure is discussed.

3.6.1. Relationship Between Maceral Composition and Macrolithotypes

The maceral composition varied systematically across macrolithotypes (Figure 13),
demonstrating that macrolithotype is essentially a macroscopic expression of the organic
and inorganic composition. Vitrinite content decreases progressively from bright coal (B)
to dull coal (D), with mean values of 71.99%, 65.17%, 58.20%, and 53.34%, respectively
(Figure 13a). In contrast, inertinite content shows an opposite trend, increasing from 25.20%
in bright coal to 40.50% in dull coal (Figure 13b). Liptinite is generally low in all samples,
with a slight enrichment in semi-dull coal (Figure 13c). Mineral content is significantly
higher in dull coal compared to the other types and exhibits a large variance, suggesting a
highly heterogeneous distribution of inorganic matter (Figure 13d). The combined Liptinite
+ Mineral content further confirms the upward trend towards duller coals (Figure 13e).
Consequently, the Vitrinite/(Vitrinite + Inertinite) ratio, a diagnostic parameter for organic
matter composition, displays a clear stepwise decrease from bright coal (0.7408) to dull coal
(0.5708) (Figure 13f), demonstrating a strong negative correlation with coal dullness.

Figure 13. Relationship between macrolithotypes and macerals/minerals composition. B is bright
coal; SB is semi–bright coal; SD is semi–dull coal; D is dull coal. Data were collected from a series of
low–rank coals in Ref. [19]. The number of statistical samples is 50. (a) relationship between vitrinite
and macrolithotype; (b) relationship between inertinite and macrolithotype; (c) relationship between
liptinite and macrolithotype; (d) relationship between mineral and macrolithotype; (e) relationship
between liptinite+mineral and macrolithotype; (f) relationship between vitrinite/(vitrinite+inertinite)
and macrolithotype.
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The strong relationship between maceral composition and macrolithotypes provides
a macroscopic basis for reservoir evaluation. Bright and semi-bright coals, enriched in
vitrinite, are expected to possess well-developed micropores, thereby offering superior
methane adsorption capacity. Conversely, dull coals, characterized by high inertinite
and mineral content, may develop larger pores and fractures, but their pore connectivity
could be compromised by mineral infilling (especially clay minerals) [19]. Therefore, the
macrolithotype distribution, easily identifiable in the field or via well logs, can serve as
a practical proxy for predicting the microscale pore structure and gas storage/transport
behavior of low-rank coal reservoirs.

3.6.2. Implications for Methane Adsorption and Migration

The maceral-controlled pore structure has direct implications for methane adsorption
and storage in low-rank coals [48,50]. Methane adsorption in coal is primarily governed by
micropore surface area [12,13]; this result indicates that adsorption capacity is essentially
controlled by the abundance of micropores, which, in turn, is closely linked to vitrinite
content. Sample C2, with the highest vitrinite content, exhibits the highest CO2 adsorption
capacity, consistent with its well-developed microporous structure revealed by AFM and
Raman analyses. In contrast, C4, which is enriched in inertinite, has a larger macropore
volume but a lower micropore contribution to specific surface area, suggesting a reduced
adsorption capacity. These observations are consistent with previous studies reporting
a positive correlation between vitrinite content and methane adsorption capacity [51,52],
although the adsorption contribution of inertinite remains debated [46,48,52]. The high
inertinite and mineral contents in dull coal do not translate into superior adsorption capac-
ity, because mineral infilling and the dominance of mesopores and macropores reduce the
available micropore surface. Therefore, bright and semi-bright coals (C2 and C3) represent
the most favorable intervals for methane storage in the studied low-rank coal reservoir.

This maceral-scale control on methane adsorption can be further understood by con-
sidering the coupled variations in pore-structure parameters among individual macerals
(Figure 14). Vitrinite exhibits a porous characteristic with a high pore number, small mean
pore size, and a complex, undulating surface, whereas fusinite develops a coarser porous
characteristic with fewer but larger pores and a relatively uniform surface; semifusinite
exhibits transitional characteristics. This contrast suggests that the adsorption capacity
of low-rank coals is governed not merely by total pore volume or maceral percentage
but also by nanoscale pore partitioning (measured by gas adsorption and mercury intru-
sion), together with surface complexity (measured by AFM). The high adsorption potential
of vitrinite can be attributed to its disordered macromolecular arrangement, abundant
oxygen-containing functional groups, and highly heterogeneous surface, which together
generate numerous micropores and high surface fractal dimensions. These features pro-
vide abundant adsorption sites and enhance van der Waals interactions with methane
molecules [46,53]. In contrast, fusinite has experienced intense early oxidation and struc-
tural condensation, resulting in a more ordered and compact macromolecular structure
that favors larger pores, but it offers fewer micropore adsorption sites [46,48,53]. From the
perspective of intermolecular interactions, methane adsorption is dominated by van der
Waals forces, particularly dispersion forces owing to the nonpolar nature of CH4 [54,55].
The disordered nanostructure of vitrinite enhances adsorption through increased isosteric
heat, whereas the simpler morphology of fusinite offers fewer adsorption sites but larger
pores that facilitate diffusion and desorption [27,53,54]. This interpretation is consistent
with previous studies that reported a positive correlation between vitrinite content and
methane adsorption capacity [54], although it contrasts with the view that inertinite-rich
components may possess superior adsorption capacity [11,42,43,48]. The discrepancy may
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arise from differences in mineral content, pore connectivity, and coal rank. In the studied
low-rank coals, mineral matter varies among samples, and where present, it may occlude
micropores and reduce the effective surface area available for adsorption.

Figure 14. Coupled variations of pore structure parameters and fractal dimension among macer-
als from AFM data. Ds is the morphological fractal dimension; D is the pore fractal dimension.
(a) Mean pore size versus pore number; bubble size represents pore area. (b) Mean pore size versus
morphological fractal dimension (Ds); bubble size represents pore fractal dimension (D).

Methane migration and production are governed by the connectivity and size dis-
tribution of mesopores and macropores, as well as by fractures. The well-developed
macropores and fractures in C4 act as potential seepage pathways, but their effectiveness
may be compromised by mineral infilling, particularly the minerals that filled the cavity
of inertinites [56]. Although elevated mineral matter content is traditionally regarded
as an indicator of reduced permeability, the spatial distribution and mode of occurrence
of minerals, particularly those concentrated within the cell lumens of fusinite and semi-
fusinite, are also critical in governing pore-fracture occlusion and CBM permeability [56].
Mineral matter, which is elevated toward the dull macrolithotype (Figure 13), may clog
and segment the mesopores and macropores [48]. This interpretation is consistent with Cai
et al. (2013), who showed that pore connectivity, rather than total pore volume, controls
gas flow capability in medium- to low-rank coals [12]. Therefore, semi-dull and dull coals
may possess large pore volumes but act as poorly connected seepage systems, potentially
leading to high capillary trapping and low gas recovery efficiency [48]. These observations
indicate that the balance between methane adsorption and migration in low-rank coals is
controlled both by the relative proportions of vitrinite and inertinite and by the extent to
which mineral matter modifies the pore network.

3.6.3. Optimization of CBM Exploration and Development Strategies

Evidence from the perspective of maceral-controlled pore structure is used for differ-
entiated CBM exploration and development strategies in low-rank coal reservoirs. The key
implication is that bright and semi-bright coals (vitrinite-rich) and dull coals (inertinite- and
mineral-rich) require different engineering approaches because their pore systems serve
different functions. The former is adsorption-dominated, whereas the latter is transport-
limited by relatively poor connectivity.

For exploration targeting, bright and semi-bright coals are suggested to be prioritized
for their superior methane storage capacity, as indicated by their high micropore surface
area and high CO2 adsorption capacity. These intervals are expected to have higher gas
content and are therefore favorable for sweet-spot identification. In contrast, dull coals
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should not be dismissed entirely, because their large macropore volumes may provide
seepage pathways if the mineral-clogged pore throats can be bypassed or stimulated.

For fracturing design, vitrinite-rich zones require strategies that connect the micropore-
dominated matrix to the macro-fracture network, thereby enhancing gas desorption and
diffusion. In contrast, the challenge in inertinite-rich zones is overcoming mineral-clogged
pore throats. Fracturing should therefore be designed to bypass these clogged zones
and access the preserved larger pores. For drainage strategies, rapid depressurization
in vitrinite-rich zones may cause severe matrix shrinkage and permeability loss [12,57],
whereas slow depressurization in inertinite-rich zones may fail to overcome capillary trap-
ping [48,58]. Optimizing the depressurization rate according to macrolithotype distribution
is therefore critical for maximizing CBM recovery.

4. Conclusions
This study investigated the nanoscale pore structure, surface morphology, and chem-

ical structure of vitrinite, semifusinite, and fusinite from Jurassic low-rank coals using
AFM, micro-Raman, CO2/N2 adsorption, and mercury intrusion. The results show that
maceral is associated with distinct nanoscale pore characteristics and surface complexity,
which are expected to influence methane adsorption and migration. These findings provide
a maceral-scale basis for differentiated CBM exploration and development strategies in
low-rank coal reservoirs. The main conclusions are as follows:

(1) Vitrinite, semifusinite, and fusinite exhibit distinct nanoscale pore structures and
surface morphologies. Vitrinite has the highest surface fractal dimension, the largest
pore number, and the highest micropore proportion, forming an adsorption-favorable
nanostructure. Fusinite has the largest mean pore size and a pore system dominated
by mesopores and macropores, favoring diffusion and desorption. Semifusinite shows
transitional characteristics.

(2) Maceral composition is strongly associated with full-scale pore characteristics that
have implications for methane adsorption and migration. Vitrinite-rich coals are
microporous and adsorption-dominated, with micropores contributing 88.40–91.79%
of the total specific surface area. In contrast, inertinite-rich coals exhibit a bimodal pore-
size distribution with abundant macropores but compromised connectivity, which
may be caused by mineral infilling in inertinite.

(3) Evidence in terms of maceral-controlled pore structure is proposed, in which vitrinite
acts as an adsorption-favorable phase, fusinite acts as a migration-favorable phase,
and semifusinite acts as a transitional phase. Macrolithotype refers to the macroscopic
expression of maceral assemblages. The V/(V + I) ratio decreases from 0.74 in bright
coal to 0.57 in dull coal, which still requires validation using larger engineering and
production datasets, yet this may serve as a practical diagnostic parameter for low-rank
coal reservoir evaluation.
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