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Abstract: Multiscale fractal analysis of the pore system for coal is necessary to obtain more inner infor-
mation. The techniques of Scanning Electron Microscopy (SEM) and Mercury Intrusion Porosimetry
(MIP) are combined to characterize the pore structure of natural coal. A total of eight coal samples,
of a different rank and coalification degree, are prepared for experiments. Methods of SEM image
processing, piecewise curve-fitting and correction of intrusion data are adopted to obtain more
useful results. According to the pore size range of the MIP probe, pores in coal are classified as
seepage pore (pore size ≥ 1000 nm), transition pore (pore size ≥ 50 nm and <1000 nm) and mesopore
(pore size < 50 nm). Variations of multi-scale fractal dimensions are studied from the perspective
of coalification degree or coal rank. Fractal dimension from SEM data (D1) and fractal dimensions
of seepage pore, transition pore and mesopore (D2, D′2 and D′′2) from MIP data are calculated by
fitting curves, and consequently correlations of those with volatile matter (Vdaf), pore volume and
pore size are analyzed and discussed. The U-shape relationships between fractal dimensions (D1,
D2 and D′2) and Vdaf are observed. Macropores are presented as the isolated clusters embedding
in the network of smaller pores, and the difference of the order of magnitude of the pores’ size
affects the connectivity between pores. Both the pore size and volume have a direct influence on
multiscale fractal dimensions. Overall, multiscale fractal analysis is beneficial to explore the structure
of natural coal.

Keywords: multiscale fractal analysis; pore size distribution; scanning electron microscopy; mercury
intrusion porosimetry

1. Introduction

Coal and coal bed methane utilization are of great significance in developing new clean
energies. The knowledge of coal media is the basis of the development of new technologies.
Coal is a low-permeability porous media with a complicated pore system contributing
internal surfaces. The internal surface roughness of coal determines, to an extent, the
quantity of stored natural gas and the ease with which the gas can flow [1,2]. The natural
porosity of coal is complex and shows its multiscale structure [3–5]. The characterizations of
pore size distribution (PSD) and fractal analysis are typical means to evaluate the irregular
characteristics for coal reservoirs.

The PSD of coals varies significantly with the coal’s rank and shows the unique physic-
ochemical characteristics [6–8]. Various techniques for pore system characterization, such
as scanning electron microscopy (SEM), mercury intrusion porosimetry (MIP), CO2/N2
gas adsorption, transmission electron microscopy (TEM), Small Angle Neutron Scattering
techniques (SANS) and nuclear magnetic resonance (NMR), are adopted to elucidate the
pore volume, the specific surface area (SSA) and the morphology of coal [6–10]. Due to the
large size distribution scope of the apertures, one single characterization method cannot
obtain enough information. According to the pore sizes in the materials, a pore is classified
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by the International Union of Pure and Applied Chemistry as: macropores (≥50 nm in pore
size); mesopores or transitional pores (2–50 nm in pore size); and micropores or adsorption
pores (pore size < 2 nm) [11]. Generally, the macropores provide the transport paths for
fluid access flow, while the micro- and mesopores govern their adsorption/desorption and
storage [12,13]. A different demarcation point for dividing the seepage and adsorption
pores was adopted to study the fluid flow path by Zhao et al., Su et al., Li et al. and
Yao et al. [13–15].

Fractal theory is known as a powerful analytical tool, which characterizes the rough-
ness of the pore surface morphology and the complexity of pore structure. Fractal statistics
based on SEM were used to characterize the pore space of sandstone by Katz and Thomp-
son [16]. The evolution of PSD and the fractal dimension of coal, such as the high pressure,
hydrochloric acid, stress conditions, supercritical CO2 treatment and surfactant treatment,
were used to characterize the heterogeneous characteristics of unconventional reservoir
pores [17–19]. The influence of tectonic evolution on the pore structure and fractal charac-
teristics of coal was analyzed by Wang et al. [20]. Work by Sun et al. [21] stated that the
deeper-deposited coal exhibited larger fractal dimension values, which indicated rougher
and more condensed pore networks. The multifractal characterization of coal and rock at
different pore-size ranges was investigated by Zhu et al., Xie et al. and Yang et al. [22–24].
Liu et al. studied the surface fractal and structure fractal dimensions of coal particles
with varied sizes [25]. Fu et al. analyzed the correlation between the fractal dimension of
low-rank coal and the permeability of coal reservoirs [26]. Ougyang et al. used multiple
fractal dimensions to analyze the effects of coalification on the characteristics of pore frac-
tures [27,28]. By means of SEM and fractal theory, Pan et al. provided a method of pore
classification to exhibit the irregular shapes of micro-pores or micro fractures [29].

The previous studies have shown that micropores play a dominant role in gas adsorp-
tion as well as the fractal dimensions. Most of the studies use the tool of fractal analysis to
describe the complexity of the pore surface, but there are few studies discussing the causes
of fractal evolution. The pores in different pore-size ranges present the varied character-
istics of PSD. A multiscale fractal analysis is necessary to obtain more inner information
of the original coal. In this paper, variations of multiscale fractal dimensions are studied
from the perspective of coalification degree or coal rank. Special attention is paid to the
macroporosity for different ranks of coal due to its large pore-size range. Compared with
the CO2/N2 adsorption method, MIP for PSD characterizations can reach a larger scope
of pore sizes. Besides, the scaling relations of the surface fractal dimensions from data of
MIP are regarded as a promising method [30,31]. Providing the surface morphology of
pore structure in two dimensions, SEM imaging is combined with MIP to characterize the
inner information of original coal in this work, such as pore morphology, PSD, SSA and
pore volume. Multiscale fractal characterizations of the heterogeneous structure of coal in
different ranks are conducted to obtain the similarity of the internal geometry. The impact
of coalification on the results of the multiscale fractal analysis is discussed.

2. Materials and Methods

A total of eight coal samples of a different rank were collected directly from the coal
faces of coal fields in the northern and west China mining area, such as the Fengfeng,
Qingshui, Xishan, Laiwu, Eerduosi and Xinyao coal field. These coal fields have the
potential for CBM (Coal Bed Methane) exploitation. The samples were sealed in canisters
and transported to the laboratory for testing immediately. Following the China National
Standard GB/T 212-2008, the results of the proximate analysis of the eight samples are
shown in Table 1. The coal rank, moisture (Mad), ash (Aad), volatile (Vdaf) and fixed carbon
(FCad) content of the eight samples were obtained.

According to the China National Standard GB/T 20307-2006, rules for nanometer-scale
length measurement by SEM, the surface morphological characteristics of the samples were
detected by HITACHI S-4800 SEM equipment. The coal lumps were cracked into 1–2 cm3

small cubic blocks, and a smoother surface was chosen as the observation plane.
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Table 1. Results of proximate analysis for 8 samples.

Sample
ID Mad/% Vdaf/% FCad/% Aad/% Classification of

Coal Ash Coal Rank

I 1.79 7.35 84.62 6.89 Low ash Anthracite C
II 1.09 11.83 78.87 16.82 Medium ash Anthracite C
III 0.97 10.77 72.45 15.81 Medium ash Anthracite C
IV 0.72 25.47 60.80 17.70 Medium ash Bituminous B
V 0.44 21.24 55.44 4.36 Very low ash Bituminous B
VI 1.76 32.34 60.19 3.66 Very low ash Bituminous B
VII 3.93 33.83 60.32 10.49 Medium ash Bituminous B
VIII 11.69 31.19 55.36 7.87 Low ash Subbituminous coal

Mad is the moisture content on air-dried basis; Aad is the ash content on air-dried basis; Vdaf is the volatile matter
content on air-dried basis and FCad is the fixed carbon on air-dried basis.

The coal samples were dried in the oven and then comminuted into small particles in a
coal mill. The coal particles with the size range of 0.18 mm to 0.25 mm were sieved in prepa-
ration for MIP testing and labeled as I, II, III, IV, V, VI, VII and VIII. The experiments were
performed using an AutoPore IV 9505 instrument, following the China National Standards
GB/T 21650.1—2008 and the Chinese Oil and Gas Industry standard SY/T5346-2005. A
5 cc powder penetrometer was used in the experiments and the equilibration time was set
as 30 s. The volume injection curves were obtained with a pressure range of 0 to 200 MPa.
According to the Washburn equation [32], the minimum of the measured pore diameters is
0.004 µm.

pc = −(2σHg·cosθ)/r, (1)

where σHg is the mercury surface tension, 0.485 N/m; and the contact angle θ is set to 140◦

in laboratory conditions; pc is the intrusion pressure of mercury (MPa); while r is the pore
radius on basis of the cylindrical pore model.

3. Theory

The fractal theories are widely employed to illustrate the irregularity and complexity
of natural phenomenon. The heterogeneity of the pore structure can be characterized by
fractal dimensions. Small values of fractal dimensions show the smooth distribution of the
pore neck distribution and a significant homogeneity.

3.1. Fractal Dimension Calculated from SEM Images (D1)
3.1.1. Image Processing

The original gray-scale SEM images need to be processed for the quantitative analysis
of the pore size distribution and fractal characteristics. Liu et al. [33,34] proposed the
method of quantification of microporosity of the clay and soil material by image processing.
The macro-porosity distribution of coal has the similar geometry. According to Liu et al.’s
method, the procedure of pore recognition is as follows: (Figure 1a) preparation of the orig-
inal SEM image; (Figure 1b) original image is transformed into a binary image; (Figure 1c)
recognition of every pore margin; (Figure 1d) calculations of the perimeter and area for
pores. Obviously, the arbitrary threshold affects the transformation of the binary image,
and consequently influences the calculations of the pore parameters. The global threshold
method is an effective methodology to determine the gray-level threshold [34–36].

3.1.2. Data Processing

On the basis of the findings of Voss et al. [37], the fractal characteristics calculated
by SEM images for geomaterials was conducted by Moore and Donaldson [38]. The
morphology of coal microstructure has fractal characteristics, as follows:

logC = D1/2·logA + c1, (2)

where C is the perimeter of pore in 2-D image; and A is the area of pore in 2-D image. c1 is
a constant. Small clusters have simple almost-circular shapes, while the clusters at large
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scale show irregular connections. The logC − logA data will present a simple liner relation,
and the slope of the fitting line is D1/2.
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Figure 1. The procedure of pore recognition for fractal dimension D1: (a) Original SEM image;
(b) Binary image; (c) Recognition of pore margins; (d) Calculations of perimeter and area.

3.2. Fractal Dimension Calculated from MIP (D2)

Volume injection curves can provide scaling information. At low pressure, the mercury
fills all of the accessible pores, which are larger than a pore-neck value. The pore spaces’
volume for coal in three dimensions have a fractal geometric basis and the scaling relation
in terms of the intrusion pressure is expressed as follows [39,40]:

V ∝ (pc − pt) ˆ (3 − D2), (3)

where V is the volume of injection mercury. At the threshold pressure pt, the mercury
percolates for the first time, and for pc > pt the invading fluid fills multiple connected pores
and dead ends. Based on Equation (3), a formula calculated D2 is established as follows:

log(V) = (3 − D2)·log(pc − pt) + c2, (4)

According to Equation (4), in the plot of log(V) vs. log(pc − pt), the slope of the straight
line should be equal to (3 − D2). c2 is a constant. If a scatter diagram is drawn from the
results of intrusion curve, the slope can be inferred, and the line can be divided into two or
three sections, according to the curve of the linear trend and capillary pressure.

4. Results and Analysis
4.1. SEM Results

The morphology on the solid surface can be recognized with the SEM. The fracture
forms and internal structure are analyzed with the images enlarged 20,000 times, as shown
in Figure 2. The pore structure of the coals with a different rank shows the heterogeneity of
the coal surface. Samples I, II, V and VIII are highly porous with numerous slits, wedge-
shaped or channel-like pores on the coal surface (Figure 2a,b,f,g). The channel-like pores
with obvious zigzags serve as links connecting with the different size pores (Figure 2g).
The lamellar structures are observed in samples IV, VI and VIII, and that means a better
connectivity between the pores (Figure 2d,f,h). The cylindrical pores and bottle necks are
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found in samples III and VI, respectively (Figure 2c,f). There are typical slit and wedge-
shaped pores in sample V (Figure 2e). In addition, few open pores can be found in samples
VII and VIII. The SEM observation results show the irregularities of the pore morphology
of coals.
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The plots of log(C) vs. log(A) are shown in Figure 3. All of the plots present a good fit
with R2 > 0.93. It is verified that the coal surface has the feature of fractal. According to the
theory of fractal geometry, the fractal dimension D1 on the coal surface is in the range of
1 < D1 < 3. As seen in Table 2, D1 ranges from 1.344 for sample V to 1.582 for sample VIII.

Table 2. Parameters of pore structure for 8 coal samples by MIP test.

Sample Porosity
Total Pore
Volume

Total Pore
Area D1 D2 D′2 D′′2

(cm3/g) (m2/g) (d > 100 nm) (d > 1000 nm) (50 nm < d < 1000 nm) (d < 50 nm)

I 16.72% 0.123 5.5 1.396 2.914 2.984 2.890
II 13.48% 0.027 4.9 1.368 2.845 2.707 2.336
III 6.51% 0.026 4.7 1.44 2.809 2.747 2.321
IV 17.16% 0.157 4.1 1.362 2.380 2.008 2.000
V 9.33% 0.062 5.1 1.344 2.532 2.727 2.798
VI 11.49% 0.079 18.9 1.432 2.825 2.59 2.015
VII 10.39% 0.045 9.3 1.44 2.845 2.658 2.235
VIII 4.18% 0.028 3.6 1.562 2.380 2.008 2.000

d is the pore diameter.
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Figure 3. Calculated from log(C) vs. log(A) of SEM analysis: (a) Sample I; (b) Sample II; (c) Sample III;
(d) Sample IV; (e) Sample V; (f) Sample VI; (g) Sample VII; (h) Sample VIII.

4.2. Mercury Intrusion Curves and Fractal Analysis

The MIP analysis provides inner information of the coal, including the pore parameters,
but not limited to the pore porosity, pore volume and pore size distribution. By monitoring
the injected volume as a function of capillary pressure, one can gain information as to the
scaling of the pore volume with a decreasing diameter or an increasing intrusion pressure.
Figure 4 shows the mercury intrusion/extrusion curves of the eight coal samples. The
sudden increases in the injected volume are observed experimentally, and the signals
for the pore neck of the percolation. About two percolation thresholds are shown in the
intrusion curves. The fractal analysis from the data of the capillary curve is linearized in a
piecewise manner.
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Figure 4. The mercury intrusion/extrusion curves of 8 coal samples: (a) Sample I; (b) Sample II;
(c) Sample III; (d) Sample IV; (e) Sample V; (f) Sample VI; (g) Sample VII; (h) Sample VIII.

The fractal dimension shows the connectivity of pores in three-dimensional microscope.
According to the definition of seepage pores by Hodot [41], the pore-size range of macro-
pores is divided as two categories: pore size > 1000 nm and 50 nm < pore size < 1000 nm.
The latter category is the pores related to gas seepage and gas adsorption, called transition
pores. Three fractal dimensions, D2 (seepage pores, pore size ≥ 1000 nm), D′2 (transition
pores, 50 nm < pore size < 1000 nm) and D′′2 (mesopores, 2 nm < pore size ≤ 50 nm), are
analyzed by fitting data of log(V) vs. log(pc − pt), as shown in Figure 5. Table 2 shows
the results of D2, D′2 and D′′2 for the eight samples. D2 ranges from 2.380 for sample
IV to 2.914 for sample I, D′2 from 2.008 sample IV to 2.984 for sample I, and D′′2 from
2.000 sample IV to 2.890 for sample I. The pore structure of sample I is the most complicated,
while the pore structure of sample IV is the least complicated.
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Figure 5. Fractal dimensions (D2, D′2 and D′′2) calculated from log(V) vs. log(pc − pt) of MIP analysis:
(a) Sample I; (b) Sample II; (c) Sample III; (d) Sample IV; (e) Sample V; (f) Sample VI; (g) Sample VII;
(h) Sample VIII.

4.3. PSD

Liquid mercury with external pressures is injected into an evacuated pore system,
and consequently the increasing pressure makes the pore necks accessible to the mercury.
Intrusion data of MIP are used to calculate the pore size distribution, and the original data
in condition of high capillary pressure (larger than 10 MPa) need to be calibrated due to the
compressibility of coal matrix [31,42]. When the mercury compressibility is negligible, the
compressibility kc is defined as follows [42,43]:

kc = (β − ∆Vpt/∆P)/Vc, (5)

where β is assumed to be a constant and derived by the mercury intrusion curve in high
pressure regime. Vc is the coal matrix volume per unite mass. ∆Vpt is the pore volume in the
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calibration pore range derived from low pressure N2 adsorption and ∆P is the difference in
mercury pressure.

The variation of the incremental pore volume Vp can be expressed as the follow-
ing equation:

∆Vp = ∆V − ∆Vc, (6)

where ∆V is the observed increase in the mercury volume at a certain mercury pressure
and ∆Vc is the incremental compressed matrix volume. The relation between ∆Vc and ∆P
is expressed as Equation (7) [31]:

∆Vc = kcVc∆P, (7)

Based on the Equations (1) and (5)–(7), the PSD for the coal samples can be calculated
as shown in Figure 6. The macropores of the experimental samples are mainly distributed
in the size larger than 1000 nm with unimodal or multimodal. The dominant mesopore
size is less than 18 nm with one or two major peaks. Compared with the mesopores, the
seepage pores’ contributions to SSA are so small that they are negligible. The transition
pores link the seepage pores and mesopores, and the contributions to pore volume and
SSA increase with the decrease in pore diameter. Pores of a size less than 100 nm produce
significant contributions to the SSA. The complexity of the nanoscale pores’ structure are
the material features of coal. Table 2 exhibits the pore volume and SSA of the eight samples
by MIP test, and the maximum are 0.157 cm3/g for sample IV and 18.9 m2 for sample VI,
respectively. The PSD results of coal in different rank present the evolution of the pore
volume and SSA. The U-shape relations between the mesopores or micropores SSA and
volatile matter (Vdaf) are accepted by scholars [5,44–46]. The development of the multiscale
pores with coal rank results in extreme irregularities in the pore structure.
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Figure 6. Pore size distribution characteristics of 8 coal samples: (a) Sample I; (b) Sample II; (c) Sample
III; (d) Sample IV; (e) Sample V; (f) Sample VI; (g) Sample VII; (h) Sample VIII.

5. Discussion

From the results of the SEM images, the macropores are presented as the isolated
clusters embedded in the network of mesopores and micropores. Since the difference in the
order of magnitude between the pores sizes, the macropores can only be connected with a
limited number of meso- or micropores. Growth in the number of meso- and transition
pores can improve the inter-connection between the multiscale pores. The polycondensation
of coal molecules during the coalification process decreases the number of mesopores, in
which Vdaf has a remarkable influence on the mesopore structure [5]. Vdaf is an important
index to depict the coalification degree or coal rank.

Figure 7 shows the correlational analysis between the fractal dimension (D1) and Vdaf
for the eight samples. The analysis shows that D1 has the U-shaped curve relationship
with Vdaf, with a minimum value of 1.344 at around 21% Vdaf. When Vdaf > 21%, the D1
values increase with the increase in Vdaf. When Vdaf < 21%, D1 values decrease with the
increase in Vdaf. Similarly, variations of D2 and D′2 values have the U-shaped trend, and
both D2 and D′2 reach the minimum for 25% Vdaf (Figure 8a,b). The pore volume of the
seepage pores has little correlation with Vdaf, while the transition pores show a trend from
growth to decline, with a peak value of 0.0351 cm3/g at around 25% Vdaf. D′′2 values
show an increasing trend with increase in coalification degree and coal rank (Figure 8c),
reaching a maximum value of 2.984. Mesopore volume is affected by Vdaf and presents
a decreasing trend from low to middle coalification degree and an increasing trend from
middle to high. The correlations between Vdaf and pore size are illustrated in Figure 9.
The coalification process decreases the mean pore size of the seepage and transition pores
within coal and that shows a negative correlation with coalification degree. Due to a lack of
the measurements of mesopores less than 7 nm in pore size, the mean size of the mesopores
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for different coal presents less variations and is around 15.8 nm. According to the PSD of
different coal, the most probable size of a mesopore is less than 10 nm. Therefore, smaller
mesopores have a significant effect on D′′2.
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Figure 7. Relationship between Vdaf and fractal dimensions (D1).
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Figure 8. Relationship of Vdaf with fractal dimensions (D2, D′2 and D′′2) and pore volume: (a) seepage
pores; (b) transition pores; (c) mesopores.
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Figure 9. Relationship between Vdaf and pore size.

Both pore volume and pore size affect the complexity of pore structure. The pore
volume has a significant effect on D′2, while the influences of pore size on D2 and D′′2
are obvious. Increased pore volume of the seepage and transition pores can improve the
connectivity between the pores and lead to a simpler and flatter pore morphology from
low rank to middle rank. However, more newly developed smaller pores in the process of
coalification increase the roughness and irregularity of the pore system due to difference
in the pore size magnitude. Therefore, the complexity of the pore structure increases
obviously, from the middle rank to the high rank.

6. Conclusions

Multiscale fractal analysis of eight coal samples was applied to investigate the irregu-
larities of pore structure, using SEM images and MIP data. The effect of coalification on
PSD and fractal dimensions was analyzed. The main conclusions can be drawn as follows:

(1) A combined fractal analysis of SEM and MIP is a feasible way to obtain abundant
information about natural coal, providing a 2-D view of pore morphology and inner
structure data, respectively. Macropores are presented as the isolated clusters embed-
ded in the network of smaller pores, and the difference of the order of magnitude of
pores’ sizes affects the connectivity between the pores;

(2) Multiple fractal analysis using MIP data are effectively conducted by classifying pore-
size range as seepage pores, transition pores and mesopores. The fractal dimensions
(D1, D2, D′2 and D′′2) have close correlations with the coalification degree, which can
be depicted by Vdaf;

(3) In the process of coalification, an increase in pore volume can improve the connectivity
and lead a simpler and flatter pore morphology, and the developed smaller pores
increase the roughness and irregularity of the pore system. Pore size has a significant
effect on the fractal dimensions of seepage and mesopores (D2 and D′′2), while the ef-
fect of pore volume on the fractal dimensions of the transition pores (D′2) is important.
Multiscale fractal analysis is beneficial to explore the structure of natural coal.
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