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ABSTRACT: Coal is a porous medium with complex pore structures. The characteristics of the pore structure play an important
role in various aspects of coal use, including extraction of methane from coal seams, CO2 sequestration in coal, and water
puriﬁcation by activated carbon. To describe comprehensively the pore structure of coal, we apply transmission electron
microscopy (TEM) and synchrotron small-angle X-ray scattering (SAXS) measurements to six coal samples from medium to
high rank. The positive deviation of SAXS data from Porod’s law was observed. The positive deviation correction of SAXS data
was carried out to quantitatively obtain the pore size distribution and speciﬁc surface area. We ﬁnd that the pore size distribution
is independent of the coal rank but varies with the vitrinite content; pores in vitrinite-rich coals are smaller than those in vitrinitepoor coals for the same rank. Channel-like and interconnected pores are observed for both high- and low-volatile bituminous
coals. Among all coal samples, the low-volatile bituminous coal has the largest speciﬁc internal surface area, indicating the highest
gas storage capacity and a favorable role as the best candidate for coalbed methane exploration and coal CO2 sequestration.

1. INTRODUCTION
Coal is a naturally occurring carbon-rich porous and fractured
medium. This pore structure and its characterization have an
important inﬂuence on the use of coal. Coal is known as a
naturally fractured dual-porosity medium, consisting of a
microporous matrix and macroporous fractures, termed cleats.1
The International Union of Pure and Applied Chemistry
(IUPAC) classiﬁes the pores into three categories in the
context of physisorption: pores with widths exceeding about 50
nm are called macropores; pores of widths between 2 and 50
nm are classiﬁed as mesopores; and pores with widths less than
or equal to 2 nm are called micropores.2 This IUPAC pore
standard is widely accepted for the characterization of coals and
other types of reservoir rocks.3−5 The micro- and mesopores
serve as reservoirs for gas storage, and the macropores provide
ﬂow pathways. Quantitative evaluation of the coal pore
structure is a crucial step for the subsequent coal uses. Various
methodologies have been developed to characterize the pore
size distribution and total porosity of porous media. These
techniques can be divided into either ﬂuid invasion methods or
radiation methods. Fluid invasion methods include both highpressure mercury intrusion (MICP) and low-pressure adsorption (LPA) using N2 and CO2. Radiation methods include
optical microscopy, scanning electron microscopy (SEM),
transmission electron microscopy (TEM), synchrotron smallangle X-ray scattering (SAXS), small-angle neutron scattering
(SANS), nuclear magnetic resonance (NMR), and X-ray microcomputed tomography (micro-CT),3,5,6 with more detail given
in Figure 1. In this paper, pore sizes smaller than 100 nm are of
principal interest. On the basis of Figure 1, TEM and SAXS are
chosen to characterize the pore structure because of two
reasons. The ﬁrst reason is that both of them are sensitive in
this pore size range, which provides us some more accurate
© 2014 American Chemical Society

Figure 1. Methods used to estimate porosity and pore size distribution
in coals or rocks. These imaging methods span six spatial orders of
magnitude and include methods using both EM radiation and ﬂuid
penetration and surface sorption. This ﬁgure was modiﬁed with
permission from Clarkson et al.6

results. Second, the interconnectedness is not a prerequisite for
these two techniques, which allow us to characterize the true
pore structure without the pore accessibility errors compared to
the ﬂuid invasion methods.
TEM has been historically used for the characterization of
the coal structure.7−9 TEM uses high-energy electrons, which
are accelerated close to the speed of light. The electron beam
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Figure 2. Diagram of beamline 1W2A and the SAXS station at BSRF. This ﬁgure was modiﬁed with permission from Li et al.37

sedimentary and igneous rocks, including coal. The purpose
of the study was to help gain insights into internal speciﬁc
surface area, porosity, pore size distribution, mercury intrusion
porosimetry, and compaction. Mares et al.15 used both SAXS
and SANS to investigate the microstructural properties of subbituminous coal from the Huntly coalﬁeld, New Zealand. On
the basis of their observations, pore size distribution and
internal speciﬁc surface area were able to be measured with
SAXS/ultra-small-angle X-ray scattering (USAXS) for the linear
scale range from 1 to 2000 nm. Thus, the SAXS shows promise
in the quantitative description of the pore structure of coal.3,5
In this paper, we use SAXS and TEM techniques to examine
features of the pore structure of diﬀerent coals. A series of
experimental investigations were executed to characterize the
pore structure of six coals with various degrees of metamorphism/coaliﬁcation. The positive deviation of SAXS curves
from Porod’s law of coals is discovered. The correction of
positive deviation was then carried out. On the basis of the
corrected SAXS data, the pore size distribution and speciﬁc
surface area were quantitatively estimated. These results are
supplemented by TEM observations. The combined SAXS and
TEM investigations provide a clearer composite view of the
microporosity, pore architecture, and internal surface characteristics of coals.

behaves as a wavefront, with a wavelength about a millions
times shorter than that of visible light. When this electron beam
passes through a thin-section specimen of coal, the electrons
are scattered. A sophisticated system of electromagnetic (EM)
focuses was used to capture the required signals, and the data
were interpreted to obtain the pore structure of coal. Harris and
Yust7 examined a high-volatile bituminous coal obtained from
Perry county, eastern Kentucky, by means of TEM. The
observed porosity, with exinite and inertinite constituents, falls
primarily within the mesopore size range. A second series of
observations on eastern Kentucky splint coal and Illinois No. 6
coal showed virinite to be micro- and mesoporous and
inertinite to be mostly mesoporous.8 Harpalani10 observed
that many micropores may not be interconnected with a
corresponding impact on recoverable gas. In addition, these
pores may be amorphous, granular, sponge-like, or ﬁbrous, even
within the same seam.
The SAXS technique has been historically used for coal pore
structure characterization and is generally used to determine
pore size distribution and speciﬁc surface area. A beam of Xrays is scattered by the electrons in an irradiated material, with
the porous material providing a volume-distributed local
inhomogeneity of electron density. The scattering intensity is
determined mainly by the pore concentration and electron
density gradient at the pore−matrix border. Among the early
users, Lin et al.11 reported SAXS data that indicated scattering
sources in a vitrinite at sizes of 10 and 25 nm. They correlated
with TEM observation of both minerals and pores in the same
sample. When SAXS data were interpreted, the pore structure
properties were characterized, and these properties including
the radii of gyration, surface area, volume fraction, and size
distributions of micropores, mesopores, and ﬁne size minerals
were all obtained. The size distributions were found to be
trimodal with peaks at 3, 10, and 22 nm, with good agreement
achieved between SAXS and TEM results. Bale et al.12 reported
that the macropore- and mesopore-speciﬁc surface areas
obtained from SAXS data agreed with N2-determined surface
areas of the same coals. This correlation supports the idea that
N2 adsorption at 77 K only penetrates pores of mesopore size
or larger. The average pore dimension characterized by SAXS
data ranged from 0.4 nm to at least 30 nm. Radliński et al.13
applied both SAXS and SANS techniques to determine the
porosity, pore size distribution, and internal surface area of
coals. Similar to Bale et al.,12 Radliński et al.13 note that the
results obtained by the SAXS/SANS and N2 adsorption
methods show remarkably similar trends versus vitrinite
reﬂectance. Following this investigation, Radliński14 used both
SAXS and SANS to characterize the microstructure of

2. EXPERIMENTAL SECTION
2.1. Experimental Facilities. The TEM measurements were
completed using a FEI Tecnai Spirit G2 electron microscope (FEI
Company, Hillsboro, OR) with an associated Gatan microscopy suite
that includes Digital Micrograph software for data capture and
reconstruction.
The SAXS measurements reported here have been performed using
synchrotron radiation as an X-ray source and a long slit collimation
system at the Beijing Synchrotron Radiation Laboratory (BSRF),
Beijing, China. The beamline used in this investigation is 1W2A, which
is a SAXS beamline operating at a wavelength of 0.154 nm. This
beamline is generated from 4-pole wiggler (1W2) at the storage ring of
the Beijing electron positron collider (BEPC). A triangular bending Si
(111) crystal is used to horizontally focus the beam and provide a
monochromatic X-ray beam (8.052 keV).35 The 1W2A beamline can
be used for many conventional experimental measurements, including
SAXS, wide-angle X-ray scattering (WAXS), grazing incidence SAXS
(GISAXS), and time-resolved SAXS (t-SAXS). In the experiment, the
recorded scattering angle (2θ) ranges from 0° to 3° and an area
detector (Mar 165 CCD), set perpendicular to the incident X-rays,
records the SAXS patterns.32 A schematic description of beamline
1W2A at BSRF is shown in Figure 2.
2.2. Sample Collection and Preparation. A total of six coal
samples of diﬀerent rank were collected from ﬁve diﬀerent coal mines,
all located in north China. Sample 1 was collected from the No. 9 coal
seam of the Tangshan coal mine, Hebei province. Sample 2 was
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dx.doi.org/10.1021/ef500487d | Energy Fuels 2014, 28, 3704−3711

Energy & Fuels

Article

Table 1. Proximate Analysis Results of Coal Samples
sample
number

moisture
(%)

volatile matter
(%)

ﬁxed carbon
(%)

ash
(%)

1

1.6

32.83

56.88

8.71

2
3

1.18
0.35

9.51
7.4

60.39
84.86

14.15
7.45

4

2.1

34.43

57.35

5.72

low ash

5
6

0.57
1.56

15.6
34.54

75.99
56.67

7.88
7.89

low ash
low ash

classiﬁcation of coal
ash
low ash
medium ash
low ash

obtained from the No. 3 coal seam of the Changzhen coal mine,
Shanxi province. Samples 3 and 4 were acquired from the No. 2 and
No. 3 seams of the Muchengjian coal mine, Beijing. Sample 5 was
collected from the No. 2 coal seam of the Yangdong coal mine, Hebei
province. Finally, sample 6 was obtained from the No. 11 coal seam of
the Xinzhouyao coal mine, Shanxi province. All of the coal samples
were carefully transported to the laboratory and then kept in an
environmental chamber under controlled conditions of temperature
and humidity until initiating the experiment.
For the TEM measurements, the six coal samples were argon-ionmilled. An ultrasonic drill was used to cut a rectangular sub-sample of
area (2 × 3 mm) from each specimen with a semi-circular copper grid
and then glued onto its surface. Subsequent acetone treatment was
used to separate the sample from the glass substrate of the microscope
slide with this composite rectangular sub-sample and then mounted
into the sample holder of the ion slicer. Each sample was then thinned,
so that each section of the sample was less than 100 nm in thickness.
The sample preparation followed the same procedure introduced by
Stojic and Brenker.16
In comparison to TEM measurements, sample preparation for the
synchrotron SAXS experiment is much easier. Samples of the collected
coals were crushed and sieved to obtain the appropriate particle size
for the test. The pulverized coals with a particle size less than 1 mm
were then used in this study.
2.3. Experimental Procedure. Prior to TEM and SAXS
measurements, the coal samples were analyzed for contents of
moisture, ash, volatile matter, and ﬁxed carbon, following ASTM 2009D5142. Petrographic composition was also deﬁned as well as vitrinite
reﬂectance, following standard techniques of organic petrography.17
All TEM measurements were completed at the 120 kV operating
voltage, with several magniﬁcations tuned to achieve optimal
resolution of the pore structures. For the SAXS measurements, the
pulverized coals ﬁlled a sample cell comprising two parallel X-ray
windows sealed with 3M tape. The thickness of the sample cell was ∼1
mm with a measurement time of ∼4−10 s at a distance from the
sample to the detector of 1650 mm and covering a scattering vector
range of 0.1−3.1 nm−1. The recorded SAXS two-dimensional images
were processed and quantitatively converted into one-dimensional
scattering data using FIT2D software.18 The original scattering data
reduced by FIT2D were corrected, and the resulted data were
quantitatively analyzed using Porod’s law19,20 and a related method of
deviation correction of SAXS data.21

coal rank

sample collection

high-volatile A
bituminous
anthracite
anthracite

No. 9 seam in Tangshan mine

high-volatile A
bituminous
low-volatile bituminous
high-volatile A
bituminous

No. 3 seam in Changzhen mine
No. 2 seam in Muchengjian
mine
No. 3 seam in Muchengjian
mine
No. 2 seam in Yangdong mine
No. 11 seam in Xinzhouyao
mine

Vitrinite reﬂectance measurements and maceral analyses
were conducted on the polished samples of the coal samples
prior to TEM analysis using a Leitz MPV-3 photometer
microscope according to China National Standards GB/T
6948-1998 and GB/T 8899-1998. The selected coal samples
cover a large range of thermal maturity, and the mean
maximum reﬂectance of vitrinite Ro,max values range from 0.81
to 6.628%, as illustrated in Table 2. The vitrinite contents range
from 13.1 to 92.2%, and the inertinite contents vary from 1.6 to
81.2%, with more detailed maceral compositions included in
Table 3.
Table 2. Vitrinite Reﬂectance Measurement Results of Coal
Samples
values of vitrinite reﬂectance
sample number

Rmin (%)

Rmax (%)

Ro,max (%)

1
2
3
4
5
6

0.908
3.164
3.268
0.936
1.349
0.76

1.129
4.047
6.691
1.126
1.455
0.85

1.115
4.329
6.628
1.090
1.454
0.81

3.2. TEM Results. Figure 3 shows the observed TEM
images of all six samples. Coal sample 4 is highly porous and
dominated with pores in the range of 10−70 nm (Figure 3d).
This sample 4 is a high-volatile A coal with an extremely high
vitrinite content of up to 92.2%. Although samples 1 and 6 are
of the same rank as sample 4, the pore size of these two coals is
much smaller than that of sample 4, as shown in panels a and f
of Figure 3. This is attributed to the lower vitrinite contents of
61.6% for sample 1 and 75.4% for sample 6. Sample 5 is a lowvolatile bituminous coal, which falls between high-volatile
bituminous and anthracite in terms of coal rank, with a virtinite
reﬂectance (Ro,max) of 1.454%. Apparent from Figure 3e, sample
5 has both relatively large and channel-like pores. The channellike pores separate the coal into slabs at the scale of
observation. For the two anthracites, the pore structures of
samples 2 and 3 display signiﬁcantly diﬀerent features. As
shown in Figure 3b, the pores in sample 2 are spatially
distributed and fall into the mesopore size range, with a
uniform size of ∼20 nm. Conversely, the pores in sample 3 are
smaller in size, with the majority smaller than 20 nm and
reaching the micropore range (<2 nm), as shown in Figure 3c.
If we compare the total vitrinite contents for these two coals,
sample 2 has a much higher total of vitrinite macerals (67.8%)
compared to sample 3, with only 13.1%.

3. RESULTS
3.1. Coal Sample Characterization. Proximate analysis
on each sample shows that the coals are mainly of low or
medium ash, with the ﬁxed carbon content varying from 56.88
to 84.86% and moisture varying from 0.57 to 2.1%. The coal
ranks include bituminous coals and anthracites, as shown in
Table 1. For the bituminous coals, samples 1, 4, and 6 are highvolatile A bituminous coals and sample 5 is low-volatile
bituminous coal. Samples 2 and 3 are anthracite coals.
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Table 3. Maceral Compositions of Coal Samples
vitrinite group

inertinite group

liptinite group

mineral matter

sample number

1

2

3

4

5

6

desmocollinite
telocollinite
telinite
corpoeollinite
vitrodetrinite
semifusinite
fusinite
inertodetrinite
macrinite
micrinite
sclerotinite
sporinite
cutinite
resinite
clay mineral
pyrite
carbonate mineral
other minerals

35.5
16.4
4.8
3.5
1.4
6.0
5.2
7.3

41.7
17.7
4.9
2.9
0.6
16.5
3.9
4.1

6.1
2.5
4.3

17.9
39.2
32.7
2.0
0.4
0.4
1.0
2.6

66.2
10.2
1.6
6.1

19.5
11.0
41.2
3.7

0.2
1.4

10.2
5.3
4.3
0.2

0.4
0.4
1.0
0.2
0.4
4.2
0.4
12.9

0.2
38.4
35.9
6.9

0.8

7.7

3.1
0.4
2.0
0.2

2.8

1.8

13.5
0.4

0.2
2.2
0.2

0.2

Figure 3. TEM observation results of diﬀerent coal samples. Micrographs in panels a−f are typical observations of samples from 1 to 6, respectively.
The enlarged yellow-bordered insets represent the red-bounded regions in the TEM images. In panels a and e, channel-like pores are observed. Some
small exines can also be found in channel-like pores in panel a. Pore clusters in panel b mainly comprise mesopores of ∼20 nm. The black exines of
pores can also be observed. The pores presented in panel c are spherical pores with dim exines. The relatively larger pores and exines are more
clearly shown in panel d. Panel f presents pores of irregular shape.

3.3. SAXS Results and Analysis. In SAXS experiments, a
beam of X-rays with ﬁxed wavelength and known intensity is
incident on a highly transmitting sample under investigation,
and the intensity of scattered radiation I is measured versus the
scattering angle 2θ. Information pertinent to the size
distribution of scattering objects can be retrieved from the
scattering intensity, traditionally plotted versus the scattering
vector, q: q = 4π sin θ/λ, where λ is the wavelength of the Xrays and 2θ is the angle between the incident X-ray beam and
the detector measuring the scattered intensity, as shown in
Figure 2.13 One interpretation of the scattering vector is that it
is the resolution or yardstick with which the sample is observed.
Moreover, the direction of q speciﬁes the direction in the plane
of the sample in which the structural information is collected.

For isotropically scattering samples, the two-dimensional
scattering pattern registered by the detector is isotropic and
may be azimuthally averaged to produce one-dimensional I(q)
curves.23 Here, the original two-dimensional SAXS graphs were
converted to corresponding scattering curves using the FIT2D
software. Figure 4 shows the scattering curve of scattering
intensity I versus scattering vector q. It can be found that the
scattering intensity of sample 4 is the highest in the
intermediate- and low-q regions and the scattering intensity
of sample 3 is the highest in the high-q region. This result
indicates the relatively higher microporosity in sample 3 and
mesoporosity in sample 4.
It was also found that the SAXS results do not follow classic
Porod’s theory and show obvious positive deviation eﬀects, as
3707
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there exist micro electron density ﬂuctuations in the skeletons.
The incomplete graphitization might be the main reason.21 Of
course, the reasons for the positive or negative deviation upon
the Porod theorem in small-angle scattering are quite
complicated, and they can be inﬂuenced by many other factors,
including the ﬂuctuation of heat density of materials, small size
eﬀect of the scatterers, eﬀects of quantum size, and surface
fractal dimension, among others. However, to obtain the
structure of pores in coals, the deviation should be corrected. In
the present study, the analysis of pore size distribution of coal
was based on the corrected SAXS data. The fundamental theory
of Porod’s law deviation was explained and presented in the
previous publication, and the detailed procedure of scattering
data correction was also provided and validated in the
publication.21
Figure 6 shows the log-normal distribution of the pore size
for each coal sample based on methodology used by Beaucage
et al.24 A similar conclusion can be drawn for the TEM analysis
that the pore size distribution is independent of the coal rank.
Among all of the coals, the anthracite coal (sample 3) with

Figure 4. Scattering curves of coal samples 1−6.

shown in Figure 5. In fact, the electron density diﬀerence
between the pores and the skeletons of coal is the main factor
result for SAXS; the pores are main scatterers in coal. The
scattering positive deviation from Porod’s law indicates that the
electron density in the skeletons of coal is not uniform; i.e.,

Figure 5. Porod’s curves and related deviation correction curves for the six samples.
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The speciﬁc surface area is usually expressed as square meters
of surface per gram of coal. It is a function of the average pore
radius, pore size distribution, and porosity. The average pore
radius and pore size distribution were computed on the basis of
the SAXS data. To calculate the speciﬁc surface area, the
mercury porosimetry porosities of all six coal samples, reported
in the previous publication,25 were adopted. On the basis of the
collected average pore radius, size distribution, and porosity
data, the speciﬁc surface area is computed and given in Table 4.
Table 4. Speciﬁc Surface Area, Average Radius of
Micropores, and Porosity in Coal Samples
sample
number

Figure 6. Resulting pore size distribution of coal samples 1−6.

speciﬁc
surface area
(m2/g)
average
radius
(nm)
porosity (%)

Ro,max = 6.628% has the narrowest pore size distribution, with
the pore sizes mainly falling in the window of 1−24 nm. The
majority of pores distributes from 1 to 10 nm. The other
anthracite coal (sample 2) with Ro,max = 4.329% has a relatively
wider pore size distribution, varying from ∼2 to ∼43 nm. The
low-volatile bituminous coal (sample 5) with Ro,max = 1.454%
has a pore range from ∼1 to ∼38 nm, and the majority of the
pore size spreads from 3 to 16 nm. For the high-volatile A
bituminous coals (samples 1, 4, and 6), the pore sizes increase
with the decreasing metamorphic grade of coal. The pore
distributions of samples 1, 4, and 6 fall into the size windows of
∼29−70, ∼10−60, and ∼2−44 nm. The pore size tends to
decrease with an increase in the metamorphic grade if sample 5
is not taken into account.
From Figure 7, the average pore radius ﬂuctuates with Ro,max.
For the high-volatile A bituminous coals, the radius of the pore

1

2

3

4

5

6

175.87

389.92

30.13

26.34

550.85

157.14

23.1

6.4

2.9

14.3

5.1

6.9

15.17

36.58

5.70

10.71

34.90

28.25

In Figure 7, the average pore radius, speciﬁc surface area, and
porosity are plotted as a function of Ro,max. The speciﬁc surface
area reaches as low as 26.34 m2/g and as high as 550.85 m2/g.
This wide range of speciﬁc surface areas indicates that sample 5
has the highest internal surface area, which can be translated to
the highest gas storage capacity. Here, the authors want to
point out that the mercury porosimetry may underestimate the
total porosity of coal because it can only detect accessible and
connected pores.26 Therefore, the true speciﬁc surface areas are
expected to be greater than the estimated values using mercury
porosimetry porosity.

4. DISCUSSION
TEM and SAXS imaging have been applied to characterize the
complex pore structures of variable coal ranks, from medium to
high. The combination of these two techniques can detect and
characterize pore sizes in the range from a few angstroms to
∼10 μm, as described in Figure 1. The pore structure of coal is
extremely diﬃcult to characterize because of not only the
complicated pore geometry but also the wide range of the size
distribution. In this study, we concentrated on the characterization of small size pores at the lower end of the size
distribution (<100 nm). This range of the pore sizes is of great
interest for many applications of coal, including the conversion
to coking coal and the production of activated carbon for water
puriﬁcation. On the basis of results presented in this paper, the
pore size distribution is independent of the coal rank. However,
vitrinite-rich coals tend to have larger sized pores compared to
vitrinite-poor coals, for the same rank of coal (bituminous coals
and anthracites).
On the basis of TEM observation results in section 3.2, no
direct evidence shows that the size, shape, and distribution of
pores in coals is coal-rank-dependent, as described by Gan et
al.22 This demonstrates that the pore size, shape, and
distribution may also be inﬂuenced by paleo-environmental
conditions and the post-sedimentary history of coaliﬁcation and
metamorphism. For these six coals, the size of pores correlates
with the vitrinite maceral content for the same rank of coal;
higher vitrinite content coals have larger pore sizes. It is not
clear whether this is a universal correlation for a larger sampling
across all coal ranks. Because the observation window in the

Figure 7. Relationship between the speciﬁc surface area, porosity,
average radius of pores, and coal rank.

increases with the increase of Ro,max and reaches the maximum
value of 23.1 nm as Ro,max = 1.115%. This is followed by a
sudden drop on the pore radius to 5.1 nm for the low-volatile
bituminous coal with Ro,max = 1.454% (sample 5). There is a
slight increase on the average pore radius to 6.4 nm when the
coal rank turns to anthracite with Ro,max = 4.329%. For the
studied samples, the computed minimum average pore radius
with a value of 2.9 nm is obtained for the highest rank coal with
Ro,max = 6.628% (sample 3).
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all coal samples, the low-volatile bituminous coal (sample 5)
has the largest speciﬁc internal surface area (550.85 m2/g).

TEM imaging is of limited size, this censoring may impact the
statistical validity of the results reported here. Fortunately,
SAXS observations provide an appropriate and necessary
conﬁrmation of pore structure size distribution for a much
larger and undeniably more representative sample size.
Many previous analyses of the SAXS imaging data are based
on the assumption that the porous solid is a two-phase (solidvoid) medium.12,13,27−29 However, coal is undoubtedly chemically heterogeneous and contains a variety of both organic and
mineral components. Thus, coal may violate this two-phase
system assumption. In addition, the complex pores of coal are
neither well-separated nor non-interfering. Thus, the microheterogeneity in coals and associated density ﬂuctuations will
cause additional scattering. This additional scattering will
explicitly inﬂuence the scattering curve analysis. Experimentally,
the positive deviation of SAXS curves from Porod’s law was
observed for all six tested coal samples. This observation proves
that there are additional density ﬂuctuations in the coals. Thus,
the original SAXS data essentially need to be corrected to strip
oﬀ the scattering deviation to achieve the true scattering results.
The methodology for correcting this positive deviation has
been well-established and employed to quantitatively obtain the
microstructure information on other materials.21,30−32 This
correction method does not need SAXS measurements at very
high angle, and it can be accomplished using only a single SAXS
experiment.21,33 On the basis of this fundamental understanding of positive scattering deviation, all of the original
SAXS data were corrected and then the pore structure
properties were quantitatively estimated. Therefore, the
obtained pore structures reﬂect the true pore and matrix
architectures without the eﬀects of microheterogeneity and
mineral inclusion.
However, it is worth noting that all current SAXS data
processing methods encounter the error problems resulting
from uncertainties in physical modeling as well as in the
experimental measurement system.35 The relative error
reported in a previous publication36 is not larger than ±10%
for the pore size characterization using the SAXS system that
we employed in our research.
Additionally, all of the SAXS measurements were conducted
under an ambient, sorbing-gas-free condition. However, if any
sorbing gases are present in the coal, then gas condensate and
adsorption may form a third phase and the two-phase
assumption will be violated.23,34 The pore characterization of
coal under a sorbing gas environment will be conducted and
addressed by our subsequent research.
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(13) Radliński, A. P.; Mastalerz, M.; Hinde, A.; Hainbuchner, M.;
Rauch, H.; Baron, M.; Lin, J. S.; Fan, L.; Thiyagarajan, P. Application
of SAXS and SANS in evaluation of porosity, pore size distribution and
surface area of coal. Int. J. Coal Geol. 2004, 59, 245−271.
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