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a b s t r a c t

Tectonic deformations damage the macrostructure and impact the macromolecular structures of coal. In
this study, high-resolution transmission electron microscopy (HRTEM) was applied to observe the
macromolecular structures of six different types of tectonically deformed coal, and quantitative analyses
were conducted by using image analysis algorithms to extract the images of lattice fringes to obtain the
following three structural parameters: fringe length, fringe tortuosity and fringe separation. The results
show that coal rank has an important influence on the macromolecular structures of coal, and this effect
varies with different stages of metamorphism. For weak tectonically deformed coal, increases in coal
rank indicate an increase in fringe length and decrease in fringe separation and fringe tortuosity. The
increments in the fringe separation and fringe length first increase and then decrease, and the maximum
values occur during the evolution from mid metamorphic stage to high metamorphic stage. Fringe
tortuosity shows a gradually decreasing trend. Tectonic deformation also has an important influence on
the macromolecular structure of coal, and this effect varies with different stages of coal rank. With
decreases of tectonic deformation, fringe length is increased and fringe separation and tortuosity are
decreased; however, the impact of tectonic deformation on the macromolecular parameters of low-rank
coal is stronger than that of the mid-rank coal. The impacts of tectonic deformation on the nanoscale
pores, coal methane adsorption capacity and coalbed methane contents of low-rank coal are higher than
those of the mid-rank coal.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

High-resolution transmission electron microscopy (HRTEM) is
an effective method for observing the structure of carbonaceous
materials (such as coal, char, soot and carbon) at atomic levels
(Sharma et al., 1999, 2000a, 2000b, 2002; Vander Wal et al., 2004;
Niekerk and Mathews, 2010; Yehliu et al., 2011a, 2011b; Castro-
Marcano et al., 2012a,b; Mathews and Sharma, 2012; Pre et al.,
2013; Roberts et al., 2015). In recent years, a number of studies have
observed the macromolecular structure of coal using transmission

electron microscopy (TEM). Sharma et al. (2000a) reported a clear
TEM lattice fringe image of coal for the first time and observed that
the molecular structure displayed in the entire image was amor-
phous except for the edge of the fringe, which showed a degree of
orientation, and this finding supports the X-ray diffraction (XRD)
analysis byMillward (1979) inwhich “aromatic layers tend towards
parallel stacking with imperfect planarity and orientation.” Using
the semi-quantitative analysis method, Sharma et al. (1999)
calculated the size of the fringe (aromatic layer) and number of
layers per stack. The comparison indicated that fringe length in-
creases with increases in coal rank, and the number of layers per
stack was also increased. Sharma et al. (2000b) investigated the
fringe length and number in a stack of Argonne Premium coal using
a semi-quantitative method and found that the average fringe
length and number in an aromatic stack with a carbon content of
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70%e85% were similar at 1 nm and 2.2, respectively, and the
comparative analysis of the fringe image for the macerals of vitri-
nite and inertinite in Pocahontas No.3 coal revealed that inertinite
had a stronger oriented structure, larger fringe length and larger
fringe number in a stack than vitrinite. Niekerk and Mathews
(2010) first binarised the HRTEM lattice fringe image from
Sharma et al. (2000b) and then manually extracted the fringe. The
fringe parameters obtained by the image analysis algorithms
showed little difference from the corresponding analysis results of
Sharma et al. (2000b) indicating that manual extraction of the
fringe is feasible. Therefore, this methodwas applied in the study of
South Africa coal nanostructure to obtain data on its fringe length. A
comparison with certain groupings showed that the distributions
of fringe in inertinite rich coal and vitrinite rich coal were sur-
prisingly similar. Mathews and Sharma (2012) used the Image
Processing Toolkit (Reindeer Graphics, Inc., Asheville, USA) within
Adobe Photoshop to analyze the binarised HRTEM image of
Argonne Premium raw coal fringes with different coal ranks, and
they obtained the momentum angle of orientation of all fringes
with their distribution, concluding that low-rank coal has a lower
orientation.

In summary, the current application of HRTEM for the quanti-
tative analysis of coal structure is mainly for primary un-deformed
coal, and few studies have been performed on tectonically
deformed coal. Tectonically deformed coal refers to a class of coal
with significant changes in the primary structures, pore structures
and macromolecular structures under the effect of tectonic stress
(Hou et al., 2012; Pan et al., 2012, 2015a, 2015b, 2015c; Wang et al.,
2015). In recent years, the application of HRTEM techniques in the
study of tectonically deformed coal structure has begun to attract
the interest of scholars. For example, Ju and Li (2009) conducted a
qualitative analysis of the macromolecular structures of tectoni-
cally deformed coal based on TEM lattice fringe images. However,
quantitative studies of the macromolecular structures of different
types of tectonically deformed coal using HRTEM analysis have
been rarely reported. The effects of macromolecular structures of
tectonically deformed coal on nanoscale pore structures and coal
methane absorption capacity need further discussion. Therefore, in
the present study, the macromolecular structure of tectonically
deformed coal in different ranks and structural deformation de-
grees were directly observed using HRTEM, and the macromolec-
ular structural parameters (fringe length, tortuosity and fringe
separation) were quantitatively analysed using the image analysis
technique. Subsequently, the impact of metamorphism and defor-
mation degree on themacromolecular structural lattice parameters
of coal was investigated in depth. The impacts of coal structures on
pore structures, adsorption characteristics, CBM content and pro-
duction were discussed. The present study aims to investigate the
effects of coal rank and tectonic deformation on the macromolec-
ular structures of coal and to obtain a better understanding of the
relationship between themacromolecular structures of tectonically
deformed coal, its adsorption characteristics, and coalbed methane
development.

2. Sample selection and test

2.1. Sample selection

The late Paleozoic coal in Northern China has gone through
numerous superpositions of tectonic transformations; therefore,
the coal structure was subjected to varying degrees of tectonic
deformation and formed different types of tectonically deformed
coal. Weak tectonically deformed coal presents a weak tectonic
stress on the coal body; thus, the overall structure is relatively
intact, and the primary structure of coal can be observed. The coal

has high mechanical strength and is difficult to separate by hand.
The structure of fractures and joints are common, and cracks may
occur along the fracture or joint plane with a flat fracture surface
(Fig. 1). Strong tectonically deformed coal presents strong tectonic
stress on the coal body; thus, the primary structure of coal has been
destroyed, and the coal layers basically disappear. The coal is
granular with subangular or subrounded particles, exhibits low
intensity and can be molded into fine grains or powder by hand
(Fig. 1).

To study the effect of the coal metamorphism and tectonic
deformation on the macromolecular structure of coal, two types of
tectonically deformed coal were selected with the degree of coal
metamorphism in between low rank bituminous and anthracite
(vitrinite reflectance was in the range of 0.88%e3.77%). The types of
coal deformation included weak tectonic deformation and strong
tectonic deformation. The selected coal samples include two bitu-
minous coals with lower coal rank from the Xutuan colliery, two
bituminous coal with middle coal rank from Hebi colliery and
Chaohua colliery, and two anthracite from the Shihe colliery and
Fenghuangshan colliery. Quantitative analyses of coal rank and
petrographic characteristics were performed on the polished sec-
tions of the samples using a standard polarizing microscope and a
microdensitometer (MPV-3). Table 1 shows the basic information
on the samples.

2.2. Experimental methods

Observation with the naked eyes, coal is made up of different
macroscopic components such as vitrain and charain, vitrain has
the highest luster, charain second. The bands of vitrain or clarain in
the original coal samples were selected and ground to a powder of
0.074 mm in a mortar after demineralization (Ju et al., 2005;
Niekerk et al., 2008). Baking in the drying oven, then a part of
coal samples can directly carry out X-ray diffraction (XRD) experi-
ment. Before HRTEM observations, appropriate amounts of ethanol
and coal were added to a small beaker and then subjected to ul-
trasonic vibration for 10e30 min to evenly disperse the coal pow-
der. The droplets of coal powder and ethanol homogeneous
mixture were pipetted onto a lacey support film. After leaving for
15 min to completely evaporate the ethanol, the HRTEM test was
conducted using a 200 KV high-resolution TEM JEM-2100F (JEOL
Corporation), with the magnification factor of �50e1,500,000.

2.3. Macromolecular structural parameters of coal

The macromolecular structures of coal assessed from the
HRTEM image demonstrated the pattern of “fringe,” so “fringe”was
used to represent the aromatic layer, and this term has been
mentioned in the literature (Sharma et al., 2000a, 2000b; Niekerk
et al., 2008; Mathews and Sharma, 2012). The aromatic layers in
the skeleton of the HRTEM imagewere interconnected as a network
with Y- or T-shapes, and the shape links of these Y or T shapes were
accurately removed to separate the aromatic layers (Sharma et al.,
2000b). In this study, fringe length, fringe separation and tortuos-
ity were used to quantify the fringe image of the coal lattice. Vander
Wal et al. (2004) and Yehliu et al. (2011a) defined these three pa-
rameters in detail in their quantitative analysis of carbon structure
with HRTEM fringe images.

(1) Fringe length

The length of one fringe in the HRTEM lattice image represents
the physical length of the fragment in this aromatic layer as shown
in Fig. 1(a). In the literature, the choice of the minimum fringe
length varies; Vander Wal et al. (2004) used 0.4 nm as the
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