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Introduction
X-ray diffraction (XRD) and Raman spectroscopy have been widely 

applied to study the structural characterization of coals and macerals 
[1-17]. XRD is a non-destructive technique to determine the structural 
parameters in carbonaceous materials [1,2], especially for coal. Some coal 
structural parameters are calculated, including the interlayer spacing d, 
crystallite size Lc, and crystallite diameter La [1-9]. The crystallites in coal 
structure are characterized by the appearances of some peaks from XRD 
spectra, corresponding to the 002, 100, and 110 reflections of graphite [3]. 
Raman spectroscopy is sensitive to crystalline and amorphous structure of 
samples and has been employed to characterize microstructure of carbon-
based materials [10]. For perfect graphite, one band at about 1580 cm-1 
(G band) is typical range [17]. Regardless, for highly disordered carbon 
material, the additional bands are also appeared [18,19]. G band (1582 
cm-1) and D band (1357 cm-1) usually presented to be used for evaluating 
the degree of ordering and crystallinity in carbonaceous materials [19,20]. 
Coal with containing different carbon contents (at least>50 w.t.%), its 
detailed Raman spectroscopy characterizations have been reviewed by 
Potgieter-Vermaak et al [15]. The structural characterizations of some coal 
macerals have also been determined by Raman spectroscopy [16,17, 20].

Based on barkinite’s petrological characteristics, it was termed as a type 
of liptinitic macerals by the State Bureau of Technical Supervision of P.R. 
China [21]. However barkinite has not yet been recognized as a maceral 
classification by organizations such as the International Committee for 
Coal and Organic Petrology (ICCP) or The Society for Organic Petrology 
(TSOP), probably due to unclear structural information of barkinite. 
The chemical structure characteristic of barkinite has been studied by 
various techniques: FT-IR, 13C-NMR, and time of flight secondary ion 
mass spectrometry [22-27]. But some questions are still unsolved, such as 
degree of disorder, and molecular size. The relations of chemical structural 
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parameters between barkinite and other liptinitic macerals should also be 
further analyzed. Bark coal has special thermal behavior: high thermal 
mass loss and super-high Gieseler fluidities [28], but the reasons are 
vague. An understanding of structural properties of barkinite would aim 
in the explanation of bark coal’s thermal behavior.

In the present work, the objectives were (1) to study the structural 
characterizations of barkinite using the combination of XRD and Raman 
spectroscopy methods, and (2) to make a comparison on chemical 
structure features between barkinite and other macerals (vitrinite and 
liptinite).

Samples and Experimental
Samples and sample preparation

The samples were chosen from the Mingshan coal mine in the south 
of China. M-5 coal samples was raw sample. BaS and VS were separated 
from M-5 sample. BaS and VS were demineralized during separating 
procedure. Maceral compositions were determined according to GB/T 
8899-1998 standard [29]. Reflectance reported was the mean value of 100 
measurements. Proximate analysis and ultimate analysis were carried out 
following methods GB/T 212-2008 [30], GB/T 476-2008 [31], GB/T 214-
2007 [32], and GB/T 215-2003 [33], separately. General information of 
the samples is summarized in table 1. The value of maximum vitrinite 
reflectance of M-5 indicates that the rank of the sample is high volatile 
bituminous coal. All the samples were grounded into 200 mesh and 
prepared for X-ray diffraction and Raman spectroscopy analysis.

Separation of barkinite and vitrinite
The individual macerals were separated by combining hand picking and 

density gradient centrifugation (DGC) method. The sample was ground to 
200 mesh. The demineralization of raw coal was treated via a series of acid 
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treatments (HF and HCl solutions with HClO4). Aqueous ZnCl2 (>98%) 
was used to make up the desired densities with surfactant solution Brij-35. 
The coal sample was suspended in desired densities solution. To keep the 
particles disperse completely, the suspension was treated by ultrasonic. 
The gradient was loaded and the system was accelerated to 18000 rev min-

1. After separating, the purities of both barkinite (BaS) and vitrinite (VS) 
are up to 95%. A detailed procedure of macerals separating was described 
in the work of Guo et al. [34]. The separation fractions were made into 
pellets according to standard procedures [35] for microscopic analyses. 

X-ray diffraction
The XRD data collection was performed by a Rigaku DMAX-

2000 diffractometer with Cu Kα radiation (40 Kv, 100 mA). The X-ray 
intensities were scanned over the angular range of 0 to 80° (2θ) with 0.02° 
step interval and a scan step rate of 4°/min. The average carbon crystallite 
lattice parameters (interlayer spacing, d002; crystallite height, Lc; average 
layer size, La) of these samples were determined using the Braggs’s and 
Scherrer’s equations. The averaged number of aromatic layers (Nc) were 
calculated from the 002 peak. The relevant equations are as follows:

002
0022sind λ

θ= 		  (1)

002 002
0.89

coscL λ
β θ= 	 (2)

100 100
1.84

cosaL λ
β θ= 	 (3)

002
cc LN d= 			   (4)

where λ is the wavelength of the radiation used. θ002 and θ100 are the 
position of the (002) and (100) peaks, respectively, and β002 and β100 are the 
peak width at half height of the (002) and (100) peaks.

Raman spectroscopy
Raman measurements were recorded using a Renishaw 100 Raman 

spectrometer with microscopy, equipped with 10 × and 50 × objectives. 
Raman spectra were excited by an argon ion laser (514 nm) with the 
experiment power of 50 mW. The samples were scanned in the range 
between 100 and 4000 cm-1. The data acquisition time for each spectrum 
was 30s. Each measurement was taken several times for maintaining the 
repetition of Raman spectrum. A detailed description was shown in the 
paper of Wang et al. [36].

To obtain further data, peak separation and semi-quantitative 
calculation of XRD and Raman spectroscopy analysis were carried out 
using the curve-fitting program of PeakFit software. For each spectrum, 
the selected regions were baseline-linearized and an area normalization 
before curve-fitting. To have a good initial estimate of the frequency and 
intensity of peaks, it is necessary to determine the number of peaks in a 
given region. The detailed process for curve-fitting can maybe be found in 
the work of Wang et al. [37].

Results and Discussion
X-ray diffraction analysis

Figure 1 shows that the XRD diffractograms of samples used. The two 
obvious peaks at near 15-30° theta (002 peak) and 40-50° theta (100 peak) 
were observed, separately. The intensities at the 002 band are higher than 
the 100 band. The 002 peak and 100 peak results from the stacking of 
aromatic layers and the extension of the aromatic molecules in the plane 
of the layer, respectively [3,5]. For both BaS and VS, the shapes of the 

002 band are broadening and asymmetry, which indicates that another 
band (γ) was appeared as a shoulder bands. The result of deconvolution of 
XRD diffractogram of barkinite, as an example, showed that γ band exits 
(Figure 2). The γ band is associated with the aliphatic side chains [1] or is 
due to the irregular packing of buckled aromatic layers [38,39]. 

Some parameters derived from XRD for BaS and VS were calculated 
and are shown in table 2. The values of interlayer spacing (d002) for 
barkinite and vitrinite are 0.454 nm and 0.393 nm, respectively. It means 
that the value of d002 of barkinite is larger than that of vitrinite, but both 
values are greater than fully ordered graphite. In general, the value of 
d002 for a fully ordered graphite structure is between 0.336 and 0.344 nm. 
As carbon content increase, the crystallize size of coal become compact, 
and corresponding the interlayer spacing (d002) decrease [3]. The results 
presented in table 1 show that the carbon contents of BaS and VS are 
81.59% and 85.84%, separately, which are less than that of graphite. So, the 
d002 values of BaS and VS are greater than that of pure graphite. The value 
for average stacking height of crystallites (Lc), as another structural parameter, 
was found to be 0.899 nm for barkinite, whereas for vitrinite is 0.981 nm.

 

Figure 1: The XRD spectra of samples used.

 

Figure 2: Example of the bands of BaS sample.
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Raman spectroscopy analysis
Raman spectrum is quite sensitive to lattice order breakdown. 

Therefore, the information about graphite and the disordered carbon 
material could be provided by Raman spectroscopy. Figure 3 present the 
Raman spectra obtained in the range of 1000-1800 cm-1 of the coal samples 
used. The three Raman spectra are characteristics of two bands in the first-
order region: a prominent G band at about 1590 cm-1 and a less intense D1 
band at around 1350-1370 cm-1. For all the samples used, the spectra in 
D1 band are broad. 

In previous studies [10-13], some Raman parameters have been 
extensively used to study Raman characterization of coal, including 
frequency, full width at half maximum (FWHM) and intensity ratio (ID1/
IG). In this work, the Raman spectra in the region of 1000-1800 cm-1 

of samples were deconvoluted. A detailed discussion on the results of 
deconvoluation for the samples used was shown in the paper [36]. Some 
important parameters were calculated and are also listed in table 2. Nine 
bands were assigned for both barkinite and vitrinite. Regardless, the G and 
D1 bands are the two major bands, consistent with general observation of 
coal characteristics of Raman spectrum [16,17]. Additional bands at 1070 
cm-1, 1160 cm-1, 1241 cm-1, 1496 cm-1, 1534 cm-1, 1620 cm-1, and 1681 cm-1 
were also shown, but their Raman intensities are weak. The result is similar 
to those reported by Li et al. [19] in their studies of highly disordered 
materials such as brown coal char. From the table 2, barkinite has higher 
FWHM-D1 values and similar ID1/IG values than vitrinite, which 
indicate the orientation of the layers of barkinite’s chemical structure is 
more disorder than vitrinite. 

The structural characterization of barkinite from XRD and 
Raman spectrum

In the past works [22-27], the chemical structural characteristics of 
barkinite has been discussed. However, most of the samples used are the 
coals rich in barkinite, not pure barkinite. In this work, the barkinite with 
the purity over 95% was used.

As shown in table 2, the intensity of peak D1 of barkinite is weaker 
and broaden than that of peak G. Besides, the interlayer spacing (d002) 
value of barkinite is higher than that of pure graphite. Those features 
indicates that the degree of crystalline disorder of barkinite is high. Even 
if making a comparison with vitrinite, barkinite also has a higher disorder 
in chemical structure depending on the values of FWHM-D1 and ID1/
IG ratios (Table 2). A similar result was obtained by using transmission 

electron microscopy (TEM) observation in our works [34]. According to 
the values of the average layer diameters (La) of barkinite and vitrinite, the 
molecules sizes in Van Krevelen book [3] were cited. The result show that 
barkinite has a bigger the molecular size groups than vitrinite. Sun et al. 
[40] reported that barkinite has a more homogenous chemical structure 
with a relatively simple aliphatic substance as molecular composition than 
that of vitrinite and fusinite.

In order to discuss the relation of chemical structural parameters 
between barkinite and liptinite, twenty-seven data on the carbon 
content and the d002 value for macerals/graphite were selected from some 
references [3,41] and our work, as shown in figure 4. With the increase 
of carbon content, the d002 value of sample decrease. For vitrinite, vitrain, 
and fusain, the d002 values are almost <0.40 nm, whereas for sporinite 
and resinite are >0.40 nm. The d002 value of barkinite in this work was 
calculated (0.454 nm) and is presented above the line of 0.40 nm in figure 
4. Therefore, it can be inferred that barkinite should has some similar 
properties with liptinite, consistent with the results of large amount of 
works [22,24-25,27,42-44]. The most distinct feature of barkinite is rich 
aliphatic structures concentration [22,24-25,27], especially CH2 groups, 
and fewer aromatic structures than vitrinite [24]. Barkinite would be type 
I-II kerogen [42] and has a good hydrocarbon-generating potential [43,44].

BaS VS M-5

Proximate analysis (wt. %)

Ash, dry basis 0.97 1.60 8.15

Volatile matter, dry ash free basis 62.16 43.78 52.80

Ultimate analysis (wt. %, daf)

Carbon 81.59 85.84 79.77

Hydrogen 6.91 5.80 6.14

H/C atomic ratio 1.01 0.81 0.92

Maceral composition (Vol. %)

Vitrinite <3 >96 23.8

Barkinite >96 0 67.3

Other liptinite+inertinite 0 <4 8.8

Ro (%) 0.21 n.d. 0.69

Table 1: General information of Coal Samples Used
Ro: the mean maximum reflectance; n.d: no determined; daf=dry-ash-free

Figure 3: Raman spectra for the samples used.

 

Figure 4: The relation between carbon content and the d002 value for 
macerals/graphite (Data from the references [3] and [41]).
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The values of d002 of barkinite and vitrinite presented in table 2 indicate 
that the chemical structural characteristic of barkinite seem to be closer to 
vitrinite when comparing to other liptinitic macerals. A similar result was 
obtained in the work of Zhong et al. [45]. However, as discussed above, 
there are some differences in molecular size groups and disorder degree of 
chemical structure between these two macerals.

Conclusions
The structural information of barkinite was determined by the 

combination of XRD and Raman spectroscopy analysises, especially 
comparing to that of vitrinite. Some parameters derived from XRD and 
Raman spectroscopy were discussed. The values of interlayer spacing 
(d002) for barkinite and vitrinite are 0.454 nm and 0.393 nm, respectively. 
The values of d002 of barkinite and vitrinite indicates that the chemical 
structural characteristics of barkinite seems to be closer to vitrinite than 
other liptinitic macerals. But barkinite has a higher disorder in chemical 
structure as well as a bigger the molecular size groups than vitrinite. 
Barkinite should also has some similar properties with liptinite according 
to the relation between carbon content and the d002 value for maceral/
graphite.
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