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Abstract: Laser Raman spectroscopy has shown a good application prospect for maceral analysis. Raman spectro-
scopic analysis of different macerals (e. g., vitrinite, semifusinite and macrinite) in coal samples with different ma-
turity (%R, = 0.49%—1.88%) was carried out in this study, and results show that three macerals have significantly
different Raman spectrum parameters, which have the following implications for the macerals analysis of coal:
(1)Macerals in coal samples can be distinguished by the combination of Raman spectrum parameters. There are 21
kinds of parameter combinations discussed in this study, which can be used as reference standard for the classifica-
tion of these organic macerals; (2) Peak displacement (Wp,) is the most critical parameter to distinguish the macer-
als of coal samples. The influence of thermal evolution should be considered, which may assistant for the study of
maceral differences in the Lower Paleozoic which are in the high to over mature stage with optical properties grad-
ually converging. Therefore, Raman spectrum parameters can be used as an effective method for maceral analysis.
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Macerals classification is of great significance to the
identification of organic matter types in source rocks and the
study of pores ! in shale gas reservoirs. Although the re-
search method has developed from optical microscope to
scanning electron microscope with higher resolution "+,
the analysis of organic macerals has always been dominated
by traditional manual identification, which makes the re-
sults greatly affected by human factors such as the polishing
quality of light sheets and the ability of researchers. In
recent years, the Lower Paleozoic marine shale has become
a research hotspot °). Among the marine shale, most of its
organic matter is in the high to over mature stage " with
optical properties gradually converged, making it difficult
to be identified by using traditional manual analysis meth-
ods 11,

Raman spectroscopy, as a microstructure analysis method,
can reflect the ordering and structural defects of the structure
during the thermal evolution of graphitized carbon materials,
thus achieving a wide use in oil and gas geological research in
recent years """ %), The chemical structure of different mac-
erals in coal differs from each other *%. As the coalification
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deepens, its carbonaceous structure gradually becomes or-
dered "\ Therefore, Raman spectroscopy can be used to
study coal macerals from the microstructure to effectively
reduce the analysis error caused by human factors and pro-
vide reference for the study of shale maceral differences.

In this paper, coal samples with different thermal maturity
were selected to study the variation characteristics of Raman
spectrum parameters of coal macerals, and the Raman spec-
trum parameters of several main macerals in the selected coal
samples were preliminarily studied in order to explore the
method of using Raman spectrum parameters to effectively
analyze different coal macerals.

1 Experimental samples and methods

1.1 Sample collection and preparation

In this paper, 10 humic coal samples (measured vitrinite
reflectance R, = 0.55%—1.88%) from the Carboniferous-
Permian outcrop in the eastern Ordos Basin and 2 humic coal
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samples (measured vitrinite reflectance R, = 0.82%—1.08%)
from the Jurassic outcrop in the southeastern Junggar Basin
with organic matters of types II and III were selected.
Sample preparation: the samples were prepared into 2 cm x
2 cm blocks with one flat side, then put the samples in a fixed
sharpener and poured epoxy resin into it for condensation and
curing. After complete curing, it was ground and polished
with Buehler EcoMet/AutoMet 300 automatic grind-
er-polisher and aluminum oxide polishing solution. The ex-
periment was carried out after the samples were completely

dry.
1.2 Experimental instruments and conditions

Experimental instruments: the experiment was conducted
by the Renishaw inVia laser micro confocal Raman spec-
trometer with spectral resolution of 2 wave numbers and
instrument resolution of 1 um. The excitation light source
was an argon ion laser (the laser wavelength is 532 nm), the
grating is 1 800 lines, and the slit is 65.1 pm. Raman spec-
trum parameters were calculated by the built-in spectrum
analysis software WIRE4.1. The experiment was performed
under lights-off conditions.

Experimental conditions: Silicon chip was used for wave
number calibration. The test started when the Raman dis-
placement of monocrysta line silicon was (520 + 0.5) cm '
after half an hour’s available machine time. Researches have
showed that high power laser Raman experiments will cause
changes in Raman spectrum parameters and even damage the
surface structure of organic matters ', Before the experi-
ment, the experimental power was tested on the sample
macerals, and the maximum power that macrinite, semi-
fusinite, and vitrinite could bear was tested to be 1%, 5%, and
0.05% respectively. In this experiment, the final test power
was set to be 0.05% (the exciter power is 10 mW); the single
point continuous scanning was used with scanned area of
100-3 500 cm'; the exposure time was 10 s, which was
accumulated for 5 times; and linear baseline was adopted in
the curve fitting process.

2 Spectrum processing parameters setting

2.1 Pretreatment parameters setting

The influence of noise is inevitable in Raman spectrum
experiments **/, so pretreatment methods are needed to re-
move the noise before the final selection of Raman spectrum
parameters. Software WIRE4.1 was used in this paper to
preprocess the spectrum, and the pretreatment methods in-
clude smoothing processing and baseline correction. See
Table 1 for the optimization of pretreatment parameters and
results of laser Raman spectroscopy.

2.2 Curve fitting parameters setting

Currently, there is no unified standard for curve fitting. In
order to obtain a better fitting, previous studies have developed

from two peak fitting to multi peak fitting " '®**7% In this
paper, the first-order peak is divided into five peaks (Fig. 1),
including D1, D2, D3, D4, and G, and then the Raman spec-
trum parameters are calculated. Since the position of D1 peak
and G peak is less affected by peak fitting, the parameters
related to D1 peak and G peak are selected when using pa-
rameters. In this paper, the fitting peak parameters are not
limited in the specific fitting, which can best fit the Raman
spectrum ',

3 Results and discussion

3.1 Raman spectral characteristics of different
macerals in the sample

The organic macerals in sample 2 (R, = 0.62%) mainly
include semifusinite, macrinite and vitrinite (Fig. 2), which
are detected by Raman spectroscopy respectively. It can be
seen from the Raman spectra (Fig. 3) that the first-order
regions (1 000—-1 800 cm) of the Raman spectra of different
macerals all contain two main peaks: the disordered peak (D)
(about 1 340 — 1 360 cm ") and the graphite peak (G) (about
1 580 cm ), in which the D peak is related to the lattice de-
fects and disorder of organic matter, and the G peak is related
to the vibration between C—C on the aromatic configuration
plane in the graphite structure *!). There is a significant dif-
ference among the baseline slopes of semifusinite, macrinite,
and vitrinite (Fig. 3a). Vitrinite has a larger baseline slope and
is more strongly affected by fluorescence '?!. There are slight
differences between the baseline slopes of semifusinite and
macrinite, but the differences are not obvious.

Raman spectrum parameters of different macerals in
sample 2 are different before and after Raman spectrum
pretreatment (Fig. 3, Table 2). Table 2 shows that from
vitrinite to semifusinite and macrinite, the peak displace-
ment Wp, and half peak breadth FWHM-D1 decrease in
turn, indicating that the structural defects and the degree of
disorder decrease in turn. The peak displacement is almost
unchanged, and the half peak breadth FWHM-G has no
consistent law but shows a characteristic of inertinite
smaller than vitrinite on the whole, indicating that the
graphitization degree of inertinite is stronger than that of
vitrinite. The peak displacement difference (RBS) is posi-
tively correlated with the degree of condensation of aro-
matic rings in the molecular structure of organic matters /.
RBS of different macerals shows the law of vitrinite <
semifusinite < macrinite, indicating that the degree of
condensation of aromatic rings gradually increases from
vitrinite to semifusinite and macrinite.

3.2 Characteristics of Raman spectrum parame-
ters of macerals with different maturity

Laser Raman detection was performed on the main mac-
erals in samples with different thermal maturity (R, =
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0.55%—1.88%), and the relevant Raman spectrum parameters
were counted (Table 3). It can be found from Table 3 that
there is almost no change in peak displacement W; among
different macerals, while W, shows an obvious characteris-
tic of vitrinite > semifusinite > macrinite, in which the
variation ranges of vitrinite, semifusinite, and macrinite are
1359-1378 cm ™', 1355-1 358 cm ™', and 1 341-1 352 cm™'
respectively, indicating that the structural defects and disor-
der degree decrease from vitrinite to semifusinite and ma-
crinite in turn. The variation law of peak displacement
difference of different macerals is opposite, appearing as
vitrinite < semifusinite < macrinite, indicating that the degree

of condensation of aromatic rings gradually increases from
vitrinite to semifusinite and macrinite. Half peak breadth
FWHM-D1 of different macerals has no obvious change, and
the variation ranges of FWHM-G of macrinite and semi-
fusinite are 57-65 and 57-69 respectively with slight dif-
ference, but generally smaller than that of vitrinite (62-81),
indicating that the graphitization degree of inertinite is
stronger than that of vitrinite. Moreover, as thermal evolution
increases, the difference in Raman spectrum parameters of
different coal macerals gradually decreases and tends to be
consistent, indicating that the homogeneity of coal samples is
becoming stronger and stronger.

Table 1 Optimization of pretreatment parameters and results of laser Raman spectroscopy

—— Smoothing processing Baseline correction
Parameter optimization and Polynomial
results Smoothing window Polynomial fitting order Smoothing times fitting order
Smoothing Smoothing with
Fixed parameters Smoothing window=9 Polynomial fitting order=3 window=9, fitting optimized
order=6 parameters
. Smoothing m— Smoothing Fitting
Variable parameters window=5-99 Fitting order=2—-8 times=1-10 order=1-12

o Spectroscopy Visual comparison between processed spectroscopy and original spectroscopy
Fitting -
affent Spectroscqplc
: parameters/bimodal b/FWHM-D, I/FWHM-G, RBS, R, saddle index (SI)
comparison| Biisig

Parameter optimization results | Smoothing window=9 |

Fitting order=6 | Smoothing times=1 | Fitting order=3

Note: Ip; and I are the peak intensities of D1 peak and G peak respectively; FWHM-D1 and FWHM-G are the half peak breadths of D1 peak and G peak
respectively; Peak displacement difference RBS = Wi — Wpi (Wp) and W are the peak displacements of D1 peak and G peak respectively); Peak intensity

ratio R, = Ipi/Ig; SI is the saddle index.
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Fig. 1 Fitting results of Raman spectra of macrinite in sample 2
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Fig.2 Micrographs of various organic macerals in sample 2

A. Semifusinite; B. Macrinite; C. Vitrinite

3.3 Application of Raman spectrum parameters
in distinguishing organic macerals

From the above analysis, it can be seen that the Raman
spectrum parameters of different macerals are different, so
Raman spectrum parameters can be used to distinguish
macerals. By introducing the thermal maturity factor, statis-
tics were made on the correlation between Raman spectrum
parameters and vitrinite reflectance R,, the results of distin-
guishing macerals (semifusinite, macrinite, and vitrinite) by
combining Raman spectrum parameters with R,, and the
results of combining Raman spectrum parameters related to
R, in pairs (Table 4, some graphs are shown in Fig. 4), and it
was found that there are 21 kinds of parameter combinations
that can distinguish the macerals in the sample: 3 of them are
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combinations of Raman spectrum parameters and R,
(Wp1—R,, Wpi/Wg—R,, RBS—R,,); and the other 18 are com-

Woi/lWsWs, Wpi/We—FWHM-D1, Wp/Ws—FWHM-G,
Wi/ Ws—R1, Wpi/Ws—Api/Ag, RBS-Ws, RBS-FWHM-DI,

binations of different Raman spectrum parameters (Wp,—Wg, RBS-FWHM-G, RBS-R,, RBS-Ap/Ag, Wpi—RBS,
Wpi-FWHM-DI1, Wp-FWHM-G, Wp—R,, Wpi—Api/Ag, Wo1—Wpi1/Wg, RBS—Wpi/ Wi).
a.Original Raman spectrum b.Raman spectrum after pretreatment
7\
Vitrinite [ \
n
/ /
\ Vitrinite
SLnllfu:L]lllt # \
L /’ o I«MWM P \ NWWWW
// Macrinite WM_.»// \\ N&T}Eﬁlﬂ\l}f
A Indicating D peak A Indicating D peak Macrinite
1 (;OO 1 2‘00 1 4‘;00 i} 6‘00 1 éOO 2 (‘)00 1 (I)OO 1 ;00 1 :100 1 (7'00 1 IS[}O 2 ;)00
Raman displacement/cm’ Raman displacement/cm’
Fig.3 Raman spectra of different organic macerals in sample 2
Table 2 Raman spectroscopic parameters of different macerals in sample 2
D1 peak G peak 5]
hiagamils Wp /em'! FWHM-DI Wojem™! FWHM-G Hhion
Vitrinite 1364.32 112.89 1597.07 68.32 232.75
Semifusinite 1357.74 108.27 1 598.93 63.54 241.20
Macrinite 1 350.03 101.95 1597.02 67.04 246.99
Table 3 Raman spectroscopic parameters of macerals in different maturity samples
Sﬁple R,/% | Macerals Wp/em™ | FWHM-DI We/em™ FWHM-G RBS/cm'’
Macrinite 1.349.95 121.35 1 598.37 69.28 248.42
1 0.55 | Semifusinite 1358.20 119.56 1 598.66 65.77 240.46
Vitrinite 1378.85 125.58 1599.34 81.47 220.49
Macrinite 1350.03 101.95 1597.02 67.04 246.99
2 0.62 | Semifusinite 1357.74 108.27 1598.93 63.54 241.20
Vitrinite 1364.32 112.89 1 597.07 68.32 23275
3 0.71 | Semifusinite 1358.08 117.01 1 595.66 63.89 237.58
4 0.82 ME.lCI.'iI'}i'[C 1351.68 127.99 1 598.52 63.75 246.84
Vitrinite 1:373:358 134.41 1 587.56 73.08 214.03
5 0.96 Vitrinite 1368.28 104.56 1597.78 68.66 229.50
Macrinite 1352.35 110.36 1 598.30 63.85 245.95
6 1.08 | Semifusinite 1357.83 101.52 1 598.74 65.93 240.91
Vitrinite 1367.97 109.03 1.597.90 67.72 229.92
7 124 Macrinite 1348.16 109.21 1 599.75 61.89 251.59
) Vitrinite 1 365.59 100.59 1 597.66 63.81 232.07
" 135 Macrinite 1343.26 121.59 1.599.48 63.50 256.22
) Vitrinite 1365.16 94.76 1 598.16 63.68 233.01
Macrinite 1.347.80 111.51 1 598.63 62.29 250.84
9 1.40 | Semifusinite 1354.76 65.68 1.594.82 64.93 240.06
Vitrinite 1359.56 94.57 1 595.57 62.26 236.01
10 157 Macrinite 1342.28 119.04 1 599.25 59.26 256.97
) Semifusinite 1352.23 89.18 1 599.60 57.44 247.36
1 1.66 Macrinite 1341.46 117.85 1 600.30 58.52 258.84
) Semifusinite 1357.41 86.01 1 600.08 60.35 242.67
12 1.88 Macrinite 1351.09 90.00 1 598.33 57.40 247.24
) Semifusinite 1355.38 92.07 1 600.55 57.61 245.17
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Table 4 Combination of Raman spectral parameters for the classification of macerals (R, = 0.55%—1.88%)

'Whether the Whether the|
combination| icombination|
Combination (Correlation| Combination/Correlation|
Parameter can Combination parameters| can
type with R, type with Wp,
distinguish distinguish
macerals macerals
Wpi - Y wa, Wa,
Was + N i FWHM-D1,FWHM-DI1, -
I, -- N FWHM-G, | FWHM-G,
Basic
g - N Ry, Api/Ag | Ry, Api/AG
parameter
Apy -- N Ws,
R, Wpi,
Ag -- N Parameters - FWHM-D1,
1 W/ W, k4
FWHM-D1 - N parameters i FWHM-G,
FWHM-G - N Ry, Api/Ag
Wi/ Wg - Y
Derived Wi, Woi,
RBS + 4
parameter 2 Wpi/ W, Wpi/ W, Y
R, + N
-R, RBS RBS
Api/Ag + N

Note: (D Ap; and Ag are the peak areas of D1 peak and G peak respectively, and the peak intensity ratio R;= Ini/I; @ Correlation with Wp, refers to the
number of parameters containing Wy, or derived parameters of Wpi (Woi/Ws, RBS); ®)- refers to negative correlation, + refers to positive correlation, --
refers to poor correlation; @ Combination parameter refers to the Raman spectrum parameter related to the thermal maturity R,.
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Fig. 4 Combination of Raman spectral parameters for the classification of macerals

Through analysis, it can be seen that among all of the
Raman spectral parameter combinations that can distinguish
macerals, at least one parameter should be Wp, or derived
parameters of Wp, (Wpi/Wg, RBS), while Wp, and its derived
parameters are mainly controlled by thermal maturity.
Therefore, the influence of thermal maturity needs to be
considered when distinguishing macerals by Raman spec-
trum parameters.

Based on this conclusion, the author counted the relevant
parameters of samples with different macerals in Lower
Paleozoic marine source rocks in some literatures and drew

the relevant graphs (Fig. 5). From the literature, we can see
that the evolution of Wp;p of vitrinite, asphalt and graptolite
with thermal maturity R, is similar. in case that the Lower
Paleozoic marine source rocks lack vitrinite from higher
plants, being new thermal maturity indicators, asphalt and
graptolite have become a research hotspot. In addition, the
Wpip of graptolite, solid asphalt, benthic algae, and plank-
tonic algae are different in the process of thermal evolution,
which may assistant for the identification of organic macerals
in the Lower Paleozoic that are in the high to over mature
stage with optical properties gradually converging.
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Fig. 5 Parameter characteristics of different macerals in literature

4 Conclusions

Through the study on laser Raman parameters of three
main macerals (vitrinite, semifusinite, and macrinite) in a
total of 12 coal samples (R,= 0.55%—1.88%) from the Car-
boniferous-Permian in the eastern Ordos Basin and the Ju-
rassic in the southeastern Junggar Basin, the following
understandings are obtained:

(1) The three macerals in the selected coal samples have
significantly different Raman spectrum parameters. There
are 21 kinds of parameter combinations that can distinguish
the macerals in the sample: 3 of them are combinations of
Raman spectrum parameters and R,, and the other 18 are
combinations of different Raman spectrum parameters. All
these different combinations of parameters can be used as
reference standards for the classification of these organic
macerals.

(2) D1 peak displacement (Wp,) is the most critical pa-
rameter to distinguish the macerals by Raman spectrum pa-
rameters, but the influence of thermal evolution should be
considered, which may help the identification of Lower
Paleozoic organic macerals in the high to over mature stage
with optical properties gradually converging.
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