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ABSTRACT: A suite of coal samples near a diabase dike was collected to

investigate the structural and functional group evolution of a series of carbon e T T e TR
materials prepared from thermally altered coals, explore the influence of e e
thermal metamorphism distance on the structure of coal and its carbon

material products, and divide the thermally altered zones. Using Fourier Sl b

transform infrared and Raman studies, it was found that after demineralization, —— ’
the aromatic parameters f," and I of the coal structure slightly increase, while e fiom Z
fihe aliphatic parameters CH,/CH; and oxidation parameter ' .s.ligl.xtly [ cou B Do

ecrease, and the degree of order of the coal structure increases. Graphitization ——
can greatly improve aromatic parameters, eliminate aliphatic structures, and Q o
enhance orderliness. However, after oxidation and reduction, the aromatic e ————
parameters and ordering degree of graphene decrease. Except for the sample \
closely attached to the dike, the coal-based graphene yield of the other samples
first decreases and then stabilizes with the increase of distance from the dike,
which is consistent with the trend of changes in the reflectance of raw coal. The thermally altered distance affects the structural changes
of coal and carbon material products. The coal attached to the dike has been damaged and polluted, and the aromaticity and orderliness
of the prepared carbon material products are relatively poor. The aromaticity and orderliness of coal-based products prepared from other
thermally altered coals are relatively high and increase with the closer the thermally altered distance. Based on the characterized
parameters of coal samples and products with distance from the dike, the sampling area is divided into four zones, including abnormally
altered zone, normal altered zone, transition zone, and original coal zone. Among them, the yield and quality of coal-based graphene
prepared from coal in the normal altered zone are the highest, an ideal raw material collection area for making coal-based graphene.

Ultimate
analysis

‘ FTIR ‘ ‘ Raman

1. INTRODUCTION metamorphism of coal is an important factor affecting the
maturity of coal.*”'>'® Contact metamorphism occurs when
the heat source (magma) directly contacts the coal seam,
causing the coal seam to alter. The intruded igneous intrusion
provides high-temperature and high-pressure conditions for the
coal seam and affects the physical and chemical structure of
the coal.'*™'® Compared with plutonic metamorphism, coal
At present, research on coal-based graphene is in the subjected to thermal contact metamorphism has greaterv1tr1n1te

flect d a higher d f met hism.'”™** F
exploratory stage, and most of the studies focus on the influence retectance and a ugher cegree of MeAmorp usim. rom
of coal rank, macerals, and minerals on coal-based graphene."~” the perspective of coal petrology and coal quality, the thermally

) . .
altered zone can be divided into the altered zone and the
However, there is little research on the influence of meta- z z

. . unaltered zone.”””" In a suit of thermally altered coal, there is
morphism on coal-based graphene. Coal metamorphism is a often a series of mineral changes.”””>" The formation and
chemical change process of carbon enrichment, dehydrogen- ges:
ation, and deoxidation, accompanied by changes in physical and
chemical properties such as porosity and density.'’ The growth Received: February 25, 2024
and splicing of aromatic structures in coal and the formation of Revised:  July 25, 2024
basic structural units (BSU) in the late stage of coalification Accepted:  July 26, 2024
are the main mechanisms of coal graphitization.'' Coal with Published: August 5, 2024
different maturities has different original structures, which will
affect graphitization and its graphitic products, and the

As a high-value-added carbon material with excellent properties,
coal-based graphene is an important industrial chain of the coal
industry and has great application potential in many fields.'
As a carbon source with large reserves and a rich aromatic
structure, coal is an ideal raw material for the preparation of coal-
based carbon materials.**
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Figure 1. Sampling diagram of the Tashan coal.

evolution of thermally altered coal may follow a slightly different
maturation pathway.”> For the study of coal-based carbon
materials, more attention should be given to the molecular
evolution of thermally altered coal. In terms of aromatic stripe
orientation, lattice stripes become more orderly with the
distance from the dike, and the molecular reactivity of coal is
enhanced.”””” Chen et al.”**’ divided the evolution of structural
parameters of thermally altered coal into three stages and found
that two different types of structures, aromatic clusters, and
graphite-like structures, could be distinguished in all thermally
altered coal samples. This is of great significance for the
preparation of coal-based graphene from thermally altered coal.

Fourier transform infrared spectroscopy (FTIR) has always
been an important means to study the chemical structure of
carbon materials.’® Li et al. studied the structure of vitrinite in
different coal ranks in detail by FTIR, and the pattern of
functional group changes in the macromolecular structure in
vitrinite was obtained.”’ Jiang et al. studied the pyrolysis
behavior and product distribution of Shenmu coal at high
heating rates by FTIR, and the pattern of functional group
changes in the macromolecular structure in vitrinite was
obtained.”” The relationship between sulfur in coal and coal
maturity was studied through FTIR.>>** Huan et al. explored the
functional group changes of coal-based graphitic products from
anthracite with different coal ranks by using FTIR.® Raman
spectroscopy is widely used in geoscience and materials science.
It is one of the important nondestructive analysis methods of
coal, char, graphite, graphene, and other carbon materials.>>™>®
With increasing coal metamorphism temperature, the graphite
band (G-band) becomes the main band, indicating that the
molecular structure of high-rank contact metamorphosed coal is
close to that of well-crystallized graphite.”” The Raman
characteristics of inertinite and vitrinite in thermally altered
coal are significantly different. Li et al. found that the Raman
spectral parameters of vitrinite and inertinite macerals are
different and predicted the temperature of thermally altered coal
when it is intruded. The macerals in thermally altered coal are
easy to coked in the samples adjacent to the dike, and the
vitrinite would form mesophase spheroids.*>*!

In this study, we aim to (1) describe the evolution of the
structural parameters of coal-based graphitic products from
thermally altered coal during the preparation process, (2)
investigate the influence of contact metamorphism on coal-
based graphitic products, and (3) discuss the division of
thermally altered zones according to the parameters of samples
and products. This work can provide new insights into the
selection of raw materials for coal-based carbon products and the
comprehensive utilization of thermally altered coal.

2. EXPERIMENTAL SECTION

2.1. Sample Collection. The Datong Coalfield is in the
northern area of Shanxi Province, China. The coal-bearing strata
of the Datong Coalfield include the Jurassic Datong, Lower
Permian Shanxi, and Upper Carboniferous Taiyuan forma-
tions.”” The Datong Coalfield was intruded by igneous
intrusions in both the Indosinian (Late Permian to the end of
the Triassic) and Yanshan (Late Jurassic to the Early
Cretaceous) periods, forming thermally altered coal."**
Thermally altered coal has characteristics such as high vitrinite
reflectance, low volatile matter, high strontium content, high
aromaticity and condensation degree, low CH,/CHj;, and
occurrence of thermally altered organic particles with many
graphite like structures.””****"** Due to its high degree of
order and aromaticity, thermally altered coal can be used as a raw
material for coal-based carbon materials.”**"*'

Contact metamorphism mainly occurred in the southeastern
and northern central parts of the minefield, and the no. 3 and no.
S coal seams of the Taiyuan formation are greatly affected. The
sampling place is in the 5222 tunnels of the Tashan Coal Mine,
where a dike with a width of 3.6 m is exposed, and weathering
zones with a width of 0.5 m appear on both sides. The sampling
method involved sampling sections according to the distance
from the dike. As shown in Figure 1, the interval near the dike is
relatively close, and the interval far away from the dike is
relatively large. A total of 12 samples were collected for this
study.

2.2. Demineralization and Graphitization. To avoid the
influence of minerals in the coal samples on the graphitization
process and structural analysis of coal-based products,* the
samples were demineralized in advance. Samples were crushed
to 200 mesh. Coal powders were successively treated with HCl,
HF, and HNO; successively in polytetrafluoroethylene (PTFE)
beakers (soaked and stirred in 60 °C ultrapure water for 24 h) to
remove minerals in the coal samples.”***’ After washing
(washed with ultrapure water until pH = 7) and drying (at
60 °C in a vacuum oven), demineralized samples were obtained
and marked with the prefix D.

Five grams of demineralized coal powder was weighed and
placed in a graphite crucible, heated to 1000 °C (S °C/min) for
1 h of carbonization in a graphite furnace under vacuum, rapidly
heated (20 °C/min) to 2800 °C and maintained at this tem-
perature for 3 h under an argon atmosphere to prepare coal-based
graphite.* The coal-based graphite obtained above was marked
with the prefix G.

2.3. Preparation of Coal-Based Graphene. Coal-based
graphene oxide was prepared according to a modified Hummers’
method.*”*° A total of 68 mL concentrated H,SO, was mixed
with 1.5 g of NaNO; powder and stirred for approximately
10 min until the NaNO; was completely dissolved. Two grams
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Table 1. Maximum Reflectance of Vitrinite, Proximate Analysis and Ultimate Analysis of Raw Coal Samples”

proximate analysis (wt %)

sample  distance (m) R,y (%) My, Ay Vaat Sia
TS1 0.01 3.71 4.86 21.16 15.18 0.32
TS2 0.1 3.59 4.34 14.49 7.16 0.56
TS3 0.6 2.92 2.28 12.77 7.74 0.43
TS4 1.1 1.82 1.22 12.59 13.52 0.38
TSS 1.6 1.57 1.15 11.65 21.57 0.61
TS6 2.5 0.74 1.50 10.70 30.55 0.51
TS7 2.7 0.85 1.46 9.86 31.10 0.41
TS8 4.5 0.73 1.82 7.72 38.61 0.50
TS9 6.3 0.75 1.70 6.97 37.31 0.57
TS10 7.1 0.73 1.74 9.7§ 32.35 0.39
TS11 10.0 0.76 1.44 10.42 39.17 0.41
TS12 17.3 0.74 1.66 8.06 39.14 0.47

ultimate analyses (wt %)

Cas Huyat Naar S, daf Oui*  H/C (atom)  O/C (atom)
87.69 0.98 091 0.41 10.01 0.13 0.09
91.82 191 1.31 0.65 431 0.25 0.04
91.18 2.52 1.48 0.49 4.33 0.33 0.04
89.14 3.51 1.58 0.43 5.34 0.47 0.04
82.95 5.36 1.40 0.69 9.60 0.78 0.09
84.74 4.53 1.47 0.57 8.69 0.64 0.08
84.71 4.75 1.58 0.45 8.51 0.67 0.08
82.62 5.05 1.56 0.54 10.23 0.73 0.09
83.54 5.10 1.57 0.61 9.18 0.73 0.08
83.59 4.64 1.50 0.43 9.84 0.67 0.09
83.08 5.18 1.50 0.46 9.78 0.75 0.09
83.02 5.23 1.53 0.51 9.71 0.76 0.09

“ROmm maximum vitrinite reflectance; M, moisture; A, ash yield; V, volatile matter; S,, total sulfur; C, carbon; H, hydrogen; N, nitrogen; O, oxygen;
H/C, ratio of hydrogen to carbon atoms; O/C, ratio of oxygen to carbon atoms; ad, air-dried basis; d, dry basis; daf, dry and ash-free basis; *, by

difference.

of coal-based graphite were added, and the temperature was kept
below S °C in an ice bath for 20 min. Then, 10 g of KMnO, was
slowly added to the reaction system and stirred for approximately
30 min to ensure the oxidation effect of KMnO, on coal-based
graphite. The reactants were continuously stirred in a 35 °C water
bath for 3 h, and 50 mL of ultrapure water was slowly added to the
reaction system. Then, the temperature was raised to 98 °C, and
the reactants were stirred for 20 min. After the beaker was
removed, approximately 30 mL of hydrogen peroxide (H,O,, mass
fraction 30%) was added to ensure the complete removal of
KMnO,. The obtained reactants were centrifuged at 5000 r/min
for 30 min, and the paste was washed to neutral with ultrapure
water and dried in a vacuum drying oven at 50 °C for 24 h to
obtain coal-based graphite oxide. Graphite oxide was centrifuged
after S h of ultrasound, and the supernatant solution was freeze-
dried to obtain graphene oxide. The coal-based graphene obtained
above was marked with the prefix GO.

Approximately 100 mg of coal-based graphene oxide solid and
500 mL of N,N-dimethylformamide (N,H,-H,0) were mixed
and were ultrasonicated for approximately 2 h. Two milliliters of
N,H,-H,O were added, and the mixture was incubated in a
constant temperature water bath at 95 °C for approximately 5 h.
‘When the reactants were cooled to room temperature, they were
washed to neutral with ultrapure water, and the washing solution
was tested to ensure that SO,*~ and NO; ™ were not detected.
The washed products were freezing vacuum-dried to obtain
coal-based graphene. The coal-based graphene above was
labeled with the prefix GS.

2.4. Analytical Methods. The maximum reflectance of
vitrinite (R, %) was determined by a Leitz Orthoplan
microscope equipped with a Daytronic mainframe 9005
spectrophotometer based on ASTM Standard D 2798-21.""
Proximate analyses of coal were determined following ASTM
D3173/D3173M-17a, ASTM D3174—12 (2018) el, and
ASTM D3175-20, ultimate analysis was performed based on
ASTM Standard DS$373-21, and total sulfur analysis was
performed according to ASTM D3177—02.°%7°

3. RESULTS AND DISCUSSION

3.1. Chemical Properties of Coal. The maximum
reflectance of vitrinite, proximate analysis, ultimate analysis,
the ratio of hydrogen to carbon atoms, and the ratio of oxygen to
carbon atoms analysis results are listed in Table 1. The R,

0,max

34399

(%) of the samples is 3.71—0.73%, of which the R, .., (%) of raw
coal samples TS1-TSS (within 1.6 m) is 3.71—1.57%, which is
higher than that of other raw coal samples. The ash yield and
volatile matter of the TS1-TSS samples range from 21.16 to
11.65% and 7.16 to 21.57%, respectively, which are also higher
than those of the other raw coal samples. TS1-TSS were
classified as thermally altered coal, with an alteration halo of 2 m,
and the other raw coal samples were classified as unaltered
coal.?? In the thermal halo, the carbon content and H/C of TS1
are relatively low, and the O/C is the highest, which is caused by
the intrusion of material brought by magma. The raw coal
samples in the unaltered area are similar regarding the indicators
of proximate analysis and ultimate analysis.

3.2. FTIR Results. The FTIR spectrum of carbon materials
was divided into four characteristic absorption regions: 700—
900 cm™ mainly represents the deformation vibration of C—H
substitution in the aromatic ring; 1000—1800 cm™' mainly
belongs to the deformation vibration of various oxygen-
containing functional groups, CH,, and CH; as well as the
expansion vibration of the aromatic ring, 2800—3000 cm ™" is
generally considered as the expansion vibration absorption
region of aliphatic hydrocarbon CHy, and 3000—3700 cm™" is
mainly the absorption vibration region of hydroxyl groups.
Combined with the previous research results.”” " The main
infrared absorption peaks of carbon materials are shown in Table 2.

Figure 2 depicts the normalized FTIR spectra of raw coal
samples and graphitic products. The FTIR spectra of raw coal,
demineralized coal, coal-based graphite, coal-based graphene
oxide, and coal-based graphene are shown in Figure 2a)b,
respectively. Figure 2 shows that the types of functional groups
contained in all samples and products are similar throughout the
FTIR spectrum. There are sharp absorption peaks in the range of
400—600 cm ™' of raw coal, mainly caused by Si—O—Si and
Si—O bonds, indicating that raw coal contains minerals such as
quartz or kaolinite.”""*> After demineralization, the mineral peak
in coal basically disappears, and it appears weaker in coal-based
graphite, coal-based graphene oxide, and coal-based graphene.
After graphitization, most of the functional group peaks in the
spectrum almost disappear and become smooth. Compared with
raw coal and demineralized coal, there are no obvious prominent
absorption peaks. Even the most sensitive hydroxyl peaks
(~3400 cm™") in carbon materials are almost invisible in the
infrared spectrum of coal-based graphite, and this result is like

https://doi.org/10.1021/acsomega.4c01845
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Table 2. Assignments of FT-IR Absorption Wave Number in
Carbon Materials®”%°
functional group peak (cm™")
3630 Free —OH
3560 OH-7 hydrogen bond
3350-3470 Self-associating hydroxyl, pyrrole-NH

3250 OH- Ether oxygen bond

3000—-3100 Aromatic CHy

2800—3000 Aliphatic CHy

2950—2960 Aliphatic CH;

2920-2930 Aliphatic CH,

1700-1720 Ketones, aldehydes, carbonyls, and carboxyls
1650—1800 C=0 groups

1590—-1610 Aromatic C=C

1600 Aromatic rings

14401455 Aliphatic CH,

1370—-137S Aliphatic CH;

1000—1300 C—O0 of phenol, alcohol, ether, and ester
700—900 Aromatic C—H out-of-plane bending modes
860 Isolated aromatic H

833 (weak) 1,4-substituted aromatic groups

815 Isolated H and/or two neighboring H

750 1,2-substituted, i.e., 4 neighboring H

700 Isolated or 1,3-substituted aromatic H

that of natural graphite.® To study the organic structure changes
of raw coal and products, according to references,””*’ the FTIR
spectra of raw coal and products are divided into three
absorption bands: the aromatic structure absorption band
(900—700 cm™"), oxygen-containing functional group absorp-
tion band (1800—1000 cm™") and aliphatic structure absorption
band (3000—2800 cm™"). The fitting method of the spectra of
all samples is similar; taking the TS6 sample as an example, the
curve-fitting procedure is shown in Figure 3.

According to Table 2, peak fitting was performed to obtain the
area of each functional group peak by Origin. According to
previous refs 34,59,63—66, the calculation of FTIR parameter f, is

fH =1 E
ar H
ﬂ _ H, A2800-3000

H Hal + Har A2800—3000 + A700—900

C

C al

=1 - —

far C
S _ (Mo H) e
C H c)c,

where C,)/C is the aliphatic carbon fraction, H,;/H is the fraction
of total hydrogen present as aliphatic hydrogen, H/C is the ratio of
hydrogen to carbon atoms calculated from elemental analysis, and
H,/C, is the ratio of hydrogen to carbon atoms for aliphatic
groups, which is generally taken to be 1.8 for coals.”

The parameter I also indicate the aromaticity, and the coal
rank and can be determined as®*

7= A700-900
A2800-3000

where A-p)_gq is the area of 700—900 cm™ and Ayg0_3000 is the
area of 2800—3000 cm ™. The degree of condensation (DOC)
of aromatic rings can be determined as®*®®
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Figure 2. FTIR spectra of coal samples and products: (a) raw coal and
demineralized coal; (b) coal-based graphite, coal-based graphite oxide,
and coal-based graphene.

DOC = A700-900
Ajg00
where the ‘C’ factor is the ratio of C=0 groups to C=C groups

that is used to indicate the maturation of coal and can be
determined as®*¢>%°

/C/ — A1650—1800
A1650—1800 + A1600

The A(CH,)/A(CHj,) ratio was used to estimate the length
and degree of branching of aliphatic side chains and can be
determined as®>°*%¢

A(CH,) _ As915-2940
A(CHy)  Aygs0-207s

According to the above formulas, the structural parameters of
raw coal, demineralized coal, coal-based graphite, coal-based
graphene oxide, and coal-based graphene are calculated
(Appendices Al and A2).

As shown in Figure 4a,b, both £, and I of demineralized coal
slightly improved compared with raw coal because a strong acid
will destroy the aliphatic long chains in coal and reduce —CH,,
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Figure 3. Curve-fitting of the FTIR spectrum of sample TS6 (according to refs 57—60): (a) Absorbance bands of 700—900 cm™". (b) Absorbance
bands of 1000—1800 cm™. (c) Absorbance bands of 2800—3000 cm ™.

indicating that demineralization is conducive to the graphitiza-
tion process. After graphitization, due to the disappearance of a
large number of aliphatic chains, the f," and I of coal-based
graphite are significantly higher than those of raw coal and
demineralized coal. In the oxidation—reduction process, strong
oxidants further cut aliphatic short-chain breaks and reduce
—CH,, resulting in a slight increase in f,," and I of coal-based
graphene oxide compared with coal-based graphite. However,
the strong reduction has little effect on £, and I. This makes the
fu ' and I of the graphitized series products maintain a high level,
in which £, is above 0.9, and the I of coal-based graphene
reaches up to 65.23. The aromatization indices f,,/' and I of
the samples and products change similarly to the distance from
the dike. Within 0.1 m, from TSI to TS2, the £, and I of all
samples and products have a jump rise. This is because TSI is
close to the rock wall, and the aromatization of the coal structure
is not complete due to a large amount of short-term high-
temperature heat and exogenous substances from the magma in
direct contact. The greater separation distance will buffer the
magmatic heat and block exogenous substances from the
magma, which is conducive to the aromatization of TS2-TS5
samples and products. Within 0.1-2 m, f,” and I decreased
significantly, indicating that this is a normal thermally altered

34401

reaction within this distance range; that is, with increasing the
distance from the magma, the aromatic hydrogen rate and
aromatization weakened. Within 2—6 m (TS6-TS8), both coal
samples and products the £, and I are between those of
thermally altered coal and original coal, with small fluctuations,
showing a transition trend from thermal altered coal to original
coal. When the distance is greater than 6 m (TS9-TS12), the
values of f, and I tend to be stable. The DOC is also an
indicator of aromaticity, as shown in Figure 4c. The DOC has a
jump rise within 0.1 m; the reason is that the high temperature of
the intrusion caused a high degree of condensation of the
aromatic rings. The DOC of demineralized coal is slightly higher
than that of raw coal, indicating that demineralization is
conducive to the improvement of the DOC. The DOC values of
raw coal and demineralized coal decrease significantly with the
increase of distance within 0.1 to 2 m and decrease slightly
within 2—6 m, which also shows that there is a normal thermally
altered reaction within 0.1 to 2 m and a transition region within
2—6 m. The DOC of graphitic products decreases slightly with
fluctuations within 0.1 to 6 m. For TS6-TS12 (more than 2 m),
the DOC of graphitic products is higher than those of raw coal
and demineralized coal, indicating that graphitization has little
effect on the DOC of high reflectance coal, but it can effectively
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improve the DOC of low reflectance coal with more aromatic
C-H.

Figure 4d shows the correlation of aliphatic structural
parameters (CH,/CHj,) of samples and products with distance
from the dike. Within 2 m (TS1-TSS), the aliphatic structural
parameters CH,/CH; of both raw coal and demineralized coal
increase with distance. Within 2—6 m, the structural parameter
CH,/CHj; fluctuates, and when it is greater than 6 m, CH,/CHj
tends to be stable. Overall, the aliphatic structural parameters of
demineralized coal are lower than those of raw coal, which
indicates that the hydrocarbon chain length of raw coal is longer
than that of demineralized coal. The length of the aliphatic chain
decreases and the aromaticity increases after demineralization,
indicating that the length and number of cross-linked branches
at the edge of the aromatic layer in coal are reduced, which is
conducive to the ordering of the two-dimensional structure in
coal. After graphitization, the aliphatic CH,/CH; of coal-based
graphite decreased significantly and tended to be similar,
indicating that graphitization eliminated a large number of
aliphatic side chains and stacked the graphite into a three-
dimensional ordered structure. However, this effect obviously
did not reach 100%, which was also confirmed by the aromatic
structure parameters f,"', I, and DOC. The CH,/CH, of coal-
based graphene oxide and coal-based graphene is slightly higher
than that of coal-based graphite, which may be because of strong
oxidants and reductants on —CHj in the process of oxidation
and reduction, which makes CH,/CHj larger. This does not
indicate the growth of aliphatic chains.

Figure 4e shows the correlation of the parameter “C” of the
ratio of C=0 functional groups to C=0 and C=C functional
groups of samples and products at different distances from the
dike. “C” is used to indicate the maturity of the coal and the
degree of oxidation. In all samples and products, “C” has a jump
within 1 m, which indicates that TS1 in direct contact with the
dike has more oxygen-containing functional groups. Within
0.1—6 m (TS1-TS8), the “C” value of the bulk of samples and
products increases with distance from the dike, indicating that
the maturity gradually decreases and the oxygen-containing
functional groups increase. When it is greater than 6 m (TS9-
TS12), the “C” value of the original coal tends to be stable, which
is similar to CH,/CHj. Due to the destruction of C=0O by
strong acids in demineralization, the “C” value of demineralized
coal is lower than that of raw coal. Therefore, there are fewer
oxygen-containing functional groups in demineralized coal.
After graphitization, the “C” value decreases significantly,
indicating that during the graphitization process, C=0 was
broken, and a large number of aromatic layers and graphite
microcrystals were generated, resulting in an increase in C=C.
After the coal-based graphite was intercalated with a strong
oxidant, the sp” hybrid crystalline carbon structure in the coal-
based graphite structure was destroyed, and a large number of
oxygen-containing functional groups were introduced on the
surface to form graphene oxide (see Figure 2b), resulting in a
sharp increase in the “C” value. Various functional groups
introduced by intercalation increase the interlayer spacing of
aromatic layers and reduce the intermolecular force, which
provides conditions for the stripping and reduction of coal-based
graphene. Compared with the corresponding coal-based graph-
ite, the coal-based graphene oxide surface obviously contains a
variety of oxygen-containing groups, mainly including C=0,
C—0, and O—H. After reduction, the peaks of various oxygen
functional groups in the range of 1000—2000 cm ™" decreased
significantly, indicating that the oxygen-containing functional

groups were effectively removed, and the “C” value decreased
significantly.”” However, it is found from the “C” value of coal-
based graphene that coal-based graphene oxide is not
completely reduced, mainly because the large number of ethers
and/or epoxides (1000—1280 cm™') introduced in the
oxidation process will form pyrans and furans, which are difficult
to reduce and completely remove. In addition, there is almost no
difference in the typical peaks of all coal-based graphene,
indicating that the effect of redox processes on functional group
elimination, free radical dissociation, and bond formation of
altered coal-based products and unaltered coal-based products is
similar.

3.3. Raman Results. Raman spectroscopy plays an
important role in studying the structural defects of carbon
materials, providing information on defects, stacking, and
disorder of graphite and graphite series products. The common
Raman peaks of carbon materials are D; peak (~1350 cm™), G
peak (~1580 cm™), 2D peak (~2700 cm™), and D + G peak
(2940 cm™!)%877° (Figure S). The G peak is caused by the
stretching vibration of the sp® bond in the hexagonal aromatic
molecules of single crystal graphite; The D, peak represents the
lattice defects and edge disorder of graphite-type carbon
materials; The 2D peak represents the interlayer stacking
mode of carbon atoms; The D + G peak is caused by the
combination of the D and G peaks. This experiment conducted
Raman testing on the sample in the wavenumber range of 1000—
3000 cm ™. Using the area ratio of D, peak to G peak (Ap,/Ag)
to characterize the degree of disorder in the structure of carbon
materials, the larger the value, the higher the degree of disorder
in the samples and products. It is worth noting that for Figure Sb,
the G peaks of G-TS1 to G-TS12 have become exceptionally
sharp and have formed distinct 2D peaks. The formation of the
G peak is related to the condensation and ordered arrangement
of aromatic layers in coal, while the 2D peak is sensitive to the
stacking order of graphene sheets along the c-axis, indicating that
all coal samples have been transformed into graphite after
graphitization treatment. Moreover, the coal sample attached to
the intrusion is bound to be contaminated and damaged by the
intrusion,”>*%*! except for the damaged TSI, as the distance
from the intrusion becomes closer, the G and 2D peaks shift
significantly to the right, indicating that the closer the thermally
altered distance, the more obvious the graphitization characteristics.

To describe the structural characteristics of coal more
accurately, a detailed curve fitting analysis was carried out on the
first-order Raman spectrum (Figure 6, taking the TS6 sample as an
example). According to previous studies, the Raman shift geak
position assignments were summarized (see Table 3). 3307172
According to the peak position and relative area intensity obtained
by fitting the peak position, the macromolecular structural
information on the samples and products (see Appendices A3
and A4) can be obtained. From Appendix A4, it can be found that
except for GS-TSI closest to the intrusion and GS-TS12 farthest
from the intrusion, the L/I; distribution of other products is
between 0.25 and 0.42, which are multilayer graphene. The three
most commonly used parameters are fwhmg, A, /Ag and G-D; to
measure the degree of carbon atoms in samples and products, and
the relationship between the three indices and distance from the
dike is shown in Figure 7.7>*%73~7>

From Figure 7a, we can see the relationship between the
fwhm and distance; a smaller fwhmg, value usually indicates a
larger aromatic lamellar structure in materials. Overall, the
fwhmg value of coal-based graphite is the smallest, and
the fluctuation range is also the smallest, which is caused by
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Figure S. Raman spectra of coal samples and coal-based products:
(a) raw coals and demineralized coal; (b) coal-based graphite, coal-
based graphite oxide, and coal-based graphene.

the growth of aromatic layers and the formation of graphite
microcrystals during graphitization. However, the fwhmg value
of coal-based graphene is the largest, which is caused by
the stripping of aromatic layers of the coal-based graphite stack
in the oxidation—reduction. Within 0.1 m, the fwhmg values of
both samples and products decrease from TSI and reach
minimum values at TS2, which shows that the aromatic lamellar
structure of TS1 series products attached to the dike has been
destroyed by magma, and the degree of aromatic order of TS2
series products is the best. Within 0.1—2 m, the value of the
fwhmg increases significantly with decreasing reflectance,
indicating that the aromatic structure gradually decreases,
which is consistent with the aromatic parameters of FTIR, and
this is a typical thermally altered feature. Within 2—6 m, the
fwhmg value fluctuates after rising, with an obvious transition
trend, and after 6 m, the fwhm value tends to stabilize.

The relationship between G-D, and distance is shown in
Figure 7b. It can be seen from the parameters Appendices A3
and A4 that with the increase in reflectance (excluding TSI in
the abnormal thermally altered zone), there is a right shift trend
in the position of the G peak in both coal samples and coal-based
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Figure 6. Curve-fitting Raman spectrum of sample TS6.

Table 3. Raman Spectrum Band/Peak Assignment in Coals
(Summary From Refs 33,40,73—75)

band bond

name position (cm™") functional groups type

D, 1350 D1 1350 C—C between aromatic ringsand ~ SP*
aromatics with not <6 rings

D, 1540 amorphous carbon structures; aromatics ~ SP?
with 3—S rings;

D, 1230 aryl-alkyl ether; para-aromatics SP?, R

spY

D, 1185 Caromatic - Calkyl; aromatic (aliphatic) ~ SP?,
ethers; C—C on hydroaromatic Sp¥
rings;hexagonal diamond carbon sp;
C—H onaromatic rings

G 1590 graphite E, /% aromatic ring SPp?

quadrantﬁreathing; alkene C=C

series products, which is more obvious in the Raman diagram of
coal-based graphite (Figure Sb). Figure 7b shows that for both
the coal samples and coal-based series products, the G-D value
shows abnormal thermally altered characteristics within 0.1 m
and maintains the leveling characteristics of the original coal
over 6 m. In the range of 0.1—6 m, the G-D values of the bulk of
samples and products gradually decrease with the increase
of reflectivity. It is worth noting that the variation characteristics
of the G-D values of samples and products within 2—6 m are
different from those of the reflectance, proximate analysis, and
ultimate analysis. Therefore, combined with the FTIR
parameters and fwhmg value, the 2—6 m region can be regarded
as a thermally altered transition zone. The G-D of the coal
samples and their carbon materials at a distance over six meters
tend to stabilize and remain almost consistent, indicating that
they are no longer affected by the intrusion. Therefore, it is
speculated that the original coal zone is located at a distance of
six meters away from the intrusion.

The Ap;/Ag value is an important index to measure the
degree of order of carbon materials. Generally, the smaller the
Ap,/Ag value is, the better the degree of order of carbonaceous
materials. Figure 7c¢ shows that the Ap;/Ag value of
demineralized coal is very high, which is caused by the
destruction of the order of the coal structure after the removal
of minerals. After graphitization, the Ap,,/Ag value of coal-based
graphite decreases significantly, and the fluctuation range is very
small, indicating that graphitization can make coal samples in
different thermally altered zones obtain almost consistent
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area.

ordering. It can also be seen from Figure 7c that the Ap,/Aq
value of coal-based graphene oxide after oxidative intercalation
increases and the degree of order decreases. However, after
reduction, the Ap;/Ag value of coal-based graphene decreases,
which is related to the removal of oxygen-containing functional
groups, confirming the change trend of the ‘C’ of the FTIR
parameter after oxidation and reduction.

3.4. Yield Analysis of Coal-Based Graphene. The steps
of preparation process of coal-based graphene can be simply
divided into several stages: raw coal, demineralized coal, artificial
graphite, graphite oxide solution, graphene oxide solution, and
solid graphene. The process from coal-based graphite to solid
coal-based graphene is through oxidation, ultrasound, centrifu-
gation, reduction, and other processes. The experimental
operation is cumbersome, which easily causes sample loss.
Therefore, the final graphene yield is shown in the table.

The coal-based graphene yield based on coal-based graphite is
recorded as W, the coal-based graphene yield based on raw coal
is recorded as W, the weight of raw coal used for demineralization
is recorded as Mg, the weight of demineralized coal sample
obtained after demineralization is recorded as My, the deminer-
alization yield is recorded as D, where D = Mp/M,, the weight of
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demineralized coal sample for graphitization is recorded as M, the
weight of coal-based graphite obtained after graphitization is
recorded as Mg, the coal-based graphite yield is recorded as G,
where G = Mg/Mp,, the weight of the artificial graphite used to
prepare graphene is recorded as Mg, and the weight of the
obtained graphene is recorded as Mgg According to the
preparation process, the yield formula of graphene from raw coal
in this study is as follows:
WMo Mo L
Mgy Mp, Mc

M
W, = —25 x 100%
Gl

Through calculation, the yield of graphene is shown in Table 4.
According to Table 4, the highest yield of graphene based on raw
coal of the sample is 6.23% of TS2, and the yield of graphene of
other samples is between 3.43 and 5.88%. According to the
distance from the dike, the yield of graphene can be divided into
four stages. For TS1 with an abnormally altered zone (within
0.1 m), the yield of graphene is 4.87%; TS2-TSS in the normally
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Table 4. Yield of Graphene from Raw Coal

sample D G Mg, /g Mgs/g Wg/%  Wc/%
TS1 0.89 0.80 2.0019 0.1369 6.84 4.87
TS2 0.93 0.87 2.0051 0.1556 7.76 6.23
TS3 091 0.84 2.006 0.1493 7.44 5.67
TS4 091 0.82 2.0107 0.1465 7.29 5.42
TSS 0.92 0.80 2.0093 0.1420 7.07 S.18
TS6 0.92 0.70 2.0101 0.1381 6.87 4.43
TS7 0.92 0.69 2.0015 0.1344 6.71 4.26
TS8 091 0.66 2.0057 0.1228 6.12 3.69
TS9 0.89 0.66 2.0052 0.1230 6.13 3.61

TS10 0.92 0.65 2.0024 0.1227 6.13 3.64
TS11 0.92 0.65 2.0065 0.1220 6.08 3.62
TS12 091 0.66 2.0179 0.1225 6.07 3.62
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Figure 8. Trend of reflectance and graphene yield of raw coal with the
distance from the dike.

altered zone (0.1—2 m) has a yield of 5.18—6.23%; for TS6-TS8 in
the transition zone (2—6 m), the yield is in the range of 3.69—
4.43%; and for TS9-TS12 (over 6 m) of the original coal zone, and
the yield is in the range of 3.61—3.64%.

It can be seen from the Figure 8 that with increasing distance
from the dike, the yield of coal-based graphene and the
reflectance of coal show a similar trend, first decreasing and then
stabilizing. However, the difference is that there is an abnormal
jump in the graphene yield at 0.1 m, and the yield of coal-based
graphene shows a decreasing trend within 2—6 m, while the
reflectance tends to be stable in this distance range.

3.5. Division of the Thermally Altered Zone. Combining
Ap,/Ag, which indicates the quality parameter of coal-based
graphene (the higher the Ap,/Ag ratio, the lower the order of
samples and products), with the yield value (W), can better
divide the thermally altered zone of this study. Figure 9 shows
that the sampling area can be divided into an altered zone and an
unaltered zone with a boundary of 2 m according to the
reflectance proximate analysis and ultimate analysis of coal.
According to the FTIR and Raman parameters of coal and coal-
based products, the altered zone is divided into an abnormally
altered zone and a normally altered zone with a boundary of
0.1 m; The nonthermal zone is divided into a transition zone and
an original coal zone with a boundary of 6 m. The abnormally
altered zone (within 0.1 m), although the reflectance of coal

Altered zone Unaltered zone

Transition zone

Original coal zone
*

—— Ru.m ax
W,
—k— AIH Alv

+ Sampling points

8 10
Distance (m)

Figure 9. Division of the thermally altered zone and distribution of the
yield and quality of coal-based graphene in zones.

sample in this zone is the highest, due to the destruction of
magmatic heat and exogenous materials, the aromaticity and
structural parameters of coal sample and products are abnormal;
normal altered zone (0.1—2.0 m), the aromaticity and order of
structure of samples and products in this zone are better than
those in other bands, and the structural parameters of the bulk of
samples and products increase or decrease with reflectance,
which is a typical thermal altered feature; transition zone (2.0—
6.0 m), although the reflectance of the samples in this zone is the
same as that of the original coal in this study area, the aromatic
parameters, aliphatic parameters and degree of order of samples
and products in this zone are between normal altered coal and
original coal and fluctuate; original coal zone (more than 6.0 m),
almost all parameters of samples and products tend to be stable
in this band.

It can also be seen from Figures 8 and 9 that the coal-based
graphene prepared from the samples of the normal altered zone
is the best in both yield and quality, and yield and quality
are positively correlated with reflectance. Although TSI in the
abnormally altered zone has a high yield of graphene, the quality
of coal-based graphene prepared by it is not very good due to the
destruction of magmatic heat and the pollution of exogenous
substances. The yield and quality of coal-based graphene
prepared from the samples in the transition zone are between
those of the normal altered zone and the original coal zone. The
yield and quality of coal-based graphene from original coal
are the worst, which is caused by its coal quality and coal
structure attributes. Therefore, for the yield of coal-based
graphene, the order of the zones from highest to lowest is as
follows: the normal altered zone, the abnormally altered zone,
transition zone, and the original coal zone; for the quality of coal-
based graphene, the order of the zones from highest to lowest is
as follows: the normal altered zone, transition zone, abnormally
altered zone, and original coal zone. Except for the abnormally
altered zone, magmatic contact metamorphism is beneficial to
the coal structure as well as the yield and quality of coal-based
graphitic products, and coals in the normal altered zone are the
ideal materials for coal-based graphene.

4. CONCLUSIONS

Through FTIR and Raman spectral analysis, the structural
parameters f,."', I, DOC, CH,/CHj;, ‘C’, G-D; and Ap,/Ag of
Tashan thermally altered coal and coal-based graphitic materials
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with different distances from the dike, and the following
conclusions were drawn:

The aromaticity and degree of order of Tashan thermally
altered coal increase with increasing of reflectance. Due to the
cutting effect of strong acids on aliphatic chains, the aromaticity
of coal slightly increases, and the aliphatic parameters slightly
increase after demineralization. However, demineralization
cannot improve the degree of order of the coal structure. In
contrast, the removal of minerals in coal destroys the aromatic
structure, resulting in a significant reduction in the degree of
order, with the most obvious change in the Ap,/Ag value.

Graphitization can eliminate a large number of aliphatic
chains in the sample, significantly improve the aromaticity
parameters f," and I, and significantly reduce the degree of
oxidation degree “C”. The degree of order of the samples after
graphitization is greatly improved and tends to be similar. Redox
reaction will reduce the aromatic parameters of the products, the
degree of oxidation after oxidation is significantly increased, and
the ether functional groups brought by the oxidation
intercalation are difficult to reduce and remove. The degree of
order of coal-based graphene from Tashan thermally altered
coal, is positively correlated with the original structural
parameters of the raw coal.

Through the analysis of the evolution trend of FTIR and
Raman parameters of coal samples and products, the Tashan
thermally altered area can be divided into four zones from near
to far from the dike: the abnormally altered zone, normal altered
zone, transition zone, and original coal zone. The evolution of
structural parameters of thermally altered coal and coal-based

graphitic products is from jumping to gradual change, then to
fluctuation and finally tends to be stable. The variation trend of
the graphene yield and quality with the distance from the dike
basically conforms to the characteristics of the four zones.
Magmatic contact metamorphism can improve the original
structure of coal and improve the yield and quality of coal-based
graphene. For the coal resources in the thermally altered zone,
the coals in the normal altered zone are the ideal raw material
sources of coal-based carbon materials.

The study of using the structural parameters of coal and coal-
based carbon materials to divide the thermally altered zones is
still in the exploratory stage. Multiple comprehensive character-
ization parameter indicators should be applied in future
thermally altered zones division work, such as XRD, XPS,
NMR, AFM, TEM, STM, etc. This study could provide a
template for the division of other thermally altered regions in the
future. Differences in the scale, temperature, and duration of
intrusions in other thermally altered regions may result in
different division distances, but the types of zones should be
consistent. In this study, coal samples from the normal altered
zone are ideal raw materials for carbon materials, which also
provides reference for other fields. However, for natural thermally
altered regions, we cannot consider the extension of normal altered
zones. However, we can consider large-scale, high-temperature,
and long-acting intrusion dikes, which can cause larger thermally
altered halos and theoretically, more normal altered zones.

Bl APPENDIX A

Table Al. Structural Parameters of Raw Coal and Demineralized Coal from FTIR Spectra

sample distance (m) Ry max (%) i
TS1 0.01 3.67 0.58
TS2 0.1 3.50 0.71
TS3 0.6 2.86 0.67
TS4 1.1 1.87 0.61
TSS 1.6 1.57 0.61
TS6 2.5 0.79 0.42
TS7 2.7 0.94 0.44
TS8 4.5 0.75 0.40
TS9 6.3 0.72 0.28
TS10 7.1 0.73 0.24
TS11 10.0 0.79 0.27
TS12 17.3 0.78 0.23
D-TS1 0.01 0.66
D-TS2 0.1 0.87
D-TS3 0.6 0.75
D-TS4 1.1 0.63
D-TSS 1.6 0.62
D-TS6 2.5 0.50
D-TS7 2.7 0.52
D-TS8 4.5 0.49
D-TS9 6.3 0.43
D-TS10 7.1 0.41
D-TS11 10.0 0.44
D-TS12 17.3 0.43

34407

15 I CH,/CH, DOC ‘C
0.97 3.24 0.54 1.18 0.17
0.96 432 0.59 1.34 0.11
0.94 4.19 0.61 1.23 0.12
0.90 3.46 0.71 1.15 0.15
0.83 2.60 0.92 0.99 0.19
0.79 1.12 1.86 0.65 0.28
0.79 1.23 1.90 0.58 0.26
0.76 1.06 1.93 0.57 0.26
0.71 0.57 3.71 0.32 0.35
0.72 0.67 4.66 0.33 0.34
0.70 0.52 4.59 0.40 0.37
0.68 0.53 3.64 0.39 0.35

4.94 0.18 1.33 0.15
5.01 0.20 1.39 0.10
4.67 0.20 1.30 0.10
411 0.27 1.25 0.11
4.03 0.33 1.14 0.14
291 0.82 0.71 021
3.33 1.02 0.58 0.24
2.65 0.79 0.63 0.19
0.93 1.67 0.44 0.26
1.13 1.80 0.38 0.29
1.07 1.76 0.44 0.30
0.90 1.94 0.39 0.25
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Table A2. Structural Parameters of Coal-Based Graphite, Coal-Based Graphene Oxide, and Coal-Based Graphene from FTIR

Spectra

sample
G-TS1
G-TS2
G-TS3
G-TS4
G-TSS
G-TS6
G-TS7
G-TS8
G-TS9
G-TS10
G-TS11
G-TS12
GO-TS1
GO-TS2
GO-TS3
GO-TS4
GO-TSS
GO-TS6
GO-TS7
GO-TS8
GO-TS9
GO-TS10
GO-TS11
GO-TS12
GS-TS1
GS-TS2
GS-TS3
GS-TS4
GS-TSS
GS-TS6
GS-TS7
GS-TS8
GS-TS9
GS-TS10
GS-TS11
GS-TS12

distance
(m)
0.01
0.1
0.6
1.1
1.6
2.5
2.7
4.5
6.3
7.1
10.0
17.3
0.01
0.1
0.6
1.1
1.6
2.5
2.7
4.5
6.3
7.1
10.0
17.3
0.01
0.1
0.6
1.1
1.6
2.5
2.7
4.5
6.3
7.1
10.0
17.3

fa
0.97
0.98
0.99
0.99
0.98
0.96
0.97
0.97
0.95
0.97
0.95
0.94
0.96
0.99
0.95
0.98
0.98
0.94
0.97
0.95
0.96
0.97
0.95
0.94
0.97
0.99
0.96
0.98
0.95
0.95
0.94
0.90
0.93
0.96
0.89
0.94

fa

4122
55.26
45.69
49.10
44.72
29.80
27.09
32.44
20.45
18.65
19.77
21.34
57.17
66.92
60.22
62.91
53.48
40.09
36.70
45.41
28.74
25.05
25.83
29.04
60.04
65.23
61.97
52.69
54.45
42.90
41.76
45.77
29.01
3147
32.70
30.05

CH,/
CH, DOC ©
0.01 0.75 0.04
0.01 0.97 0.01
0.03 0.92 0.02
0.01 0.95 0.02
0.02 0.85 0.03
0.02 0.77 0.07
0.06 0.80 0.05
0.01 0.82 0.08
0.08 0.72 0.07
0.10 0.66 0.12
0.02 0.75 0.12
0.05 0.69 0.11
0.14 0.78 0.56
0.10 1.04 0.45
0.11 0.83 0.53
0.11 0.90 0.49
0.09 0.67 0.47
0.13 0.95 0.69
0.09 0.85 0.61
0.13 0.66 0.65
0.11 0.79 0.71
0.15 0.70 0.68
0.12 0.64 0.65
0.13 0.68 0.64
0.31 0.93 0.12
0.26 1.11 0.10
0.21 1.03 0.15
0.35 0.95 0.14
0.44 1.15 0.14
0.30 0.88 0.16
0.29 0.79 0.15
0.56 0.83 0.20
0.41 0.61 0.18
0.36 0.69 0.19
0.29 0.73 0.16
0.35 0.70 0.15

Table A3. Structural Parameters of Raw Coal and Demineralized Coal from Raman Spectra

sample

TS1
TS2
TS3
TS4
TSS
TS6
TS7
TS8
TS9
TS10
TS11
TS12
D-TS1
D-TS2
D-TS3
D-TS4
D-TSS

distance (m)

0.01
0.1
0.6
1.1
1.6
2.5
2.7
4.5
6.3
7.1
10.0
17.3
0.01
0.1
0.6
1.1
1.6

position
1347.44
1330.92
1337.86
1339.81
1343.13
1359.45
1348.95
1359.97
1365.40
1373.23
1368.25
1371.21
1353.31
1335.43
1340.48
1349.87
1346.57

D1 (ecm™)

fwhm

186.10
125.26

90.86
170.97
181.79
216.89
197.74
136.76
177.34
169.98
150.99
140.51
178.59
122.59
117.82
165.90
139.75

34408

position
1590.56
1599.52
1598.23
1595.45
1592.94
1590.75
1593.65
1592.03
1593.33
1595.51
1594.23
1591.47
1591.75
1599.13
1601.06
1597.04
1588.87

fwhm Ap1/Ag G-D1
69.28 1.61 243.12
46.30 127 268.60
51.92 131 260.37
56.66 1.44 255.64
61.67 147 249.81
82.69 1.58 231.30
75.88 1.54 244.70
79.13 1.60 232.06
88.97 1.75 227.93
82.05 179 22228
90.25 1.74 225.98
83.37 1.76 220.26
76.46 2.70 238.44
51.62 1.71 263.7

57.11 1.85 260.58
64.33 1.89 247.17
70.89 1.96 242.30
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Table A3. continued

sample
D-TS6
D-TS7
D-TS8
D-TS9
D-TS10
D-TS11
D-TS12

distance (m)

2.5
2.7
4.5
6.3
7.1
10.0
17.3

DI (cm™?)
position fwhm
1354.11 172.19
1359.52 215.46
1358.30 165.32
1365.49 160.67
1361.26 197.49
1362.54 180.59
1370.81 170.03

G (em™)

position
1596.30
1593.86
1599.12
1598.62
1600.71
1597.27
1603.9

fwhm

76.10
79.40
80.79
91.44
88.03
85.63
76.95

Ap1/Ag
2.39
2.58
2.43
2.71
3.23
3.34
2.98

G-D1
242.19
234.34
240.82
233.13
239.45
234.73
233.09

Table A4. Structural Parameters of Coal-Based Graphite, Coal-Based Graphene Oxide, and Coal-Based Graphene from Raman

Spectra
DI (ecm™) G (em™)
sample distance (m) position fwhm position fwhm Ap,/Ag G-D1 Lp/Ig
G-TS1 0.01 1350.06 3848 1581.54 28.87 0.26 231.48
G-TS2 0.1 1347.89 38.73 1586.62 26.02 0.15 238.73
G-TS3 0.6 1348.79 40.19 1585.54 26.06 0.17 237.75
G-TS4 1.1 1349.27 38.01 1583.81 26.77 0.19 234.54
G-TSS 1.6 1348.30 46.81 1580.10 26.85 0.21 231.80
G-TS6 2.5 1350.29 41.04 1579.72 29.15 0.24 229.43
G-TS7 2.7 1347.24 44.53 1577.08 29.70 0.25 229.84
G-TS8 4.5 1350.86 43.14 1578.07 29.54 0.25 22721
G-TS9 6.3 1351.65 44.98 1574.74 32.41 0.31 223.09
G-TS10 7.1 1348.19 47.58 1573.60 35.87 0.34 226.41
G-TS11 10.0 1349.68 46.56 1572.08 37.02 0.40 223.40
G-TS12 17.3 1350.38 45.94 1575.19 35.28 0.30 224.81
GO-TS1 0.01 1360.26 159.87 1589.83 76.43 1.45 229.57
GO-TS2 0.1 1355.46 144.88 1597.87 63.71 1.29 24241
GO-TS3 0.6 1358.45 151.96 1597.97 64.33 1.30 239.52
GO-TS4 1.1 1358.30 139.83 1596.62 64.53 1.33 238.32
GO-TSS 1.6 1360.61 138.48 1595.54 66.60 1.33 234.93
GO-TS6 2.5 1361.42 137.03 1590.97 74.55 1.41 229.55
GO-TS7 2.7 1360.78 141.03 1588.45 75.21 1.44 227.67
GO-TS8 4.5 1360.14 140.75 1585.52 72.01 1.57 227.38
GO-TS9 6.3 1361.37 139.07 1585.31 96.63 1.64 223.94
GO-TS10 7.1 1364.90 136.55 1585.95 95.67 1.79 221.05
GO-TS11 10.0 1361.57 126.67 1584.69 94.68 1.82 223.12
GO-TS12 17.3 1360.69 138.28 1582.80 95.82 1.76 222.11
GS-TS1 0.01 1345.78 150.60 1580.53 89.40 1.48 234.75 0.19
GS-TS2 0.1 1342.93 142.59 1593.36 76.09 1.20 250.43 0.35
GS-TS3 0.6 1342.94 132.18 1592.49 77.24 1.21 249.55 0.42
GS-TS4 1.1 1343.72 135.84 1590.34 80.09 1.27 246.62 0.37
GS-TSS 1.6 1345.09 139.84 1589.72 83.23 1.29 244.63 0.33
GS-TS6 2.5 1346.02 133.63 1580.22 94.00 1.39 234.2 0.30
GS-TS7 2.7 1346.53 154.58 1582.54 98.02 1.45 236.01 0.30
GS-TS8 4.5 1347.69 129.52 1581.70 93.81 1.42 234.01 0.28
GS-TS9 6.3 1348.68 144.63 1576.07 110.51 1.55 227.39 0.27
GS-TS10 7.1 1348.05 139.24 1574.69 106.75 1.63 226.64 0.27
GS-TS11 10.0 1347.81 142.71 1573.06 107.03 1.66 225.25 0.25
GS-TS12 17.3 1350.30 145.46 1572.53 105.94 1.66 222.23 0.15
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