1874 Indones. J. Chem., 2022, 22 (6), 1574 - 1585
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Abstract: Liquefaction of low-rank coal has been done to optimize the utilization of low-
rank coal, which is less economical for obtaining alternative fuel oil. Coal samples were
taken from the Bukit Pinang coal mine, Samarinda Ulu, East Kalimantan. Coal was
liquefied using the NEDOL procedure at PUSPITEK, Serpong, South Tangerang,
Indonesia. This Bukit Pinang coal liquefaction produces five fractions consisting of
Naphta, Light Oil (LO), Middle Oil (MO), Heavy Oil (HO), and Coal Liquid Bottom
(CLB) fractions. The liquefaction yield was dominated by the HO and CLB fractions
(> 50% by weight). The naphtha, MO and LO fractions were fractionated using SiO, GF,s,
Thin Layer Chromatography (TLC) plate. It produced aliphatic and aromatic
hydrocarbon fractions. Aliphatic hydrocarbon fractions were analyzed using a Gas
Chromatography-Mass Spectrometer (GC-MS), while the aromatic hydrocarbon
fractions were not analyzed. Mass spectrum studies showed that the components consisted
of n-alkanes, isoalkanes (branched alkanes), cycloalkanes and alkyl cycloalkanes. The
aliphatic hydrocarbon components resulting from the liquefaction of low-rank coal
showed its equivalence with the components that make up fuel oil. Therefore, this coal
liquefaction can be suggested as an optimization for low-rank coal, which is less
economical.

Keywords: coal liquefaction; Naphtha; Light Oil (LO); Middle Oil (MO); aliphatic
hydrocarbon

= INTRODUCTION

Although coal and oil have different forms, they
contain hydrocarbon as the main element [6]. Low-rank

Oil or liquid fuels are still the primary energy
sources in Indonesia, especially in the transportation
sector. Continuing economic growth causes the
consumption of these fuels to increase. On the other hand,
data from the government shows that oil reserves are
decreasing. In 2016, Indonesia had 7.25 MMSTB (Million
Stock Tank Barrels) in oil reserves. However, in 2020, 4.17
MMSTB remained [1]. It means that someday Indonesia
will need more oil imported from another country to
fulfill its daily needs. This phenomenon would be
problematic due to volatile global energy prices caused by
global challenges [2-4]. This predicament necessitates the
move from oil to alternative energy sources. Another
abundant fossil energy source in Indonesia, coal, holds a
respectable alternative energy position [5].

coals dominate coal reserves; lignite, sub-bituminous
and bituminous are primarily found in the Sumatera
basins and Kalimantan. Low-rank coals have low
calorific values (< 5100-6100 KJ) [7-8]. Low-rank coal is
ineffective if used directly as solid fuel because the
energy produced is relatively small and cheap. However,
this coal is easy to liquefy. Liquefaction of coal not only
changes its form into a liquid, more like oil fuels, and
enhances the calorific value. Thereby, it can increase the
economic value of coal. Coal liquefaction has been
widely practiced as an implication of producing liquid
fuel [9-13]. Liquefaction of coal can be done directly or
indirectly. One standard coal liquefaction process is the
direct coal liquefaction (DCL) method. Direct coal
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liquefaction (DCL) has attracted much attention because
of its abundant coal reserves, and liquefied coal is cleaner
for the environment than solid coal [9-12].

The Direct Coal Liquefaction (DCL) process works
well at 400-470 °C under a pressure of 7-20 MPa H, in a
hydrogen donor solvent and a suitable catalyst. The DCL
method requires feed coal with total vitrinite and axinite
content of more than 80% and a H/C ratio of more than
0.66 [13]. Meanwhile, coal with more inertinite or less
volatile content does not work well for the DCL process
[14-16]. Coal of different grades has various uses in
industry. Bituminous coal with a volatile content is
suitable for combustion [17]. Anthracite coal is required
for carbon material [18]. In addition, coal with the same
rank will have different qualities. It depends on the coal
depositional environment (coalification) [19]. Therefore,
it is crucial to know the correlation between fossil coal's
organic components and coal liquefaction products'
hydrocarbons [1].

The products of direct liquefaction of sub-
bituminous can be grouped based on differences in their
boiling points into naphtha fraction, light oil (LO)
fraction, middle oil (MO) and heavy oil (HO). The
components of liquid coal are organic compounds. It

consists of m-alkanes (n-C;-n-C;3), isoalkanes,
cycloalkanes, phenols, alkylbenzenes and polycyclic
aromatic hydrocarbons (PAHs) (naphthalene and

indene) [12]. The organic components of liquid coal are
derived from the macromolecular structure of coal and
biomarkers, which are decomposed through the thermal
breakdown reaction of coal [20]. Indirect liquefaction
through gasification integrated with the Rectisol/Fischer-
Tropsch process produces alternative diesel fuel [21].
Coal liquefaction is an attempt to increase the
relatively low H/C ratio of coal, values between 0.3-0.8, to
approach a higher oil H/C ratio, reaching 0.9-1.3 through
the addition of hydrogen by a donor catalyst. The
characteristics of coal suitable for liquefaction have a high
concentration of moisture matter and a H/C ratio > 0.75
with a vitrinite reflectance index < 0.80% and a vitrinite +
liptinite content > 60% [14,22]. Meanwhile, coal with
more inertinite or less volatile content does not work well
for the DCL process [14-16]. Coal's maceral and mineral
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composition are related to the magnitude of the
conversion of coal organic matter into liquid fuel. The
characteristics of coal content with more lignite are
more straightforward to melt than sub-bituminous [15].

An in-depth understanding of the presence of
maceral in coal is carried out through the relationship
between the macromolecular structure of coal and
biomarkers produced in coal liquefaction. The
relationship is in the old coal depositional environment,
the origin of the source of coal-forming organic
compounds and coal maturity [16-19,23-26]. The
biomarkers found in the liquefaction products are
accessible biomarkers that do not undergo
decomposition or are bound to the coal matrix and
released during liquefaction.

One of the low-rank coals that have the potential
to be liquefied is coal from the Bukit Pinang coal mine,
Samarinda Ulu, East Kalimantan. The chemical
components of coal have never been disclosed, making
it impossible to evaluate its feasibility of diversifying to
liquid fuels. This paper discusses in depth the aliphatic
hydrocarbon fraction, a fraction of the biomarkers of
Bukit Pinang coal. The aliphatic hydrocarbon fraction
will consider the accuracy of coal-type segregation for

coal liquefaction.

m EXPERIMENTAL SECTION
Materials

The primary materials in this research consist of
coal and limonite catalysts. A coal sample was obtained
from Bukit Pinang, Samarinda Ulu. Limonite SH was
derived from Agency for the Assessment and
Application of Technology (BPPT), PUSPITEK,
Serpong, South Tangerang. Heavy oil as a carrier
medium of coal dan catalyst was prepared in the reactor.
Organic solvents such as n-hexane and dichloromethane
for analysis EMSURE were also used in this study. Silica
gel GF,s4 was used for TLC purposes.

Instrumentation

Identification of biomarkers in coal samples using
GC-MS equipment (Agilent 7890A). This apparatus was
equipped with a 7683B automatic sampler, an on-
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column injection chamber, and a fused silica capillary
column (60 m x0.25 mm i.d.) coated with 95% methyl/5%
phenyl silicone phase (HP-5 ms, film thickness 0.25 pm).
Helium was used as a carrier gas. The GC was coupled
with an Agilent 5975C mass selective detector (MSD).

Procedure

Coal liquefaction and fractionation

Coal samples from Bukit Pinang, as much as
seventy-five grams (75 g), Samarinda Ulu were liquefied
using the NEDOL procedure [27] with limonite SH as a
catalyst. The Coal Liquefaction was performed at
Laboratory BPPT, PUSPITEK, Serpong, South Tangerang.
The liquid product (slurry) was then fractionated using
vacuum distillation at 10 mmHg based on the difference
in the boiling points of each fraction. The results of the
fractionation are Naphtha fraction which evaporates at a
temperature of 30-180 °C, LO at a temperature of 180-
220°C, MO at a temperature of 220-350 °C, HO at a
temperature of 350-538 °C and coal liquid bottom (CLB)
at > 538 °C. The naphtha product was directly analyzed
using GC-MS. The LO and MO products were further
fractionated to obtain aliphatic and aromatic hydrocarbon
fractions. The chemical components and biomarkers of
Naphtha, LO and MO fractions were identified using GC-
MS. In this paper, only aliphatic hydrocarbon biomarkers
from coal-owned biomarkers are discussed.

Gas chromatography-mass spectrometer analysis

The GC-MS settings were as follows. The aliphatic
fraction was diluted in n-hexane and analyzed through
coupled GC-MS for biomarker composition. The GC
oven was programmed as follows: a temperature of 80 °C
was maintained for 5 min, increased to 100 °C at the rate
of 10 °C/min, increased further to 300 °C at the rate of
4 °C/min, and maintained for 35 min. The mass selective
detector operated at an ion source temperature of 230 °C,
ionization energy of 70 eV, and cycle time of 1 s in a mass
range from 45 to 1100 Da.

m  RESULTS AND DISCUSSION
Coal Liquefaction Products

The coal (75 g) liquefaction produces coal slurry
with a composition of Naphtha fraction (1.43%); the
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fraction of Light Oil (LO) (6.84%); Middle Oil (MO)
fraction (2.3%); Heavy Oil (HO) fraction (25.41%) and
Coal Liquid Bottom (CLB) fraction (33.72%). The data
illustrates that Bukit Pinang sub-bituminous coal
liquefaction products are dominated by Heavy Oil and
Coal Liquid bottoms with a total percentage of > 50%.

The success of the coal liquefaction process is
determined by the H/C ratio of the coal to be liquefied
and the hydrogen donor solvent used. Based on the
ultimate and proximate analysis of Bukit Pinang coal,
Samarinda Uluy, it is known that the H/C ratio is 0.89,
and the volatile content is 50.7%, as an indicator of coal
suitable for liquefaction. However, the resulting CLB
product is more dominant than LO and MO. The oil
yield obtained in this study is lower when compared with
the coal liquefaction of Xinjiang, China which has a H/C
ratio > 0.68, 73.9% [6]. It may be due to the less-than-
optimal active hydrogen donated by the solvent. It
cannot inhibit the reaction between free radicals formed
in the coal liquefaction [20,28]. As a result, CLB
products are more dominant than LO and MO products
[2].

Identification of Aliphatic Hydrocarbon Fractions

The identifying  the
components of the aliphatic hydrocarbon fraction of
Naphtha, LO, and MO products are shown as Total Ion
Chromatogram (TIC) as shown in Fig. S1-S3 and Table
1. The structure of all compounds was elucidated

results of chemical

through the fragmentation reaction, then compared to
the previously published papers. They were n-alkanes,
(branched alkanes) and
Conversion of retention time (in Fig. S1-S3) into

isoalkanes cycloalkanes.

temperature is carried out based on the oven
temperature program, as follows:
80 °C (5 min) 10°C/min 100 °C 4°C/min 300 °C (35 min)
The oven temperature is 80 °C starting at the
retention time = 0 min. The temperature was maintained
at 80 °C for 5 min, which means that until the 5 min,
the oven temperature was still 80 °C. Furthermore, the
temperature was increased by 10 °C/min to 100 °C. It
means that at a temperature of 100 °C, the retention time
was increased by 2 min (Rt =7 min). Furthermore, the
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Table 1. TIC aliphatic hydrocarbon fractions of Naphta, LO, and MO
No Compound Compound name Molecular + Composition (%)
formula LO MO Naphta

1 G n-Methly-cyclohexane CHuy 98 - - 0.42
2 i-Cy Iso-nonane CoHao 128 - - 1.47
3 G n-Ethyl-cyclohexane CsHis 112 - - 0.76
4  i-Cy Iso-decane CioHa, 142 - - 12.49
5 G n-Propyl-cyclohexane CoH1, 126 - - 3.22
6 i-Cy Iso-undecane CiiHa 156 - - 3.07
7  Cu n-Pentyl-cyclohexane CuHaz 154 - - 2.08
8 n-Cy n-Decane CioHz 142 - - 25.52
9 i-Cp Iso-dodecane Ci2Hae 170 - - 1.72
10 Cp n-Hexyl-cyclohexane CioHas 168 - - 0.41
11 Cy Methyl-n-propyl-cyclohexane CioHazo 140 - - 2.07
12 n-Cy n-Undecane CuHas 156 9.58 - -

13 G n-Ethyl-cyclohexane CsHis 112 0.11 - -

14 n-Cp n-Dodecane Ci2Hag 170 26.7 2.55 10.62
15 G n-Propyl-cyclohexane CoHis 126 0.22 - -

16 n-Cys n-Tridecane CisHas 184  24.81 7.70 6.06
17 Cyp n-Butyl-cyclohexane CioHazo 140 0.14 0.08 -

18 n-Cy n-Tetradecane CuaHso 198  16.2 11.77 2.04
19 Cy n-Pentyl-cyclohexane CuHaz 154 0.08 0.08 1.37
20 n-Css n-Pentadecane CisHa 212 9.52 12.77 0.97
21 Cp n-Hexyl-cyclohexane C2Has 168 0.04 0.11 0.41
22 n-Cy n-Hexadecane CisHsq 226 5.83 14.29 1.04
23 Cp n-Heptyl-cyclohexane CisHa 182 - 0.13 -

24 n-Cy n-Heptadecane Ci7Hse 240 3.94  16.90 0.59
25 Cu n-Octyl-cyclohexane CisHas 196 0.07 -

26 n-Cpg n-Octadecane CisHss 254 2.41 12.96 0.49
27 G n-Nonyl-cyclohexane CisHao 210 0.03 -

28 n-Cyp n-Nonadecane CioHyo 268 0.27 8.43 0.35
29 n-Cy n-Eicosane CyHap 282 0.15 5.09 0.29
30 n-Cy n-Heneicosane CoHyy 296 - 3.03 -

31 n-Cyp n-Docosane CyHys 310 - 1.75 -

32 n-Cy n-Tricosane CysHas 324 - 1.01 -

33 n-Cy n-Tetracosane CasHso 338 - 0.68 -

34 n-Cy n-Pentacosane CysHs, 352 - 0.36 -

35 n-Cy n-Hexacosane Ca6Hss 366 - 0.49 -

oven temperature was increased by 4 °C/min until the = The n-Alkane and Isoalkane
oven temperature was 300 °C. It means that for every 4 °C The distribution of n-alkane and isoalkane

increase in oven temperature, the retention time
increased by 1 min. The temperature of 300 °C was
maintained for 35 min. It means the retention time moved
without being accompanied by an increase in oven

temperature.

compounds in each aliphatic hydrocarbon fraction of
Naphtha, LO and MO products from the coal
liquefaction of Bukit Pinang, Samarinda Ulu is shown in
Fig. S4, S5, and S6 or Table 2. Identification of n-alkane
compounds was carried out based on the fragmentogram
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Table 2. Aliphatic hydrocarbon n-alkane and isoalkane fraction of Naphta, LO, and MO

No Compound Compound name Molecular Composition (%)
formula LO MO Naphta

1 i-Cy Iso-nonane CsHy 128 - - 1.65
2 i-Cyp Iso-decane CioHz 142 - - 13.99
3 i-Cpy Iso-undecane Ci1Has 156 - - 3.44
4 i-Cp Iso-dodecane Ci.Hys 170 - - 1.93
5 n-Cyp n-Decane CioH» 142 - - 28.59
6 n-Cy n-Undecane CiiHa 156 9.64 - 25.23
7  n-Cp n-Dodecane Ci2Hz 170 26.86 2.56 11.90
8 nCs; n-Tridecane Ci3Hys 184 24.95 7.74 6.79
9 nCu n-Tetradecane Ci4H3o 198 16.30 11.83 2.28
10 n-Cys n-Pentadecane CisHs, 212 9.58 12.83 1.09
11 n-Cy n-Hexadecane Ci6Hza 226 5.86 14.36 1.17
12 n-Cy n-Heptadecane Ci7Hse 240 3.96 16.98 0.66
13 n-Cys n-Octadecane CisHss 254 2.43 13.02 0.55
14 n-Cyp n-Nonadecane Ci9Hyo 268 0.27 8.47 0.40
15 n-Cy n-Eicosane CyHa 282 0.15 5.12 0.32
10 n-Cy n-Heneicosane CuHu 296 - 3.05 -

11 n-Cy n-Docosane CxnHue 310 - 1.76 -

12 n-Cy n-Tricosane CyHys 324 - 1.02 -

13 n-Cy n-Tetracosane CaaHso 338 - 0.68 -

14 n-Cys n-Pentacosane CysHs, 352 - 0.36 -

15 n-Cy n-Hexacosane Ca6Hss 366 - 0.20 -

Table 3. Composition of n-alkane and isoalkane of Naphtha, LO, and MO products

Liquefaction =~ Temp. range n-alkanes Isoalkanes Max. intensity Min. intensity
product (°C) (CoHans2) (CuHans2) (n-alkanes) (n-alkanes)
Naphtha 30-180 n-Cip-n-Cpo i-Co—i-Cr2 n-Cio-n-Cyy n-Cyo
LO 180-220 n-Cy1-n-Cyo - n-C, n-Cy
MO 220-350 n-Ciz-n-Cse - n-Cy; n-Cas

m/z 57. It was obtained from the GC-MS instrument
software to analyze the m/z57 value from the
chromatogram.
Identification of n-alkane compounds from
Naphtha products showed that the distribution of n-
alkane homologs (1-C,o-1-Cy), LO products contained -
(n-Ci1-n-Cy») and MO products
contained n-alkane homologs (n-Ci;-n-Cys). Only the
naphtha products contain isoalkanes (i-Co-i-Cyz), as
indicated by peaks 1-4 (Fig. S4). The composition of the
n-alkane and isoalkane products of Naphtha, LO and MO

is listed in Table 3.

alkane homologs

Based on the n-alkane composition identified in
the Naphtha, LO and MO products, there appear to be
suitability for the raw material requirements for
gasoline, kerosene, and diesel fuel formulations [29].
The small intensity of the n-alkane medium chain, such
as n-Cy in Naphtha and LO products, is shown in Table
3. It is caused by Naphtha products obtained in the low
fractionation distillation temperature range (30-180 °C).
Thereby, n-Cy has fractionated in quantity the
minimum. The liquefaction product shows that n-Cio-n-
Cu represents the maximum intensity of Naphtha
products, n-Cy, for LO products, and #n-C;; for MO

Yulfi Zetra et al.



Indones. J. Chem., 2022, 22 (6), 1574 - 1585

products. The maximum intensity of each product shows
the characteristics of each product. Naphtha products
consist of n-alkanes (paraffin), short-medium chains (n-
C10-n-Cy) and isoalkanes (iCo-iCy;). The formation of n-
alkanes in Naphtha, LO, and MO products can occur
through the thermal cracking reaction of long-chain n-
alkanes [10,30-31].

Aliphatic hydrocarbon compounds are branch
chains in coal's macromolecular structure. The lower the
coal maturity, the longer the aliphatic carbon chain, so the
degradation reaction produces more long-chain alkanes.
Medium chain n-alkane homologs such as n-Cjo-n-Cy
were obtained in Naphtha products. Thereby Bukit
Pinang coal, Samarinda Ulu is immature coal. The
distribution of n-alkane medium chain (n-Cio-n-Cy) in
Naphtha and LO products, n-alkane medium-long chain
(n-Ci2-n-Cy) in MO products, is a characteristic of the
cracking process of the macromolecules structure of
immature coal [32].

The thermal cracking of Bukit Pinang coal produces
n-alkane (n-Co-n-Cy) hydrocarbons dominated by long-
chain n-alkanes. Long-chain n-alkanes are precursors for
forming short-chain n-alkanes in coal and petroleum
liquefaction products. It is the case with n-alkane cracking
(n-CyHse) contained in petroleum at 350 °C for 24 h
producing short-chain n-alkanes (n-Cs-n-Co) [30] and
cracking n-pentadecane (n-CysHs,) produces short-chain
n-alkanes (n-C;-n-Cs) [33]. The liquefaction of Bukit
Pinang-Samarinda Ulu coal, which took place at a
temperature of 450 °C for 24 h, resulted in short-medium
n-alkanes for Naphtha and LO products and medium-
long chain n-alkanes for MO products. Although
liquefaction is carried out at a higher temperature
(450 °C) than the cracking temperature of n-alkanes (n-
C1:Hye) in the petroleum fraction (350 °C) for 24 h, it turns
out that Bukit Pinang's liquid coal product does not
produce short-chain n-alkanes the same one. Bukit
Pinang coal has a low maturity, so it is estimated to have
a long n-alkane side chain in its macromolecular matrix.
Thus, cracking produces short-medium chain n-alkanes
in Naphtha and LO products, while medium-long chain
n-alkanes are produced in MO products.
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The distribution of short-medium n-alkanes (n-
Cio-11-Cy) in Naphtha and LO products resulting from
the liquefaction of Bukit Pinang coal has similarities
with  the
component, West Java [34] and liquid oil produced

Arjuna Basin petroleum hydrocarbon

through the pyrolysis of Talang Akar coal [35]. The
chemical composition of the Bukit Pinang coal
liquefaction product also has similarities with the raw
material components of commercial fuel formulations
[29]. Thus, the n-alkane component produced has
similarities with the components of the gasoline,
kerosene and diesel fuel formulations. The similarity of
precursors for forming short-chain n-alkanes between
coal and petroleum liquefaction products supports the
potential for liquified coal liquefaction products to be
formulated as a liquid fuel source.

Isoalkane Compounds

The isoalkanes in the sub-bituminous coal
liquefaction products of Bukit Pinang, Samarinda Ulu,
were only found in the Naphtha products and not in the
LO and MO products. The presence of isoalkanes in
Naphtha products is indicated by peaks 1, 2, 3 and 4, as
shown in Fig. S4. These compounds were identified
based on the m/z 57 fragmentogram. The fragmentation
pattern was characterized by increased intensity of
specific characteristic fragment peaks [31]. Based on the
mass spectrum data, peak (1) with [M+] ion at m/z 128
was identified as 2,6-dimethyl heptane (i-CsH), peak
(2) with m/z 128 was identified as compound 4-methyl-
octane (CoHa). Peak (3) with m/z 142 as 2,6-dimethyl-
octane (CioH,,), and peak (4) with m/z 156 identified as
2,6-dimethyl-nonane (C;;Hjs). The distribution of
(i-Co-i-C11)
products was thought to originate from the thermal

short-chain isoalkanes in liquefaction
cracking process of heavier isoprenoids such as pristane
and phytane. This compound was found as a biomarker
in the coal extract of Bukit Pinang, Samarinda Ulu.
Short-chain isoalkane groups are also found in
petroleum formed during the catagenesis stage [31]. One
of the essential isoalkane compounds in fuels is iso-
octane. The iso-octane compound is an indicator of the

quality of the fuel type of gasoline as an octane number

Yulfi Zetra et al.



1880

value. The presence of isoalkane compounds in Naphtha
products causes this product to be more profitable as
gasoline fuel. It is due to isoalkane components reducing
the engine's tendency to knock it. The tendency for
gasoline to provide this anti-knock property increases if
there is branching in the alkane structure [36-38]. This
isoalkane component is not produced in the LO and MO
products analyzed. Therefore, Naphtha products are
more suitable as gasoline and kerosene fuel components
than LO and MO products. However, some conversion
processes can also convert n-alkanes to isoalkanes or
aromatic compounds in the application of petroleum as
fuel. Thus, LO and MO products containing straight-
chain alkane compounds can still be used as fuel through
this conversion and then obtained isoalkanes (i-Cs-i-C1,)
and n-alkanes (n-Cyo-n-Cy) in Naphtha products, n-Cy;-
n-Cy in LO products, and n-Cy,-n-Cy in MO products,
supporting the potential of Bukit Pinang coal to be
liquefied.

Cycloalkane Compound

The presence of cycloalkanes in the aliphatic
hydrocarbon fraction was identified based on the m/z 83
fragmentogram, Fig. S7, S8, and S9 or Table 4. The base
peak m/z 83 was formed due to the release of C¢Hyi*
fragments from n-alkyl cyclohexane compounds [10].

Indones. J. Chem., 2022, 22 (6), 1574 - 1585

Based on mass spectrum data analysis (Table 4),
the presence of cycloalkanes in Naphtha products was
(C)
cyclohexane (Cs), n-propyl-cyclohexane (Cs), n-pentyl-
cyclohexane (Ci), n-hexyl-cyclohexane (Ci,), methyl-n-

identified as n-methyl-cyclohexane n-ethyl-

propyl-cyclohexane (Ci), methyl-n-butyl-cyclohexane
(Cll)> (C12). The
cycloalkanes identified in this Naphtha product were

methyl-n-pentyl-cyclohexane

compatible with the gasoline fuel component [29]. The
presence of LO cycloalkanes is shown in Fig. S8.

Alkyl cycloalkanes showed the presence of
cycloalkanes in LO products. It is consist of n-ethyl-
cyclohexane (Cs), n-propyl-cyclohexane (Co), n-butyl-
cyclohexane (C,o), n-pentyl-cyclohexane (C,;), n-hexyl-
cyclohexane (Cy,). Fig. S9 shows the fragmentogram of
the existence of cycloalkanes in MO products.

The cycloalkane compounds in MO products were
(CIO))
cyclohexane (Ci;), n-hexyl-cyclohexane (Cy,), n-heptyl-

identified as n-butyl-cyclohexane n-pentyl-
cyclohexane (Cis), n-octyl-cyclohexane (Cis), and n-
(Ci5). The
cyclohexane compounds in Naphtha products showed
C;-Ci2 (C/His-CisHas). LO products contain Cs-Cy,
(CsHi6-CioHas), and MO products contain  Cio-Cis
(CioH20-CisHsp).  The

compounds in Naphtha, LO,and MO products showed

nonyl-cyclohexane distribution  of

distribution of cyclohexane

Table 4. Cycloalkane compound of Naphta, LO, and MO

No  Compound Compound Name Molecular + Composition (%)
formula LO MO Naphta

1 G n-methyl-cyclohexane C/Hiy 98 - - 3.08
2 Cs n-ethyl-cyclohexane CsHis 112 18.81 - 5.62
3 (O n-propyl-cyclohexane CoHis 126 36.75 - 23.89
4 Cu n-pentyl-cyclohexane CuHxn 154 24.37 - 15.44
5 Ci n-hexyl-cyclohexane CiaHay 168 13.62 - 23.45
6 Cuo methyl-n-propyl-cyclohexane CioHazo 140 - - 15.34
7 Cu methyl-n-butyl-cyclohexane CuHaz 154 - - 10.14
8 Cn methyl-n-pentyl-cyclohexane CrHy 168 - - 3.05
9 Cuo n-butyl-cyclohexane CioHyo 140 6.45 15.22 -

10 Cu n-pentyl-cyclohexane CuHaz 154 18.81 16.06

11 Ci n-hexyl-cyclohexane C2Has 168 36.75 21.85

12 Cis n-heptyl-cyclohexane CisHa 182 - 25.62 -

13 Cu n-octyl-cyclohexane CraHs 196 - 14.76 -

14 Cis n-nonyl-cyclohexane CisHao 210 - 6.49
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short-chain alkanes are also equivalent to n-alkanes and
isoalkanes. The distribution of cyclohexane (C;-Cy;) in
Naphtha products, Cs-Ci, components in LO products
and Cyo-Cy5s components in this MO product supports the
potential of immature coal to be liquefied. Based on the
analysis of the coal liquefaction products of Bukit Pinang,
East Kalimantan, Indonesia, the presence of aliphatic
hydrocarbon compounds in Naphtha, LO, and MO
products can be seen in the following Table 5.

According to Table 5, Naphtha and LO products
have the same chemical composition as gasoline and
kerosene fuels, while MO products have similar chemical
[29,39].
Therefore, the liquefaction of immature coal of Bukit

components to kerosene and diesel fuels

Pinang, East Kalimantan, Indonesia, is produced liquid
coal. It is considered to be formulated as a source of liquid
fuels.

Naphthene or cycloalkane is thermo radical. It is
derived from and cyclization of heavy n-alkane and fatty
acids in sediments of organic matter (kerogens from
petroleum or coal). In nature, this process occurs during
the catagenesis stage with the help of minerals in the soil
[30,40]. Cyclohexane with linear alkyl substituents is a
significant component in crude oil [30]. The presence of
cyclohexane compounds in liquid coal is thought to
originate from radical reactions that occur during the coal
liquefaction process. High temperature and pressure
allow the heavy n-alkane (C;-Cs;) and fatty acid to cyclize
to form cyclohexane and alkyl cyclohexane.

Alkyl cycloalkane compounds are the main
components in crude oil [30]. It was produced in the
of the Black Thunder
bituminous coal, Wiyodak and Anderson Basins [41] and

liquefaction process sub-
in the light oil fraction from liquefaction bituminous coal
Shenhua Shangwan [12]. Therefore, alkyl cycloalkane, n-
alkanes and isoalkanes in liquid coal have similarities with

Table 5. Chemical components of Bukit Pinang coal
liquefaction products

Products n-alkanes  isoalkanes Cyclohexane
Naphtha  n-Cyo-n-Cy  iCo-iCi2 C-Cp
LO n-Cy1-n-Cyo --- Cs-Chz
MO n-Ci2-n-Cas --- Ci0-Cis
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the chemical composition of the petroleum and the light
oil fraction from coal liquefaction. Thus, low-rank sub-
bituminous and bituminous coal can be liquefied as
alternative fuel oil.

Correlation of Coal Biomarkers with Their

Liquefaction Products

Biomarker plays a vital role in the coal liquefaction
process to determine the macromolecular character of
coal to be liquefied. The biomarker is a fossil compound
formed during peatification and coalification. It can be
extracted in organic solvents, while the chemical
composition of liquid coal is produced from the thermal
cracking of coal macromolecules into smaller molecules
[20]. Some organic compounds in liquid coal can be
extracted from radical reactions and rearrangement of
biomarkers commonly found in immature coal, such as
isoalkanes derived from pristane and phytane [31,42-
43]. It is also thought that the isoalkane compounds
found in the coal liquefaction process were obtained
through the thermal degradation of compounds with a
styrene skeleton in the form of 13b(H)-diacholest-24-
ene and 24-diastigmastene usually found as biomarkers
in immature coal extracts. In addition, isoalkane
compounds contained in coal liquefaction products are
also produced from compounds with a styrene skeleton
typically found in immature coal extracts. This process
is carried out at high temperatures [30].

Short-chain
originate from long-chain n-alkanes

n-alkane compounds can also
(nC11-n-Css)
[10,30-31,33]. However, some other organic compounds
produced in the coal liquefaction process are formed
purely from the breakdown of coal macromolecules.
Furthermore, it is followed by radical rearrangements
and the formation of n-alkanes, isoalkanes, cycloalkanes
and alkyl

compounds with linear alkyl substituents produced in

cyclohexane compounds. Cyclohexane
coal liquefaction products are a significant component
in petroleum [9,11,20,30,41,44].

Excellent and clean liquid coal claims to use coal as
a substitute for liquid fuel from petroleum. The
reactivity of the reaction in the coal liquefaction process

is related to the macromolecular structure of the coal
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[20]. It aromatic units and

hydroaromatic rings. It is linked to methylene, ethylene

contains  polycyclic
and ether groups. Thereby, breaking these bonds will lead
to the depolymerization of macromolecules [45].

The  coal
depolymerization of the coal macromolecular structure. It

liquefaction  process is  the
breaks the bonding of the basic coal constituent units to
produce hydrocarbon compounds such as those in
petroleum [44]. This reaction occurs in three stages:
dissolution, bond breaking and retrogressive [20].

The dissolution (first stage) is the dissolving of solid
coal into liquid. The bonds that connect the basic units of
the coal constituents become unstable at temperatures
above 350 °C so that they undergo thermal cracking
producing reactive free radical fragments. The amount of
hydrogen supplied by the donor solvent or catalyst is
balanced by the number of free radical fragments
resulting in the size of the free radical being small and
stable so that it dissolves in the solvent. The breaking
process will end if the reactive bonds and hydrogen
available as stabilizers are used up [20].

The second stage is a stronger bond termination
reaction, such as the aryl bond in the aromatic ring. The
bond-breaking reaction can be carried out directly by the
reactive hydrogen that attacks the bond. Indirectly, the
bond-breaking and aromatic ring opening reactions are
broken thermally.

The third stage is a retrogressive reaction, in which
unstable free radical fragments join with other molecules
to produce thermally stable bonds. The combination
reaction repeatedly occurs, producing large molecules
resistant to depolymerization. Therefore, the dissolution
of depolymerized molecules aims to break the trap. It also
minimizes the macromolecular interaction of coal
components or coal-derived products. This third stage
produces a degradation product in the form of aliphatic
hydrocarbons [20].

Organic compounds (n-alkanes, isoalkanes, alkyl
cyclohexane, bicyclic alkanes and tricyclic alkanes)
produced in this coal liquefaction process are also
common biomarkers found in coal [12,43]. Therefore,
biomarker identification considers the feasibility of coal
being liquefied.

Indones. J. Chem., 2022, 22 (6), 1574 - 1585

m CONCLUSION

Liquefaction process of Bukit Pinang, Samarinda
Ulu coal, producing Naphtha product (1.43%); Light Oil
(LO) (6.84%); Middle Oil (MO) (2.3%); Heavy Oil (HO)
(25.41%) and Coal Liquid Bottom (CLB) (33.72%).
Naphtha product contains short-medium #n-alkanes (-
Cio-n-Cy), isoalkanes (i-Cs-i-C12), and alkyl cycloalkanes
(Cs-Ci3). The LO product contains medium-long chain
n-alkanes (n-Ci;-n-Cy) and alkyl cyclohexane (Cs-Ci,).
The MO product contains n-alkanes (n-Ci,-n-Cys) and
alkyl cyclohexane (C,o-Cis). The chemical components
of the Naphtha, LO, and MO products are similar to
those of gasoline, kerosene and diesel oil. These results
indicate that the coal liquefaction product can be applied
as alternative liquid fuel oil.
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