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ABSTRACT

Binder of carbon compounds can be made through hydrogenation process and/or coal extraction. Hydroge-
nation of coal converts the steam coal into caking one which functions as a binder or additive in the making
of coke while the extraction of coal produces good quality pitch. Some coals from Tanito Harum, Baramarta
and Bukit Asam were used as raw materials for binder making. Observations included effect of hydrogen
pressure on the total carbon and ash contents and free swelling index as well. Coal hydrogenation was
performed in a 5-litre batch type autoclave at reaction temperature of 400oC. The initial hydrogen pressure
varies from 5 to 30 bars and to 1 hour reaction time. The next stage was the distillation of hydrogen product.
It can be concluded that all non-caking coals used in the experiments can be converted into caking coal to
be used as a binder in the coke making. The ash content within coal considerably affects the resulting
binder product; binder that has low ash content is preferred.
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INTRODUCTION

According to Benk et al. (2008), the need for coke
in the world will increase with the increasing de-
mand for iron and steel. Demand of steel in Indo-
nesia has outpaced domestic production. In 2006,
Indonesia consumed about 6.2 million tons of steel
and produced only 3.8 million tons. In 2011, it is
predicted that the demand and domestic produc-
tion of steel will be around 8 to 9 million tons and
4 to 5 million tons respectively. In order to reduce
the amount of imported steel, Indonesia should
increase domestic production of steel as well as
improve efficiency of iron and steel making pro-
cesses.

Krakatau Steel, the largest integrated iron and steel
company in Indonesia, is planning to expand its
production capacity and its efficiency by install-
ing several blast furnaces. Currently the company
uses expensive natural gas and imported iron-ore
pellet for producing the iron. The use of blast fur-
nace will reduce the amount of imported iron ore
pellet. However, blast furnace uses strong cokes

that must be produced by carbonization of imported
coking coals. Indonesian coal are mainly non cok-
ing coals although few of caking coals may be
found in some parts of Indonesia. Caking coal fuses
and forms a plastic mass that swells and resolidi-
fies into a porous solid during heating under inert
atmosphere. A coking coal is caking coal, which
yields a solid product (coke) with properties suit-
able for use in blast furnace. Non-caking coals
usually low rank coals (sub-bituminous and lig-
nite), that does not fuse together or solidify as
coke when heated.

Figure 1 illustrated the mechanism of Artificial
Caking Coals (ACC) that is synthesized from non-
coking coal. Coal consists of clusters of aromatic
carbon rings with appreciable amount of hydro aro-
matic carbon. The individual cluster is joined by
various types of bonds, including short aliphatic
bridges, ether linkages, sulfide or disulfide link-
ages and biphenyl linkages as well. ACC may be
synthesized from non-caking coal at temperature
about 400oC, in the presence of transferable hy-
drogen. At such a temperature, coal releases CO2
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and H2O and forms free radicals. Hydrogen stabi-
lizes free radicals to prevent retrogressive reac-
tion and to maintain plasticity of coals. Other re-
actions such as cracking, polymerization, conden-
sation and polyaromatization may take place. Af-
ter cooling a residue of high aromaticity, high hy-
drogen and low oxygen content will be produced.
Such a residue is expected to have plastic prop-
erties and ability to be used as binder or coking
additives (Steel Handbook, 1982). The objective
of this research is to synthesize the ACC from
Indonesia non-caking coal. The plastics property
of the ACC will be examined using crucible swell-
ing number or free swelling index methods.

(Ningrum, 2010). The solvent was derived from coal
tar with boiling point of 250-350oC. Other materi-
als are sulfur and hydrogen. The main equipment
used is a 5-liter capacity autoclave, equipped with
an agitator stirrer, temperature and pressure con-
troller and distillation unit.

Procedure

The autoclave was heated from room temperature
to 400oC at heating rate of 5ºC/min. The influence
of initial pressure and coal type on characteristics
of the product were examined. Each experiments
used 400 g coal (dry ash free/daf), 600 g of sol-

METHODOLOGY

Materials and Equipments

Coals from 3 coal mining areas in Indonesia,
namely Tanito Harum (TH) East Kalimantan,
Baramarta (BM) South Kalimantan and Bukit
Asam (AL) South Sumatera were used in this
study. The coals were pulverized into -170+200
mesh and dried at 150ºC for 2 hours prior to using
them for the expeiments. Laterite iron ore from
South Kalimantan was used as a catalyst. The
particle size of catalysts was less than 325 mesh

vent, 12 g of Fe (weight ratio of Fe in catalyst/coal
(daf) = 3/100) and 13.71 g of sulfur (S/Fe=2 atomic
ratio). The initial pressure of hydrogen varied from
10 to 30 bars along with reaction time from 30 to
60 minutes. After the reaction time, the autoclave
was cooled and depresurrized to atmospheric pres-
sure. The liquid products were separated from solid
residue by distillation and fractioned based on their
boiling point into fractions of 150-250oC and 250-
350oC. The fraction of 250-350oC was re-used for
solvent of the next experiments. The procedure of
experiment is illustrated in Figure 2.

Figure 1. Scheme of artificial caking coal production
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RESULTS AND DISCUSSION

Characterization of Coal

Prior to conducting the research of carbon materi-
als for binder making, coal which was used as

raw material was analyzed to find out its charac-
teristics. The analyses included proximate and ul-
timate analyses as well as calorific value and free
swelling index (FSI) of coal. Those need to be evalu-
ated as it will influence the process of binder mak-
ing. The results are shown in Table 1.

Figure 2. Flow diagram of ACC making

Table 1. Proximate, ultimate, calorific value and FSI of coal

Analysis Parameters
COAL

Method
TH BM AL

Proximate
Moisture (% adb) 11.5 4.84 10.89 ASTM D.3302
Ash (% adb) 2.61 6.55 5.62 ASTM D.3174
Volatile matter (% adb) 40.66 42.92 39.52 ISO 562
Fixed carbon (% adb) 45.23 45.69 43.97 ASTM D.3172

Ultimate
Carbon (% daf) 79.52 83.95 78.39 ASTM D.5373
Hydrogen (% daf) 5.31 5.98 4.76 ASTM D.5373
Nitrogen (% daf) 1.68 1.49 1.32 ASTM D.5373
Sulfur (% daf) 0.22 0.34 0.24 ASTM D.4239
Oxigen (% daf) 13.27 8.24 15.29 ASTM D.3176

Atomic ratio of O/C 0.1252 0.0736 0.1464
Atomic ratio of H/C 0.8017 0.8548 0.7281

Calorific value (cal/g adb) 6437 7111 6426 ASTM D.5865
Free swelling index (FSI) 0 1 0 ASTM D.720
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Table 1 shows that the three coals retain high calo-
rific value, performed by their calorific value around
6100-7100 cal/g. The calorific value of BM coal is
slightly higher than that of TH and AL coals. It is
strongly affected by its low inherent moisture con-
tent. Based on the ultimate analyses, the carbon
content of BM coal is the highest compared to TH
and AL coals. The higher the coal rank, the higher
the carbon content results in the hydrogen and
oxygen content are lower. Oxygen occurs natu-
rally in coals as hydroxyl, carbonyl, methoxyl and
carbonyl groups. Similar to hydrogen, the oxygen
content of coal is depleted during the natural age-
ing process, by the evolution of water vapor and
oxides of carbon, and it thus a strong function of
coal rank (Grainger and Gibson, 1981). In addition
to proximate and ultimate, calorific value and FSI
analyses; the petrography analyses was also con-
ducted. The results are shown in Table 2.

telovitrinite of TH coal (38.2% vol) is higher than
that of BM coal (24.8% vol) and AL (21.2% vol).
Telovitrinite is one of the main sub-macerals in
high rank coal. It is derived from wood tissue that
has a high reflectance. Fluorescence does not ap-
pear in the light. It also has high cellulose content
(Falcon and Snyman, 1986). The content of this
telovitrinite is predicted to affect the compressive
strength of coke. The content of the cutinite espe-
cially exinite on TH coal also appears higher than
those in maceral content of BM and AL coal. Cutinite
is one of sub-macerals of the exinite group; a sub
maceral that is most resistant to pressure. By
combining cutinite and telovitrinite, it will likely make
the maceral structure of coking coal more compact.

Effect of Initial Hydrogen Pressure on Carbon
Content

The experiment results of binder-making from In-
donesian coal are showed in Figure 4, 5, 6 dan 7.
Observations were carried out on the effect of hy-
drogen pressure on the content of carbon, FSI,
the atomic ratio of O/C, the atomic ratio of H/C
and the ash content of hydrogenated coal.

Reaction pressure is usually the initial hydrogen
pressure. The initial hydrogen pressure is a par-
tial pressure of hydrogen used. The pressure af-
fects autoclaves operating pressure or other type
of reactor used. In this study, it was observed that
the influence of initial hydrogen pressure to car-
bon content of hydrogenation products is showed
in Figure 4.

A high initial hydrogen pressure is expected to
accelerate the heating rate at the specified oper-
ating temperature and will increase the carbon con-
tent and hydrogen consumption. Figure 4 indicates
that commonly carbon content of hydrogenated
coal increases with increasing initial hydrogen pres-
sure but not evently. Start from 10 bar, the carbon
content of TH, BM and AL hydrogenated coal in-
creases. The highest carbon content of TH hydro-
genated coal on hydrogen pressure of 25 bars is
91.00%. At 25 bar pressure, the carbon content
of AL coal amounted to 89.21%. The highest car-
bon content of BM coal obtained on hydrogena-
tion with the pressure of 15 bars is 87.92%.

The initial carbon content of coal does not guaran-
tee the increase carbon content of the hydrogena-
tion product. This is evident from the results of the
experiment in Figure 4. BM Coal has 83.95% car-

The dominant maceral of those three coals was
vitrinite ranging between 66 and 75% vol. Vitrinite
consists of three maceral groups. Those are
telovitrinite, detrovitrinite and gelovitrinite (Bustin
et.al. 1983). There is slightly difference in
telovitrinite content between those three coals. The

Table 2. Maceral analysis result

Analysis Parameters
Coal

TH BM AL

Vitrinite 65.8 74.6 69
Telovitrinite (% vol) 38.2 28.4 21.2
Detrovitrinite (% vol) 27.2 46 43.4
Gelovitrinite (% vol) 0.4 0.2 4.4
Exinite 18.2 13.2 8.4
Sporinite (% vol) 0.4 1.6 0.4
Cutinite (% vol) 6.4   - 1
Resinite (% vol) 9.2 11 5.6
Alginite (% vol) 0.6 0.2 0.2
Suberinite (% vol) 1.6 0.4 1.2
Inertinite 15.6 8.8 11.8
Fusinite     -    - 1
Semifusinite (% vol) 4.2 1 3.6
Sclerotinite (% vol) 8.4 5.6 5.2
Inertodetrinite (% vol) 3 2.2 2
Mineral Matter 0.4 3.4 10.8
Oxide    -    - 1
Clay 0.4 3 2.4
Pyrite    - 0.4 7.4
Mean of Rv 0.5 0.48 0.49
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bon content, while the carbon content of TH and
AL coal are 79.52 and 78.39% respectively. The
hydrogenation product shows that the highest car-
bon content of TH coal is 91.00%. It is believed
that there are other compounds in coal that affect
the quality of hydrogenation products such as coal
moisture content.

Effect of Initial Hydrogen Pressure on FSI

Caking coal states the ability to clot and swell
during carbonization process. The test is associ-
ated with a rapid heating rate. The test to mea-
sure the caking properties is the FSI as a useful
guide to assess the minimum limit of coking coal.

Figure 4. The effect of hydrogen pressure on the total carbon

Figure 5. The effect of hydrogen pressure on the free swelling index
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According to ASTM Standards D720-91 (2009),
the FSI limits for coke making is the coal with the
FSI ranges from 5 to 9. Based on the observa-
tions of the effect of hydrogen initial pressure to
the FSI (Figure 5), it indicates that the increase of
initial pressure of hydrogen results in increasing
the FSI up to > 5. Increasing the hydrogen pres-
sure up to 20 bars results in the increase of the
FSI of BM hydrogenated coal from 0 to 4 and the
FSI of AL hydrogenated from 0 to 5. FSI that is
bigger than >5 for TH hydrogenated coal can be
obtained at a hydrogen pressure of 30 bar.

From the observation it is showed that the TH coal
has apparently better caking character than that
of BM and AL coal. FSI of TH coal continues to
increase with the increase of hydrogen pressure;
while in BM coal, the increase of swelling stops at
20 bar hydrogen pressure and AL coal the swell-
ing discontinue at 25 bar of hydrogen pressure.
This condition is probably affected by its maceral
composition. According to Bustin et al. (1981),
the FSI is higher for bright or high vitrinite samples
than that of dull or high inertinite materials. Vitrinite,
exinite and some inertinite macerals melt when
heated. The remainding of inertinite as well as
most of the mineral matter is essentially unaltered.
The TH coal has a high vitrinite and inertinite but
low mineral matter as shown in Table 2.

Relation of Atomic Ratio of H/C and O/C to
Hydrogenation Product

Coal, as a whole, is strongly aromatic. Two im-
portant aromaticity values need to be considered.
The percentage of hydrogen atoms is directly
bound to aromatic carbons and the percentage of
aromatic carbon atoms. Chemically structure, coal
is a hydrocarbon that consists of atom variation
(Nowacki. 1979). Carbon atoms in coal are com-
monly 65-75% of aromatic carbon, 15-25% of
hydroaromatic carbon and 5-10% of alifatic car-
bon. It is indicated that commonly carbon aroma-
ticity is one of the more important structural pa-
rameters of coal.

Atomic ratio of hydrogen to carbon in coal ranges
from 0.3 to 0.8. It is expected that the higher the
rank of a coal, the higher the carbon content; how-
ever oxygen, hydrogen content and aromaticity de-
crease. Consequently, atomic ratio of H/ C also
decreases with the increase of the coal rank.

Figure 6 presents the effect of initial hydrogen pres-
sure on atomic ratio of O/C and atomic ratio of H/
C. The atomic ratio of O/C of hydrogenated coal
significantly decreases with the increase of initial
hydrogen presure. The atomic ratios of hydrogen
to carbon in hydrogenated coal vary from 0.73 to

Figure 6. Effect of initial hydrogen pressure on atomic ratio of O/C and on atomic ratio of H/C
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0.85. Figure 6 shows that the atomic ratios of hy-
drogen to carbon of hydrogen coal are between
0.67 and 0.82. It slightly decreases if compared
to the atomic ratio of hydrogen to carbon of coal.
This indicates that the rank of TH, BM and AL
coals increase.

Observation of Ash Content in Hydrogenated
Coal

Ash in coal is included as the unwanted material
because in coal utilization, primarily as a fuel in a
power plant, produces the fly and bottom ashes
that cause pollution to the surroundings. Currently,
coal ash is utilized for cement manufacturing and
paving blocks. In the cement industry, ash is ab-
sorbed into the clinker product. In the coke manu-
facturing, the ash content should preferably be low
in terms of reducing the slagging load and associ-
ated inefficiencies in the blast furnace.

Figure 7 reflects the increase of ash content in
TH, BM and AL coals which have been hydroge-
nated with varied initial hydrogen pressure. A strik-
ing increase can be seen in the BM hydrogenated
coal at 10 bars initial pressure. The increase is
more than 3 times from the initial (6.55%), namely
up to 19.73%. The increase of ash content is sup-
posed to occur at the catalyst process and sulfur
addition. The catalyst added is limonite from
Soroako and will become an ash after the pro-
cess because the limonite is an inorganic min-

eral. Some sulfur occurs as H2S and will partly
become pyrite and mix with coal ash and catalyst.

From Figure 7, it can be seen that the pressure of
15 bars represents good conditions for TH coal. In
those circumstances, increasing the ash content
could be reduced, approximately to 5.8% (initially
2.61% up to 8.40%). For BM coal the best hydro-
gen pressure is 25 bars, while the AL coal is 20
bars. To get the low ash content binder it is sug-
gested using coal of low ash content less than 5%.
According to the research conducted by Sharma
et al. (2002), the characteristics of coal used, in-
cluding ash content, will affect the strength of coke.

CONCLUSIONS AND SUGGESTIONS

Conclusions

Based on their proximate and ultimate analyses,
calorific value and FSI; it reveals that the TH, BM
and AL coals are sub-bituminous ones performing
calorific value between 6000 and 7200 cal/g (adb).
According to the microscope analyses, it is indi-
cated that the maximum vitrinite reflectance (Rv
max) of those coals are between 0.48 and 0.50.
Most of the macerals in such coals are reactive
ones that will affect coke structure.

Initial pressure of hydrogen increases the carbon
content and hydrogen consumption. The carbon

Figure 7. The effect of hydrogen pressure on the ash content
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content of hydrogenated coal increases
fluctuatively with the increase of initial hydrogen
pressure. The highest carbon content of TH and
AL hydrogenated coals on hydrogen pressure of
25 bars are 91.00% and 89.21% respectively. The
highest carbon content of BM coal obtained by
hydrogenation with the pressure of 15 bars is
87.92%.

Caking characteristics can be seen from the FSI
test. The values increase in line with the increase
of hydrogen initial pressure. The TH hydrogenated
coal has good caking properties at hydrogen pres-
sure of 30 bar and FSI > 5

The study show that Indonesian non caking coals
can be converted into the caking ones. The artifi-
cial caking coal may be used as blending materi-
als for coke making.

The ash content of the coal considerably affects
the binder product. Binders with low ash content
are preferable.

Suggestions

The research needs to be continued to get the
best binder for coke making by observing several
parameters such as coal type, coal particle size
and temperature as well.

The materials used for this study should retains
low ash content. Meanwhile, the process is not
necessary use a catalyst since the material sig-
nificantly affects the ash content of binder product.
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