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ABSTRACT

A low rank coal from Banko, South Sumatera was used to study the properties improvement of the coal due
to coal upgrading process. Various coal upgrading processes were conducted i.e. upgraded brown coal
(UBC), hot water drying (HWD) and steam drying (SD). The UBC process was carried out in pilot scale with
a capacity of 5 tons/day at temperature of 160°C and pressure of 0.35 MPa, while the HWD and SD pro-
cesses were conducted in laboratory scale using autoclave at the temperature of 300°C and pressure of
about 12 MPa for 1 hour. The result indicates that the properties of Banko coals after the UBC, HWD and SD
processes were improved. The calorific value of the upgraded coals was significantly increased in relevant
to the decreasing of inherent moisture content and have better combustion characteristics than that of the
raw coal. The highest calorific value can be achieved by SD process, followed by HWD and UBC processes.
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INTRODUCTION

Due to decreasing of oil reserves in some coun-
tries including Indonesia and the rise of the oil price
in the world, the energy alternative to substitute of
oil should be developed to support energy diversi-
fication policy. Among some energy alternatives
resources, coal began to be reviewed due to its
abundant resources of 104.77 billion tons in which
20.96 billion tons of them are reserves (Geologi-
cal Agency in Kamandanu, 2010). The share of
anthracite and bituminous coal only 0.3% and
14.3% respectively whereas most of them are clas-
sified as low rank coal.

According to the American Standard for Testing

and Materials (ASTM), the low rank coals are lig-

nite and sub bituminous coal which have:

- fixed carbon (dmmf, dry mineral matter free)
<69%;

- volatile matter (dmmf, dry mineral matter free)
>31%; and

- calorific value (mmf, moist mineral matter free)
<11,000 kcal/kg.

LRC has also other characteristics as follows:
- high Total Moisture (20 — 40% as received)

content;
- low Thermal Efficiency;
- low Ash Melting Temperature; and
- high Tendency for Spontaneous Combustion.

Based on Government Regulation (PP) No 45/2003

about non tax government income (PNBP) the

quality of coal is divided into:

- low calorific value coal: calorific value < 5,100
kcal/kg

- medium calorific value coal: calorific value
between 5,100 and 6,100 kcal/kg

- high calorific value coal: calorific value between
6,100 and 6,800 kcal/kg

- very high calorific value coal: calorific value >
6,800 kcal/kg

The distribution and quantity of coal resources and
reserves based on the PP No 45/2003 is illustrated
in Figure 1. Many of this coal reserves are depos-
ited in areas of shallow overburden and can be
recovered by strip mining at a modest cost. Al-
though mining is relatively inexpensive, its high
moisture content of LRC increases the cost of
transportation and also creates unacceptable han-
dling problems for both the coal producer and down-
stream consumers. Most of these low calorie coals
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have not been utilized. Consequently, this coal
should be consumed by electric generating sta-
tions located at or near the mine. The potential
markets for low calorie coals can be enhanced if
the coal firstly dewatered and upgraded prior to
shipment to produce coal with heating value com-
parable to the high rank coal which has the limita-
tion of reserves.

REVIEW OF COAL UPGRADING PROCESS

Lignite or sub-bituminous coals are commonly
characterized as low rank coal (LRC). There is a
growing demand of using these coals especially
for power generation. In general, the direct use of
LRC results in higher costs of reducing emissions
or in lower efficiency and, consequently, higher

Resources :104,756 b. t

Il\-n(:;v;ium égi;:ﬁ: b.t: billion tons
High :12.43%

; Reserves :20,960 b. t
- Low 141.6%
Medium 1 45.5%
High :11.9%

Very High :1.0%

- Very High - 0.96%

Source: Geological Agency, 2009 in Kamandanu, 2010

Figure 1. Indonesian coal resources and reserves

The benefit of coal upgrading includes increased
value added to coal, stabilized coal quality feed
for power generation and other industries, in-
creased combustion efficiency and reduced CO>
emission. Coal upgrading depends on many fac-
tors includes technology, market, economics,
environment, policy and strategic issues being
prime. At the present time, coal upgrading prima-
rily mainly involves drying prior to direct use as
fuel for combustion boilers in power plants to re-
duce the surface moisture of the coal.

To obtain the most suitable technology to be ap-
plied to Indonesian low calorie coal, research on
coal dewatering by some coal upgrading processes
in laboratory scale were carried out. The results
were evaluated based on the degree of dewatering
and the calorific value increasing as references for
dewatering technology application.
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greenhouse gas emissions. It can therefore be
stated that, because reserves for low calorie coal
is quite plentiful, it is important to intensify efforts
that will make the coal usable in an acceptable
manner in terms of energy efficiency and environ-
mental protection.

Comprehensive understanding of all the forms of
moisture in LRC and processes of moisture re-
moval or release does not yet exist. Moisture in
coal is incorporated as water absorbed on the
surface, water condensed in the pores, water of
hydration of inorganic components such as clay
minerals, and water released via the thermal de-
composition of organic oxygen functional groups.
LRC contain more natural bed moisture than coals
of higher rank, reflecting the dependence of pore
volume on rank, which shows a progressive de-
crease from peat through the bituminous coals



Improvement of Low Rank Coal Properties by Various ... Datin F. Umar and Bukin Daulay

(Anon, 1995).

The water absorbed on the surface (surface mois-
ture) can be easily removed by mechanical and
thermal drying techniques. In contrast, water con-
densed in the pores of coal (inherent moisture)
removal needs some more techniques because
the application of mechanical and simple thermal
drying methods would be ineffective. Several up-
grading processes through water removal (dewa-
tering) of LRC include: thermal evaporative, me-
chanical, hydrothermal (i.e. under pressure ther-
mal non-evaporative) as well as combinations of
mechanical and thermal dewatering (Cough, 1990
and Allardice et al, 2003).

Evaporative processes such as flash drying, ro-
tary drum drying, steam tube drying, fluidized bed
drying, swirl tube drying, solar drying, etc have
been widely applied in commercial stage (Couch,
1990). The first commercial plant was in Germany
in the 1920s. The evaporative processes are largely
adaptations of proven technology used with bitu-
minous coals to remove surface water and improve
heat content. When these processes are used to
LRC, the dried product retain several properties
which present problems to most users. In evapo-
rative drying processes, there is not only latent
heat involved but also the sensible heat of the sol-
ids is involved as well. High temperature, required
to remove the capillary water from coal. Therefore,
it is very energy consuming, requiring up to 20%
of the chemical bonded energy of coal (Bergins,
2003). Furthermore, pure evaporatively LRC shows
significant size degradation, easily re-adsorb mois-
ture when exposed to either high humidity or rain
and self ignition remains problematic (Sakaguchi
et al, 2008). To prevent the readsorption of the
moisture after upgrading process, an evaporative
drying process followed by the addition of tar or
residue to seal and plug the pore of coal was in-
troduced and developed by Kobe Steel Ltd., Ja-
pan, namely upgraded brown coal (UBC) process.
This process upgrades LRC to a high quality solid
fuel with low moisture content and high calorific
value (Deguchi et al, 1999).

Thereafter, mechanical processes have the poten-
tial advantage compared with evaporative drying
and these processes seem to be more applicable
for coals that have high moisture content and fi-
brous peat (Mursito et al, 2010). But, this method
is complicated by the hydrophilic nature of LRC
and the presence of water not just in the pores but

also bonded chemically with the coal matrix, lead-
ing to its limited application. In practice such equip-
ment would involve unacceptably high capital cost
since the processes mostly operated at extremely
high pressure, and consequently the processes
are not currently in commercial contention. How-
ever, mechanical dewatering used in conjunction
with other upgrading methods (e.g. MTE) has at-
tracted attention to further reduce the water which
proposed by Hulston et al (2004) and Artanto et
al.(2009). Investigation work on both laboratory and
pilot plant scales performed at temperature up to
2800C and pressure up to 12 MPa. This process
reduced moisture content to about 56 to 85%.

Among the drying processes, hon-evaporative and
under pressure treatments have the high competi-
tive power due to the significantly lower energy
requirement, where energy is not consumed by
evaporation of liquid water, are favoured. Presently,
dryings with simultaneous thermal upgrading are
mostly used since these processes show the dra-
matically advantages. Non evaporative drying meth-
ods include drying with either steam or water. These
processes not just remove the water but also alter
the structure and chemical composition of the coal,
thus truly upgrading the coal towards a more ma-
ture coal.

In this present study, three coal upgrading processes
include upgraded brown coal (UBC) which is classi-
fied as thermal evaporative, hot water drying (HWD)
and steam drying (SD) processes which are clas-
sified as thermal non-evaporative and under pres-
sure were carried out using South Sumatera coal
to study the characteristics of the raw and up-
graded coals by those dewatering methods.

Upgraded Brown Coal (UBC)

The upgraded brown coal (UBC) process devel-
oped by Kobe Steel Ltd., Japan, is one of the
evaporative drying processes. The UBC process
upgrades LRC to high quality solid fuel on the ba-
sis of a slurry dewatering process. It has been
developed and demonstrated as a pre-treatment
for brown coal liquefaction (Shigehisa, et al., 2000).
Indonesia under cooperation with Japan Center of
Coal (JCOAL) has successfully developed UBC
process on pilot scale with the capacity of 5 tons/
day in Cirebon, West Java. The laboratory investi-
gation of the process was started since 1993 and
currently demonstration plant of 1,000 tons/day in
Satui, South Kalimantan, Indonesia is underway.
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UBC process is based on the oil-coal slurry de-
watering process. The process conditions typically
at temperature of 160°C and pressure of 0.35 Mpa,
are much milder than those of other upgrading
processes. This simplifies equipment required to
carry out the process on an industrial scale re-
duces the cost of investment. Addition of low sul-
fur wax residue (LSWR) to the slurry at a concen-
tration of about 1% is very important to prevent
the re-absorption of moisture. The UBC can up-
grade LRC into coal of 6,000 — 6,800 cal/g heating
value, mostly through moisture content reduction
technique. Moreover the UBC technique can be
implemented as an intermediate coal process in
order to produce a specific quality as required by
the industries. The process is relatively simple and
mild due to the non-chemical nature of the whole
process. The final product is very stable and does
not absorb atmospheric moisture.

The result of the feasibility study of the commer-
cial based on pilot and demonstration scales held
by Kobe Steel Ltd. proves that the UBC process
will be able to produce a coal having a high calo-
rific value and an upgraded coal which has a com-
petitive price in the international market. The pro-
cessing cost was calculated at a range of 8.2 -
10.3 US $/ton depends on moisture content of the
coal of 25-50% (Tamura, 2010) as can be seenin
Table 1.

Table 1. UBC processing cost

as a liquid making this dewatering process less
energy consuming by reducing the moisture con-
tent of LRC without evaporation of water. This is
reached by heating the coal under pressure to re-
duce its moisture holding capacity, followed by
separation of the water by mechanical means.
Water removed as liquid may dissolve and leach
out some water soluble inorganics with the waste-
water, thereby reducing the amount of ash pro-
ducing constituents in the upgraded solid. The
temperature of above 150°C leads to decomposi-
tion of oxygen functional groups and results in for-
mation of coals with higher carbon and lower oxy-
gen contents. Removal of the hydrophilic oxygen
functional groups permanently changes the sur-
face characteristics to hydrophobic, thereby in-
hibiting water re-adsorption. Re-adsorption of wa-
ter is also reduced through the collapse of the pore
structure as well as blockage of pores by tar
evolved during the treatment (Sakaguchi, 2008).
The major advantage of the steam and hot water
technologies is the quality and stability of the dried
products, compared to the raw coal or to the prod-
ucts dried by other methods.

The HWD/SD process yields a product similar to
higher rank coals. The dried coal has many of the
beneficial characteristics of a bituminous coal.
Moisture is low, the tendency to reabsorb mois-
ture is reduced, and the coal is less prone to size

. Plant Plant US $ Processing
Mc())}:,t:rre, 't:/(;:d P;/%c;uct Investment* | Investment ** cost
Y y US $ Us $ US $/t UBC
25 6,385 5,000 95 79 8.2
38 7,723 5,000 110 91 9.2
50 9,9592 5,000 121 101 10.3
Note:

* :including power generation
** : excluding power generation

Hot Water Drying (HWD) and Steam Drying
(SD)Processes

Hydrothermal treatment, either with steam or wa-
ter of LRC is a development from the Fleissner
steam drying and the Evans-Siemon thermal de-
watering process [Allardice, 2003]. During non-
evaporative dewatering, the water in coal is removed

20

degradation, weathering, and spontaneous com-
bustion (Chen, et al., 2000). Other benefits de-
rived from HWD/SD include the reduction of so-
dium and to a lesser extent, reduction in sulfur
content in the coal as moisture is removed (Cough,
1990). Sodium removal is important for many coals
where high sodium is responsible for fouling in
boilers.
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EXPERIMENTAL
Coal Upgrading Processes

In this study the coal comes from Banko, South
Sumatera was upgraded by UBC, HWD and SD
processes. The UBC process was conducted in
pilot scale with capacity of 5 tons/day in
Palimanan, Cirebon, while the HWD and SD pro-
cesses were conducted in laboratory scale.

- UBC Process
The UBC pilot plant consists of five main sec-
tions. They were coal preparation, slurry de-
watering, coal-oil separation, oil recovery and
upgraded coal briquetting (Umar, et al., 2003).
The outline of each section is as follows:
- Coal preparation
In this section, the raw coal was milled
below 3 mm particle size by a hammer mill
and stored in a coal bunker. The coal which
was milled then was sent to a slurry maker
tank.

- Slurry dewatering

Fine coal was mixed with kerosene and
LSWR to prepare slurry in a slurry prepa-
ration tank. The mixing ratio of kerosene
and coal was about 1.2 — 1.5 depending
on the raw coal characteristics. The slurry
was sent to a dewatering vessel via an
evaporator where the moisture content of
the raw coal was reduced by heating. More
than 90% of the moisture in the coal was
removed here. Afterwards, the dewatered
slurry and the evaporated water were sepa-
rated in a gas-liquid separator and the sepa-
rated water was utilized as the heating of
the evaporator after reaching its tempera-
ture level in a steam compressor by adia-
batic compression. Dewatered slurry can
be obtained by depressurizing down to at-
mospheric pressure in a slurry receiver. As
dewatering proceeds in the evaporator,
LSWR was preferentially adsorbed onto the
inner surface of the pores disable the ac-
tive points in the pores.

- Coal-oil separation
In this section, a screw decanter was ap-
plied to separate oil from dewatered slurry.
Oil that occurred as free liquid in the slurry
remained in the coal micro-pore. Separated
cake was handled as a solid and sentto a

dryer. A mechanical separator roughly
separates free liquid in slurry.

- Oilrecovery

Remaining oil in coal pores as the sepa-
rated cake was recovered by steam tube
dryer in this oil recovery section. Passing
contact of the cake with a counter current
flew of a carrier gas and indirectly heating
of the steam tubes, evaporated the oil frac-
tion producing dry coal. The evaporated oil
was recovered by condensation and was
reused as recycle oil for next slurry dewa-
tering processes. Powdered UBC was dis-
charged from the outlet of the dryer at about
170°C as the primary product.

- Upgraded coal briquetting

The hot UBC powder which was produced
by steam tube dryer was sent to a double
roll press briquetting machine to be
briquetted without the addition of a binder.
The UBC briquettes were stored in a prod-
uct yard and some samples were taken to
be characterized.

Raw coal was ground to a grain size of under
3 mm and mixed with kerosene and LSWR to
prepare slurry. The slurry was sent to a dewa-
tering vessel where the moisture level was re-
duced by heating at the temperature of 150-
160°C and pressure of 0.3-0.35 MPa (3-3.5
atm). The dewatered coal and oil were sepa-
rated and were dried. The used oil was recov-
ered and was reused as recycled oil for the
next slurry dewatering. UBC product was in
the form of briquette and was analyzed. The
flow sheet of UBC process is illustrated in Fig-
ure 2.

HWD Process

The HWD process was conducted in labora-
tory scale at temperatures of 300°C for one
hour as the effective condition of process
(Umar et al, 2007). The pulverized coal (ca.
1,500 g) was mixed with water (1:1) and was
heated in an autoclave with 5,000 ml in ca-
pacity. The atmosphere in the autoclave was
purge by N2 at pressure of 0.1 MPa. The auto-
clave was heated at a rate of 3-4°C/min to reach
the temperature of 300°C and pressure of about
12 MPa. The upgraded coal was cooled, re-
moved, dried and analyzed. Figure 3 shows
the block diagram of HWD process.
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Coal — Oil Separation
130°C, 100 kPa

Oil Recovery/Drying
le 180°C, 100 kPa

Slurry Mixing Slurry Dewatering
150-160°C,
200-350 kPa
Recovered Oil |
3
-
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Figure 2. UBC process flow chart
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Figure 3. Block diagram of hot water drying process
SD Process liquid form so that the latent heat of vaporiza-

The SD process was conducted in laboratory
scale. The different between HWD and SD pro-
cesses is mainly depends on how coal feed-
ing. SD process is affected by charging the
autoclave with water and suspending the
sample in a stainless steel basket above the
water, at autoclave. While in HWD process,
the autoclave is charged with slurry of coal
and water.

The process of SD was simple. The coal was
heated under pressurized condition with satu-
rated steam, and the water was removed in

tion was not involved (Bongers, et al., 2003).
Crushed and screened coal of -2+1 cm in size
of about 1,500 g fed to an autoclave in 5,000
ml of capacity and was heated by steam at
temperatures of 300°C for one hour as the ef-
fective condition of process (Umar, 2004). As
in the HWD process, the atmosphere in the
autoclave was also purge by N at pressure of
0.1 MPa. The autoclave was heated at a rate
of 3-4°C/min to reach the temperature of 300°C
and pressure of about 12 MPa. The upgraded
coal was cooled, removed and analyzed.
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Characterization of the Raw and Upgraded
Coals

The characterization of the raw and UBC upgraded
coals was carried out based on chemical and com-
bustion characteristics. Chemical analysis was
based on proximate, ultimate, calorific value and
functional froup analyses, whilst combustion prop-
erties based on differential thermal analysis (DTA)
and thermo gravimetry (TG).

Degree of dewatering

The parameter of dewatering was evaluated
by the moisture content data of the raw and
upgraded coals. The degree of dewatering is
defined by Eq. 1:

Degree of _ (M) raw coal - (M) upgraded coal o
dewatering - (M) raw coal x100% __.... (1)

where: M was the moisture content (%) in the coals
in air dried basis (adb).

- Proximate and ultimate analyses

The proximate analysis covered the determi-
nation of moisture, ash and volatile matter and
the calculation of fixed carbon. While the ulti-
mate analyses is the determination of carbon
and hydrogen in the material, as found in the
gaseous products of its complete combustion,
the determination of sulphur, nitrogen and ash
in the material as a whole, and the calculation
of oxygen by difference. These analyses were
conducted according to the ASTM Standard
Method (Annual Book of ASTM Standard,
2005).

- Calorific value

The calorific value was determined by heating
the coal sample in a bomb calorimeter at stan-
dard condition. The calorie produced, was
calculated from the difference between initial
and final combustion temperature with some
correction. Calorific value was expressed in
cal/g and is reported as gross calorific value
in air dried basis.

- Functional groups
A Fourier transform infrared spectrometer
(HORIBA FT-720) in resolution of 1 cm-1was
used to study a change in functional group
properties caused by the upgrading pro-
cesses. The sample was measured by a KBr
pellet method in spectrum from which 3000-

2700 cm-1and 1800-1500 cm-* were assigned
to the aliphatic hydrogen (C-H functional group)
and oxygen containing structures (C=0 func-
tional group), respectively (Miura et al, 2002).

The following parameters were defined as the
ratio of deconvoluted peak area, RcHs/cH2, Rar/
al, Rcoon/ar, and Rcorar, were defined as the
ratios of methyl/methylene, aromatic/aliphatic,
carboxyl/aromatic, and carbonyl/aromatic,
respectively. Carbonyl groups include ester,
carboxyl, and other carbonyl group such as
ketone (Mahidin et al, 2002).

RcHa/icHz = 2965 cm-! band/2920 cm-! band
R aral= 1615 cm-1 band/(total of 2965, 2920,
2895, 2875, 2850 cm-1, five bands)
Rcoon/ar= 1710 cm-1 band/1615¢cm-1 band
Rcorar = (total of 1770, 1710, 1700, 1655 cm-
1, four bands)/1615 cm-1 band

Combustion characteristics
Understanding of the coal combustion char-
acteristics aids in design and maintenance of
the boiler. The good design helps to maximize
combustion efficiency and assists in reduc-
ing carbon particle emissions. Thermal analy-
sis data can be applied not only to the char-
acterization of different coals, but also to the
evaluation of combustion performance at high
temperatures and heating rates. One of these
techniques is differential thermal analysis
(DTA) and thermo gravimetry (TG).

DTA and TG, the monitoring respectively of
the differentiation of heat release and the rela-
tive weight loss as a function of temperature,
have been shown to be an effective tool to study
combustion behavior of coal (Crelling, et al.,
1992). Since only a small size of the sample
is required to analyze, the combustion profile
is most useful to evaluate the burning proper-
ties of fuel when only a small amount of
samples is available or when it is impractical
to test large quantities of fuel at existing in-
stallation (Ma et al, 1989).

The DTA and TG analysis were carried out
using a Shimadzu DTG-60 apparatus. The
sample with weight of ca. 5 mg and particle
size of less than 75 ym (passed through 200
mesh screens) was placed in a platinum cell
at an airflow rate of 25 ml/min and heating rate
of 10°C/min. The maximum experimental tem-
perature was 800 °C (Usui et al, 2004). From
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the DTA-TG curves, a number of combustion
parameters can be derived, such as ignition
temperature (Tig), maximum combustion rate
temperature (Tmax), maximum combustion
rate (Rmax), char burn out temperature (Too)
and ash yield.

Tmax was the temperature at which the maxi-
mum rate occurred and Rmax from the DTA
curve relates to the maximum combustion rate.
The peak value of Rmax of the DTA curve, give
an indication of the intensity of combustion.
Mass loss on the TG curve represents the
amount of coal burned out. Rmax is defined as
in Eq. 2:

RmaX= [d (TGA)/dt]T:Tmax ..........................
Char burn out temperature (Tho) was defined
as the temperature at the minimum DTA peak
after Tmax, while ash yield a ratio of the sample
weight remaining at the temperature of 800°C
(TGar) to initial state (TGai), as given in Eq. 3:
Ash Yield = TGa#TGaix 100%

RESULTS AND DISCUSSION
Change in Chemical Characteristics

The change in chemical characteristics due to coal
upgrading processes is illustrated by the proxi-
mate, ultimate, calorific value and functional group
analyses result of the coals. Table 2 shows the
results of proximate, ultimate and calorific value
of both the raw and upgraded coals.

From Table 2, it can be seen that inherent mois-
ture of the raw coal (17.09%) decreased signifi-
cantly after all of coal upgrading processes. The
SD process reduced moisture content more than
that of the UBC and HWD processes, conse-
quently the degree of dewatering of the upgraded
coal by the SD process was also the highest (Fig-
ure 4).

The highest degree of dewatering of the SD pro-
cess (91.40%) than that of the UBC and HWD
processes (88.99% and 88.12%, respectively),
shows that the use of Banko coal in solid form
was more effective than that in slurry form either
with kerosene or water. Different from the previous
study by using Berau coal from East Kalimantan
with inherent moisture of 18.03% (Umar et al,
2007), the UBC process produced upgraded coal
with the lowest degree of dewatering compared
with that of the HWD and SD processes. It could
be understood because the UBC process was

,/'
100
00
80

r‘/
70
60
50 '1/ T T r’/

UBC HWD SD
Figure 4. Coal upgrading degree of dewatering

Table 2. Analysis results of the raw and upgraded coals

Raw UBC HWD SD

Total Moisture, Wt% ar 25.32

Moisture, Wt % adb 17.09 1.88 2.03 1.47
Ash, Wt % db 4.39 3.88 3.31 212
Volatile Matter, Wt % db 47.58 | 49.97 | 42.30 | 42.27
Fixed Carbon, Wt % db 48.03 | 46.15 | 54.39 | 55.61
Carbon, Wt % daf 7099 72.89 | 79.09| 77.79
Hydrogen, Wt % daf 6.28 6.15 6.30 6.40
Nitrogen, Wt % daf 0.88 0.89 0.75 0.76
Sulphur, Wt % daf 0.41 0.36 0.35 0.39
Oxygen, Wt % daf 21.44 | 19.71 | 13.51 | 14.66
Calorific value cal/g ar 4901 | 6,919 | 6,929 | 7,085

Notes:
Adb : air dried basis Daf : dry ash free

Db : dry basis
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conducted in lower temperature and pressure.
contrary, if it is applied to the Banko coal, the
degree of dewatering of UBC process higher than
that of the HWD process (73.32 and 91.24%, re-
spectively). The SD process indicates the highest
degree of dewatering for both previous and present
studies by using Berau and Banko coals, respec-
tively.

As the reduction of moisture contents in the coal,
the calorific value of the upgraded coals was also
increased. Calorific value of the upgraded coals in
as received (ar) basis is equal to the calorific value
in air dried basis, if it was assumed that free mois-
ture of the upgraded coals was zero. The calorific
value of the upgraded coal by the SD process was
also the highest than that of the UBC and HWD
processes (Figure 5) in connection with the re-
sults of moisture contents. The calorific value of
the upgraded coal by the UBC process was the
lowest i.e. 6,919 cal/g ar. In this point of view, it
can be concluded that all of the coal upgrading
processes could be applied to the low calorie
Banko coal to produce coal with high calorie (6,100-
7,100 cal/g adb, according to the Indonesian Gov-
ernment Regulation No 45 year 2003).

9000

~
(=3
[=]
(=]

Calorific value, cal/g ar
[*3] [,
(=1 (=]
[=1 [=1
= =

1000 4 : : :
Raw UBC HWD D

Figure 5. Calorific value of the raw and upgraded
coals

The ash content of all upgraded coals significantly
decreased compared to that of the raw coal. The
highest reducing of ash content was reached by
the SD process. As general explanation, the up-
grading processes should not significantly affected
by the ash content, due to the upgrading pro-
cesses were focused on the reduction of moisture
content. The increasing of ash content mostly was
influenced by the impurities characteristics and
the decrease of the coal mass. The UBC process

produced coal with the highest ash content com-
pare to that of HWD and SD processes. The high
ash content of the UBC upgraded coal was caused
by the LSWR pluged the coal pores and was re-
mained as ash after combustion.

The volatile matter of upgraded coal by UBC pro-
cess was increased. The HWD and SD processes,
resulted in lower volatile matter. It was believed
that the high temperature and pressure of
devolatilization such as decarboxylation and de-
hydration was taken place (Mahidin et al, 2003).

The fixed carbon of the upgraded coals by HWD
and SD processes was increased, while the fixed
carbon was decreased by the UBC process . The
decreasing of fixed carbon in the UBC upgraded
coal caused by the significantly increased in the
volatile matter. It might be explained that the LSWR
which was added during UBC process plugged in
the coal pore and it was detected as the volatile
matter. The increasing of the fixed carbon for both
upgraded coals by HWD and SD processes was
due to the significantly decreased of moisture and
slightly decreased of volatile matter contents.

The carbon content of the upgraded coals was in-
creased for all of the UBC, HWD and SD pro-
cesses. The slightly increased of the carbon con-
tent of the UBC upgraded coal was in connection
with the decreasing in fixed carbon of the coal.
The hydrogen content of the UBC upgraded coals
was decreased, while by the HWD and SD pro-
cesses it was slightly increased. The nitrogen
content of the UBC upgraded coal was nearly equal
to or slightly less than that of the raw coal. Whilst
the upgraded coal by HWD and SD processes it
was slighly decreased. So that the sulphur con-
tents, all of upgraded coals show slightly de-
creased or equal to the raw coal. It could be con-
cluded that all of the coal upgrading applied in this
study hardly affect the hydrogen, nitrogen and
sulfur contents.

The effect of upgrading process on the FTIR spec-
trum obtained for the raw and upgraded coals by
UBC, HWD and SD processes is shown in Figure
6. The peaks of the upgraded coals were lower
than that of the raw coal at the selected ranges of
3,000-2,750 cm-1 and 1,800-1,500 cm-1 which cor-
respond to the structure of aliphatic hydrogen (C-
H functional group) and the oxygen containing
structures (C=0 functional group) respectively. The
peak of the UBC upgraded coal, higher than that
of the HWD and SD upgraded coals. The HWD
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and SD processes which were carried out at higher
temperature and pressure, several chemical con-
stituents in the coal such as carboxyl, hydroxyl
and ether functional groups, besides aliphatic and
aromatic hydrocarbons are decomposed produc-
ing CO2, H20, CO, CHa, Hy, etc. and then were
expelled from the coal. So that, the C-O and C=0
of the coal were decreased. The parameters of
the raw and upgraded coals in different upgrading
processes are summarized in Table 3.
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Figure 6. FTIR spectra for the raw and upgraded
coals

Table 3. Parameters based on FTIR spectra of
raw and upgraded coals

Coal | RcHs/cH2 | Raral | Rcoonrar | Rcorar

Raw 0.23 1.038 0.05 0.32
UBC 0.26 2.09 0.05 0.29
HWD 0.27 2.03 0.08 0.24
SD 0.28 3.95 0.06 0.26

As can be seen in Table 3, the RchaicHz values of
all upgraded coals were increased and the me-
thyl/methylene ratio generally increased when LRC
was upgraded (Mahidin, 2002). The HWD and SD
upgraded coals the RCH3/CHz value was slighly
higher than that of the UBC upgraded coal. This
was caused by the lower temperature of the UBC
process compared with those of the HWD and SD
processes. The Rar/al values of all of the upgraded
coals were significantly higher than that of the raw
coal. The SD upgraded coal shows the highest
Rar/al value (3.95) compare to that of raw, UBC
and HWD upgraded coals (1.03; 2.09 and 2.03,
respectively). The high the Raral value, the high
the aromaticity of the coal. It indicates that the
SD upgraded coal is similar to the high rank coal
which has higher aromaticity than alifaticity (Ohki
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etal, 1999).

The values of Rcoonrar almost did not change dur-
ing the upgrading processes. By the UBC process,
the upgraded coal it was exactly the same and by
the HWD and SD processes it was slightly in-
creased. The difference (slightly increased and
exactly the same) might be concluded that those
upgrading processes were not affected the value
of the Rcoowiar.

The Rcoyar for upgraded coals decreased from 0.32
become 0.29; 0.24 and 0.26 after coal upgrading
by UBC, HWD and SD processes, respectively.
The lowest decrease of the Rcoysar value, was
reached by UBC process. It was due to the low
temperature process that applied in the process,
so that the released of the carbonyl group in the
coal was not completed yet.

Changein Combustion Characteristics

DTA curves of the raw and upgraded coals are
shown in Figure 7. The curves illustrated heat dif-
ferentiation which was released during the test.
There were three DTA peaks for all of the raw coals.
The first and second DTA peaks appeared around
60°C and 330°C due to the vaporization of mois-
ture and combustion of volatile matter. The third
peak represented the combustion of char.
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Figure 7. DTA-TG for the raw and upgraded coals

For all of the upgraded coals, the first peaks sig-
nificantly decreased because of moisture removal
during upgrading processes. The second peaks,
corresponded to volatile matter, removal didnot
change during the UBC process because this pro-
cess was conducted at mild temperature but
slightly decreased by the HWD and SD processes.
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Furthermore, the third peaks that show the high-
est, all of the upgraded coals were significantly
increased. The increase of third DTA peaks of all
of the upgraded coals characterized that the ma-
jor heat released in combustion of upgraded coals
was taken place. Based on this fact, it seems
that the heating values of the upgraded coals were
higher than that of raw coals. Generally speaking,
the HWD result upgraded coal with the highest
DTA maximum peak than that of the upgraded coal
by the SD and UBC processes.

The TG curves of raw and upgraded coals illus-
trated the relative weight loss. Weight loss below
150°C was related to moisture removal , and that
above of 150°C was due to the combustion of vola-
tile matter and char. Table 4 shows the summary
obtained for combustion parameters from the DTA-
TG. A bituminous coal from Kaltim Prima Coal
(KPC) was also described as reference (Mahidin
et al, 2002).

Table 4. Combustion parameters based on DTA-
TG analysis of the raw and upgraded

coals
Coal | Tig°C | Tmax °C| Tho °C | Rmax mg/min
Raw 282 453 789 0.30
UBC 289 449 783 0.34
HWD | 308 453 783 0.39
SD 312 456 785 0.35
KPC 327 495 583 0.28

The Tig value corresponds to the ignition tempera-
ture of the volatile matter. In this study, the Tig of
all of the upgraded coals increased. In UBC up-
graded coal, the Tig was equal to or slightly in-
creased. While the HWD and SD upgraded coal
significantly increased. The increasing of Tig in the
HWD and SD upgraded coals was discribed to
the decreasing of the volatile matter since the ig-
nition for HRC was controlled by the volatile con-

tent. However, it was difficult to cite the general
comparison between HRC and LRC because the
ignition of LRC was largely influenced by the reac-
tivity of the oxygen. In general, those coals with
low ignition temperature and high mass loss in
the low temperature range can be considered as
easy to ignite and burn out.

Tmax relates to coal reactivity. Reactive coals have
a lower of Tmax. , it can be seen From Table 4 that
the Tmax Of upgraded coals due to the upgrading
process was almost no change (UBC upgraded
coal was slightly decreased, the HWD upgraded
coal was exactly equal and SD upgraded coal was
slightly increased).

Rmax indicates the maximum combustion rate. All
of upgraded coals have the Rmax was higher than
that of the raw and KPC coals. The highest Rmax
was reached by upgraded coal through the HWD
process, followed by upgraded coals by SD and
UBC processes in relevant to the DTA maximum
peak. It expressed that the upgraded coals were
easy to be burnt due to high calorific value and
low moisture content (Ohki et al, 1999).

The Tho reflects that the char characteristic was
almost no change or slightly decreased due to
upgrading treatment. Compared with the combus-
tion characteristics of KPC coal that character-
ized as high calorie coal, the char characteristic
of upgraded coals was widely different from the
char characteristics of high rank natural coal which
was shown by higher Tmax and Tpeo.

Since the area under the DTA curve was inter-
preted as the heat change during the whole pro-
cess, the DTA curve can be used to estimate heat
which was released during combustion process
and corresponds to the high heating value of coal.
In this study, the relationship of the high heating
value calculated (HHVcalc, MJ/kg) and area un-
der DTA curve, A (UV. sec) is represented as the
equation 4 with correlation coefficient (R) of 0.775
and the results can be seen in Table 5.

Table 5. Calculated and measured HHV of the raw and upgraded coals

DTAmax | Time, TGA|, AITGAI, HHV measured HHV calc.

peak, pv sec mg Hv sec/mg MJ/kg MJ/kg
Raw 504 2530 4.88 261,295.1 21.13 23.28
UBC 567 2486 5.00 281,912.4 26.42 24.69
HWD 662 2519 4.86 343,123.0 27.76 28.87
SD 577 2530 4.91 297,313.6 27.29 25.75
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HHV calc = 5.43896 + (6.83011.10-5 x A/ITGAI) ... (4)

Table 5 indicates that the HHVs which were cal-
culated from DTA analyses different from the HHVs
which were measured using bomb calorimeter
according to ASTM Standard D-3286. It might be
explained by the deviation of equations 4 which
was used. It was reflected by low correlation coef-
ficient (0.775) between the DTA max peak, time,
TGAi and HHV measured. It can be seen that the
HHV:s of the upgraded coals by the HWD and SD
processes were higher rather than that of the raw
and upgraded coals by the UBC process, based
on higher peaks of the upgraded coals.

CONCLUSIONS

Various coal upgrading of UBC, HWD and SD pro-
cesses which were applied to a low calorie Banko
coal indicate that:

— the inherent moisture of the upgraded coals
was significantly decreased. Consequently, the
specific energy of all upgraded coals also sig-
nificantly increased. The SD process re-
duced moisture content more than that of the
UBC and HWD processes;

— the FTIR spectrum obtained showed that the
peaks of the upgraded coals were lower than
that of the raw coal at the selected ranges of
3000-2750 cm-1 and 1800-1500 cm-1and cor-
respond to the structure of aliphatic hydrogen
(C-H functional group) and the oxygen con-
taining structures (C=0 functional group) re-
spectively;

— the Tig value which corresponded to the igni-
tion temperature showed that all of the up-
graded coals increased. It reflected that the
coals have lower tendency to spontaneous
combustion compare to that of the raw coal;

— the upgraded coals had better combustion
characteristics it was shown by the Rmax val-
ues that indicates the maximum combustion
rate. All of the upgraded coals was higher than
that of the raw coals;

— technically, the LRC upgrading by the HWD
and SD processes produced upgraded coal
with better characteristics than that of the up-
graded coal by the UBC process. The inher-
ent moisture contents were lower and the calo-
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rific values of the upgraded coals were higher
and have better combustion characteristics.
The SD process produced upgraded coal with
the highest calorific value than that of the UBC
and HWD processes in relevant to the mois-
ture content of the upgraded coals.
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