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ABSTRACT: The effect of coal char on the decomposition of rice straw derived tar was investigated in a two-stage fixed
bed reactor. The reactor was divided into a pyrolysis zone (upper part) and a volatile-char contacting zone (lower part).
Rice straw was pyrolysed at different temperatures in the upper part. Coal char, prepared by the pyrolysis of Indonesian
coal at either 600 °C (char600) or 800 °C (char800), was located in the lower part. Volatiles from the rice straw (upper part)
were produced and then came in contact with the coal char at the lower part under the N2 (pyrolysis) or steam/N2 (steam
reforming) gas flow. Under pyrolysis, both char600 and char800 exhibited a catalytic effect on the thermal tar decomposition.
The coal chars also played a significant catalytic activity on the decomposition of the heavy aromatic hydrocarbons that
were generated at a high pyrolysis temperature. In the presence of steam, char600 also exhibited a catalytic role in tar steam
reforming, while char800 did not reveal any such significant catalytic activity because of the predominant coke/carbon
formation.
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INTRODUCTION

Gasification is an effective technology for convert-
ing hydrocarbon-based materials into gaseous fuels,
called ‘synthesis gas’ that is mainly composed of
hydrogen (H2) and carbon monoxide (CO). The pro-
duced gas can be applied for power generation, petro-
chemical production of methanol and dimethylether,
and/or in the Fischer-Tropsch process to produce syn-
thetic oil. Synthesis gas is produced together with
various by-products such as oxides of nitrogen (NOx)
and sulphur (SOx), tar, and particulates. Tar can
condense when the temperature is lower than its dew
point and plug or foul the pipeline and gasifier and
so decrease the overall process efficiency1. Conse-
quently, tar elimination is an important preceding step
for cleaning the gas product. Catalytic tar elimination
is one potential method for tar reduction. Anis et al2

classified effective catalysts for tar reduction into the
six groups of (i) nickel-based, (ii) non-nickel metal,
(iii) alkali metal, (iv) basic, (v) acid and (vi) activated
carbon catalysts. Recently, char derived from the
pyrolysis of coal or biomass, called ‘pyrolysed-char’,
has been reported as a catalyst for tar elimination.
One of its key advantages is that char production

and tar reduction can be implemented simultaneously
inside the gasifier by controlling the parameters and
configurations3. The tar reforming ability of char is
influenced by its surface area and the inherent mineral
content (in particular Na, K, Ca, and Mg) on the
char surface4. In previous studies, char catalyst was
mostly obtained from the pyrolysis of biomass sources
because of its high porosity and high surface minerals
content5–7. However, the yield of char obtained from
the pyrolysis of biomass was relatively low compared
with that of coal char due to the lower fixed carbon
level in biomass. A few studies have addressed
the catalytic activity of coal char prepared from the
pyrolysis of low-rank coal, such as Brown coal4, 8

and lignite3. Nevertheless, those studies focused on
the reduction of coal derived tar and so the current
understanding of the catalytic effect of coal char on
biomass derived tar is still inadequate. In addition,
the co-pyrolysis/gasification of coal char and biomass
has recently gained in interest due to the synergetic
effect, in terms of the product yield, gas composi-
tion and the overall process efficiency9–11. A more
complete knowledge of the coal char and biomass
tar interactions is expected to facilitate the optimal
design and operation of processes involving the co-
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Table 1 Proximate and ultimate analyses of rice straw, Indonesian coal and coal char samples.

Sample Proximate analysis (wt%)

Moisture Ash Volatile matter Fixed Carbon

Rice straw 6.43 11.22 61.95 29.25
Coal 12.41 8.39 36.84 42.36
Char600 4.70 27.16 5.64 62.50
Char800 6.95 33.18 5.07 54.80

Ultimate analysis (wt% dry ash-free basis) H/C molar

C H N Sa O (diff.) ratio

Rice straw 45.30 6.93 0.92 0.14 46.71 1.84
Coal 72.13 6.67 1.40 0.22 19.58 1.11
Char600 94.13 2.39 1.45 n.d.b 2.02c 0.30
Char800 91.38 1.83 0.90 n.d. 5.89c 0.24

a determined by Bomb washing method (ASTM 3177)
b n.d. = not determined
c O content including S content

pyrolysis/gasification of coal and biomass. Further-
more, the catalytic decomposition of biomass derived
tar is related to its composition, and the composition
and structure of tar have been reported to significantly
depend on the pyrolysis temperature12, 13.

In this study, the catalytic effect of coal char
on biomass derived tar reduction under both thermal
decomposition and steam reforming was investigated,
using a two-stage fixed bed reactor. The influences
of coal char preparing temperature and biomass py-
rolysis temperature were explored. In addition, the
prepared coal chars were characterized by Brunauer-
Emmitt-Teller (BET), scanning electron microscopy
(SEM) and X-ray fluorescence microscopy (XRF),
while the product tar composition was analysed by gas
chromatography-mass spectroscopy (GC-MS).

MATERIALS AND METHODS

Materials

Rice straw and Indonesian subbituminous coal was
used as the biomass and original coal samples, respec-
tively. All of the samples were ground and sieved to
select particles in the size range of 150–250 µm. To
remove the effect of moisture content and variations
between samples, the samples were oven-dried at
110 °C for 1 h and then stored in a desiccator before
use. Proximate and ultimate analyses of the samples
were presented in Table 1.

Coal char preparation

Coal chars were prepared in a conventional fixed
bed reactor, using 7 g of Indonesian coal that was
placed inside the quartz reactor (19 mm ID and 40 cm

long heating zone). The coal was slowly pyrolysed
under a nitrogen (N2) flow rate of 120 ml/min as the
temperature was increased from room temperature to
the desired temperature and then held for 60 min.
Two types of coal char were prepared by performing
the pyrolysis at either 600 or 800 °C and hereafter
are called ‘char600’ and ‘char800’, respectively. The
mineral contents in each coal char was characterized
by XRF using a Phillips model PW2400 instrument.
In addition, the specific surface area, pore volume
and pore size of the coal chars were measured by
N2 adsorption at −196 °C on a model Quantachrome
(Autosorb-1) instrument and degassing the sample
before adsorption at 300 °C for 6 h. The data were
then subjected to analysis using the BET method. In
addition, the morphology of each coal char sample
was characterized by SEM method, using a JEOL
model JSM-5410LV.

Pyrolysis and steam gasification in a two-stage
fixed bed reactor

Pyrolysis and steam gasification of rice straw were
carried out in a two-stage fixed bed reactor, schemat-
ically illustrated in Fig. 1. The reactor consisted of
an inner quartz tube of 9 mm ID and 60 cm length,
placed inside the outer quartz tube of 19 mm ID
and 89 cm length. The reactor was divided into two
parts; an upper part where biomass pyrolysis took
place (pyrolysis zone) and a lower part where the
coal char was located and made contact with the rice
straw volatiles from the pyrolysis zone (volatile-char
contacting zone). The reaction temperature of the
upper and lower zone was separately controlled by an
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Fig. 1 Schematic diagram of a two-stage fixed bed reactor.

external Carbolite model MTP 12 and Lenton model
LTF 12 electric furnace, respectively.

First, 50 mg of coal char or inert bed (inactive
alumina) with a bed height of 2 cm was placed in the
lower part. N2 was used as the carrier gas with flow
rates of 80 and 30 ml/min in the inner tube and outer
tube, respectively. After purging for 60 min, both
electric furnaces were heated up to their respective
desired temperature and then 120 mg of rice straw
was dropped into the pyrolysis zone in the inner
tube. The rice straw pyrolysed-char was located over
the filter in the inner tube, only rice straw derived
volatiles (including tar and gas) passed through the
filter and came in contact with the coal char in the
lower volatile-char contacting zone. An N2 gas flow
was used for the pyrolysis while 60% (v/v) steam and
N2 mixture was introduced for the steam gasification
condition. Some of the heavy tars were condensed by
an iced-tar trap filled with isopropanol and round glass
beads of 6 mm in diameter for recovering condensable
compounds. Gaseous products were collected in a
2-l gas bag, changed every 15 min after the sample
was dropped, for further quantitative analysis. The

reaction was performed for 1 h.
In addition, the solid residuals of rice straw in

the inner tube were collected and then weighted for
calculation of char yield. Tar yield (wt% of rice straw
feed) was determined as

Tar yield = 100− Ygas − Ychar, (1)

where Ygas and Ychar represent the gas yield and char
yield based on 100 g of rice straw feed, respectively.
For this situation, tar yield might include soot or coke
which was possible formed over the coal char surfaces
during the reaction.

Characterization of the products

The produced gases, which mainly consisted of H2,
CO, methane (CH4) and CO2, was quantitatively
analysed by GC (Shimadzu GC-2014) with a thermal
conductivity detector using a Unibeads C column
(3.00 mm ID× 200 cm length). To determine the
chemical composition of the condensed tar in the ice-
tar trap, it was analysed by GC-MS using a Varian
Model Saturn 2200 instrument equipped with a DB-
5ms capillary column (J & W Scientific) of 0.25 mm
OD× 0.25 mm film thickness× 30 m length, with
helium as the carrier gas. The molecular weight scan
range was 50–650 m/z with a 5 min solvent cut time.
The column was held at 50 °C for 3 min, and then
the temperature was increased to 220 °C at rate of
20 °C/min and held for 40 min.

RESULTS AND DISCUSSION

Characterization of prepared coal chars

From the proximate and ultimate analyses (Table 1),
it was found that both char600 and char800 had lower
moisture, volatile matter, H/C molar ratio, and oxygen
contents, but higher ash and fixed carbon contents
compared to the original coal. This was due to the
release of volatile matter during the slow pyrolysis of
coal at the high applied temperature (600 or 800 °C)
resulting in the char formation via the secondary
reactions such as polymerization and thermal cracking
of the heavier volatile products14. Comparing the two
coal chars, char800 had a lower H/C molar ratio be-
cause the char naturally becomes more carbonaceous
in structure at higher temperature. Table 2 shows the
BET surface area, pore volume and average pore size
of the two prepared coal chars. The BET surface area
and pore volume of char600 were 4.1- and 2.8-fold,
respectively, higher than those of char800. On the
other hand, the average pore size of char600 was 1.4-
fold lower than that of char800. This is attributed
to the destruction of the carbon matrix in char800 at
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Table 2 BET surface area, pore volume and pore size of the
prepared coal char.

Coal char sample Char600 Char800

BET surface area (m2/g) 200.71 48.92
Pore volume (cm3/g) 0.1389 0.0487
Average pore size (Å) 27.68 39.85

Fig. 2 SEM images of coal char (a) char600 and
(b) char800.

the higher temperature, resulting in the formation of a
larger pore diameter15.

The BET result was supported by the SEM anal-
ysis which the surface of char800 was seen to be
occupied by a dense carbon matrix with larger pores
(Fig. 2). In contrast, the char600 surface looked like
loosely-packed carbon with smaller pores. This result
agrees with previous studies have reported that, at
high thermal treatment temperatures, the crystalline
carbon structure increased and was accompanied by
the decrease of micropores and the increase of macro-
pores16–19. The mineral contents of coal char, espe-
cially alkali alkaline earth metallic (AAEM) species,
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Fig. 3 Effect of coal char on (a) product yield and (b) gas
production from the pyrolysis of rice straw at 800 °C.

have been reported to be the key catalyst species for
tar decomposition and for char steam gasification20, 21.
The AAEM content of the prepared coal chars was
characterized by XRF which revealed that char600
had lower AAEM and Si contents than char800
(Table 3). However, the catalytic activity of coal
char not only depended on the presenting of AAEM
species but also significantly relied on char structure,
as discussed later.

Effect of coal char on rice straw pyrolysis

The effect of coal char on product yield of rice straw
pyrolysis at 800 °C is shown in Fig. 3. Note that the
amount of gas produced from coal char was subtracted
from the total amount of detected gas. In this section,
the temperature at the upper and lower part of the two-
stage fixed bed reactor was 800 °C. When inactive
alumina was used (inert bed), the pyrolysis of rice
straw proceeded via the primary thermal decomposi-
tion to tar as the main product of 60 wt%, with about
10 and 30 wt% char and gas products, respectively.
In the presence of char600 and char800, the tar yield
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Table 3 AAEM and Si contents over coal char surfaces by XRF technique.

Sample Element content (wt%)

Na K Mg Ca Si

Fresh coal char
Char600 0.082 0.373 0.169 2.207 3.422
Char800 0.096 0.547 0.236 3.200 4.035
After used coal char
Pyrolysis at 800 °C
Char600 0.045 0.523 0.235 2.386 7.700
Char800 0.030 0.365 0.187 1.543 5.293
Gasification at 800 °C
Char600 0.022 0.191 0.175 1.543 2.988
Char800 0.015 0.266 0.133 1.186 3.161

decreased from 60 to 35 and 40 wt%, respectively,
and the gas yield increased from 30–55 and 50 wt%,
respectively. Thus both char600 and char800 coal
chars likely play a catalytic role in the decomposition
of rice straw derived tar leading to higher gaseous
products. This result agrees with those of previous
studies3, 6 that also showed a catalytic role of hot
bed charcoal (biomass char) on tar reduction under
the pyrolysis of biomass. However, the char600
and char800 coal chars were not equally effective at
catalysing the decomposition of rice straw derived tar
(in terms of the tar conversion to gaseous products).
Rather, compared to char800, char600 gave a higher
gas yield with a corresponding lower tar yield. One
explanation lies in that char600 had a significantly
larger total BET surface area (4.1-fold) and pore
volume (2.85-fold) than char800 (Table 2). It has
previously been reported that tar reduction over char
surfaces followed two steps of tar deposition to form
secondary char and/or coke and steam gasification of
coke4, 22. Although no external steam was introduced,
the steam gasification presumably could have taken
place from the pyrolytic steam that was generated
from the biomass pyrolysis23, 24. Hence, the higher
surface area of char600 could promote tar deposition,
forming coke that was decomposed consecutively into
gaseous products by steam gasification in the follow-
ing reaction:

C+H2O −−⇀↽−− CO+H2 (2)

The catalytic steam reforming of soot or coke by alkali
metallic species was also reported in the previous coal
pyrolysis21. An alternative explanation is that the
different catalytic behaviour could reflect the differ-
ence in the AAEM levels on the surface of the coal
chars. The spent char600 after pyrolysis generally
had a higher AAEM content than the fresh char600,

especially K (1.4-fold, Table 3). Rice straw has a
relatively high K content which can be released in the
vapour phase at around 57 wt% (not shown). So it
could be assumed that the increased K content in the
spent char600 might be due to the formation of the
phenolate group (K−O−C) that bonded between the
released K from rice straw and carbon matrix of coal
char25–27. The phenolate group has been reported to
be a catalytic species for carbon-steam reaction27–30.
At the same time, the volatilization of AAEM over
the coal char surfaces was promoted by the H-radicals
which released from the thermal cracking of rice straw
derived volatiles, following the reaction:

CM−M+H −−⇀↽−− CM−H+M (3)

where CM, M, and H represented the char matrix,
AAEMs, and H-radical from the volatile, respec-
tively21. According to this, it could be supposed that
in the case of char600, the volatilization of AAEM in
reaction (3) was a less significant factor than the for-
mation of the phenolate group. On the other hand, the
spent char800 had a lower AAEM content, including
K (1.5-fold) than the original unused char800. Wood
et al31 reported that the catalytic species including
K, undergo a chemical and physical transformation to
form a molten K2O film that cover the char surfaces.
Hence, the char800 probably possessed a lower forma-
tion level of the phenolate group because of its lower
surface area.

The effect of the two types of coal char on the
produced gases (H2, CO, CH4, and CO2) from rice
straw pyrolysis at 800 °C is shown in Fig. 3b. In the
case of the inert bed, rice straw pyrolysis generated
CO as the main component. This might be at-
tributed to the relatively high cellulose content in rice
straw (∼32 wt%)23, which contains ether (C−O−C),
and carbonyl (C−−O) groups that decompose to form
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Fig. 4 Effect of pyrolysis temperature on product yield
of rice straw pyrolysis with the presence of coal char and
inactive alumina.

CO23, 32. The presence of char600 resulted in a
substantially higher total gas production level (1.9-
fold more than in the inert bed), due mainly to a higher
production level of H2, CO, and CO2. This increased
gas production could be explained as that the carbon
steam gasification was promoted by the high active
surfaces of char600 accompanied with the catalytic
behaviour of the AAEMs on coal char surfaces, as
mentioned above. This result showed a good agree-
ment with the previous literature6, which reported that
the carbon steam gasification (reaction (2)) was an
additional reaction involved in tar decomposition in
the presence of char. The catalytic effect of char600,
in terms of the increased gas products (mainly H2 and
CO), was found to be more significant than that of
char800. This may relate to the lower level of retained
AAEMs on the char800 surfaces after the pyrolysis
(Table 3).

Effect of pyrolysis temperature on rice straw
pyrolysis

The effect of pyrolysis temperature on tar, char and
gas product yield from rice straw pyrolysis with the
presence of the coal chars or inactive alumina (inert
bed) is shown in Fig. 4. Notice that the temperature
of the volatile-char contacting zone (lower part) was
maintained at 800 °C and only the temperature of the
pyrolysis zone (upper part) was varied at 600, 700, or
800 °C. It was observed that gas yield dramatically
increased while tar yield decreased with the increase
of pyrolysis temperature for all three material beds.
The catalytic effect of coal char on the reduction of tar,
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Fig. 5 Effect of pyrolysis temperature on GC-MS patterns
of rice straw derived tar at (a) 600 °C, (b) 700 °C and
(c) 800 °C.

compared to that obtained with the inert bed, was more
significant as the pyrolysis temperature increased. In
addition, the char600 performed more effectively as a
catalyst for tar reduction than the char800 at all three
pyrolysis temperatures.

The tar derived from rice straw pyrolysis at 600,
700, and 800 °C was characterized by GC-MS. It
revealed that the tar derived from the pyrolysis at
temperature of 600 °C mainly consisted of oxygenated
compounds (ketones and esters), phenols, and some
benzene derivatives (Fig. 5a). These components have
previously been reported as the major components of
tar derived from cellulose and hemicelluloses decom-
position at 600 °C during rice straw pyrolysis33, 34. At
pyrolysis temperature of 700 °C, the oxygenated com-
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pounds disappeared with an increase in the level of
phenolic compounds and some light aromatics, such
as benzene and naphthalene (Fig. 5b). Further increas-
ing the pyrolysis temperature to 800 °C resulted in a
decrease in the content of phenols whereas heavy aro-
matic compounds, such as naphthalene and anthracene
became more predominant (Fig. 5c). This result is
consistent with that previously reported for the com-
position of the tar derived from the pyrolysis of pine
wood. Tar derived from the pyrolysis of pine wood
at 600 °C contains mostly phenolic compounds while
the heavy aromatic compounds, such as anthracene
and fluorine, became more dominant at the pyrolysis
temperatures above 700 °C3. From the obtained prod-
uct yields, it appeared that the catalytic activity of the
coal char for tar reduction significantly depended on
the tar structure that was formed at different pyrolysis
temperatures. Heavy aromatic compounds in the tar
were preferentially decomposed over the coal chars
compared to that for the oxygenated compounds and
light hydrocarbons.

Hosokai et al35 also reported that the aromatic
compounds, and especially naphthalene, were almost
completely decomposed on charcoal.

Effect of coal char on rice straw steam gasification

The effect of coal char on the product yield from rice
straw following steam gasification is shown in Fig. 6a.
Note that the product distribution was evaluated and
reported in terms of the carbon balance of the rice
straw, and so the gas products generated from the
steam gasification of the coal char were completely
removed. The presence of char600 gave the lowest
carbon conversion into tar (∼20 wt%). The highest
carbon conversion into gas (∼83 wt%) at some 1.34-
and 4.15-fold higher than with the inert bed and
char800, respectively. It indicates that the catalytic
effect of char600 also occurs in the rice straw steam
gasification but is more significant than that in the
rice straw pyrolysis. This is probably due to tar
steam reforming promoted by the external steam. Min
et al36 reported that the role of external steam for
the reforming of volatile involved two completive
reactions. First is the direct steam reforming to
convert volatile into the small gaseous molecules. The
second is the deposition of tar to generated coke and
subsequently the gasification of coke to produce gas
product. With the presence of coal char, the second
way was probably more significant. This assumption
was also supported by a previous study which reported
that the aromatic compound was decomposed over
the charcoal (wood char) by coking rather than the
direct steam reforming35. In the case of char600,
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Fig. 6 Effect of coal char on (a) carbon conversion and
(b) gas production from the steam gasification of rice straw
at 800 °C.

the existence of high surface area and pore volume
induced the formation of coke/carbon over the char
surfaces. In addition, the presence of external steam
and AAEMs on its surfaces was promoted the catalytic
coke/carbon steam gasification following reactions
(4)–(7)28;

M+H2O −−⇀↽−− M(O) + H2 (4)
M(O) + C −−⇀↽−− C(O) +M (5)

C(O) −−⇀↽−− CO (6)
C(O) +M(O) −−⇀↽−− M+CO2 (7)

where M, M(O), and C(O) represent the AAEMs
(especially alkali metals), alkali-oxygen bond on the
carbon surfaces, and the carbon-oxygen bond on the
carbon surfaces, respectively. Hence the char600
showed the significant catalytic activity for tar steam
reforming.

In contrast, the presence of char800 gave a higher
carbon conversion into tar (∼75 wt%) and a lower
carbon conversion into gas (∼23 wt%) than the in-
active alumina. This indicates that the formation
of coke/carbon is more dominant than the catalytic
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coke gasification on the surfaces of char800. Hosakai
et al35 reported that the catalytic activity of coal char
could be maintained when the rate of coke gasification
was higher than the rate of coke formation. The rate
of coke steam gasification could be enhanced by the
existence of AAEM remaining on char surfaces, in
particular K30, 37 and Ca20. As mentioned above, the
formation of phenolated group (K−O−C) between
the volatile K from rice straw and coal char surfaces
could be preferably formed over the char600 surfaces
rather than char800 surfaces. Hence the catalytic
effect of K for coke/carbon steam gasification in cases
of char800 could be less dominant. In addition, the
contents of Ca on the spent char800 surfaces after
gasification were essentially decreased compared to
the original char (63% reduction see Table 3). It
could be supposed that the steam gasification of coke
which is deposited on the char800 surfaces was more
decomposed than that of the char600 due to the less
catalytic activity of the AAEMs. This resulted in
the largely decrease of carbon conversion into gas, as
evidenced in Fig. 6a.

The effect of coal char on the production level of
the four principal types of gas from rice straw steam
gasification at 800 °C is shown in Fig. 6b. Char600
gave a higher net level and proportion of H2 and CO2
and a slightly lower net level and proportion of CO
than with the inert bed. Presumably, the catalytic
effect of char600 promoted tar steam reforming and
the water gas shift reaction21. In contrast, the net and
proportional level of all gas production significantly
decreased in the presence of char800 compared to that
in the inert bed.

CONCLUSIONS

The catalytic activity of coal char on the pyrolytic de-
composition of rice straw derived tar was higher with
coal char that had been prepared at a lower pyrolysis
temperature (char600) compared to that prepared at a
higher pyrolysis temperature (char800). This is likely
to be due to the higher total surface, pore volume
and the content of catalytic AAEM species over the
char600 surfaces. The catalytic role of coal char
preferentially played on the decomposition of heavy
aromatic hydrocarbons that were generated at a high
pyrolysis temperature (800 °C). Moreover, in steam
gasification, only char600 and not char800 showed
any catalytic role for tar steam reforming, leading to
an increase in the H2, CO, and CO2 production levels.
Coal char might be an attractive catalyst for tar reduc-
tion in the gasification process because of its effective
activity and economic advantage. In addition, the
interaction between coal char and biomass derived tar

is expected to be a useful consideration in the design
and operation of coal and biomass processing plants.
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