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Introduction 

To develop a novel hot gas cleanup method to efficiently 
remove heteroatom compounds from coal gasification products is 
important to achieve high power-generation efficiency in integrated 
gasification combined-cycle technologies.1)  The present authors 
have recently found that fine particles of Fe or CaO supported on 
chars, prepared by carbonizing brown coals with Fe or Ca ions added, 
promote the decomposition of 2000 ppm NH3 diluted with He at 750 
– 850°C, and the high performance of the Fe catalyst is comparable 
to those of Ni- and Ru-based catalysts.1),2)  

 
Figure 1.  Catalytic performances of different coal chars in NH3 
decomposition at 750oC. Since Fe and Ca ions are naturally present mainly as ion-

exchanged forms in low rank coals, the present work focuses on the 
utilization of such cations as catalyst sources for NH3 decomposition 
from a practical point of view.  The inherently present, exchanged Fe 
ions have been reported to provide nanoscale particles of metallic Fe 
upon carbonization3) and are thus expectable to show high catalytic 
activity for this reaction. 

 
Figure 2A shows the result for the life test at 750oC of RB char 

with the largest performance.  Although the initial conversion of 
about 95 % was decreased to less than 80 % after 2 – 3 h reaction, 
the conversion level was almost unchanged even when time on 
stream was further prolonged to 25 h.  The activity of RB char was 
thus very stable under the present conditions.  

Experimental  
Five kinds of low rank coals from different countries with size 

fraction of 150 – 250 µm were used as catalyst sources.  The carbon 
contents were 66 – 72 wt%(daf).  These coals were carbonized with a 
fluidized bed reactor at 900oC in a stream of He.  The resulting chars 
had carbon contents of 88 – 92 wt%(daf) and BET surface areas of 
100 – 230 m2/g.   
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 Catalytic decomposition of 2000 ppm NH3 diluted with high 

purity He was carried out mainly at 750oC with a quartz-made fixed 
bed reactor.  To examine the effect of actual gas components, a 
simulated gas containing H2, CO, and CO2 was also used.  In a 
typical run, the char charged into the reactor was first treated with 
pure H2 at 500oC for 2 h, then heated at 15 K/min up to 750oC under 
flowing high purity He, which was finally replaced with feed gas, the 
space velocity being 45000 h-1.  The concentration of NH3 or N2 in 
the outlet gas was on line analyzed with a photoacoustic multi-gas 
monitor or a high speed micro GC, respectively.  Conversion of NH3 
to N2 was calculated by using the amount of N2 determined. 

 
 
 
 
 
 
 
 
 
 
 Some chars before and after reaction were characterized with a 

transmission electron microscope (TEM) equipped with an energy 
dispersive analyzer (EDX), by the X-ray diffraction (XRD) 
measurement with Ni-filtered Cu-Kα radiation, and by the 
temperature programmed desorption (TPD) technique. 

 
 
 
 
  
 Results and Discussion 

Figure 2.  Catalyst life of RB char (A) and the effect of H2 treatment 
of the char on NH3 conversion (B). 

Performances of Different Coal Chars.  Figure 1 shows NH3 
conversion at 750oC against time on stream.  All of five chars used 
promoted NH3 decomposition, though the efficiency depended 
strongly on kind of char.  NH3 conversion decreased with increasing 
time to be almost steady in most cases.  When the value after 3 – 4 h 
reaction was compared among all of the chars, it increased in the 
sequence of AD < ZN ≈ SB < AB < RB and reached 80 % with RB 
char.  It is evident that such performances of coal chars originate 
from the catalytic activity of Fe and Ca species naturally present in 
them, since Fe and Ca ions added to brown coals are active for this 
reaction,2) as mentioned above. 

 
To make clear the reason for the decrease of the initial activity 

of RB char, the char used was treated with H2 at 750oC for 1 h.  The 
result is shown in Figure 2B.  When feed gas was first stopped after 4 
h, then replaced with pure H2, and finally passed again over the char, 
NH3 conversion was restored to the initial state.  A significant 
amount of CH4 was formed during H2 treatment.  These observations 
strongly suggest that the surface of metallic Fe as the catalytically 
active species is partly carburized by the reaction with carbon atoms 
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It has been proposed that NH3 decomposition with Fe catalysts 
supported on brown coal chars proceeds through a following cycle 
mechanism involving α-Fe and the nitride species.2)   

in the char in the process of NH3 decomposition, and H2 treatment 
can restore the carbide species to the original metallic form.  As is 
seen in Figure 2B, RB char showed no significant deactivation at 
850oC.  The H2 evolved by NH3 decomposition may prevent the iron 
surface from being carburized because possibly of larger reaction 
rate of the carbide species and H2 at 850oC. 

 
8Fe + 2NH3 → 2Fe4N + 3H2   (1) 
2Fe4N → 8Fe + N2    (2) 

Catalysis by Inherent Fe and Ca in Char.  Figure 3 shows a 
TEM picture of the fresh RB char.  Fine particles with the size of 10 
– 20 nm existed on the char.  The EDX analysis of this field revealed 
the dominant presence of Fe and Ca elements, as is expectable.  
Although no significant XRD peaks of Fe species were detectable in 
the char, it is reasonable to see that inherent Fe ions in RB coal are 
reduced to the metallic form during carbonization.  With Ca species, 
very weak diffraction lines of CaO were observed in not only RB 
char but other chars.  The formation of nanoscale particles of metallic 
Fe and CaO accounts for high catalytic performance of RB char. 

 
Thus, the inherent Fe in char can also promote NH3 decomposition 
via the same mechanism as above.  Although the XRD peaks of Fe4N 
could not be detected in RB char after reaction, the TPD 
measurements revealed that, when the used char was quenched to 
room temperature and then heated in a stream of high purity He, the 
formation of N2 started around 600oC, suggesting the decomposition 
of the nitride species to N2. 

With Ca species after reaction, very weak diffraction lines of 
CaCN2 appeared in RB and AB chars.  This species was also 
observed after NH3 decomposition with Ca catalyst added.  The 
CaCN2 may be formed according to the following equation: 

 
 
  
  CaO + 2C + 2NH3 → CaCN2 + 3H2 + CO  (3) 
  
 Since the standard free energy changes are estimated to – 27 kJ/mol, 

eq. (3) is thermodynamically favorable.  The TPD measurements 
showed that the decomposition of CaCN2 to N2 occurred at higher 
temperatures of > 700oC than observed for Fe4N.  These results 
suggest that the Ca-catalyzed NH3 decomposition proceeds via the 
mechanism involving CaCN2.  

 
 
 
 
 
 When a simulated gas including H2, CO, and CO2 as well as 

2000 ppm NH3 was used in place of NH3 diluted with He alone, the 
initial activity of RB char was low, but, in contrast to the profile 
observed in Figure 1, NH3 conversion increased with increasing time 
on stream and was finally comparable to that in Figure 1.  To make 
clear the catalytic effectiveness of coal chars in the coexistence of a 
large concentration of syngas should be the subject of future study. 

 
 
 
 

Figure 3.  TEM picture of RB char before NH3 decomposition. 
 

To examine the relationship between NH3 conversion and the 
content of Fe or Ca inherently present in char, these elements were 
chemically determined.  The results are provided in Figure 4.  The 
conversion at 750oC increased with increasing Fe or Ca content, and 
the correlation was stronger with the Fe.  When Fe or Ca cations 
were externally added to brown coals, followed by carbonization, the 
Fe is much more effective for NH3 decomposition than the Ca.  It is 
thus likely that the inherent Fe in char plays more crucial role in this 
reaction than the Ca. 

 
Conclusions 

Some chars prepared from low rank coals work efficiently as the 
catalysts for decomposition at 750oC of 2000 ppm NH3 diluted with 
He.  The presence of fine particles of metallic Fe and CaO, formed 
from Fe and Ca ions naturally present in low rank coals, accounts for 
such catalytic performances.  There is a stronger correlation between 
NH3 conversion to N2 and Fe content in char.  The char with the 
largest content of 2 wt% Fe shows the stable activity during 25 h 
reaction and achieves complete decomposition of NH3 at 850oC.  It is 
likely that the catalytic decomposition proceeds through the 
mechanisms involving Fe4N and CaCN2 as intermediate species. 
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Figure 4.  Relationship between the content of inherent Fe or Ca in 
char between NH3 conversion at 750oC. 
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Introduction 

The emission of NOx from coal combustion has become one of 
the greatest challenges in environmental protection. It is well known 
that NOx is one of the main contributors of acid rain and N2O is the 
greenhouse gas and depletes the ozone layer indirectly. So great effort 
has been made to reduce NO economically and effectively. The 
reduction of NO by char in situ is an important reaction that 
determines the fuel-N converse to NO during coal combustion. 

It is desirable to clarify the catalytic activities of mineral matters 
of coal on the reaction of NO-char. Many active components coexist 
in coal and their activities can be enhanced or abated each other, and 
the active components may have the potential synergistic activity in 
the reaction of NO-char. Recently, the effect of mineral matters in 
coal on the reaction of NO-char has been reported1. Illan-Gemez et 
al2-4 studied the reduction of NO by carbon materials loaded with K, 
Ca and Fe in inert atmosphere. The reduction of NO by coal chars 
loaded with Ca and Fe in various atmosphere (O2 and CO) was also 
conducted5. Li et al6 found the catalyst of Na-Fe has the synergistic 
activity in NO-char reaction. 

CO, O2 and SO2 are inevitable in the real exhaust gases. 
However, the effect of mineral matters on the reaction of NO-char in 
the presence of SO2 has not been addressed. The principal motive of 
the present work is to investigate the catalytic characteristics of 
mineral matters in the presence of SO2. Furthermore, the study will 
also provide some valuable information about char as the reducing 
agent and catalyst supporter in flue gas cleaning technology. 

 
Experimental  

Chinese longkou(LK) lignite, wulong(WL) bitumituous coal and 
yangquan(YQ) anthracite were used in the study. The characteristics 
of coal samples are shown in Table 1 and Table 2. The deashed coals 
were prepared by demineralization using concentrated HF and HCl 
subsequently. The chars of deashed coals and raw coals were 
obtained in a quartz fluidized bed (i.d.50mm) at 900℃ for 30min in 
N2 atmosphere. 

 
Table 1. Proximate and Ultimate Analyses of Coal Chars 

Ultimate Analysis /w%, daf 
Sample   Ash/w%, d 

C H S N O* 
LK 13.20 92.58 0.73 0.44 2.07 4.18 
WL 13.92 94.56 0.69 0.79 1.74 2.22 
YQ 11.37 96.00 0.73 0.30 1.27 1.70 
LK-de 0.42 92.90 0.68 0.39 2.55 3.48 
WL-de 0.89 94.73 0.70 0.51 1.69 2.37 
YQ-de 1.02 95.33 0.73 0.23 1.26 2.45 
* By difference 

 
Table 2. The Analyses of Mineral Matters in Chars (W%) 

Sample 
SiO2    Al2O3    Fe2O3    TiO2     CaO   MgO   K2O  
Na2O 

LK 7.63 3.10 0.52 0.07 0.69 0.27 0.11 0.59 
WL 7.66 2.52 1.92 0.12 0.51 0.10 0.24 0.08 
YQ 6.77 3.29 0.20 0.14 0.12 0.08 0.23 0.09 

 
NO-char reaction was performed in a quartz tube (i.d.20mm) 

fixed bed reactor with a fused quartz sieve-plate in the center as the 

gas distributor and supporter of the reactant char.   
Each sample was pretreated at 900℃ for 30min before each 

experiments. Two methods were conducted in this study: (i) 
Temperature programmed reaction (TPR): The pretreated samples 
decreased to 400℃, and then Ar was switched to Ar/NO/SO2 (NO: 
560ppm, SO2: 1000ppm). When the NO concentration reached to the 
stable level, TPR was performed at the heating rate of 5℃/min; and 
(ii) Isothermal reaction: When temperature was lowed to certain level, 
Ar was switched to Ar/NO/SO2 and reacted for 20min, then switched 
off SO2, and kept the same total flow rate by balance gas of Ar. After 
reaction for 20min, above step was repeated. 
 
Results and Discussion 
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Figure 1.TPR of deashed chars and raw chars. 
 

The effectiveness of mineral matters on the reaction of NO-char 
in the presence of SO2 by TPR is presented in Figure1. The result 
shows that the conversion of NO is enhanced with increasing 
temperature. The three coals have a common phenomenon, i.e., the 
conversion of NO is higher in the SO2-containing system at the 
higher temperature (>530℃ for LK and WL, and >650℃ for YQ) 
for raw char. Apart from the effect of mineral matters in char, the 
gas-gas reaction of NO and SO2 become an another main contributor 
to NO conversion, which is in agreement with Angelidis and Kruse7. 
They found that all possible nitrogen oxides can oxidize SO2 to SO3 
at 480 ℃  since the respective equilibrium reactions are 
thermodynamically spontaneous: 

NO2+SO2⇔ NO+SO3,   ∗ G480 = -6.47Kcal.mol-1 
⇔2NO+SO2 N2O+SO3,  ∗ G480 = -12.26 Kcal.mol-1 
⇔N2O+SO2 N2+SO3,    ∗ G480 = -39.75 Kcal.mol-1 

We also found that at high temperature(＞600℃ ) the NO-SO2 
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reaction can happen easily as shown in Figure 2. However, SO2 can 
suppress the conversion of NO at low temperature. It was known that 
the active components in their reduced state after the pretreatment 
can accept oxygen from NO and form the intermediate MxOy(O)8 
during the process of NO conversion.  MxOy(O) is less stable and 
can transfer O to active sites of the char. Sumiya et al9 found that 
with the addition of SO2 the active components cannot catalyze the 
reduction of NO due to the formation of sulfates on the catalyst. The 
deashed chars have the similar phenomenon in the presence of SO2. 
The suppression of NO at low temperature is resulted from the 
occupation of the active sites by SO2. 

Fuel Chemistry Division Preprints 2003, 48(1), 307 

Comparing with deashed char, LK and WL raw chars have 
higher activity obviously on NO reduction in the presence of SO2 
because of the catalytic effect of mineral matters in the char. As 
shown in Table 2, LK raw char contains more active components, 
especially sodium (Na2O: 0.59%) and WL char more Fe (1.92%), 
which can catalyze the NO-char reaction effectively3,10, Thus, the 
conversion of NO is higher for LK and WL raw chars than their 
deashed chars. However, YQ char shows the different phenomenon, 
because too much inert components exist in the char, leading to the 
abatement of the catalytic activities of the active components. 
 
 
 
 
 
 
 

 
 
 
 

Figure 2. Gas-gas reaction of NO and SO2. 
tempe
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Figure3. TPR of raw char of different coal. 

 
NO conversion of various chars with or without presence of SO2 

is different as shown by TPR in Figure 3. The order of activity is LK 
char ＞WL char ＞YQ char. During the temperature range of NO 
reduction, NO conversion is mainly determined by two factors: 
NO-SO2 reaction and the catalytic activities of mineral matters in 
char. Thus, the conversion of NO is higher for LK and WL raw chars 
than their deashed chars. Because of the high contents of Na and Fe 
in LK coal, the highest activity of LK char may imply that Na and Fe 
as active components have synergistic function in NO reduction. 

The isothermal experiments were carried out at 700℃ and 550
℃ for deashed chars and raw chars. The results are presented in 
Figure 4. It is proved that the effect of SO2 on the NO-char reaction 
is different at different temperature. For both deashed and raw chars, 
SO2 suppress the reduction of NO at low temperature, because of the 
occupation of SO2 and the formation of sulfates on active sites, while 
at high temperature NO conversion is promoted by the NO-SO2 
reaction and the effect of active components. Furthermore, high 
temperature can enhance the activity of the active sites on the surface 

of the chars. 
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Figure 4.Effect of SO2 on the activities of LK chars. 
 

Conclusions 
(1) The reduction of NO is enhanced with increasing temperature 

during the range of 400℃-900℃; 
(2) The effect of SO2 on the NO-char reaction is changed with 

temperature. At low temperature SO2 can suppress the 
conversion of NO, while at high temperature NO conversion is 
enhanced by the reaction of NO-SO2; 

(3) The effect of mineral matters is closely related to the content of 
active components and its dispersion. If the char contains more 
active components in mineral matters, it can catalyze the 
NO-char reaction effectively (like LK and WL chars), otherwise 
it will abate the NO-char reaction (like YQ char). 
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Introduction 

Coal is an important energy resource to meet the future demands of 
electricity, because its reserves are more abundant than that of other 
fossil fuels. The major utilization method of coal in thermal power 
plants is pulverized coal combustion for which the reduction of 
environmental pollutants, especially NOx emissions, is indispensable. 
In utility boilers, the most effective technology for NOx reduction is 
the staged combustion method. However, this method generally 
causes another problem: the increase in unburned carbon. 

To overcome this situation, we have investigated pulverized coal 
particle motion, thermal decomposition, NOx formation and 
reduction and so on near the burner in a furnace, and developed an 
advanced low-NOx burner called the CI-α  (CRIEPI-IHI advanced 
Low Pollution High Ability) burner1. The concept of the CI- α  
burner is that the residence time of pulverized coal particles in high 
temperature fields near the burner is lengthened by the recirculation 
flow and the thermal decomposition of coal particles is accelerated. 
The CI-α  burner achieved a further 30% NOx reduction compared 
to the conventional low-NOx burners without any increase in the 
unburned carbon. However, the behaviors of the flow and coal 
particles in the furnace have not been sufficiently evaluated yet 
because of the difficulty to measure them.  

The purpose of this study is, therefore, to apply a three-
dimensional numerical simulation to the pulverized coal combustion 
field in the furnace installed with the CI-α  low-NOx burner, and to 
investigate the detailed combustion characteristics.  
 
Numerical Simulation 

Computational Domain and Conditions. The test furnace used 
was one at Yokosuka Research Laboratory of CRIEPI, in which the 
CI-α  burner with a coal combustion capacity of about 0.1 t/h was 
installed. The furnace was a cylindrical furnace with a diameter of 
0.85 m and a length of 8 m. The configurations of the computational 
domain and the CI- α  burner are shown in Figure 1. The 
computational domain was half of the furnace. The combustion air 
was injected through the burner and through the staged combustion-
air ports mounted at 3.0 m from the burner outlet. The air through the 
burner was divided into primary air, secondary air and tertiary air. 
The primary air moved in a straight motion, and the secondary and 
tertiary air moved in a strong swirling motion. The swirl vane angles 
for the secondary and tertiary air were set at 81 deg. and 72 deg. 
respectively, which were optimum values for bituminous coal. The 
pulverized coal was carried with the primary air. 

The combustion conditions were the same as in our recent 
experiments2. The value of the thermal input was 2.725×106 kJ/h. 
The air ratio was 1.24, and the excess O2 concentration was 4.0%. 
The staged combustion air ratio was set at 30 %. The mass ratio of 
the pulverized coal (dry base) to the sum of the air and moisture in 

the primary air was 1:2.2, and the mass ratio of the secondary air to 
the tertiary air was 1:6. The test fuel was Newlands coal (bituminous 
coal). 

Mathematical Models and Numerical Method. The computation 
was performed using the STAR-CD code. The gas-phase turbulence 
was represented by the renormalization group (RNG) k- ε  model3,4, 
and the continuity and momentum equations were solved using the 
SIMPLE algorithm. The motion of the representative coal particles 
was calculated by Lagrangian formulation. The particle temperature 
was calculated by considering the heat transfer due to convection, 
radiation, heat loss due to vaporization of moisture in coal, and heat 
gain due to char combustion. The radiative heat transfer among the 
gas, particles and wall were simulated by the discrete transfer 
radiation method of Lockwood and Shah5.  

The concept of pulverized coal combustion simplified for this 
calculation is shown in Figure 2. Coal devolatilisation [arrow (1)] 
was simulated by first-order single reaction model6. The gaseous 
combustion between the volatilized fuel and the air was calculated 
using the combined model of kinetics and eddy dissipation models 
[arrows (3)－ (5)]. As a chemical mechanism, 2 global reactions, 
CaHbOc+0.5O2 → α CO+ β H2O, CO+0.5O2 → CO2, were used. 
Here , b , , a c α  and β  were determined by the coal constituent. 
Regarding the kinetics, the rate of the reaction for reactants of 

 and  was given by Arrhenius expressioncbOa HC CO 7. Char 
burning [arrow (2)] was simulated using Field et al.’s model8.  

For the NOx formation, three different mechanisms were 
employed, namely Zeldovich NOx, prompt NOx and fuel NOx 
[arrows (6)－(9)]. The Zeldovich NO was evaluated by applying a 
quasi-steady state approximation for N species to the extended 
Zeldovich mechanisms with the rate constants of Baulch et al.9. The 
prompt and fuel NO were predicted using the models of De Soete10,11.  
 
 
 
 
 
 

 
 
 
 
 

 
 

 
Figure 1. Computational domain and burner. 
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Results and Discussion 
Gas velocity vectors and particle trajectories near the CI-α  burner 

in the furnace are shown in Figure 3. As expected in the previous 
experiments1, recirculation flow is generated and the residence time 
of coal particles is lengthened by being caught in the flow. It was also 
found that the residence time in this recirculation zone tends to be 
longer for intermediate coal particles with diameters of 20 and 
40 µ m than that for smaller or larger coal particles. This is attributed 
to the fact that the coal particles with smaller diameters instantly 
vanish due to devolatilisation, and those with larger diameters are not 
caught by the recirculation flow because of their large inertias.  
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Figure 3. Gas velocity vectors and particle motions. 

 
Figures 4 and 5 show the comparisons of axial distributions of the 

gas temperature and the O2 mole fraction. The axial distribution of 
the gas temperature is in general agreement with the measurements2, 
whereas that of the O2 mole fraction indicates a greater value than the 
measurements2 around the region where the staged combustion air is 
injected (z=3.0m). The discrepancy is considered to be due to the 
inlet condition of the staged combustion air and/or the limitation of 
the RNG k- ε  turbulent model3,4. That is, there are possibilities that 
the maximum velocity of the injected air is less than that of the 
experiments2 because a non-slip condition was not set on the wall 
boundary of the ports, and that the numerical method using the RNG 
k- ε  turbulent model3,4 overestimates the swirl strength, which 
prevents the air (O2) from reaching the center region in the furnace. 
However, the specified feature that the extreme low-O2 zone is found 
near the burner can be simulated well.  

Figure 6 shows the comparisons of axial distribution of the NO 
mole fraction.  Although the calculated value near the burner nearly 
corresponds with the experimental value2, the rate of decrease with 
the axial distance is much less than that for the experiments2. This 
means that the NO reduction which is observed in the experiments2 
does not function in the present computation. The reason for this can 
be explained as follows. As indicated by arrow (8) in Figure 2, the 
formation of the fuel NO from the nitrogen in volatiles are modeled 
under the assumption that the fuel-bond nitrogen is released as HCN 
and HCN transforms to NO or N2.  However, to account for the NO 
reduction in the low-O2 (fuel-rich) zone, the destruction of NO to 
HCN by hydrocarbon radicals ( ) should be added in this 
model. Magel et al.

HCNNO →
12 compared the NO emissions for staged and 

unstaged combustion conditions between experiment and calculation 
and found that the NO destruction mechanism played an important 
role especially for the staged combustion condition.     
 
Conclusions 

The pulverized coal combustion characteristics in a furnace 
installed with the CI-α burner was numerically investigated. It was 
observed that the recirculation flow and the extreme low-O2 zone 
appeared near the burner. To improve the accuracy of the numerical 

prediction for the NOx emissions, it is necessary to account for the 
NO destruction mechanism in the fuel NO formation model. 
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Figure 6. Axial distribution of NO mole fraction. 
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EFFECT OF IRON AND CALCIUM COMPOUNDS ON 
NO EMISSION DURING COAL COMBUSTION 

Results and Discussion 
Emission profiles of NO and CO. During coal combustion, 

carbon was firstly oxidized to form CO which was further oxidized to 
CO2. The total concentration of CO and CO2 represented the rate of 
coal oxidation. We did not measure the CO2 for the limitation of the 
Gas Analyzer, hence the exact rate of coal combustion could not be 
known, but we could gain a general idea by analyzing the 
concentration of O2 and CO. Figure 1 shows the emission profiles of 
NO, CO and O2. It was clearly seen that there were a major peak of 
O2 reduction at nearly 6000C and a shoulder peak at about 4500C. 
The shoulder peak resulted from the combustion of volatile, and the 
main peak was due to the combustion of char. The peak temperature 
for CO formation is at around 5000C, which is mainly due to the 
oxidation of volatile matters. After that, with rising the temperature 
the oxidation of CO accelerated, at the same time the oxidation of 
char to form CO became difficult because of the bad reactivity of 
char compare to that of volatile matters, the CO concentration was 
decreased and formed a shoulder peak at about 5500C.  
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State Key Lab of Coal Conversion, Institute of Coal Chemistry, 
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Introduction 

Millions tons of NOx are released into atmosphere per year by 
the coal-fired power stations, which causes serious environmental 
pollution. During coal combustion, the major proportion of NOx is 
NO which can be formed by three ways: thermal NO, prompt NO and 
formation from fuel-bound nitrogen (Fuel-N) 1. Not all the Fuel-N 
thoroughly turned into NO and the conversion rate is dependent on 
the combustion conditions. Fuel-N partly turns into NO through two 
possible processes: oxidation of volatile and oxidation of char. The 
later was the main source of NO. The formed NO can be reduced by 
reductive agents such as CO, char etc. The ultimate NO emission 
concentration is determined by the competitive results of oxidation of 
fuel-N and reduction of the formed NO. 

Very little NO was formed during volatile oxidation. After 
5000C, the NO concentration increased linearly upto 6500C, then 
decreased sharply. The peak temperature of NO emission was nearly 
500C higher than that of O2 consumption, which indicated that the 
combustion reactivity of nitrogen was lower than that of carbon as a 
whole. John also observed the peak temperature of NO formation is 
higher than that of CO2

 3. 

Minerals in coal affect many coal utilization processes. They 
also have evident influence on both formation and reduction of NO, 
which play an important role in NO emission 2. Calcium and iron, the 
highly active components in minerals, are paid more attention during 
coal combustion. Calcium-based compounds are widely used as SO2 
retention agents for their high efficiency and low cost, which are 
found to be responsible for higher NO emission in fluidized bed 
combustion. On the other hand, calcium compounds under reductive 
atmosphere catalytically accelerate NO reduction reactions as well. 
The impregnated iron is well known as an effective NO reduction 
catalyst, while the high content iron in mineral matters does not show 
high catalytic reactivity. It is important to obtain further 
understanding of their effects on NO emission in order to reduce the 
NO pollution, which is the aim of this study. 
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Experimental 
    Coal samples. Neimeng bituminous coal (abbreviated as NM) was 
used in this study. In order to exclude the influence of inherent 
minerals in coal, NM (60-100mesh) was deeply demineralized by HF 
and HCl. The mineral-free sample was further depyrited by newly 
formed CrCl2. The treated sample was dried in vacuum and denoted 
as NMDM. Table 1 was the property of NMDM. To clarify the 
effects of iron and calcium compounds on NO emission during coal 
combustion, calcium compounds including CaO, Ca(OH)2, CaCO3, 
CaSO4 and Ca(CH3COO)2, and iron compounds including FeCl2, 
FeCl3, FeSO2 and Fe2(SO4)3 were introduced to NMDM by mechanic 
mixing. The introduced compounds are all chemical agents. The ratio 
of each additive was 2% wt in coal.  

Figure 1. The emission profiles of NO, CO and O2 during 
combustion of NMDM coal. 
 

Effects of iron and calcium compounds. The iron compounds 
were widely used catalysts during coal gasification and combustion. 
They could accelerate both the formation and oxidation of CO. There 
are also many researches focused on their catalytic NO reduction 
under reduced atmosphere and catalytic NO formation under 
oxidation atmosphere 1. It was well known that the added iron 
showed high catalytic activity under CO or other reductive 
atmosphere, but the inherent iron in minerals of coal showed much 
low catalytic effect 4, which suggested that the existing form of iron 
was very important for its catalytic activity. 

    
Table 1.  Characteristics of NMDM (wt%) 
Ash (ad) 0.5 N (daf)  0.95 
Water (ad) 0.4 S (daf)  0.21 
C (daf)  76.53 O∗ (daf)  17.74 
H (daf)  4.57   
O∗: by difference      CO emission profile during combustion of samples added with 

iron compounds was shown in Figure 2. Under our combustion 
conditions, the O2 was superfluous to coal, hence the added iron 
compounds showed much catalytic activity of further oxidation of 
CO. Although the emission profile of CO was different with the 
different iron compounds added, especially in the second peaks, the 
total amount of CO emission was all decreased compared with that of 

 
Procedure. The combustion experiments of samples were 

performed in a fixed-bed quartz reactor. 0.0500g samples were 
combusted in Ar mixed with 5.3% O2 at heating rate of 10K/min. The 
gas flow rate was 325ml/min. NO, CO and O2 in the flue gas were 
determined on line by Gas Analyzer (Kane-May 9106). 
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iron-free sample. It was also found that the peak temperature of CO 
emission of samples added with iron compounds moved to low range, 
which was due to catalytic effects of iron compounds on combustion 
of volatile and char.  
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Figure 4. Comparative of NO emission during samples combustion 
added with calcium compounds. 

 
Table 2 was the NO conversion during combustion of different 

samples under 5.3% O2 concentration. It was found that iron 
compounds had higher catalytic activity in reducing NO emission 
than calcium compounds. This difference of catalytic reactivity 
between two kinds of compounds probably was due to their ability to 
form active intermediates and to provide active sites.  

Figure 2. Emission profiles of CO during combustion of samples 
with and without iron compounds.  
 

Figure 3 was the NO emission profiles during combustion of 
samples added with iron compounds. The added iron compounds 
catalyzed the combustion of carbon, and exposed the fuel-N to O2, 
which resulted in decrease in both the peak temperature and the 
amount of NO evolution. This is believed to be due to the fact that 
iron compounds catalyzed the NO reduction by CO and char surface 5. 
Although the iron compounds were different from each other, they 
showed the same catalytic tendency. This might infer that the added 
iron compounds turned into the same form (maybe FeO) during coal 
combustion. 

 
Table 2 NO Conversion for Different samples 

Sample NO conversion  
NMDM 37.77 
NMDM+FeCl3 28.23 
NMDM+FeSO4 26.39 
NMDM+FeCl3 28.75 
NMDM+Fe2(SO4)3 29.72 
NMDM+CaO 33.62 
NMDM+Ca(OH)2 30.61 
NMDM+CaCO3 34.19 
NMDM+CaSO4 29.86 
NMDM+Ca(CH3COO)2 32.20 

Figure 4 compared the NO emission during combustion of 
different Ca-added samples. The calcium compounds showed the 
similar catalytic effects on both CO and NO emission with iron 
compounds. As a whole, the added calcium compounds decreased the 
NO emission 6. 
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Figure 3. Emission profiles of NO during combustion of samples 
with and without iron compounds. 
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Introduction 

Fluidized combustion has been developed as a coal combustion 
technology that can capture SO2 by limestone feed without external 
wet scrubbing system.  The temperature in the bed is usually 
maintained at approximately 1123 K so that SO2 capture efficiency 
can be maximized.   However, such low temperature is not 
advantageous for reduction of N2O emission, which is known to be a 
greenhouse effect.   

One approach to reduce N2O emission is the use of catalyst as 
bed material to decompose N2O.   However, the use of catalysts has 
been reported to increase NOx emission; red-mud (Fe-containing 
solid)1, γ-alumina1, Fe2O3

2, and MgO3 have been tested but the 
increase in NOx with decreasing N2O was reported.   Limestone is 
also well known as a catalyst of N2O decomposition but it also 
increases NOx emission.2,4,5,6,7   The increase in NOx during 
limestone feed is attributable to catalytic activity of limestone for 
NOx formation through oxidation of NH3 and HCN, both of which 
are released from coal during devolatilization.7,8,9  Thus the increase 
in NOx with other catalytic bed materials is considered to be 
attributable to the oxidation of volatile-N by the catalyst. 

Recently, Liu and Gibbs10 reported that a kind of alumina 
decreased N2O emission without increase in NOx during char 
combustion in a bench-scale BFBC.  However, it is possible that their 
results are limited only for char combustion, where contribution of 
volatile-N to NOx and N2O emissions is less pronounced than that 
during coal combustion.   A catalyst which reduces N2O without 
increasing NOx during coal combustion has not yet been found.  

In the present study, two kinds of porous alumina particles were 
tested as bed materials during bubbling fluidized bed combustion of 
four kinds of coal.  The emissions of NOx and N2O were compared 
with those during combustion in the inert sand bed.    
 
Experimental 

A bench-scale BFBC of 1.3 m in height and 5.4 cm in inner 
diameter was employed.   The reactor was heated by electric heaters 
and the temperature in the bed and the freeboard was maintained at 
1123 K.  Primary air was fed through the distributor at the bottom of 
the bed.  Secondary air was not injected.  The superficial gas velocity 
was 20 cm/s at 1123 K.    

Two kinds of porous alumina particles, MS-1B (Mizusawa 
Industrial Chemicals Ltd.) and activated bauxite (Engelhard Co. Ltd.) 
were used as alternative bed materials, the analysis of which is 
shown in Table 1.  Non-porous quartz sand (QS), which is known to 
be inert for the reactions of NOx and N2O, was used as control.   The 
minimum fluidizing velocity (Umf) of each porous particle was nearly 
the same as that of the sand.  The static bed height was 10 cm.   

Four kinds of coals with different volatile matter content, from 
high volatile bituminous coals (HVB1 and HVB2), medium volatile 
bituminous coal (MVB) to semi-anthracite (SA), were employed as 
fuels.  The analyses of the fuels are shown in Table 2. The size of the 
fuel was between 0.3 and 1.0 mm.  The fuel was continuously fed 
through a vibration feeder, conveyed pneumatically in air stream, and 

then injected into the bottom of the bed about 1 cm above the 
distributor.  The feed rate of coal was controlled so that the desired 
O2 concentration in the flue gas was attained.  

Concentrations of O2, total NOx (=NO+NO2), CO2, and CO in 
the flue gas were continuously measured by a magnetic oxygen 
analyzer for O2, a chemical luminescence analyzer for NOx, and 
NDIR adsorption analyzers for CO2 and CO, respectively.  A portion 
of the dried sample gas was stored in Tedler (R) gas bags.  
Concentration of N2O in the gas was measured by gas 
chromatography with a thermal conductivity detector.   

 
Table 1.  Composition, Size, and Surface Area of Bed Materials  
Composition [wt-%] MS-1B    

 (MS)  
0.39mm 

Activated 
Bauxite (AB) 

0.40mm 

Quartz sand 
(QS) 

 0.27 mm 
Al2O3 84.7 69.4 - 
SiO2 2.2 7.2 100 
MgO 0.0 0.0 - 
CaO 0.8 0.3 - 
TiO2 1.1 13.0 - 
Fe2O3 5.8 8.4 - 
SO3 3.8 0.8 - 
Others 1.6 0.9 - 
Surface area [m2/g] 195 124 Non-porous 

 
Table 2 Analyses of Coals 

             Ultimate analysis (daf, wt%)  Proximate analysis(dry, wt%) 
 Fuel     C       H      Oa     N     Sb         V.M.c  F.C.d   Ash 
HVB1  80.1   6.1   11.7   1.5   0.6        38.3     47.5    14.2 
HVB2  78.1   6.3   13.4   1.3   1.0        41.4     43.5    15.1 
MVB   85.9   4.9    7.0    1.7   0.5        27.0     57.7    15.4 
SA       89.7   4.2    3.6    1.9   0.7        15.9     72.3    11.2 
a: by diff.; b: combustible S; c: Volatile matter; d: Fixed carbon 
 
Results and Discussion 

Figure 1 shows the effect of bed material and flue gas oxygen 
concentration on emissions of NOx and N2O.   Both alumina 
particles (MS and AB) employed for the present work were effective 
for N2O reduction in comparison to the sand bed.   This is 
attributable to the catalytic activity of present alumina particles to 
decompose N2O.  

However the role of bed material to NOx emission was different 
between MS and BA; MS bed material reduced NOx emission 
whereas BA increased it.   At this moment, the mechanism of the 
difference in NOx emission between the two bed materials is not 
clear.   One possibility is that the selectivity of volatile-N to NOx is 
different between two particles.   In the following part, the results 
obtained by use of MS bed material will be shown since AB was not 
effective to the reduce NOx.   

In Figure 1, the effect of oxygen concentration on emissions of 
N2O and NOx is also shown.   For the sand bed, both N2O and NOx 
emissions increased with increasing flue gas O2 concentration.  The 
sensitivity of N2O and NOx emissions to flue gas O2 concentration 
was weak for the MS bed.   This is advantageous not only for 
suppression of NOx and N2O emissions but also suppression of SO2 
emission.   SO2 capture by limestone is known to be inhibited by 
reduction of O2/fuel ratio since the low O2 atmosphere or reducing 
gases such as CO reduce SO2 capture rate by CaO or enhance 
decomposition of CaSO4 to CaO and SO2.11,12  Thus operation with 
higher O2/fuel ratio is preferred for SO2 reduction but it increases 
NOx and N2O emissions for the conventional bed material.    The 
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present bed material (MS) is considered to enable operation at higher 
O2/fuel ratio without increasing NOx and N2O emissions. 
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Figure 1.  Effect of bed material and O2 concentration in the flue gas 
on N2O and NOx emissions during semi-anthracite combustion. 
 
Conclusion 

The present work found one kind of porous alumina particle 
which was effective not only for N2O reduction but also suppression 
of NOx emission during coal combustion in a bubbling fluidized bed. 
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Figure 2.  Effect of coal type on conversions of fuel-N to N2O and 
NOx at flue gas O2 concentration of 4.0% 
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CONTINUOUS REMOVAL OF NO2 INTO HNO3 Results and Discussion 
Effect of heat-treatment temperature of ACFs BY PITCH AND PAN BASED 
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ACTIVATED CARBON FIBER 
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 Introduction 
 SO2 removal by wet scrubbing after NO selective reduction over 

V2O/TiO2 honeycomb has been established in the power plant to 
protect atmospheric environment.  Nevertheless more efficient and 
deeper reduction of NOx is still wanted.   NOx of very low 
concentration leaked to the environment causes photochemical smog 
and acid rain, NOx must be removed from environmental air.   
Exhausted NO from automobile and boiler is oxidized in atmosphere 
gradually into NO2.  The most harmful species of the NOx in 
atmosphere is NO2.  The 20ppm of NOx is detected at busy cross-
section.  Reduction of low concentration NO2 in atmosphere can be 
one of direct caution for the environmental protection. 

 
 
Figure 1. Profiles of NO2 oxidation over Pitch-ACF OG20A and its 
heat-treatment in dry. 
ACF：0.1g, NO2：20ppm, O2：21%, Flow rate：300ml/min 
Relative humidity：0%, Reaction temperature：30℃ 
 

The present authors reported that pitch based activated carbon 
fiber(ACF) was very effective to remove SO2 completely at 30℃ in 
the flue gas(1000ppm SO2, 5vol.% O2, 10vol.%H2O).1,2)   Pitch based 
ACF was calcined in argon gas at 1100℃ for 1hr to increase its 
activity for SO2 removal.   PAN-ACF showed the high activity of 
adsorption and oxidation of NO2 with oxygen at ambient 
temperatures when the fiber was also calcined in argon gas as an inert 
gas at 800℃ for 1hr. 3) 

In the present study, NOx of 20ppm in air was attempted to be 
fixed as HNO3, which was continuously recovered from the ACF bed.   
The pitch based ACF was calcined at 400～1100℃  to increase 
activity.   Influence of humidity in air was studied to simulate real 
atmosphere. 
 
Experimental 

Pitch-based ACF(OG20A) and polyacrylonitrile-based 
ACF(FE300) were manufactured and supplied by Osaka Gas Co. and 
Toho Tenax Co., respectively.  The ACF was further heat-treated in 
argon gas at 400～1100℃.   The oxidation and hydration of 20ppm 
NO2 with O2 were carried out in dry and wet air using a flow type 
glass reactor (8mm diameter).   0.1～0.5g of ACF was closely packed 
in the reactor.   The total flow rate(F) and the contact time(W/F) were 
300 ml/min and 3.3×10-4～1.7×10-3g･min/ml, respectively.   NO2 
and NO concentrations were analyzed continuously at the inlet and 
outlet of the reactor, using a NOX meter (ECL-77, Yanagimoto Co., 
Kyoto).  Stationary NO2 conversion was determined when NO2 
concentration at the outlet of the reactor became stationary.   
Adsorption and oxidation of NO2 appeared to continue for several 
hours after the reaction started. 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2. Profiles of NO2 oxidation over PAN-ACF FE300 and its 
heat-treatment in dry. 
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ACF：0.1g, NO2：20ppm, O2：21%, Flow rate：300ml/min 
Relative humidity：0%, Reaction temperature：30℃ 
 

Figure 1 illustrates reactivity of 20ppm NO2 in dry air at 
30 ℃  over as-received and heat-treated OG20As.   NO2 was 
converted to give NO in a gaseous product over OG20A series.   NO2 
concentration at the outlet continued zero for 13hrs while 50% of 
NO2 appeared to give NO.   The some amount of NO2 must be 
adsorbed on the ACF probably in form of NO3.   Hence 2 molecules 
of NO2 in dry air were found to be dispropotionated into NO and 
adsorbed NO3 over pitch based ACF.   Outlet NO concentration 
decreased shapes to 20% by 17hrs with an increase of outlet NO2 
concentration.   After 17hrs, the outlet NO concentration decreased 
very slowly to be 5% by 40hrs, while no NO2 adsorption was found.   
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Thus, NO2 disproportionation continued for 23hrs.   No apparent 
oxidation of NO2 was observed under the condition. 

Disproportionation increased with an increase of calcination 
temperature of ACF up to 1100℃.   OG20A-H1100 continued the 
disproportionation for 32hrs, while the conversion of NO2 gradually 
decreased to be zero, although the period of balanced NO2 adsorption 
and NO outlet continued for 22hrs.    

Fuel Chemistry Division Preprints 2003, 48(1), 315 

Figure 2 illustrates the reactivity of 20ppm NO2 in dry air 
over as-received and heat-treated PAN-FE300 at 30℃.   Over as-
received FE300, outlet of NO was observed immediately when the 
gas started to flow.   The outlet concentrations of NO and NO2 were 
equivalent through disproportionation after 10hrs.   The calcination of 
the ACF enhanced disproportionation.   FE300-H800 showed the 
highest activity among PAN-FE300s, continuing stationary 
disproportionation reaction for 26hrs.   The conversion of NO2 started 
gradual decrease to be zero after 40hrs.   Further higher calcination 
temperature shortened period of NO2 adsorption and 
disproportionation.    
 
Effect of humidity on NO2 reaction in air 

Figure 3 shows reactivity of 20ppm NO2 in wet air over 
OG20A-H1100, varying relative humidity in the range of 0～100%.   
Humid air extended the period of disproportionation, its conversion 
to decreasing 20% by 70hrs, which appeared to continue stationary.   
Thus the wet air hydrates adsorbed NO3 into aq.HNO3 which flowed 
out from the bed to regenerate continuously active site of NO3 
adsorption. 

Figure 4 shows reactivity of 20ppm NO2 over PAN-FE300-
H800 by varying relative humidity in the range of 0～100%.   Wet air 
continued the removal of NO2 at least for 60hrs while the 
disproportionation and oxidation reactions continued although the 
conversion decreased.   It was found that formed HNO3 over ACF 
was drained from the reactor to regenerate the active site.    
 
Conclusions 

Reactivity of 20ppm NO2 in air was studied at 30℃ over pitch 
based activated carbon fiber (OG20A) and polyacrilonitrile based 
activated carbon fiber (FE300) by varying the calcinations 
temperature of ACF as well as relative humidity in the reaction gas to 
find the continuous removal of NO2 in atmosphere in form of HNO3.   
The calcination of ACF at a temperature up to 800～1100℃ in inert 
atmosphere increased significantly adsorption and oxidation of NO2 
as observed for continuous removal of SO2 into H2SO4 over the some 
ACFs.   The OG20A and FE300 ACFs were calcined at 800℃ and 
1100℃ to enhance its activity.   NO2 in dry air was found to be 
disproportionated into NO and adsorbed NO3 over as-received and 
calcined ACF.  NO2 was oxidized and disproportionated into NO3 to 
be absorbed over the ACF, the latter reaction producing also NO.  
The disproportionation reaction was terminated by the saturation of 
NO3 adsorption over ACF.   Oxygen in air enhanced the oxidation of 
NO2 into adsorbed NO3, reducing NO formation through the 
disproportionation.   The same amount of adsorbed NO3 terminated 
the both oxidation and disproportionation regardless of O2 contents. 

The humidity prolonged both oxidation and 
disproportionation reactions, before the breakthrough of NO2 
allowing stationary NO2 removal in form of aq.HNO3 at the release 
of some NO.   Higher humidity increased the stationary NO2 removal 
by eluting out adsorbed NO3 in aq.HNO3.   Higher humidity 
increased the NO2 removal adsorbed NO3 to regenerate the active site.   
It must be noted that the oxidation of NO2 was limited on pitch based 
ACF.   Large amount of PAN ACF extended the period of complete 
NO2 removal and increased stationary NO2 removal rate in air with 

less NO formation.   Pitch based ACF appeared to promote 
disproportionation more than oxidation. 
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Figure 3. Reactivity of NO2 over Pitch-ACF OG20A-H1100 
at variable humidity. 
ACF：0.1g, NO2：20ppm, O2：21%, Flow rate：300ml/min 
Relative humidity：60%,100%, Reaction temperature：30℃ 
 
 

0

20

40

60

80

100

0 10 20 30 40
Reaction time [hr]

N
O

2 a
ds

or
pt

io
n 

[%
]

0

20

40

60

80

100

O
ut

le
t N

O
 a

nd
 N

O 2
 [%

]

0

20

40

60

80

100

0 10 20 30 40
Reaction time [hr]

N
O

2 a
ds

or
pt

io
n 

[%
]

0

20

40

60

80

100

O
ut

le
t N

O
 a

nd
 N

O 2
 [%

]

Relative Humidity：60% 
 
 
 
 
 
 
 
 
 
Relative Humidity：100% 

● ：NO2 adsorption 

△ ：Outlet NO 

□ ：Outlet NO2 
 
 
 
 
 
 
 
 
 
 
 
 
● ：NO2 adsorption 

△ ：Outlet NO

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4. Reactivity of NO2 over PAN-ACF FE300-H800 
at variable humidity. 
ACF：0.1g, NO2：20ppm, O2：21%, Flow rate：300ml/min 
Relative humidity：60%,100%, Reaction temperature：30℃ 
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Reduction of NOx by Activated Lignite Char  
Experimental Section  
 H. Gupta1, S. A. Benson1, L. –S. Fan2, J.D. Laumb1, E. S. Olson1, C. 

R. Crocker1, R. K. Sharma1 Reactor Assembly 
  
 An inlet gas mixture of preset concentrations was obtained 
by from mixing metered flow of helium, NO and oxygen. The gas 
mixture was preheated and allowed to floe through a bed consisting 
of 1000 mg of char housed in a stainless steel reactor. The gases 
exiting from the sorbent bed are analyzed for NOx and oxygen by a 
host of online gas analyzers.  A chemiluminescence NOx analyzer 
(from The Advanced Pollution Inc., Model 200 AH) provided the on-
line measurement of NO concentration.  Oxygen was monitored 
using a Teledyne Model 3000 PA percent oxygen analyzer that 
generates an electric current as a function of oxygen concentration 
through its electrochemical galvanic micro fuel cell. Non-dispersive 
infrared analyzers tracked the online concentrations of CO and CO2. 

1Energy and Environmental Research Center, 15 North 23rd Street, 
Grand Forks, ND 58203 

2Department of Chemical Engineering, The Ohio State University, 
Columbus OH 43210 

 
Introduction  

 
Nitric oxide (NO) adsorbs physically and reversibly on graphite 

below ambient temperature.1  It was observed that the extent of 
physisorption on a thermally pretreated activated carbon surface 
reduces with increasing sorption temperature in the 25-215 oC 
temperature range.2  However, Teng and Suuberg observed that the 
contribution of chemisorption of NO on a thermally cleaned phenol-
formaldehyde derived char increases with temperature in the 50-150 
oC temperature range.3  Physisorption of NO leads to the formation 
of C(NO) type surface species that emit NO molecules upon thermal 
desorption. In contrast, chemisorption of NO occurs by the 
dissociation of NO molecules to form C(N), C(O), and C(O2) type 
surface.4  Oxygen from the NO molecules form relatively stable 
surface complexes while nitrogen atoms from NO molecules pair up 
and exit the reaction system as nitrogen molecules.5  Saturation of the 
carbon surface prevents further interaction between NO molecules 
and carbon due to the non-availability of free carbon sites.  Further 
increase in reaction temperature beyond 600-700 oC leads to the 
breakdown of surface complexes releasing CO and CO2 from the 
surface and creating new carbon sites that sustain carbon-NO 
reaction. Desorption of chemical complexes, being a thermally 
activated process, increases with rising temperature. NO reduction is 
complete when the rate of desorption exceeds the rate of NO entering 
the carbon bed. This two-step mechanism has gained wide 
acceptance as the has been widely accepted as the mechanism of the 
high temperature carbon-NO reaction.6  The activation energy of the 
high temperature desorption of complexes (28-59 kcal/mol) was 
usually much higher than that involved in the low temperature 
dissociative chemisorption of NO (4.5-19 kcal/mol).7  

  
Char Synthesis 
 

Samples of lignite coal were obtained from North Dakota, 
since it is well known that the lignite coal contains a large amount of 
sodium in it. Its combustion in air in a TGA indicated the presence of 
19.8% ash, with the sodium content being about 9% as revealed by 
ICP-AES analysis. The initial surface area of HSLC was 16 m2/g. 
The role of surface area on the selectivity for carbon-NO reaction 
over the competing carbon-oxygen reaction was studied by 
conducting experiments on a series of activated lignite char differing 
in their structural properties. Lignite coal samples were first dried in 
air and then devolatilized at 750 oC in flowing helium for 2 hours. 
Higher surface area and porosity in HSLC was obtained by 
controlling the reaction time between HSLC and pure CO2. 2 g 
samples of HSLC were placed in a flow through reactor and nitrogen 
was passed through the system till the furnace brought the bed 
temperature to 700 oC. Then the gas was switched to pure CO2 and 
after a preset reaction time, the flow was switched back to nitrogen. 
The activated HSLC was allowed to cool and analyzed for 
conversion and morphological properties. Four samples were 
obtained after an exposure time of 21, 42, 60 and 90 minutes. 
Conversion of HSLC was obtained by taking a ratio of final and 
initial weight of char. Table 1 shows the surface area and pore 
volumes developed in the char as a function of % burnoff in the 
lignite coal.  

 
 When operated beyond the transition temperature (), 
sustained NO reduction occurs as the reaction is no longer limited by 
the desorption of surface complexes according to the reactions 
below: 

 
Table 1: Structural properties due to lignite char activation by CO2. 

  
Reaction time 

(min) %burnoff Surface Area 
(m2/g) 

Pore Volume 
(cc/g) 

0 0 16 0.012 
21 12 260 0.13 
42 24 333 0.19 
60 31 397 0.23 
90 44 414 0.25 

 C + 2NO  N2 + CO2  (1) 
2C + 2NO  N2 + 2CO  (2) 

 
However, carbon is consumed parasitically by the presence of 
oxygen that exists in higher concentration and has a higher oxidizing 
power than NO.8  At low concentrations of oxygen (0.1-2%), the 
temperature required for sustained NO reduction decreases due to 
gasification of carbon by oxygen leading to the creation of active 
surface sites that in turn react with NO and convert it to nitrogen.9  In 
this process a major fraction of carbon is consumed by oxygen and 
the primary challenge in commercializing this carbon based NO 
reduction process involves reducing the consumption of carbon by 
improving the selectivity of the carbon-NO reaction in the face the 
carbon-oxygen reaction. This study provides an insight into the 
efficacy of activated lignite char for its reduction of NO as measured 
by a global parameter for selectivity (mg NO reduced/g carbon) that 
can be obtained from the integral experiments conducted here.  

 
 
Results and Discussion 

The effect of surface area on the NO reduction in the presence 
of 2% oxygen is quantified in Figure 1. The isothermal reaction data 
were obtained at 525 oC. It can be seen that the extent of NO 
reduction increases monotonically with the surface area (and its 
associated porosity). The presence of higher surface area allows 
greater contact between the gas and solid for the reaction to occur, 
resulting in lower NO concentration in the outlet. However, an 
unexpected increase in selectivity (mg NO/g HSLC) was observed  
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Data analysis on the effect of surface area on NO reduction 
revealed that higher initial surface area and porosity led to higher 
selectivity. However, activation of char also leads to a loss in weight. 
Hence, the selectivity should also be compared on the basis of similar 
initial weight of char. Such a comparison is shown in Figure 2. From 
the data, we can conclude that pore volume of about 0.13 cc/g 
provided the optimal selectivity with respect to the original char. 

with increasing surface area as shown in Figure 2. The selectivity for 
inactivated HSLC was 81.26 mg NO/g HSLC. The selectivity 
increased steadily with higher surface area (93.92, 98.30, 101.52, 
104.32 mg NO/g HSLC for initial surface area of 260, 332.8, 397, 
414.4 m2/g.). The increase in selectivity with initial surface area can 
be explained on the following basis. In these experiments, the outlet 
oxygen concentration remains close to zero almost throughout the 
hour. Hence, once the oxygen is depleted, higher surface area in the 
remaining activated HSLC would reduce NO to a higher extent 
compared to an inactivated HSLC. 

 
Conclusions 

From the experimental data we can conclude that higher sodium 
content leads to enhanced rate of gasification for both the carbon-NO 
and carbon-oxygen reactions. The lignite char provided higher 
degrees of activation in the form of higher pore volume and surface 
area compared to the sub-bituminous char. Although higher initial 
pore volumes lead to better NO selectivity, 0.13 cc/g pore volume 
provided the best selectivity among the carbons activated in this 
study.  
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Introduction 
   Dioxines, which are produced in the combustion of organic 
substances containing chlorine compounds, are now strictly regulated 
not to be liberated from any combustors.  Complete capture at the end 
of the flue is one of the most reliable technologies, being applicable 
to any forms of dioxines for their complete removal from the flue 
even if the control of combustion and post-combustion is recognized 
effective to reduce the liberation of dioxines at its formation and 
decomposition.  Hence it is the most feasible procedure to achieve no 
liberation of dioxines to install the active carbon bed in the flue.  The 
problem is how to deal the active carbon, which has captured 
dioxines. 
   In the present paper, thermal behaviors of adsorbed dioxines were 
studied on a particular active carbon fiber produced for a mesophase 
pitch through KOH activation (MP-ACF).  Its very large surface area 
and high hydrophobicity are recognized to show high capacity for 
dioxine adsorption.  The adsorbed dioxines on the MP-ACF were 
extracted at their as-adsorbed or heated forms in an inert atmosphere 
up to 400oC. A series of 10 dioxine species were analyzed by a high 
resolution GC-MS, which told us their acurate concentrations and 
some of products through their thermal reactions on the MP-ACF.  
Such a post-treatment of used ACF allows the conversion of adsorbed 
dioxines into unharmful forms and its regeneration for the repeated 
use. 
 
Experimental 
1. Dioxines, their adsorption and heattreatment (HT) 

A series of 13C-labeled dioxines in acetone listed in Table 1 were 
used as the standard samples.  Their concentrations are also listed in 
Table 1. 
2. Extraction of dioxines and their derivatives adsorbed on MP-ACF 
and their analysis. 
 
Table 1.  The amount of introduced 13C-labeled dioxins  

(unit:pg) 

Compound 
Amount 

of 
standard 

Compound 
Amount 

of 
standard 

13C-2378-TeCDD 1000 13C-2378-TeCDF 1000 
13C-12378-PeCDD 1000 13C-12378-PeCDF 1000 
13C-123478-HxCDD 1000 13C-123478-HxCDF 1000 
13C-1234678-HpCDD 1000 13C-1234678-HpCDF 1000 
13C-12346789-OCDD 2000 13C-12346789-OCDF 2000 

 
Results 
1. Extraction of Adsorbed Dioxines on MP-ACF 
   Extracted amounts of Dioxines which have be adsorbed from 
acetone onto MP-ACF are listed in Table 2 where the experiments 

(R1~3) were repeated three times to confirm the reproduciality.  The 
amounts were fairly well reproduced at the pg level of analysis, 
47~67% of adsorbed species being recovered.  Strong adsorption of 
dioxines is indicated on the ACF.  Among dioxines, 123478-
Hexa(Hx)CDD, 1234678Hepta(Hp)CDD, and especially 
12346789Octa(Oc)CDD were much less extractable, less than 50% 
of adsorbed species being extracted their strong adsorption being 
noted on the active carbon fiber.  CDDs with chlorine atoms more 
than 6 appeared less extractable than CDF with the same numbers of 
chlorines.  CDFs were extracted at 53~60% of adsorbed amounts, 
although more chlorines may increase slightly the extraction. 
 
Table 2.  Extracted amounts of Dioxines from MP-ACF wituout HT 

(unit:pg) 
Compound Amount of 

standard R-1 R-2 R-3 Average 
13C-2378-TeCDD 1000 810 560 630 670 
13C-2378-TeCDF 1000 650 460 480 530 
13C-12378-PeCDD 1000 760 520 550 610 
13C-12378-PeCDF 1000 720 520 530 590 
13C-123478-HxCDD 1000 640 420 420 490 
13C-123478-HxCDF 1000 620 470 480 530 
13C-1234678-HpCDD 1000 510 380 530 470 
13C-1234678-HpCDF 1000 700 490 570 590 
13C-12346789-OCDD 2000 720 490 710 640 
13C-12346789-OCDF 2000 1300 900 1300 1200 

 
2. Extraction of Adsorbed Dioxines on the ACF After the 
Heattreatment at 200~400oC for 1~2h.   
   Table 3 summarizes extracted amount of CDDs and CDFs adsorbed 
on the ACF after the heattreatment.  The heattreatment was 
performed in the closed bottle to be cooled down to room 
temperature.  Extraction was carried with the ACF and vessel.  Hence 
non-volatile dioxines with chlorine more than 4 must stay in the 
catalyst on the vessel to be extracted.  Such extracted amounts after 
the heattreatment were compared to those without heattreatment.  The 
heattreatment at 200oC and 300oC for 1h decreased extracted 
amounts of tetra-, penta-, and hexa-CDDs and CDFs whereas it did 
not change or even increased the amounts of hepta- and octa- CDDs 
and CDFs. The heattreatment at 400oC reduced significantly the 
extracted amounts of all CDDs and CDFs, indicating the 
deconposition of major adsorbed CDDs and CDFs. 
 
Table 3. Extracted amounts of Dioxines from MP-ACF witu HT 

  (unit:pg) 
Compound Amount 200℃

-1h 
200℃

-2h 
300℃

-1h 
300℃

-2h 
400℃

-1h 
400℃

-2h 
13C-2378 
-TeCDD 1000 500 540 480 440 6 5 
13C-2378 
-TeCDF 1000 380 410 350 320 6 5 
13C-12378 
-PeCDD 1000 460 500 410 360 8 6 
13C-12378 
-PeCDF 1000 430 450 440 360 9 7 
13C-123478 
-HxCDD 1000 360 390 320 260 5 4 
13C-123478 
-HxCDF 1000 420 430 380 320 7 3 
13C-1234678 
-HpCDD 1000 500 600 530 420 0 13 
13C-1234678 
-HpCDF 1000 590 690 690 550 8 28 
13C-12346789 
-OCDD 2000 990 1000 680 550 0 9 
13C-12346789 
-OCDF 2000 1700 1900 1200 900 0 49 
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Table 6. Extracted amounts of unlabeled dioxine families     The decomposition rates by the heattreatment were calculated 
according to a following equation to be summarized in Table 4.  (unit:pg) 
 Compound(Families) 300℃-1h 300℃-2h 

TeCDD 680 0 
TeCDF 3100 0 
PeCDD 1700 0 
PeCDF 16000 0 
HxCDD 580 5 
HxCDF 13000 21 
HpCDD 470 130 
HpCDF 18000 77 
OCDD 75 150 
OCDF 5900 38 

Tolal amount 59000 (1400pgTEQ) 430(2.6pgTEQ) 

                                  Extracted without HT - Extracted with HT 
Decomposition(%) =                                                                     ×100 
                                                Extracted without HT 
   According to the decomposition rates, CDD and CDF with 
chlorines less than 6 decomposed significantly at 200oC, the rates 
being 17~30%, whereas CDD and CDF with more than 7 hardly 
decomposed.  The heattreatment at 300oC decomposed the former 
CDDs and CDFs at 27~36% for 1h and 23~47% for 2h, respectively 
while the latter CDDs and CDFs were hardly decomposed by 1h, but 
7~23% by 2h.  The heattreatment at 400oC decomposed all CDD and 
CDF almost completely, the decomposition rates being above 95% at 
least. 

 
Discussion 
   The present study clarified the adsorption strength and reactivity for 
chlorine transfer ask decomposition over particular ACF of CDDs 
and CDFs with variable numbers of chlorines at variable locations on 
the their ring systems.  They are stable up to 200oC but reactive to 
loose their chlorine atoms to other CDD and CDF rings above 300oC 
and very much to decompose above 400oC.  

 
Table 4.  Decomposition rates of Dioxins by the HT       (unit:%) 

Compound 200℃
-1h 

200℃
-2h 

300℃
-1h 

300℃
-2h 

400℃
-1h 

400℃
-2h 

13C-2378-TeCDD 24.8 19.8 28.1 33.8 99.1 99.2 
13C-2378-TeCDF 29.4 22.6 33.8 40.1 98.9 99.1 
13C-12378-PeCDD 24.5 18.7 33.0 41.2 98.7 99.0 
13C-12378-PeCDF 26.5 23.3 26.3 39.0 98.6 98.8 
13C-123478-HxCDD 27.4 20.8 36.1 46.6 98.9 99.2 
13C-123478-HxCDF 20.9 17.3 27.0 39.4 98.7 99.4 
13C-1234678-HpCDD 0 0 0 11.0 100 97.3 
13C-1234678-HpCDF 0 0 0 6.2 98.7 95.2 
13C-12346789-OCDD 0 0 0 14.6 100 98.6 
13C-12346789-OCDF 0 0 0 22.5 100 95.8 

Such adsorption strength and reactivity appear to depend on the 
ring system and number of chlorines on the ring. Tetra to hexa and 
hepta to octa chlorine species behaved as two groups, respectively, in 
their adsorption and reactivity.  The latter groups are certainly less 
extractable and less reactive than the former group.  Nevertheless, 
heattreatment above 400oC decomposes all of them so far examined. 
The extraction level after the heattreatment stays below a few 
percents of introduced dioxines at 1000~2000pg levels.  
   At 300oC, chlorines are proved to go around among the CDD and 
CDF rings on the ACF.  Native, not labeled, CDDs and CDFs 
families with variable numbers of chlorines were found in the extract 
after the heattreatment at 300oC.  CDFs with more than five chlorines 
were produced more than those with four chlorines.  CDFs are 
certainly more reactive to receive chlorines than CDDs.  Native DDs 
and DFs at this level of concentration may be present in the ACF as 
the structural ring units in the carbon skeleton. Chlorination may 
fission their connection in the skeleton to be extractable. Chlorines 
feed in native DDs and DFs are definitely more than those introduced 
by labeled CDDs and CDFs.  Chlorines present on ACF reactive to 
produce dioxines at 300oC.  It must be noted that all of CDDs and 
CDFs lost their chlorines by the heattreatment at 400oC. 

3. Unlabeled Dioxines Found in the Extracts 
   Tables 5 and 6 summaries extracted amounts of unlabeled dioxine 
families and their particular species, respectively, after the 
heattreatment at 300oC for 1~2h.  The heattreatment at 300oC for 1h 
produced large amounts of unlabeled CDDs and CDFs.  Among there 
very large amounts of penta to octa CDFs were extracted.  Such 
amounts of unlabeled dioxines produced by the heattreatment carried 
more chlorines than those of the adsorbed labeled dioxines.  Chloride 
ions on the ACF which had remained after HCl washing must 
produced extra amount of dioxines. 
   CDFs with more chlorines tend to be produced than CDDs with the 
same numbers of chlorines.  Some particular CDDs and CDFs appear 
certainly more produced.  The locations of chlorines found in the 
standard species may stabilize the particular structure of the isomers.    The adsorption, reactivity for decomposition and production of 

CDDs and CDFs appeared to depend on the location of chlorines on 
their rings.  The sequence of location appears to receive more 
chlorines as typically indicated by the case of hexaCDFs where more 
amounts of 123478(3,800pg), 123678(1,300pg), 234678(630pg), and 
123789(360pg) hexaCDFs were found in the extract.  The most 
abundant native hexaCDF is noted to carry the chlorines at the same 
locations to those of introduced labeled hexachlorides.  Although so 
far governing rules are not clear, stability of the product or copying 
reaction between mother and product dioxines may govern the 
distribution of product native CDFs. 

   Heattreatment for 2h at 300oC reduced very much the extractable 
unlabeled CDDs and CDFs, smaller chance of chlorine transfer from 
the labeled to unlabeled CDD and CDF species being suggested due 
to the preference of decomposition. 
 
Table 5. Extracted amounts of unlabeled dioxine isomers (unit:pg) 

Compound(isomer) 300℃-1h 300℃-2h 
2378-TeCDD 4 0 
2378-TeCDF 90 0 
12378-PeCDD 38 0 
12378-PeCDF 2000 0 
23478-PeCDF 600 0 
123478-HxCDD 250 0 
123678-HxCDD 30 0 
123789-HxCDD 120 0 
123478-HxCDF 3800 0 
123678-HxCDF 1300 1 
234678-HxCDF 630 0 
123789-HxCDF 360 5 
1234678-HpCDD 220 64 
1234678-HpCDF 6800 42 
1234789-HpCDF 4800 14 
12346789-OCDD 75 150 
12346789-OCDF 5900 38 

 
Conclusions 
   In conclusion, dioxines are effectivity and rather strongly fixed on 
the ACF.  Heattreatment can remove or transfer chlorines of CDD 
and CDF rings according to the heattreatment temperatures. 
   Heattreatment above 400oC decomposes almost completely all of 
adsorbed CDFs and CDDs.  Hence ACF is an excellent material to 
fix the dioxines in the flue gas below 150oC and decompose them by 
the heattreatment at 400oC for its safe disposal or regeneration for the 
second use.  ACF may decompose catalytically any dioxines in the 
exhaust at 400oC, if oxygen concentration is limited.  
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Introduction 
 Trace elements are of environmental concerns with respect to 
their emissions during coal combustion. Numerous studies have 
reported the physical and chemical fates of trace elements during coal 
combustion. However, there remain some important questions. For 
example, in what forms the trace elements exist in coal and how they 
are transformed with the thermal conditions are still not well known. 
The staged leaching method is widely used to determine the modes of 
occurrence of trace elements in coal.1 We have recently proposed a 
determination method by leaching not only raw coal but also ashes.2 
In this paper, we examine the leaching behaviors of coal ash and char. 
This provides the further information on the modes of trace elements 
in coal as well as on the transformations of trace elements during coal 
combustion and pyrolysis.  
 
Experimental 
 Coal combustion and pyrolysis were carried out in a horizontal 
tubular reactor. In combustion, some 1.5 g of coal sample loaded was 
heated in an air flow of 1 L/min at 10 °C/min, and held at the final 
temperature for 1 h. In pyrolysis, a nitrogen gas was used in place of 
air. The maximum temperature used in this experiment was 1150 °C. 
Quantification of the major and trace metallic elements in raw coal, 
char and ash was conducted on an inductively coupled plasma atomic 
emission spectroscope (Optima 3300XL ICP-AES instrument, 
Perkin-Elmer).2 Coal or its resultant ash (or char) was leached in a 
sealed polyethylene container with 30 mL of 6% hydrochloric acid. 
After leaching, the solution was filtered and then used for ICP-AES 
analysis. Taiheyo (THY) sub-bitumunous, Ermelo (EL) and Datong 
bituminous coals were used in this study. 
 
Results and Discussion 
 Leaching of Major Metallic Elements. Figure 1 shows the 
leaching percentage of the major metallic elements in hydrochloric 
acid from ash and char, where the left figure represents the data for 
EL ashes and the right figure represents those for EL coal chars. For 
comparison, leaching results of the raw coal are also illustrated. The 
leaching percentage is referred to as the amount of an element 
leached from coal, ash, or char divided by the amount contained in 
the original coal. Analysis of the ashes and chars showed that the 
major elements were not lost by volatilization during the combustion 
and pyrolysis under the used experimental conditions. XRD showed 
that the crystalline mineral phases in EL coal were kaolinite, quartz, 
calcite, dolomite, pyrite, and gypsum. 
 Ca and Mg were highly leached out from the raw coals, 
550-950 °C ashes, and 550-950 °C chars; this is because the major 

Ca- or Mg-containing carbonates in coal and their decomposed 
species are soluble in hydrochloric acid. Mg in the 1150 °C ashes and 
chars was relatively stable. Fe in the 550-750 °C ashes was greatly 
soluble as compared with that in the raw coal, while the leaching 
percentage of Fe significantly decreased from the 950-1150 °C ashes. 
Pyrite turned to hematite upon the ashing. Hematite in the 550 °C ash 
was readily soluble in hydrochloric acid; however, hematite was well 
crystallized with increasing temperature, resulting in a low solubility. 
Fe in all chars was greatly soluble. This is due to the transformation 
of pyrite to pyrrhotite. Al in the raw coal was hardly dissolved, 
whereas it was fairly leached out from the 550-750 ashes and chars. 
This is due to the breakage of the structure of clay by the dehydration. 
The formed species such as meta-kailinite become partly extracted by 
hydrochloric acid. However, with increasing the ashing temperature 
to 1150 °C, the leaching percentage of Al is significantly reduced; 
this is because of the formation of some stable species such as mullite, 
examined by XRD. The leaching features of K were similar to those 
of Al.  
 Leaching of Non-vaporized Trace Elements. In a previous 
study, we found that Zn and Pb was vaporized,3 whereas the trace 
elements as shown in Figure 2 entirely remained in the ashes or chars 
under the used combustion and pyrolysis conditions. Figure 2 shows 
the leaching results of the non-vaporized elements in EL coal. The 
leaching percentage of Mn in the raw coal, ashes and chars was 
relatively high; this is because Mn exists mainly as carbonate. Mn 
turned to a stable phase at 1150 °C in both the combustion and 
pyrolysis. Be, V, Co, Cr, and Ni in the raw coal and chars were hardly 
soluble, whereas these elements in the 550-750 ashes were 
significantly soluble. These elements are postulated partly as the 
organic associations. When the organic matter burns out, the liberated 
species become soluble in hydrochloric acid. In pyrolysis, these 
elements are not liberated. With the exception of V, the elements 
including Be, Co, Cr and Ni in the ashes were hardly soluble as the 
temperature increased to 1150 °C. The leachability of As in the ashes 
was higher than that in the raw coal. Arsenic easily forms oxyanion in 
an oxidizing atmosphere that may be soluble in acid. In pyrolysis, 
Arsenic appeared to form a less-soluble species.  
 Leaching of Volatile Trace Elements. Figure 3 show the results 
of Zn and Pb in EL coal. For clarify, the volatilization loss is denoted 
in the figure; it is referred to as the difference in the amount of an 
element between the coal and the residual ash or char, divided by the 
amount of the element containing in the original coal. Zn and Pb 
significantly volatilized during the pyrolysis above 950 °C, whereas 
in the combustion, only Pb volatilized slightly at 1150 °C. Zn and Pb 
exists mainly as sulfide in coal. In pyrolysis, their oxide and sulfides 
are reduced by carbon; these reduction reactions lead to the 
vaporization of the two elements as metals.3 However, such reduction 
reactions can not occur in the slow-heating combustion because of 
the burn-out of carbon ahead of 550 °C. Leaching results showed that 
both Zn and Pb in the ashes became less soluble with increasing 
temperature. This probably implies the interaction of these trace 
elements with other mineral matter to form less soluble species 
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Figure 1. Leaching of major metallic elements from EL raw coal, its 
ashes (the left figure), and its chars (the right figure). The ashes and 
chars were obtained from the slow-heating combustion and pyrolysis 
at different temperatures. 
     
 

 
Temperature (°C) 

 
Figure 3. Leaching of volatile trace elements from EL coal ashes (the 
left figures) and chars (the right figures). The preparation of the ashes 
and chars is noted in Figure 1. 
 
Conclusions 
 Leaching behaviors of the major metallic elements in the raw, 
coal, ashes and chars are well explained by their existing form in coal 
and their transformations during the combustion and pyrolysis. 
Leaching results of trace elements showed that Mn is easily dissolved 
from the raw coal, ashes and chars, implying its existing form of 
carbonate. Be, Co, V, Cr, Ni in 550-750 ashes were more soluble than 
those in the raw coal and chars, suggesting their organic association. 
The liberated species of Be, Co, Cr and Ni in the ashes became less 
soluble at higher temperatures. Arsenic in the ashes is more soluble 
than that in the chars, implying a different transformation of As 
between the combustion and pyrolysis. Zn and Pb significantly 
volatilized during pyrolysis but little volatilized in the combustion. 
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Figure 2. Leaching of non-vaporized trace elements from EL raw 
coal, its ashes (the left figures), and its chars (the right figures). The 
preparation of the ashes and chars is noted in Figure 1. 
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Introduction  
   Arsenic is one of the most concerned trace element in coal 
because of its toxicity and environmental persistence. The mode of 
occurrence of arsenic in coal strongly affects its transformation 
behaviour during coal conversion. There are many directly and 
indirectly methods1,2,3,4 for determining the mode of occurrence of 
elements in coal, such as X-ray absorption fine structure(XAFS) 
spectroscopy, scanning electron microscopy- energy dispersive X-ray 
(SEM-EDX) analyzer, and sequential chemical extraction. Previous 
work has shown that pyrite is the principal source of arsenic in 
coal.1,2 The partitioning of arsenic during coal conversion depends on 
many factors including coal composition, reaction conditions and the 
mode of occurrence of arsenic in coal. Papers3,5,6 show that arsenic 
belongs to semi-volatile elements, and most of arsenic is bound to 
fine particulates during coal combustion or gasfication. The 
behaviour of arsenic is greatly influenced by its coexisting coal major 
and minor elements. However, there is little information about the 
transformation behaviour of arsenic under pyrolysis conditions. The 
volatilization behaviour of arsenic in Yima coal and the influence of 
coexisting mineral matters during pyrolysis in fluidized-bed reactor 
are investigated in this paper. The mode of occurrence of arsenic in 
Yima coal and its char were determined using three methods 
including density fractionation, demineralization and sequential 
chemical extraction.  
 
Experimental   
   Coal Sample and Demineralization. The coal used in this study 
was a young bituminous coal. Coal sample was ground and sieved to 
147μm~246μm. To determine arsenic affinities in Yima coal and 
study the effect of mineral matters on arsenic volatility during 
pyrolysis, demineralization was carried out. This demineralization 
procedure was following the method of Chen et al.7 Proximate and 
ultimate analyses for Yima raw coal (Yima) and its demineralized 
sample (YimaD) were given in Table 1. 
 

Table 1. Proximate and Ultimate Analyses of Samples / Wt% 
Sample Mad Ad Vdaf Cdaf Ndaf Hdaf Sdaf 
Yima 8.82 17.3 40.2 78.1 0.86 3.90 0.40 
YimaD 2.92 2.73 36.6 78.2 0.85 5.20 0.40 

   
Density Fractionation. Density fractionation had been used 

frequently to determine the trace element organic/inorganic affinities 
in coals. Most organic matters in coal occurred in <1.6g/cm3 density 
fractions8. Three density fractions including <1.3 g/cm3(YM1), 1.3 
g/cm3~1.6 g/cm3(YM2) and >1.6 g/cm3(YM3) were obtained from 
Yima raw coal by using analytical reagent CH2Cl2 and CCl4. 
Occurrence of arsenic in coal is obtained through coupling with other 
two methods, demineralization and sequential chemical extraction. 
Ash content of different density fractions were analyzed by using 
Chinese standard method (GB/T212-91). 

Pyrolysis Experiment. Yima and YimaD were used for 
pyrolysis experiment at temperature ranging from 500oC to 900oC, 
respectively. The pyrolysis conditions are the same as reference 9. 
Chars were collected for analysis after pyrolysis. 

Sequential Chemical Extraction. Sequential chemical 
extraction was used to determine the mode of occurrence of trace 
elements in coal, which represented the chemical mobility in 

environment of the element. The binding forms of arsenic in Yima 
raw coal and its char were determined by this method. The char 
samples were obtained at 600oC and 900oC, and ground to <74μm . 
During the sequence of extraction steps, arsenic associated with 
various parts of the coal or char would be extracted in the following 
order: (1) water soluble and ion exchangeable cations were extracted 
by 1M CH3COONa; (2) primarily associated with carbonates were 
extracted by 1M CH3COONH4, (3) associated with sulfates and 
monosulfides were extracted by 4M HCl at 100 oC; and (4) associated 
with disulfides were extracted by 2M HNO3. After each step of 
extraction, aqueous solution was separated from the solid residue by 
centrifugation for 20 min. The solid was dried at 60 oC for next step. 
Arsenic remained in extraction residue was labeled  “stable forms” 
in this paper, which had little chemical mobility in environment. 
Stable forms of arsenic in coal may be present in the organic matrix, 
or occur in insoluble phases such as zircon, titanium dioxide, silicate 
and occur in crystal lattice of other insoluble mineral matters. 

Determination and Calculation method.  Arsenic contents in 
coal or its char and their extracted solutions were determined by 
Atomscan16, inductively coupled plasma-atomic emission 
spectroscopy(ICP- AES), made in TJA company of America. The 
calculation method of arsenic volatility was similar to that of fluorine 
in reference 9.   
 
Results and Discussion 
   Table 2 showed the arsenic contents in density fractions. Ash 
content of YM1 and YM2 were 5.06% and 6.94%, only 1/3 of that in 
raw coal(17.3%). The ash content of the heaviest density 
fraction(YM3) was 61.02%, which was much higher than that of raw 
coal. So most of YM3 was mineral matters, and large part of YM1 
and YM2 should be organic matters. Compared with that in raw coal, 
arsenic contents of YM1 and YM2 were very low, while arsenic 
content of YM3 was very high. More than 75% of arsenic enriched in 
the heaviest density fraction. It indicated that most of arsenic in Yima 
coal was associated with mineral matters. The  mass balance of 
arsenic is about 85%.  
 
Table 2. Arsenic Contents in Density Fractions Obtained from 
Yima Coal (dry basis) 

Sample Yield/% HTA*/% As / µg⋅g-1 Fraction /% 
Yima 100 17.32 33.0 100 
YM1 5.91 5.06 3.8 0.68 
YM2 74.38 6.94 4.0 9.02 
YM3 19.61 61.02 127.6 75.81 

* high temperature ash (820 oC) 
 

During the demineralization process of raw coal by hydrochloric 
acid and hydrofluoric acid, almost all mineral matters, except pyrite, 
could be dissolved. Table 3 gave the arsenic contents and sulfur 
forms in Yima raw coal and its demineralized coal. As shown in 
Table 3, the content of pyritic sulfur in deminerlized coal was a little 
higher than that in raw coal, which indicated that pyrite almost all 
remained in demineralized coal. Arsenic content of demineralized 
coal was close to that of raw coal. Combined the results of density 
fractionations with those of demineralization, we could infer that the 
major arsenic in Yima coal was associated with pyrite, maybe 
arsenopyrite(FeAsS) or arsenical pyrite(FeAsS2)2. 

 
Table 3. Arsenic Content and Sulfur Forms of Samples 

Sulfur Forms /Wt% Sample As/µg⋅g-1 St,d Sp,d Ss,d S*
o,d 

Yima 33.0 2.04 1.65 0.06 0.33 
YimaD 32.1 2.14 1.72 0.03 0.39 

* by difference 
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1-water soluble and ion exchangeable 2-associated with carbonates 
3-associated with sulfates & monosulfides  4-associated with 
disulfides 5-stable forms 6-volatility(volatilized into gas & tar) 
Figure 1. Mode of occurrence of arsenic in Yima coal and pyrolysis 
chars. 
 

Figure 1 showed the results of sequential chemical extraction of 
Yima raw coal and its chars. The pyrolysis temperature of char1 and 
char2 were 600oC and 900oC, respectively. Arsenic contents occured 
in water soluble, ion exchangeable and associated with carbonates 
were below 2% in all samples. It was difficult to compare with each 
other for these two kinds of forms of arsenic. It could be seen that 
about 65% of arsenic in raw coal was extracted, and more than 75% 
was extracted by HNO3. 35.95% of arsenic in Yima coal occured in 
stable forms. After pyrolysis, only a little arsenic associated with 
disulfides still remained in char1(6.13%) and char2(0.98%). It 
demonstrated that the forms of arsenic associated with pyrite were 
unstable during coal pyrolysis. A little increase was observed for 
mass fraction of arsenic associated with sulfates and monosulfides 
from 10.61% in raw coal to 18.25% in char1, while that in 
char2(8.54%) was a little decrease. Because of incomplete 
decomposition of pyrite at 600oC, some arsenic associated with 
disulfides maybe transformed into the forms associated with 
monosulfides. The mass fraction of stable forms of arsenic in char2 
(34.26%) was higher than that in char1 (26.43%). Maybe some 
arsenic was transformed into stable forms before it could volatilize at 
high pyrolysis temperature. 
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Figure 2. Effect of pyrolysis temperature on As content in char 
 

The relationship between the arsenic content of char and the 
pyrolysis temperature was shown in Figure 2. The arsenic content in 
coal was indicated at 0oC. The arsenic contents of char were lower 
than those of coals, especially for that of YimaD. For Yima and 
YimaD , in the experiment temperature range, the arsenic content of 
char tended to slightly increase with increasing pyrolysis 
temperature.  

The relationship between pyrolysis temperature and arsenic 
volatility was plotted in Figure 3. It could be seen that arsenic 
volatility was not strongly susceptible to pyrolysis temperature, 
which only had slightly changes in the temperature range from 500 oC 

to 800 oC. But there was a great increase for arsenic volatility at 900 

oC, which were about 54.0% and 72.8% for Yima and YimaD in 
comparison with 47.6% and 69.4% at 800 oC, respectively. It was 
evident that large amount arsenic already volatilized before 500 oC. 
Arsenic behaviour at low pyrolysis temperatures might take 
important role. 
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Figure 3. Effect of pyrolysis temperature on arsenic volatility 

 
The ash composition of Yima raw coal was as following (Wt%): 

SiO2: 44.17; Al2O3:18.88; Fe2O3:14.77; CaO: 10.42; MgO:2.33; 
TiO2:1.15; K2O:1.40; Na2O:0.25; P2O5:0.31. From Figure 3, we also 
could see that arsenic volatility of YimaD was much higher than that 
for Yima during pyrolysis. From Table 3, it clearly showed that 
demineralization only had little influence on arsenic content of Yima 
coal. All these suggested that the vaporization of arsenic during Yima 
raw coal pyrolysis might be retarded by its coexisting mineral 
matters. 
 
Conclusions  

Arsenic in Yima coal was mainly associated with pyrite, which 
was unstable during coal pyrolysis. Arsenic volatility was not 
susceptible to pyrolysis temperature in the range studied. The 
vaporization of arsenic in Yima raw coal during pyrolysis might be 
retarded by its coexisting mineral matters. Arsenic volatility at low 
pyrolysis temperatures would be studied in the next stage. 
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Introduction 

Coal contains many kinds of elements which include hazardous 
heavy metals, such as As, Hg, Pb, and Se. Among these metals, Hg is 
the most concerned because the element is quite volatile, so that 30-
75% of Hg in coal will be released to air when coal is burned in coal-
fired power plant.1 It is reported that coal combustion is a great 
source for the global emission of Hg.1 Therefore, many studies have 
been devoted to the problem of Hg in coal, including the occurrence 
of Hg in coal, its emission behavior, and the reduction of Hg 
emission.2 There have been many studies about the removal of Hg 
after the combustion of coal. However, only a few studies have been 
done about the advanced and precombustion removal of Hg from coal. 
Keener et al. reported that 40-80% of Hg in coal was removed by 
mild pyrolysis, in which coal was heated under nitrogen flow at 300-
400°C, for several American coals.3,4 However, the effect of varying 
the brand of coal upon the Hg removal and detailed mechanism have 
not yet been clear. 

There have been several studies about the removal of heavy 
metals from coal fly ashes5,6 incineration ashes,7 and contaminated 
soil8 by use of chelate extraction. However, for the heavy metals in 
coal, chelate extraction has not been so far applied. 

In this paper, the removal of Hg from coal by mild pyrolysis as 
well as that by chelate extraction were examined. The dependence of 
the ease of  Hg removal upon the brand of coal was discussed in 
terms of the removal efficiency for mild pyrolysis and that for the 
chelate extraction. 
 
Experimental 

Coals.  Nine Japanese standard coals (SS coals) distributed from 
the Japan Coal Energy Center (JCOAL) and a certified reference 
material from the SA Bureau of Standards, Republic of South Africa 
(SARM20) were used. Table 1 presents the analyses of these coals. 
The particle sizes of SS coals were under 149 µm while that of 
SARM20 was under 106 µm and no further pulverization was 
performed. 

Determination of Hg in coal. Powdery coal (ca. 0.25 g) was 
precisely weighed and was acid-digested with HNO3+H2O2 (5+3 ml) 
using a microwave processor (Milestone ETHOS1600). After cooling 
and the addition of further HNO3+H2O2 (2+1 ml), microwave 
processing was performed again. After cooling and filtration, the 
filtrate was diluted to a fixed volume (25 ml) and was subjected to 
cold vapor atomic absorption spectrometry (CVAAS) using a Nippon 
Jarrel Ash AA855 with a Hg reduction system AMD-D2 for the 
determination of Hg concentration. 

Mild pyrolysis. Powdery coal (0.5 g) was placed in a alumina 
board and heated by a horizontal tubular furnace at a rate of 1 °C/s to 
a desired temperature under N2 flow (100 ml/min) and the 
temperature was kept for 1 h. Then the resulting coal was digested 
and analyzed for the Hg content. The value of % Hg removal was 
defined as [1-(Hg content in treated coal)/(Hg content in raw coal)] X 
100. 

Chelate extraction. An aqueous solution (20 mL) containing a 
chelating agent was shaken with 0.25 g of powdery coal for 24 h in a 

stoppered centrifuge tube at a room temperature (24-25°C), and the 
filtration was performed to separate the coal. For the chelating agent, 
ethylenediaminetetraacetic acid (EDTA, 2Na salt), nitrilotriacetic 
acid (NTA), dimercaptosuccinic acid (DMSA), mercaptopropionic 
acid (MPA), and mercaptoethanol were used. In case of NTA and 
DMSA, two equivalent of NaOH was further added in the aqueous 
solution, while for MPA one equivalent of NaOH was added. The 
resulting coal was dried and analyzed for Hg content. 
 
Results and Discussion 

The nine SS coals were subjected to Hg analysis by CVAAS, 
and the results are recorded in Table 1, together with the data for 
SARM20. The Hg content of those ten coals varies from 0.04 to 0.25 
µg/g, for which SARM20 has the highest value while SS002 has the 
lowest.  

Hg
content
(μg/g)
0.08
0.04
0.10
0.08
0.10
0.20
0.06
0.08
0.05
0.25 1)

C N S
72.7 1.4 0.4
69.1 1.3 0.5
75.6 1.7 0.3
74.4 1.0 0.7
72.2 1.6 0.5
71.1 1.8 0.7
66.2 1.2 0.3
71.6 0.9 0.6
74.0 1.7 0.3

- - 0.5

Ultimate
(wt%, d.b.)

V. M. Ash
27.0 15.4
38.9 14.9
29.3 8.8
29.7 10.0
36.3 12.2
32.0 13.4
38.7 13.9
29.2 10.8
28.2 8.4

- -

Proximate
(wt%, d.b.)

SS001 (AUS)
SS002 (AUS)
SS003 (AUS)
SS004 (CHN)
SS006 (AUS)
SS020 (ZAF)
SS026 (USA)
SS027 (CHN)
SS028 (AUS)

SARM20

Sample coals
(Producing country)

1) Certified value

Table 1. Analyses of Coals

 
The ten coals were treated by mild pyrolysis at 300 and 400°C, 

and the results for % Hg removal are shown in Figure 1. The 
removal efficiency varied from 14% to 80% depending upon the 
brand of coal when the mild pyrolysis was carried out at 300°C. 
SS004 and SS020 coals provided high % Hg removal values of ca. 
80%, whereas the % removal for SS006 was quite low (14%). For 
coals which give lower % Hg removal, greater increases in the % 
removal tend to be observed when the pyrolysis temperature is raised 
from 300°C to 400°C. When 400°C-pyrolysis was carried out, the 
values of % Hg removal for SS004 and SS006 were 88% and 42%, 
respectively. The weight loss (dry base) of coal during the mild 
pyrolysis varied from 0.8% to 7.5% for 300°C and from 1.9% to 
20.8% for 400°C. There is no evident correlation between the weight 
loss values and the % Hg removal values. 
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Figure 1. Removal of Hg from SS coals and SARM20 by mild 
pyrolysis (1 h). 
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The ten coals shown in Table 1 were subjected to the chelate 
extraction using MPA. The % Hg removal varied depending on the 
coal brand, and interestingly, there is an apparent correlation between 
the values of % Hg removal for the MPA extraction and those for the 
mild pyrolysis, as illustrated in Figure 3. Taking into account of the 
above result as well as that for the effects of specific surface area and 
particle size previously mentioned, it appears that the mode of 
occurrence for Hg in coal is the greatest factor which affects the ease 
of Hg removal both for the mild pyrolysis and for the chelate 
extraction. 

When the % Hg removal values for the mild pyrolysis were 
plotted against the specific surface areas for those coals, almost no 
correlation was observed. The effect of varying the particle size of 
coal upon the Hg removal was assessed when SS004 was subjected to 
300°C-pyrolysis (1 h). For the particle sizes of under 1000, 149, and 
74 µm, the values of % Hg removal were 79, 79, and 67%, 
respectively. When SS001 and SS020 were examined, similar results 
for the effect of varying the particle size were obtained. Consequently, 
the Hg removal efficiency is dependent neither on the specific surface 
area nor on the particle size. Therefore, it is anticipated that the 
difference in % Hg removal for each coal is ascribed not to the 
difference in physical structure of coal matrix but to that in the mode 
of occurrence for Hg in coal. 
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Figure 2 shows the plot of % Hg removal against the pyrolysis 
temperature for SS004 and SS006. When the temperature was 200°C, 
both coals gave small values of % Hg removal. For SS004, the % 
removal rapidly increased when the temperature was raised to 300°C, 
and kept almost constant at higher temperatures. However, for SS006, 
the % removal was quite low even at 400°C, and increased to ca. 
95% when the temperature was elevated to 500°C. Consequently, it is 
found that the Hg removal efficiency is greatly different in those two 
coals when the mild pyrolysis at 300-400°C is performed, although 
those two coals have similar Hg contents (see Table 1). 
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Figure 3. Correlation between Hg removal by MPA extraction and 
that by mild pyrolysis at 300℃. 
 
Conclusions 

The removal of Hg from coal was effectively attained by mild 
pyrolysis and chelate extraction. For chelate extraction, sulfur-
containing agents were superior to ordinary chelating agents. The Hg 
removal efficiencies of the two removal methods were greatly 
dependent upon the coal brand, and there is an apparent correlation 
between those of the two methods. Detailed mechanism about this 
phenomenon is now under study. 

  
Figure 2. Dependence of Hg removal upon pyrolysis temperature. Acknowledgment 
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The chelate extraction of Hg from SS004 using various 
chelating agents was performed, and the results of % Hg removal are 
summarized in Table 2. Ordinary chelating agents, such as EDTA 
and NTA, gave % Hg removals of 18 and 14%, respectively, whereas 
sulfur-containing chelating agents, such as DMSA and MPA, 
provided higher % removals of 57 and 44%, respectively. It is 
reasonable that the chelating agents possessing soft coordination sites 
give higher Hg removal because Hg ions are typical soft acids. 
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TRACE ELEMENTS IN COAL AND RELEASE OF TRACE 
ELEMENTS DURING PYROLYSIS 

2.2 Analysis of the elements. The elements (As、Pb、Cr、Cd 
and Mn) in raw coal and chars were separated into five chemical 
forms by a sequential chemical extraction procedure. Through the 
sequence leaching steps, elements associated with various parts of the 
coal were removed in the following order: (1) Ion exchangeable 
element (named form 1), including water soluble or cations 
associated with ion exchange sites in organic and inorganic matter, 
and being removed by 1N NaOAc (PH~8.2) at room temperature for 
1h; (2) Element bound to carbonates (named form 2), including 
cations primarily associated with carbonates, and being removed by 
1N NaOAc (PH~5.0) at room temperature for 5h; (3) Element bound 
to iron and manganese oxides (named form 3), including Fe-Mn 
oxide associated, well–crystallized sulfides or organosulfur 
compounds, and being removed by 0.04 N NH2OH·HCl in 25%(v/v) 
HOAc; (4) Element bound to organic matter (named form 4), 
consisting of paraffin-like material and resistant structural 
(nonhumified) organic matter residues, and being removed by 
HNO3/H2O2 (PH~2) and NH4OAc; (5) Element remaining in the 
residual after the four preceding extractions (named form 5), 
consisting essentially of detrital silicate minerals, resistant sulfides, 
and a small quantity of refractory organic material, and being 
dissolved into solution by using HF-HClO4 mixture after ashing. The 
sequential extraction procedure used in this study was described else 
where in detail [6-7]. Elements content of the raw coal, the 
corresponding chars after pyrolysis, and the samples from leaching 
processing were measured by inductively coupled plasma-atomic 
spectroscopy (ICP-AES). 
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Introduction 
       Environmental problem resulted from the release of hazardous 
trace elements during coal processing have attracted attention of many 
researchers. Their studies have been focused on the physico-chemical 
form of trace elements in coal, the toxicity and partitioning behavior 
in the combustion/ environmental control system [1-4]. It has been 
shown that the emission behavior of trace elements during coal 
process varies with element and coal type, chemical form presented in 
coal and process conditions significantly. Pyrolysis is the most 
important stage of coal utilization processing such as gasification, 
combustion, or liquefaction [5]. It is thus of great important to 
understand the behavior of trace elements during pyrolysis to guide 
for the effective control of the emission of the toxic trace elements 
during coal processing.  
     The attempt was made in this paper is to understand the release 
behavior of As, Pb, Cd, Cr and Mn at different pyrolysis temperature, 
atmosphere and holding time. Their chemical forms transformation 
during pyrolysis was also investigated.  
 Bleeding ratio (Br) used to evaluate the release extent of trace 

element in coal during pyrolysis defined as:  Experimental 
2.1 Coal sample and pyrolysis prededure. A Chinese 

bituminous coal, named Datong coal, was crushed and sieved to 
0.16~0.27mm, and dried under vacuum at 110oC with a nitrogen 
purge. The characteristics of Datong coal are shown in Table 1.  

%100
coalin   ionconcentrat

yieldchar charin ion concentrat-coalin ion concentrat(%) ×
×

=Br

 
 Results and Discussion 
Table 1. Analysis of Datong coal，wt% 3.1 Effect of pyrolysis temperature on release of trace 

elements. Fig.2 shows the bleeding ratios of trace elements at various 
pyrolysis temperatures for Datong coal. It was found that the 
bleeding ratio of trace elements increased with the increasing of 
pyrolysis temperature, especially for As, Pb and Cd at 700~1000oC. 
However, the emission of As reached to a higher level at relative 
lower temperature. More than 67% of releasable As was released at 
the temperature of 300 oC. The significant release of Pb and Cd did 
not occur until 700oC. Cr and Mn released from coal only slightly in 
the temperature range of 300~1000oC. It can be concluded that the 
release ability of As, Cd and Pb is higher than that of Cr and Mn. 
This may be related to the properties of the element itself and their 
chemical form transformation during pyrolysis. 

 

Proximate analysis Ultimate analysis，daf 

Vad Aad Mad 
 

C H N S Oa 

26.91 10.00 0.26 88.18 5.17 1.05 1.64 3.96 

A schematic representation of experimental apparatus was 
shown in Fig.1. It consisted mainly of a rotary furnace and a 
pyrolysis reactor. Prior to a reaction，about 2.5g of coal sample was 
placed at the top of the reactor. Then it was sealed and filled with the 
desired gas to certain pressure. The furnace with the reactor was in 
the horizontal position first. The fast heating experiment was 
obtained by quickly rotating the furnace with the reactor to the 
vertical position. After desired holding time, the reactor was pulled 
out from the furnace and quenched in the cold water. Gases were 
released slowly. Char was collected from the bottom of the reactor. 
Amount of gases produced was determined by the weight difference 
of the reactor with the samples before and after reaction. Amount of 
tar produced was calculated by subtraction of char and gas produced 
from weight of original coal. 
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Fig.1.The diagram of high pressure closed fast pyrolysis apparatus 

 
 
 
 
 
 

Fig.2. Effect of pyrolysis temperature on bleeding ratio of trace 
elements under N2 pressure of 0.1MPa with the holding time of 20s 

3.2 Effect of atmosphere and holding time on release of trace 
elements. Fig.3 illustrates the bleeding ratios of trace elements at 
different atmospheres and holding times. H2 atmosphere resulted in 
the higher bleeding ratio of trace elements than N2 atmosphere. The 
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difference in bleeding ratio of the elements between both 
atmospheres increased with the increasing of the holding time. 
Among the five elements, the relative volatile elements (As, Pb and 
Cd) were greatly influenced by atmosphere and holding time. Fig. 4 
gives the corresponding volatiles yield at different atmospheres and 
holding times. H2 atmosphere and longer holding time led to more 
volatiles release from coal. In one hand, the release of more volatiles 
can assist the transportation of the elements from the pore of coal and 
decrease the possibility of the element retention in the char. In the 
other hand, as the higher heating rate used in this study, coal may not 
be heated sufficiently at relatively short holding time. This resulted 
in incomplete release of the elements from coal. As further increasing 
the holding time, enough energy was obtained to break strong affinity 
of the elements to coal matrix structure. Both effects resulted in the 
more trace elements emitted from coal. 
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3.2 Chemical forms transformation of trace elements upon 

heating. Fig.5 presents the chemical form distribution of As, Pb, Cd, 
Cr and Mn in Datong coal and char. Char was obtained by pyrolyzed 
at 1000oC under N2 pressure of 0.1MPa with the holding time of 20s. 
It can be seen that As, Pb, Cd and Cr in the raw coal are mainly 
presented as form 5 with the small amount of forms 2 to 4 but Mn as 
form 3. Form 1 represents ion exchangeable element. It was only 
observed for Mn in the raw coal and showed the same value after 
pyrolysis. Form 2 represents the element bound to carbonates. It was 
found in raw coal less than 5% for Cr and Mn, and about 10-18% for 
Pb and Cd. It disappeared for Cd, almost unchanged for Pb and Cr, 
and increased for Mn after 1000oC heat treatment. There was no 
observation of As in both raw coal and char. Form 3 represents the 
element bound to Fe-Mn oxides. This form was observed for all the 
elements tested in the raw coal (15-20% for As, Pb and Cd, less than 
2% for Cr and more than 55% for Mn). It decreased generally after 
the heat treatment except for the case of Cr. Form 4 represents the 
element bound to organic matter. Although it was not the major form, 
it was found for all the elements tested. The element in this form 
disappeared or decreased after 1000oC pyrolysis. For form 5, residual 
elements, contained 60% of As, around 50% of Pb and Cd, more than 
90% of Cr and 21% of Mn originally. It decreased for As, Pb and Cr 
after pyrolysis, and slightly increased for Cd and Mn. Form 6 
represent the elements went to the volatile phase. Comparing to the 
less than 10% of Cr and Mn released into volatile phase, As, Pb and 
Cd have higher volatility and are considered as the primary toxic 

trace elements in coal. Clearly, trace elements in coal not only 
emitted into volatile phase but also transformed from one form to 
another in solid phase significantly during pyrolysis. 

 
 
 
 s,

 %

 

tio
n 

of
 A

 u

 st
rib

 D
i

-- --
0

10

20

30

40

50

60

70

80

As

Coal                                                 Char -- --
0

10

20

30

40

50

60

70

Pb

D
is

tri
bu

tio
n 

of
 P

b,
 %

Coal                                           Char

--
0

10

20

30

40

50

60

70

Cd

Coal                                           Char --
0

20

40

60

80

100
Cr

 
D

is
tri

bu
tio

n 
of

 C
r, 

%

Coal                                           Char

0

10

20

30

40

50

60

70

Mn

Coal                                     Char

 
 
 
 

n 
of

 C
d,

 %

-- -- -- -- --
0

10

20

30

40

50

 As          Pb       Cr       Cd         Mn

B r o
f t

ra
ce

 e
le

m
en

ts
, %

 700oC, N2, 20s
 700oC, H2, 20s

-- -- -- -- --
0

10

20

30

40

50

 As          Pb       Cr       Cd         Mn

 

 700oC,N2,10min
 700oC,H2,10min

B r o
f t

ra
ce

 e
le

m
en

ts
, %

 
 tri

bu
tio

 

D
is

 
 
  %Fig.3 Effect of atmospheres and holding time on release of 

trace elements at 700oC under 0.1MPa   o
f M

n,

 tio
n

 D
is

tri
bu

-- --
0

4

8

12

16

20s                             10min
 

Y(
t+

g)
 /%

 N2
 H2

 
 
 
 
 
 

Form 1: Ion exchangeable ;       Form 2: Bound to carbonates;   

Form 3: Bound to Fe-Mn oxides;      Form 4: Bound to organic matter;   

Form 5: Residual element;      Form 6: Element went into volatile phase. 

Fig.5 The distribution of trace elements in coal and char (1000oC, N2)
Fig.4 Effect of atmospheres and holding time on 
volatile (tar +gas) yield at 700oC under 0.1MPa Conclusions 

      The effects of temperature, atmosphere and holding time on trace 
elements release behavior in a closed fast pyrolysis reactor were 
investigated. The bleeding ratio of trace elements increased with 
increasing temperature and holding time. H2 atmosphere promotes 
the release of trace elements. During pyrolysis, As, Pb and Cd show 
the higher emission ability than Cr and Mn. Form 1 element was only 
found for Mn in the raw coal and was not affected by heat treatment. 
Change of forms 2 and 5 was dependent on the type of the elements. 
Elements in form 3 and 4 decreased generally after pyrolysis. 
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THE BEHAVIOR OF TRACE ELEMENTS FROM HIGH 
TEMPERATURE COAL COMBUSTION PROCESS 100
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Table 1 Proximate and ultimate analysis of Wallarah 
coal 

Water Content 3.0 

Ash Content 13.7 

Volatile Matter 29.4 
Proximate 
analysis 

Fixed Carbon 53.9 

Carbon 71.9 

Hydrogen 4.2 

Nitrogen 1.4 

Sulfur 0.3 

Ultimate 
analysis 

Oxygen 8.1 
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Introduction 

Coal has great advantage that deposits are abundant as 
compared with other fossil fuels. On the other hand, coal 
includes much kind of trace elements with several 10 ppm 
concentrations. They volatilize at the combustion and 
gasification of coal, and are released into the atmosphere. 
Moreover, on the occasion of the reclamation by coal ashes, 
they elute into drainage, and become the cause of 
environmental pollution. Especially it worries about the bad 
influence to a human body, so it is important to elucidate the 
releasing behavior of the trace elements in coal. In this study, 
how the combustion temperature and existence of the steam in 
combustion atmosphere influence the releasing behavior of 
the trace elements from coal was investigated. 

 
 
 

 
 
 
 
 
 

  
Experimental  

 In this study, we employed Wallarah coal as the sample 
first. It was crushed into particle and sieved under 150 µm 
before the combustion experiment. The combustion 
experiment was conducted under the temperature range of 
573~1573 K, and the contents of the trace elements in the coal 
in each temperature was measured. The schematic diagram of 
experimental apparatus is shown in Fig. 1. The proximate 
analysis and ultimate analysis of Wallarah coal is shown in 
Table 1. About 0.1 g of coal sample was put into the platinum 
basket, and it inserted into the reactor which was preset at 
573~1573 K beforehand. The alumina tube (i.d. 42 mm and 
length 1 m) was used for the reactor. Combustion atmosphere 
was air; 5.6 l min-1 and 0 or 10 % of steam was supplied 
together. The coal or ashes which remained in the platinum 
basket after 10 min combustion were collected carefully, and 
it was dissolved into acid media using microwave sample 
pretreatment equipment (Ethos Plus, by Milestone General; 
solvent; HNO3 7 ml, HF 1.5 ml in the first step, and HNO3 2 
ml, HF 0.5 ml, and HClO4 3 ml in the second step was added). 
Raw coal was also dissolved by just the same method. The 
contents of the trace elements (Be, V, Cr, Mn, Co, Ni, Zn, As, 
Se, Cd, Sb, Hg, Pb) in the solution was determined by ICP-
AES (CIROS). About Hg, Se, Sb, and As, their amount was 
measured by the hydride generation method. 

 
 
 
 
 
 
 
 
 
 
 
 

Fig. 1 Schematic diagram of experimental apparatus. 
 
As for Zn, Se, Sb, Hg, and Pb, residual ratios in coal changed 
with the rise of temperature. A change of residual ratio was 
not observed about other elements. The relation between the 
residual ratios of Zn and Pb and temperature (573~1573 K) is 
shown in Fig. 2, and the relation between the residual ratios of 
Se, Sb, and Hg and temperature is also shown in Fig. 3. In 
Figs. 2~3, the vapor pressure curves of the compounds 
containing Zn, Pb, Se, Sb, and Hg were also shown together. 
Residual ratios of Zn and Pb decreased at 1173 K or more, 
irrespective of existence of steam. Considering that boiling 
point of metal-Zn is 1181 K, it is thought that Zn compounds 
in coal decomposed and released from coal as a metal-Zn 
form. Moreover, considering that boiling point of PbCl2 is 
1223 K, it is thought that Pb compounds in coal released as 
PbCl2. Even if it was in the presence of steam, residual ratios 
of Zn and Pb were same as the case where it was in the 
absence of steam. On the other  

 
Results and discussion 

The residual ratio of the trace elements in the coal or ash 
which remained in the platinum basket after 10 min 
combustion (573~1573 K, air atmosphere) was defined as 
follows. 
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Fig. 2 Relation between temperature and the residual 
ratios of Zn and Pb in comparison with vapor pressure. 

 
Fig. 3 Relation between temperature and the residual 
ratios of Se, Sb and Hg in comparison with vapor pressure. 
 
 
hand, as for Se, Sb, and Hg, the residual ratios in coal 
decreased greatly at low temperature (573~773 K). It is 
thought that Se released as SeOCl2, SeCl4, and SeO, Sb 
released SbCl3 , Hg released as metal-Hg and/or HgCl2. 

The residual ratios of Se, Sb, and Hg in coal changed in the 
presence of steam unlike Zn and Pb. As for Se and Sb, 
residual ratios decreased in the presence of steam. This is 
considered because it released from coal via a hydroxide form 
under low temperature region. However, residual ratios of Hg 
increased in the presence of steam conversely. Considering 
that boiling point of Hg is 630 K, boiling point of HgCl2 is 
577 K, Hg released from coal as metal-Hg and/or HgCl2 under 
low temperature region in the absence of steam. On the other 
hand, under steam existing condition, it will be converted into 

Hg(OH)2 at low temperature, then decomposed to HgO at high 
temperature. HgO is decomposed into Hg and O2 at 773 K. 
Therefore, release of Hg depressed in the presence of steam. 
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Conclusion 
 Zn and Pb were released from coal at high temperature 
(1173 K~), and were not influenced by steam. Se, Sb, and Hg 
were released from coal at low temperature (573~773 K), 
steam influenced the releasing behavior of these elements. 
Whereas Se and Sb enhanced, that of Hg depressed in the 
presence of steam. They are considered that their existence 
form has correlation. 
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Introduction 
Co-combustion of coal with sewage sludge has the potential to 
overcome the drawbacks of firing pure coals. The most attractive 
advantage of it is to significantly reduce the net CO2 emissions 1,2. 
Besides of it, the use of sewage sludge can diversify the power 
plant`s fuel portfolio by adding a potentially less expensive non-fossil 
fuel 2. Furthermore, it had been reported that cofiring can also reduce 
the SOx and NOx emissions since in one hand, the biomass fuels 
including sewage sludge generally contain less sulfur than coal. On 
the other hand, the alkali and calcium in biomass fuels can react with 
gaseous sulfur to form deposition on the slag 3. In addition, the 
biomass fuels contain high volatile matter contents than coal that tend 
to form less NOx in low-NOx burners. 
Co-combustion is generally carried out by cofiring coal with biofuel 
in the existing pulverized coal boiler. Experience showed that 
co-combustion could significantly impact on the pulveriser 
performance. The major subjects of concern are related to the 
problems of ash and particulate matters in co-combustion 4. Since the 
mineralogical of biomass fuels including sludge has the distinct 
compositions and association compared to coals, co-combustion 
inevitably incurs the new ash-related problems. Emission of alkali 
and trace elements played important roles in the process 2,4. 
The purpose of this paper is to investigate the fate of alkali and trace 
elements in co-combustion of coal with sewage sludge in 
laboratory-scaled drop tube furnace. The reaction temperature was 
kept at 1200oC; three coals were used to study the influence of coal 
type. The combustion residues including char and fly ash were 
collected by cyclones to probe the existence of alkali and trace 
elements within them. In addition, the particulate matters (PM) were 
collected by using low-pressure impactor for concerning on the 
volatized elements. 
 
Experimental 
Properties of coals and sludge 
Three coals and one sludge were used in this study, they are 
pulverized to <125 µm and dried before use. Their proximate and 
ultimate properties were shown in Table 1. Compared to coals, sludge 
is lean in fixed carbon, bur rich in moisture and ash. The oxide 
composition in ashes shown in Table 2 indicated a distinct ash 
composition in sludge. CaO, MgO and P2O5 are of most prevalence in 
the ash of sludge, whilst SiO2 and Al2O3 are the main compounds in 
the ash of coals. In addition, as to the alkali elements, they have 
relatively high contents in coals. The trace elements are more 
abundant in sludge than in coals. Zn, Cu, and Ti are the most 
prevalent in the former fuel 5. 
Experimental procedure 
Combustion of fuel alone and co-combustion were carried out in drop 
tube furnace (DTF), the combustion procedure and conditions are 
similar to used previously 6. The weight ratio of coal to sludge was 
kept as 50:50 in co-combustion. O2 10% and N2 being the balance 
was used as the atmosphere, reaction temperature was selected at 

1200oC, while reaction time varied from 0.6 to 2.4 seconds. The 
combustion residues having micron-ordered size were collected by a 
water-cooled, rapid N2 quenching probe and cyclones, which roughly 
have the particle cut-off size of 1.0 µm. On the other hand, the PM, 
existing in the exiting gas, was collected by low-pressure impactor 
(LPI), which is composed of 11 stages having the aerodynamic 
cut-off diameters ranging from 0.06 to 12.1 µm. 
 

Table 1. Proximate and ultimate analysis on three coals and sludge 
 
 

 0
 
 
 
 
 
 
 
 

Table 2. Ash compositions in three coals and sludge 

 
Characterization methods 
The combustion residues, collected by both probe and cyclones, were 
analyzed by several methods including ICP, XRD, SEM-EDX and 
CCSEM. The size-segregated PM was digested with filter together in 
a 15HNO3: 2HF: 5HClO4: 28H2O solution. The filtered solution was 
analyzed by ICP for the elemental composition. Furthermore, PM 
was also observed by SEM-EDX for probing the chemical formations 
within it. 

Ash 15.8 12.6 12.8 9.7

C 34.4 78.7 78.6 76.4

Sludge THY DT YZHS
Proxim ate analysis, dry, w t%

Moisture 21.8 7.8 2.5
VM 37.0 45.7 24.7 38.8

FC 25.4 41.7 54.7 49
U ltim ate analysis, daf, w t%

H 5.5 6.2 4.9 5.6
N 7.5 1.2 0.8 1.4
S 0.8 0.1 1.7 5.7
O 51.8 18.3 14.2 11

Sludge THY DT YZHS
SiO2 26.91 50.3 45.1 48.2
Al2O3 13.04 23.5 15.3 10.7
Fe2O3 8.89 6.2 8.9 17.4
CaO 15.81 9.6 1.5 9.8
MgO 1.98 2 0.5 0.4
Na2O 0.37 1.3 0.3 0.4
K2O 0.53 1.1 1.2 0.6
SO3 9.92 4.0 13.3 11.6
P2O5 24.85 - 0.33 0.02

The novel CCSEM categories were developed for alkali elements and 
zinc in the combustion residues, which were listed in Table 3. For the 
Na-based compounds, they were defined as Na(Ca/Fe)PO4, Na/al-si, 
Na(Ca,Fe)/al-si and Na(Ca,Fe)PO4/al-si. The first one refers to 
sodium phosphate containing calcium/iron or not; similarly, the third 
one refers to sodium aluminosilicate containing calcium/iron together, 
and the fourth being the molten sodium phosphate/aluminosilicate 
containing calcium/iron or not. The same definition was used for 
potassium-based compounds. For the zinc-based compounds, they 
include Zn(Ca,Fe)PO4, Zn/al-si, Zn(Ca,Fe)/al-si and 
Zn(Ca,Fe)PO4/al-si. The first definition was used considering of the 
alloys formed in residues, whilst the second refers to the reaction of 
Zinc with aluminosilicate, and the third and fourth ones were defined 
for the possible capturing of Zn in slag. 
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Table 3. CCSEM categories for alkali elements and Zinc  
  

0.0 0.2 0.4 0.6 0 8

Na/al-si

Na-C a/al-si

Na(C a)PO 4/al-si

Na2(C a)PO 4

Na2(Fe)PO 4

W t% in ash

(a) 

.

Category Wt%
Na(Fe)PO4 Na>1, P>5, Si<10, Ca<5
Na(Ca)PO4 Na>1, P>5, Si<10, Fe<5

Na/ al- si Na>1, Ca<5, Fe<5, Si>10, P<5
Na(Ca, Fe)/ al- si Na>1, Ca(Fe)>5, Si>10, P<5

Na(Ca, Fe)PO4/ al- si Na>1, Ca(Fe)>5, Si>10,P>5
Zn(Ca, Fe)PO4 Zn>0.1, Ca(Fe)>5, P>5, Si<10

Zn/ al- si Zn>0.1, Si>10, Ca<5, Fe<5
Zn(Ca, Fe)/ al- si Zn>0.1, Ca(Fe)>5, Si>10, P<5

Zn(Ca, Fe)PO4/ al- si Zn>0.1, Ca(Fe)>5, Si>10, P>5

Na- based
or

K- based

Zn- based

  
  
  
  
  
  
  
  
  
  

 Results and discussion 

0 0.1 0.2 0.3 0.4 0.5 0.6

K/al-si

K-C a/al-si

K2(C a)PO 4/al-si

K2(C a)PO 4

K2(Fe)PO 4

W t% in ash

(b) 

 Retention of alkali and trace elements in combustion residues 
In combustion, the alkali and trace elements would undergo 
partitioning, a portion of which would be kept in the residues whilst 
the other would vaporize, suspending in the gas atmosphere and 
becoming into PM. The retention of alkali and trace elements during 
co-combustion in 2.4 s (more than 98% of carbon burnt out) was 
illustrated in figure 1, which was expressed as the comparison of the 
experimental to calculated values. The calculated value was the 
arithmetic average of data obtained in combustion of coal or sludge 
alone. Clearly, the retention of alkali and trace elements varied with 
coal type. Cofiring YZHS and sludge led to more of these elements 
kept in the residues than calculated, whilst cofiring DT with sludge 
resulted in less of these elements kept in residues. On the other hand, 
cofiring THY had little effect on retention of these elements.  
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Figure 2. Distribution of alkali and Zinc in residues after 
co-combustion of YZHS with sludge in 2.4s 

 
 
  
  
 Vaporization of alkali and trace elements 
 The vaporized alkali and trace elements in PM were illustrated in 

Figure 3. It substantiated the conclusions in above section. For both 
trace elements including Born and Zinc, the fine particles having size 
of ca. 0.3 µm disappeared due to condensation of them on molten 
phases. On the other hand, for the alkali elements in PM, both 
particles having mean size of 0.3 and 2.0 µm were enhanced. The 
former one was caused by formation of alkali 
sulfate/chlorium/phosphate in PM, whilst the latter one mainly 
contains alkali with other refractory elements; it functioned as the 
nuclei for the growth of aerosols by heterogeneous nucleation. 

 
 

Figure 1. Retention of alkali and trace elements in residues 
 
 
The distributions of alkali and Zinc were shown in figure 2 for 
co-combustion of YZHS with sludge at 2.4s. For alkali based 
compounds, almost all them were reduced in co-combustion, 
especially for Na/K(Fe)PO4 and Na/K(Ca,Fe)PO4/al-si. Conversely, 
the Zinc-based compounds in residues were enhanced obviously. The 
above results implied the strong interaction of coal with sludge in 
co-combustion. The reduction of alkali elements in residues was 
caused by deterioration of the wall of chars. Cofiring YZHS (being 
rich in excluded minerals) in one hand changed the ash layer around 
sludge particle; a more porous char was formed as a result. 
Furthermore, reaction of CaO/Fe2O3, aluminosilicate with P2O5 in 
sludge resulted in formation of more apatite and molten 
(Ca,Fe)PO4/al-si, both of them are capable of capturing trace 
elements 5,7.  
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Figure 3. Vaporized alkali and trace elements in PM 
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Introduction 

Fears of climate change and increasing concern over the global 
warming have prompted a search for new, cleaner methods of 
electrical power generation. Co-firing of biomass fuels (e.g. wood 
chips, straw, bagasse, peat and municipal solid waste) and coal is 
presently being considered as an effective means of reducing the 
global CO2 emissions1. Demonstrations have been performed in a 
number of utility installations across the world, including Australia, 
Europe and the United States. All types of combustion technologies 
have been used but a particular attention has been given to pulverised 
fuel (PF) boilers, as they constitute the bulk of power generation 
hardware in many countries. Despite the simplicity of the co-firing 
concept, its application in PF boilers is associated with many 
technical issues including combustion related problems such as fuel 
ignition, flame stability, temperature, and geometry as well as char 
burnout. There is still no fundamental understanding of the 
underlying mechanisms that cause such technical problems. In 
particular, Studies on fundamental issues such as pyrolytic behaviour 
of biomass/coal blends or biomass char reactivity are scarce1. 

Previous investigations on co-pyrolysis of biomass/coal 
mixtures have mostly concentrated on the mechanism of production 
of the gas phase species. There has also been a handful of studies2-3 
on the impact of synergistic effects (i.e. chemical interaction between 
the two fuels) on the yield of major pyrolysis products, in particular, 
volatile matter. However, much less attention has been given to the 
influence of synergistic effects on the composition of the pyrolysis 
products. In addition, most previous studies focused on examining 
the impact of various controlling parameters (e.g. heating rate, 
temperature, blending ratio, etc) in isolation.  

The objective of this study was to address these shortcomings 
through a comprehensive investigation of the pyrolytic behaviour of 
woody biomass/coal blends over a wide range of heating rates and 
temperatures relevant to PF boilers. The fundamental knowledge 
gained from this project is essential for the proper understanding of 
co-firing in practical PF based systems. For example, the knowledge 
of the low heating rate pyrolysis of biomass/coal mixtures may help 
to prevent the accidental fires, which sometimes occur in fuel 
handling units (e.g. mills or pulverisers) of typical PF boilers during 
co-firing exercises4. Similarly, the knowledge of the high heating rate 
pyrolysis of biomass/coal blends, may help to understand and predict 
the impact of co-firing on the combustion related phenomena in PF 
boilers.  
 
Experimental 

Equipment. Two sets of experiments were carried out to 
investigate the pyrolytic behaviour of biomass/coal blends under the 
low and high heating rate conditions. The low heating rate 
experiments were conducted to understand the pyrolytic 
characteristics of coal, woody biomass, and their mixtures under 
conditions pertinent to the pulveriser units (i.e. mills) of typical PF 
boilers. That is a heating rate between 10-50oC/min and a 
temperature between 200–400oC. The high heating rate experiments, 

on the other hand, were performed to study the pyrolytic behaviour of 
the individual solid fuels and their blends at heating rates often 
observed in pulverised fuel combustors (104 oC/s ≤). The low heating 
rate experiments were carried out in a horizontal tubular reactor 
consisting of a horizontal alumina tube (reactor), a carbolite 
horizontal tube furnace, a mass flow controller, a pressure regulating 
valve, a pressure transducer, a data acquisition system, several 
thermocouples and controllers. 

The high heating rate experiments were conducted at 
atmospheric pressure in a 330 mm by 50mm ID electrically heated 
drop tube furnace (Astro Model 1000A graphite vertical furnace) 
equipped with a Honeywell temperature controller/programmer 
(Model DCP 7700). The set-up included the tubular furnace, furnace 
controllers, a solid fuel delivery system, and a char collection device 
consisting of a cyclone and a water-cooled probe.  
 A gas analysis train was employed in conjunction with both 
low and high heating rate set-ups for on-line measurements of the 
gaseous pyrolysis products. The train comprised of a gas manifold, a 
fast response micro gas chromatograph (VARIAN, model CP-2003) 
equipped with a thermal conductivity detector, a cold trap for 
removing tar compounds, and a data acquisition system.  
 Materials. Experiments were conducted on blends of 
Radiata pine sawdust and Drayton coal, which were prepared by 
manual mixing of the two fuels. To eliminate the effect of moisture 
content, prior to each test sufficient amounts of fuel samples were 
oven dried at 105 oC for several hours and then stored in a desiccator. 
Particle size measurements indicated a range of particle sizes 
between 0.045-0.063 mm for coal and 0.09-0.125 mm for pine 
sawdust. These size ranges are consistent with those produced in 
practical milling systems used in pulveriser units of PF boilers1. 
While blending ratios (weight of biomass to that of coal/biomass 
mixture) of 5%, 10%, 25%, 50%, and 75% (w/w) were used in the 
low heating rate experiments, for the high heating rate investigation, 
only two blending ratios of 5% and 10% w/w were employed. The 
details characteristics of both fuels (eg ultimate and proximate 
analysis) were given in one of our earlier works2. 
 Methods and Techniques. The high heating rate 
experiments were conducted in the temperature range of 900-1400°C. 
High purity nitrogen (99.5% purity) was used as a carrier gas. Before 
commencing the experiment, the system was purged with nitrogen for 
15 min, after which the concentration of oxygen within the system 
was continuously monitored by the Micro GC. Once the oxygen 
concentration approached zero, a 2 L/min flow rate of the carrier gas 
(primary N2, 0.5 L/min and secondary N2, 1.5 L/min) was introduced 
into the reactor. This provided a residence time of approximately 1 
(s) for the individual pulverised fuel particles. The fuel particles were 
next fed at a uniform rate, depending on the type of material. For the 
coal and blend samples, the feed rates were about 2-3 g/h whereas for 
the sawdust samples a feed rate of 0.5 g/h was employed to avoid the 
blockage of the fuel feeding system. The above-mentioned flow rates 
were controlled by mass flow controllers and uniformly maintained 
by a suction pump equipped with a flow regulator. The flow of the 
gas inside the furnace was maintained at a uniform rate by replacing a 
filter membrane at 20 minute intervals.  

The char was collected in the sample receiver of the 
cyclone and weighed at the end of the experiment. The ultimate 
volatile yields % (w/w, daf) of the coal and the blended materials 
were determined by employing the ash-tracer techniques (ASTM D 
1102). For sawdust, the extent of mass loss during devolatilisation 
was ascertained by determining the content of inorganic metals5 
(average of SiO2, TiO2, and Al2O3) of the collected char assuming 
that the mass of these metals is conserved. This was done using the 
X-ray fluorescence (XRF) technique to minimise the inaccuracy that 

Fuel Chemistry Division Preprints 2003, 48(1), 363 



would have occurred due to the vaporisation of alkali and alkali earth 
components of the biomass ash had the ash tracer method been used. 

The details of the low heating rate experimental procedures 
and techniques have been given elsewhere2 and are not repeated here. 
 
Results and Discussion 
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Figure 1(a) illustrates the yield of volatiles of coal and sawdust 
as a function of furnace temperature under the low heating rate 
condition of 10oC/min. The devolatilisation processes of both coal 
and sawdust follow a similar trend under these conditions. In the 
temperature range of 300<T< 600°C the cellulose content of the 
woody biomass, which accounts for 40% of its weight, undergoes 
thermal decomposition and transforms primarily into levoglucosan. 
While almost 80% (w/w) of the woody biomass is converted in the 
second stage, coal exhibits only 35% (w/w) conversion at this stage 
and yields much less volatiles. The striking distinction is attributed to 
the difference in the strength of the molecular structure of the two 
fuels2. 

Figure 1: Yield of volatiles as a function of temperature under (a) 
low heating rate, 10 oC/min, and (b) high heating rate conditions. 
 

Figure 1(b) depicts the yield of volatiles from coal and 
sawdust over a temperature range of 900 to 1400oC under the high 
heating rate regime. For comparison, the results extrapolated from the 
low heating rate experiments (for T > 1000oC) are also shown in the 
same figure. Both coal and sawdust show similar behaviours and 
produce higher yields of volatiles compared to those produced under 
low heating rate conditions. The difference between the two fuels, 
however, can be seen in the quantity of the volatile yields and the 
temperature range at which the bulk of devolatilisation takes place. 
The pulverised woody biomass generates much higher volatile yields 
(about 98% w/w, daf) compared to that of the coal under the same 
conditions. This can be attributed to the stronger effects of the 
temperature and heating rate on the depolymerisation reaction, which 
leads to the rapid evolution 
of volatile content of the 
woody biomass. The yield 
of volatiles for coal under 
the high heating rates, 
however, is not much 
higher than those of the low 
heating rate regime. This is 
most likely due to the 
stronger molecular structure 
of coal.  

To investigate the 
behaviour of blends, the 
yields of pyrolysis products 
(gas, tar, and char) were 
plotted against the blending 
ratio for both low and high 

heating rate regimes. The amounts of pyrolysis products from a 
particular blend appeared to be linear functions of the blending ratio 
(e.g. see Figure 2 for char). This implies, for instance, that the yield 
of char at any given blending ratio (Ychar) is equal to the algebraic 
sum of the normalised char yields of the parent fuels. That is: 

][
100

)1(][
100 ,, charCoalcharBiomasschar YkYkY ×

−
+×=          (1) 

where k is the blending ratio in percentage, YBiomass,char is the yield of 
biomass char (correspond to k = 0%), and YCoal,char is the yield of coal 
char (correspond to k = 100%). Similar linear relationships can be 
applied to tar and gaseous products. This even applies to the 
individual constituents of the gas phase (eg CH4, CO2, CO, etc), as 
shown in Figure 3. 

Equations of fitted lines
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Figure 3: Composition of the gaseous products at a temperature of 
400oC and a low heating rate of 10 oC/min. 
 
Similar to the low heating rate results, the blended materials followed 
the same trend as the parent fuels in the high heating rate regime. 
More importantly, the yield of the volatiles of the blends seemed to 
be proportional to the blending ratios of the parent materials. In 
addition, much like the low heating rate regime, the composition of 
the gaseous products generated from the blended materials under the 
high heating rate and the high temperature (900-1400oC) conditions 
were linearly proportional to the composition of the parent materials 
(not shown here). 
 
Acknowledgment 

Equations of fitted lines

Blending ratios of sawdust (% w/w)

C
ha

rY
ie

ld
(%

w
/w

;d
af

)

0 25 50 75 100
0

20

40

60

80

100

400 oC: YC = -0.525 BR + 83.7
800 oC: YC = -0.403BR + 62.47
1000 oC: YC = -0.366BR + 59.24

The authors wish to acknowledge the financial support provided by 
the Co-operative Research Centre for Coal in Sustainable 
Development, which is funded in part by the Co-operative Research 
Centres Program of the Commonwealth Government of Australia. 
 
References 
1. Sami, M., Annamalai, K., and Wooldridge, M., Progress in Energy and 

Combustion Science, 2001, 27, 171-214. 
2. Meesri, C., and Moghtaderi, B., Biomass & Bioenergy, 2002, 23(1), 55-66. 
3. Pan, Y.G., Velo, G., Puigjaner, L., Fuel, 1996, 75(4), 421-418. 
4. Moghtaderi, B., Journal of Loss Prevention in Process Industries, 2001, 

14(3), 161-165. Figure 2: Yield of char as a function 
of blending ratio under a low heating 
rate of 10 oC/min. 

5. Mitchell, R.E., Hurt, R.H., Baxter, L.L., Hardesty, D.R., Milestone Report 
SAND92-8208., Sandia National Laboratories, California, USA, 1992. 



FUNDAMENTALS ON CO-COMBUSTION 
CHARACTERISTICS OF LOW-GRADE COAL WITH 

BIOMASS 
 

Ichiro Naruse, Kunihiro Nishikawa and Keiju Morishita 
 

Department of Ecological Engineering 
Toyohashi University of Technology 

Tempaku-cho, Toyohashi 441-8580, Japan 
 
Introduction 

In some developing countries, low-grade coals, which contain 
high fixed carbon, sulfur, nitrogen and/or ash contents, are 
necessitated to be utilized as fuels due to its cost and so forth. 
However, it is hard for the low-grade coals to be burnt completely in 
current combustors. Additionally, emission control devices for de-
NOx and de-SOx are not placed sufficiently in those countries. On 
the other hand, biomass resources have become more attractive even 
in developed countries. This is because the biomass is one of carbon-
neutral fuels, which do not increase CO2 emission in the atmosphere. 
Although inventory of biomass resources, energy consumption for 
collection and conveyance of biomass and so forth are still unknown, 
the biomass must be one of candidates to make up for energy 
produced by fossil fuels. 

From this viewpoint, co-combustion technology of coal with 
biomass has been applied in several practical coal boilers in order to 
reduce CO2 emission, fuel cost and so forth. Furthermore, the 
biomass may be able to enhance the combustion performance and to 
control NOx emission since the biomass contains much volatile 
matter and evolves NH3 as volatile-N species1. However, 
fundamental combustion and NOx emission characteristics for 
biomass alone and mixture of coal with biomass have not been 
elucidated precisely yet. In this study, the fundamental pyrolysis and 
combustion characteristics for several kinds of biomass were 
discussed first, using a thermobalance. Second, the combustion 
behaviors of biomass alone, coal alone and biomass-coal mixture 
were tested, using an electrically heated drop tube furnace. In the 
combustion test, the ignition behavior, combustion efficiency and 
NOx (NO and N2O) emission behavior were focused, based on the 
results of gas compositions along the furnace axis. Furthermore, 
effect of co-combustion on the size of ash particles at the exit was 
also discussed, sampling the particles and observing them by a 
scanning electron microscope (SEM). 
 
Experimental 

Fundamental tests on pyrolysis and combustion for several 
kinds of biomass were carried out, using a thermobalance. 
Experimental conditions in the thermobalance test are summarized in 
Table 1. The pyrolysis and combustion experiments are operated in 
the N2 and air atmosphere, respectively. Five kinds of biomass, 
which are derived from agricultural or lumbering wastes, were used 
as a sample. Properties of the biomass employed are shown in Table 
2. From the table all of the biomass contain high amount of volatile 
matter content and little amount of ash content. 

The co-combustion test was performed, using an electrically 
heated drop tube furnace. The furnace mainly consists of a feeder, a 
process tube made of quartz, electrical heaters and a sampling line. 
The experimental conditions in the co-combustion test are shown in 
Table 3. From the table the furnace temperature and combustion 
stoichiometry are kept constant an all experiments. The mixture ratio 
of coal to biomass is set at 1 to 1 as mass basis. The input heating 
value are controlled to keep constant by changing the total feed rate 
even when varying the coal type. The coal tested in the co-
combustion experiments are also shown in Table 2. Three types of 

coal were burned as a sample. In three types of coal SH coal is 
classified as a low-rank coal since the content ratio of fixed carbon to 
volatile matter is the highest of the three as shown in Table 2. NL 
and TH coals were chosen as a reference to elucidate the effect of 
volatile matter content on the ignition and combustion behaviors. The 
biomass tested in the co-combustion is Hinoki sawdust. Mean 
particle size of coal is about 80 µm, which corresponds to pulverized 
coal. For the biomass, on the other hand, the particles shifted less 
than 1000 µm were used. 
 

Table 1. Experimental conditions in thermobalance experiments 
  C ond itions

Hinoki, R ice  s traw, R ice  husks ,
Larch bark, C orn s talk

20  K /m in
7m g

120m l/m in
G as N2

F inal ho ld ing  tem p . 900℃
G as A ir

F inal ho ld ing  tem p . 815℃
C om bus tion

The rm al
decom pos ition

S am p le

Tem perature  inc reas ing  rate
S am ple  we ight
G as  f low rate

 
 
 
 
 
 
 
 
 

Table 2. Properties of coal and biomass tested 
  
 
 
 
 
 
 
 

U

 

SH NL ＴＨ
Sawdust

Hinoki
Larch
bark

Rice
straw

Rice
husks

corn
stalk

MJ/kg air dry 29 .1 6 2 6.82 25 .75 18 .02 12.0 3 1 1.75 13 .54 9.2 0
Moisture 1 .7 1.8 5.2 11.0 9.4 5 .8 7 .2 7 .4

Ash 13 .8 1 7.0 1 1.8 1 .2 3.4 19 .2 19.3 1 .9
VM 11.2 2 7.0 4 5.4 86.6 8 7.2 75 .0 73.4 82.1
FC 73 .3 5 4.2 3 7.6 1 .2 ≒ 0 ≒ 0 ≒ 0 8 .5

－ － 6.54 2 .01 0.8 3 0.01 0 .00 0.0 0 0.00 0.10
wt　% ｄｒｙ 0.40 0.35 0 .2 2 0.00 0.02 0 .0 5 0.0 2 0.00

C 90 .1 2 8 4.57 7 7.84 55 .87 47.0 7 4 7.50 52 . 4 0.10
H 3.95 4 .91 6 .1 7 7.0 6 5.5 6 .4 9 6.8 9 5.20
N 1.16 1 .79 1 .1 3 0.2 4 0.23 1 .2 1 0.2 9 2.10
S 0.47 0 .25 0 .0 6 0.00 0 0 .0 2 0.01 0.00
O 4.30 8 .47 1 4.81 36 .8 3 4 7.20 44 .79 40 .6 4 52 .60

- - 0.53 0 .70 0.9 5 1.52 1 .40 1.6 4 1.58 1.56

BiomassCoal

Low heating  value 

Proxim ate
analysis

wt　% air dry

d. a. f .

H/C  (mole ratio)

Sam ple

Fuel　ra tio
Tota l　S

ltimate　ana lys is wt　%

 
Table 3. Experimental conditions in co-combustion 

 
  
 
 
 
 
 
 
 
 
 MMM

Sam ple S H NL T H BM SH+BM NL+ BM TH+BM

F u rn ace tem per ature [℃ ]

O2 co ncen tratio n  [vo l%]

Lo w er h eat ing  v a lue  [kW] 0. 225 0.218 0.215 0. 224 0. 36 2 0.194 0.224

S amp le  feed  r ate [g/min ] 0.46 0 .4 9 0.5 0.75 0.92 0.5 2 0.62

Air ratio

Con d ition s

800

21

1 .2

BM：Biomass (Sawdust) 
ixing ratio= 50：50 (wt%)

Sam ple S H NL T H BM SH+BM NL+ BM TH+BM

F u rn ace tem per ature [℃ ]

O2 co ncen tratio n  [vo l%]

Lo w er h eat ing  v a lue  [kW] 0. 225 0.218 0.215 0. 224 0. 36 2 0.194 0.224

S amp le  feed  r ate [g/min ] 0.46 0 .4 9 0.5 0.75 0.92 0.5 2 0.62

Air ratio

Con d ition s

800

21

1 .2

BM：Biomass (Sawdust) 
ixing ratio= 50：50 (wt%)

BM：Biomass (Sawdust) 
ixing ratio= 50：50 (wt%)

Results and Discussion 
Fundamental pyrolysis and combustion characteristics of 

biomass. Figures 1 show the decrease curves of unburnt fraction for 
two kinds of biomass and lignin and cellulose under pyrolysis 
conditions. From the figure, the pyrolysis begins at about 200 degree 
C for all samples. After about 500 degree C, however, pyrolysis 
behavior for bark differs from that for rice husks. This phenomenon 
is caused by the composition difference in the biomass. In order to 
elucidate the effect of chemical composition on the pyrolysis 
behavior, pyrolysis experiments for cellulose and lignin were done 
under the same experimental conditions. For the cellulose the mass 
rapidly decreases at about 200 degree C, and almost mass is evolved 
as volatile matter. For the lignin, while, the mass gradually decreases, 
and the residual matter remains even at 900 degree C. This result 
suggests that the lignin has the content of fixed carbon. Comparing 
the results for the cellulose and lignin with those for two types of 
biomass, Bark may contain more lignin component than Rice husks. 
Consequently, lignin content in the biomass may affect the 
combustion characteristics. 
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Some reports2  have presented that biomass addition played a role for 
NOx reduction since biomass tends to evolve NH3 as volatile 
nitrogen species. However, the effect of NOx reduction depends on 
combustion conditions, furnace type, fuel type and so forth1. From 
this viewpoint, NOx and N2O were also measured along the furnace 
axis during the combustion in this study. Figure 3 shows NO and 
N2O profiles along the furnace axis for biomass alone, coal alone and 
co-combustion for SH coal. Both NO and N2O under the co-
combustion condition are not intermediate between those under coal-
alone and biomass-alone condition, but are similar to those under 
coal-alone combustion. Fuel-N input for the co- combustion is half as 
much as that for the coal-alone. Thereafter, both NO and N2O 
emissions for the co-combustion are biased to those for the coal-
alone. At the initial combustion stage under the co-combustion N2O 
concentration is a little larger than that under the coal-alone 
combustion condition. Base on those experimental results obtained, 
the following reaction scheme may be dominant to produce NO and 
N2O under the co-combustion condition. 

Figure 1. Decreasing profiles of volatile mass for cellulose and 
lignin, compared with two kinds of biomass 

  
 NH3 + CO = HCN + H2O Co-combustion characteristics of coal with biomass. In the 

co-combustion experiments the reaction gas was sampled along the 
furnace axis, and the reacting particles were sampled at only the exit 
of furnace. In order to evaluate the co-combustion characteristics, 
both biomass alone and coal alone were also burnt under the same 
experimental condition. O2 and CO2 profiles and CO profile along 
the furnace axis for SH coal, which is categorized as a low-grade 
coal, are show in Fig. 2. Comparing the results for biomass and SH 
coal co-combustion with those for SH coal alone, the ignition point, 
where O2 concentration rapidly decreases and CO2 produces 
approaches the burner and O2 is also consumed more during the 
combustion. Those phenomena suggest the effect biomass addition. 
For CO profile, biomass produces high concentration of CO during 
the initial stage of combustion. For SH coal the position of the 
maximum CO concentration comes near to the burner due to the co-
combustion with biomass.  

 HCN + O2 = NCO + OH 
 NCO + OH = NO + CO + H 
 NCO + O = NO + CO 
 NCO + NO = N2O + CO 
 
The reason why the scheme above was proposed is caused by 
production of high CO concentration at the initial stage during 
biomass combustion. It is necessary to confirm the scheme by means 
of chemical kinetic theory since the first reaction of NH3 + CO = 
HCN + H2O is not generally adopted in elementary reaction group 
relating to NO and N2O. 
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 Figure 3. NO and N2O profiles along the furnace axis for biomass 

alone, coal alone and co-combustion for SH coal  
Figure 2. CO2 and O2 profiles and CO profile along the furnace axis 
for biomass alone, coal alone and co-combustion for SH coal 
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Recently, fine particulates exhausted from combustion 
processes, so-called PM2.5, have been focused in terms of health 
effect. Biomass, especially for agricultural biomass, usually contains 
a small amount of ash content, as shown in Table 2. Therefore, when 
biomass is burnt out, fine particulates may be produced during the 
combustion. Figure 4 shows SEM photos of ash collected by a filter 
for (a) biomass alone and (b) co-combustion of NL coal with biomass. 
In (a), fibers of the filter are also observed. When the biomass is 
burnt out, only fine particulates are captured in the filter. Mean 
particle diameter of those fine particulates was about 1.3 µm. Under 
the co-combustion condition, on the other hand, co-combustion of 
coal with biomass contributes to have those fine particulates adhered 
during the combustion. 
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(a) Biomass alone 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

(b) Co-combustion 
 
Figure 4. SEM photos of ash collected by a filter for biomass alone 
and co-combustion of NL coal with biomass 
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EFFECT OF INORGANIC MATTER ON REACTIVITY 
AND KINETICS OF COAL PYROLYSIS 
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Introduction 

Coal pyrolysis is one of the most important aspect of coal 
behavior for its occuring in all major coal conversion processes, such 
as combustion, gasification, carbonization and liquefaction etc. Many 
works have examined the relationship between inorganic components 
in coals and their reactivity. Because of the differences in 
composition and properties for different coal, there were many 
discrepancies in the results obtained by different researchers for 
different coal samples[1]. Moreover, there is little on the relationship 
between inorganic matter and the kinetics of coal pyrolysis has been 
reported. 

In this work, two Chinese coals, Shenfu bituminous coal (SF) 
and Huolingele lignite (HLGL), were used as samples. The coal was 
demineralized, then several inorganic matters were added to the 
demineralized coals. The raw, demineralized and inorganic matters 
added coals were pyrolysed by using thermogravimetry to investigate 
the effects of mineral matter on the reactivity and kinetics of coal 
pyrolysis. 
 
Experimental 

Coal Samples Coal sample, with particle size of -120mesh, was 
demineralized by HCl/HF. The procedure of demineralization 
followed the method used by Oztas[2]. After the acid treatment, the 
content of ash in coals are below 1wt%. Three inorganic matters, 
including Al2O3, the main constituents of kaolinite and illite; CaO, 
the production of calcium carbonate during coal pyrolysis; K2CO3, 
the famous catalyzer for gasification, were ground to 120 mesh and 
baked at 800oC for 2h, then added to the demineralized coals by 
co-slurrying with water in concentrated suspension for 24h and dried 
in vacuum oven. The content of the inorganic matters additive in coal 
is 10wt%. 

Figure 1 Weight loss of coal samples as a function of temperature 
 
CaO and K2CO3 affect the reactions as soon as the beginning of coal 
pyrolysis, while the effect of Al2O3 only occurs upon the temperature 
of 450oC. These phenomena make out that different inorganic matter 
has different catalytic nature. The mechanism of the effect of 
inorganic matters on coal pyrolysis is not very clear, but it may be 
explained from the nature of these mineral matters. Clay, which 
exists in coal, affects the coal gasification and catalyzes hydrogen 
transfer to coal[4], therefore, it is not surprising that Al2O3, the main 
active component of clay, has catalytic effect on coal pyrolysis. CaO 
is active in effect on cracking oxygen functional groups in coal[4]. A 
large portion of oxygen in bituminous coal exists in acidic functional 
groups such as phenol carboxylic acids. CaO might react with these 
groups. The interaction of K2CO3 with –COOH and -OH functional 
groups possibly resulted in the formation of K-oxygen surface groups 
or clusters. These surface functional groups have been considered as 
the active sites on the coal surface[2] 

Pyrolysis Pyrolysis was carried out with a thermogravitry 
(SDTA851e). About 20mg raw, demineralized or inorganic matter 
added samples were placed with an aluminum crucible and pyrolysed 
under N2 flow at the heating rate of 10K/min from 110oC to 800oC.  

 
Results and Discussion 

Effect on reactivity The effects of inherent mineral and the 
mineral additive on the weight loss during coals pyrolysis as a 
function of temperature are shown in Figure 1. From the results it 
can be seen that the conversion of organic matters in the 
demineralized coal is almost the same as raw coal. This indicates that 
the inherent mineral matter has no effect on the reactivity of coal 
pyrolysis. Upon 550oC, the weight loss of raw HLGL is a little higher 
than that of its demineralized coal, which might be due to the mineral 
itself decomposition[3].   

Effect on the kinetics The kinetic parameters, activation energy 
(E) and pre-exponential factor (A), of coal pyrolysis were determined 
by Coats-Redfern method[5]. As shown in Figure 2, the reaction of 
coal pyrolysis can be described by multi-step first order reaction. 

When Al2O3, CaO or K2CO3 was added into the demineralized 
coal, the weight loss curve changed greatly, which indicated the 
effect of this mineral matter on coal pyrolysis. The trend of effect of 
Al2O3 and CaO is more evident than that of K2CO3 with temperature 
increasing, but upon 450oC, they have same trend with little change.  
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During processing the data, the relative conversion, x, was 
defined as: x=(w0-w)/(w0-wf), where w0 is the sample weight at the 
beginning of pyrolysis; w is the weight of the instantaneous residue; 
wf is the weight of the residue at the end of coal pyrolysis. 

Figure 3 is the typical TG and DTG curves of coal pyrolysis. In 
the figure some characteristic temperature of pyrolysis has been lined 
out. The beginning temperature of coal pyrolysis To is defined as 
temperature at x=5%; TP is the temperature at maximum weight loss 
rate and the end temperature TF is that at x=85%.  
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Figure 2 Plot of ln[-ln(1-x)/T2] vs    Figure 3 The characteristic         

   

Tp is related to coal structure[6]
. Usually, the same structure of 

coals have same Tp. Table 1 shows that addition of inorganic matters 
has little effect on Tp during coal pyrolysis, which indicate that the 
procedure of demineralization and addition of inorganic matters 
didn’t change the coal structure very much. To and TF are related to 
the difficulty of chemical reaction. For the two demineralized coal 
samples, addition of CaO gives rise to To decrease about 20 to 30oC 
and TF increase about 40 to 50oC. For demineralized SF coal, 
addition of K2CO3 leads to To descend for 70oC and 40oC for 
demineralized HLGL coal. This indicates that the influence of K2CO3 
is very different from different coals. But K2CO3 has little effect on 
TF of coal pyrolysis for both coals. Addition of Al2O3 has no effect on 
the To, but make TF increase about 20 to 30oC.  

1/T of coal prolysis                temperature of coal pyrolysis      
   
Table 1 Kinetic parameters and characteristic temperatures 

 of coal pyrolysis 

Sample Temp 
(oC) 

Tp 
(oC) 

E 
(KJ/mol) 

A 
(min-1) -R* 

 
SF-DEMIN 

326-406 
406-478 
478-549 

 
446 

  61.2 
97.2 
45.1 

1.39E+3 

1.28E+6 

1.40E+2 

0.999 
0.999 
0.998 

 
SF-CaO 

307-380 
380-467 
467-592 

 
450 

26.5 
54.4 
20.9 

1.16E+0 
2.85E+3 
8.90E-1 

0.999 
0.999 
0.997 

 
SF-K2CO3 

250-369 
369-467 
467-540 

 
444 

18.4 
50.2 
24.8 

2.90E-1 
2.90E+2 
2.50E+0 

0.999 
0.996 
0.998 

 
SF-Al2O3 

324-369 
369-467 
467-580 
 

 
450 

56.3 
54.2 
16.9 

8.40E-1 
1.51E+4 

1.25E+0 

0.997 
0.999 
0.997 

 
HLGL-DEMIN 

270-406 
406~479 
479-530 
 

 
440 

41.3 
73.3 
42.9 

5.04E+1 
2.73E+4 

1.23E+2 

0.998 
0.999 
0.999 

 
HLGL-CaO 

224-371 
371-467 
467-574 
 

 
438 

22.7 
38.4 
14.6 

1.06E+0 
3.29E+1 
2.70E-1 

0.999 
0.998 
0.998 

 
HLGL- K2CO3 

234-369 
369-467 
467-535 
 

 
438 

17.4 
37.3 
17.4 

4.20E+0 
3.64E+1 
6.70E-1 

0.998 
0.999 
0.997 

 
HLGL-Al2O3 

270-371 
371-467 
467-555 

 
436 

38.5 
36.7 
12.4 

9.10E-1 
6.18E+2  
8.90E-1 

0.999 
0.999 
0.998 

*correlation coefficient 
 
Table 1 shows the kinetics parameters and the characteristic 

temperature of coal pyrolysis. The kinetics parameters are calculated 
in the range from x=5% to x=85%. The experimental and calculating 
results indicated that the raw and its demineralized coal has almost 

same kinetic parameters and characteristic temperature, so the results 
of raw coal aren’t listed in the table. The good correlation coefficient 
indicated that Coats-Redfern model fit the experimental data very 
well. 

From Table 1, it can be seen that addition of inorganic matters, 
the characteristic temperature, activation energy and pre-exponential 
factor are different from those of raw and deminaralized coals. This 
makes out that addition inorganic matters alter the course and 
mechanism of coal pyrolysis. Moreover, the influences are different 
by different coals. 

Reaction with high activation energy needs high temperature or 
long reaction time[7]. For coal pyrolysis, high activation energy 
means that the reaction needs more energy offered by exterior. As 
shown in Table 1, there is highest activation energy in the middle 
temperature range for all samples. Compared to raw and 
demineralized coal samples, addition of CaO, K2CO3 or Al2O3 results 
in the decrease of activation energy at the corresponding temperature 
range. At low temperature, activation energy of inorganic matter 
added coals follows the order K2CO3< CaO< Al2O3 indicates that 
K2CO3 has the highest catalytic effect on coal pyrolysis; At the 
middle temperature, the activation energy of the three inorganic 
matters is similar order, which indicate that they have similar 
catalytic nature at this temperature range; At high temperature, the 
activation energy of Al2O3 added coal is the least. The change of 
activation energy shows that different inorganic matter has different 
catalytic nature at different temperature. 

 
Conclusion 

 In the conditions studied, the inherent mineral in coal has no 
effect on the reactivity and kinetics of coal pyrolysis. When some 
inorganic matters, such as CaO, K2CO3 and Al2O3, were added into 
the demineralized coal, they showed the positive effect on reactivity 
of coal pyrolysis. The pyrolysis process of all samples studies can be 
described by multi-step first order model. Addition of inorganic 
matters makes the activation energy decreased and the characteristic 
temperature of coal changed. 
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Introduction 
Coal gasification is a well-proven technology that started with the 
production of coal gas for urban areas, progressed to the production 
of fuels, chemicals, and most recently to large-scale power 
generation.  More than 160 commercial gasification plants 
(equivalent to nearly 61,000 MWth syngas capacity) are currently in 
operation, under construction, or in planning and design stages in 28 
countries worldwide.  
Gasification-based technologies can be used to convert coal or other 
carbon-containing resources into a clean gas with high value as a fuel 
for combined cycle power generation or as a feedstock for the 
production of liquid fuels and chemicals.  Moreover, these systems 
have the advantage of being capable of co-generating electricity and 
fuel/chemical efficiently, economically, and in an environmentally 
acceptable manner.  Environmental performance of these systems can 
be tailored to any specific requirements. In addition, due to the high 
efficiency nature of these plants, the emissions of CO2 are inherently 
low. The DOE Gasification Technologies Program hasa history of 
success in technology development and demonstration. The R&D 
portfolio of today’s program will enable deployment of the clean and 
affordable energy systems required for growing energy markets. 
 
Program Drivers and Goals 
The nation’s energy mix is dependent primarily on fossil energy. 
According to the public- and private-sector forecasts, the nation’s 
electricity and transportation fuels will continue to be fossil-fuel 
based for the next 20 years — and well beyond.  This continued use, 
however, must be matched by combining energy availability at 
reasonable prices with increasingly clean environmental performance 
throughout the energy life cycle of production, conversion, and end-
use. In the foreseeable future, the cornerstone of our energy will 
remain fossil-fuel based, but it will be cleaner and sustainable. 
 
Goals for Growing Markets 
To capture the opportunity for broad public benefits — and to enable 
market development for gasification technologies — the program 
focuses on process efficiency, environmental performance, and plant 
economics. The program goals are: 

• near-zero emissions 
• feedstock flexibility  
• multiple, high-value products 
• efficiency greater than 60% by 2015 
• cost competitive   

Related technical objectives such as modularity and standardization 
of plant design, improved plant availability and the capability for 
CO2 capture will help make gasification the choice for a range of 

markets. Achieving these goals can provide the clean, secure, and 
affordable energy the nation requires. 
 
The Gasification Process 
Gasification utilizes virtually any carbon-containing material to 
produce a gaseous product “syngas”. This syngas (made up primarily 
of H2 and CO) can be used in many ways, including the production 
of electricity, chemicals, fuels, hydrogen, and as a source of 
substitute natural gas. Possible feedstocks include coal, petroleum 
coke and other residue from petroleum processes, biomass, and 
municipal and industrial waste. The feedstock enters the gasifier, 
where it encounters steam and oxygen at high temperatures and 
pressures. These conditions cause the feedstock to be broken down 
into syngas and a solid ash/slag product. The ash/salg is removed 
from the bottom of the gasifier while the syngas enters a purification 
system. Gas cleaning removes impurities including sulfur, 
particulates, and related products, the majority of which are saleable 
by-products. Additional separation units can recover H2 and remove 
CO2.  While gasification systems are not new, most applications have 
focused on single products, generally electric power or chemicals. 
For a new generation of gasification systems, the program strategy is 
to enhance the flexibility of gasification in meeting new and growing 
markets. Achieving a combination of improvements in process 
efficiency, economics, and environmental performance will enable 
gasification to be the preferred technology in a wide range of 
markets.  Figure 1 depicts a simplified flow chart illustrating 
gasification-based energy conversion options. 
 
Program Technology Areas 
The program implements strategic, time-phased R&D such as: lower-
cost, lower-risk technologies to improve the economic environmental 
performance of existing systems by 2005, advanced technologies for 
a new generation of gasification systems by 2010, and advanced 
integrated energy plants by 2015.  The program is currently 
structured in five technology areas:  
1) advanced gasification – To further develop fuel flexibility, 

higher efficiency and reliability, and improved economic and 
environmental performance.  Advances in the gasifier itself to 
enhance efficiency, reliability and feedstock flexibility and 
economics are crucial for gasification system improvements. 
Research is being conducted on advanced gasifiers, such as the 
transport gasifier, so higher performance goals can be reached 
and the variety of possible feedstocks can be further expanded. 
Advanced refractory materials and new process instrumentation 
are being developed to improve system reliability and 
availability, operational control, and overall system 
performance. Studies of alternative feedstocks (biomass and 
waste from refineries, industries, and municipalities) will 
improve gasifier flexibility and utility. Data from fluid dynamic 
models are being used to develop and improve advanced 
gasifiers. Promising developments will be tested and evaluated 
in large demonstration and/or commercial-scale gasifiers. 

2) gas cleaning and conditioning – To evaluate novel concepts to 
meet rigid syngas quality specifications for fuel cells and 
catalytic conversion processes.  In the gas cleaning and 
conditioning area, the goal is to achieve near-zero emissions 
while simultaneously reducing capital and operating costs. 
Novel gas cleaning and conditioning technologies are 
undergoing development to reach this goal. Processes that 
operate at mild to high temperatures and incorporate multi-
contaminant control to parts-per-billion levels are being 
explored. These include process for trace metals, H2S, HCl, and 
particulates removal; membrane processes for control of H2S 
and CO2; and sorbents for NH3 control. Both ceramic and 
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metallic filters are being assessed for particulate control. 
Promising technologies will be scaled-up and integrated into 
existing demonstration facilities. Furthermore, investigation of 
technologies for mercury removal is currently underway. 

3) advanced gas separation – To investigate alternatives to 
energy intensive separation methods, such as cryogenic 
separation. Advanced gas separation research offers the 
potential for substantial improvement in environmental and cost 
performance. These technologies will also enhance process 
efficiency. A major program objective is the development of 
cost-effective air-separation membranes. These can provide 
substantial cost reduction for oxygen production compared to 
conventional cryogenic methods. Improved hydrogen recovery 
and CO2 removal are also important. Currently, the program is 
developing high-temperature ceramic membranes for hydrogen 
recovery from gas streams, as well as low-temperature 
approaches to recovery and removal. Other novel approaches for 
H2, CO2, and O2 separation will be investigated under different 
operating conditions. 

4) product and by-product utilization – To enhance project 
revenues and eliminate waste streams. The economics of 
gasification can be improved by fully utilizing all outlet streams 
of the process. Sale of value-added by-products from waste 
streams and minimization of waste disposal can substantially 
improve the economics of gasification processes. By-products 
include pressurized CO2 ash/slag, sulfur and/or sulfuric acid, 
and ammonia. Program activity seeks to expand market options, 
such as improving the quality of slags and improving the use of 
sulfur. The program is developing a bench-scale demonstration 
of a direct sulfur-reduction process. The development of 
advanced concepts for warm-gas desulfurization technology are 
targeted as well as a one-step process for elemental sulfur. 
Methodology is also being developed to produce a lightweight 
aggregate from gasification ash. 

5) Systems Analysis/Technology Integration - To achieve 
improvements in plant economics. The Systems 
Analysis/Technology Integration area targets integration of all 
relevant gasification technologies, regardless of the end 
products. Economic analyses, performance assessments, and 
market studies provide guidance for future R&D and 
deployment opportunities. Barriers to deployment are identified 
and system performance targets are developed. Studies are 
conducted on topics such as novel warm gas cleaning, 
membrane-based separation, and co-feeding applications. Also, 
product outreach activity focuses on the public benefits of 
gasification today and in the future.  Stakeholders include the 
public, industry officials, environmental groups, and local, state, 
and Federal legislators and regulators. Efforts are underway 
through industry stakeholders to identify technology and 
environmental issues, and to facilitate commercialization. 

 
The Clean Coal Projects 
First-generation Integrated Gasification Combined Cycle (IGCC) 
plants have demonstrated the efficiency and environmental 
performance benefits. Working with a broad range of industrial, 
university, and national laboratory stakeholders, the program will 
establish the technology capability to expand the success to a new 
generation of technology that will serve broader markets - power, 
chemicals, hydrogen, and steam - with improved economics. 
• The Wabash River Coal Gasification Repowering Project 

located in Vigo County, Indiana was the first full-size 
commercial gasification combined cycle plant built in the U.S. 
that repowered an existing pulverized coal plant. It is one of the 

world’s largest single train gasification combined cycle plants 
operating commercially.  

• The Tampa Electric Polk Station Project located in Polk 
County, Florida is the Nation’s first “Greenfield” commercial 
gasification combined cycle power station. The power plant is 
one of the world’s cleanest. The plant’s gas cleaning technology 
removes more than 98% of the sulfur in coal, converting it to a 
commercial product. Nitrogen oxide emissions are reduced by 
more than 90%.  

• The Kentucky Pioneer Energy IGCC Demonstration Project 
located in Clark County, Kentucky is currently in design phase 
with construction start up scheduled for 2003.  This plant will 
demonstrate and assess the reliability, availability, and 
maintainability of utility-scale IGCC systems.  It will use a 
high-sulfur bituminous coal and municipal solid waste blend in 
an oxygen-blown, slagging gasifier. 

• The Air Products’ Liquid Phase Methanol Project located in 
Sullivan County, Tennessee has successfully demonstrated the 
production of methanol from coal gas at commercial scale. The 
methanol can be used directly as a fuel product or as an 
intermediary for a wide range of petrochemical products. 

  
Technical Successes 
The program builds on this history of success by producing results 
that will enable clean, affordable energy systems. Improvements in 
gasifier design and efficiency, in gas-stream cleanup and by-product 
quality, and in systems integration will provide both enhanced 
environmental performance and process economics. Recent successes 
in the R&D program point to the future deployment of new 
technologies for both current and new markets. 
• Air Separation Membranes  Recent process analyses on a 

variety of gasification-based processes continue to show 
significant cost and efficiency advantages with the application 
of high-temperature membranes for oxygen production 
compared to conventional cryogenic technology.  

• Hydrogen Production From Coal Gasification New technology 
using ceramic membranes are being developed that have 
increased the hydrogen permeation rates of dense ceramic 
membranes at high temperature by over an order of magnitude.  

• Coal-Based Hydrogen Production and CO2 Capture 
Technology  The feasibility of separating CO2 and hydrogen 
from coal-derived shifted synthesis gas has been confirmed in 
laboratory testing of the CO2 hydrate process. 

• Gasification Design Optimization The application of value 
engineering to the design of gasification-based processes 
resulted in the identification ideas that had potential for 
significant capital and O&M cost savings. Furthermore, 
significant strides have been made toward successful 
demonstration in of oxygen-blown gasification using the 
transport gasifier at the Power Systems Development Facility in 
Wilsonville, Alabama.  

• Advanced Materials to Enhance Gasifier Reliability  A new 
slag resistant refractory material has been developed that has 
potential for increasing the lifetime by five to ten times that of 
current refractories.  

• Advanced Gas Cleaning Technology  A novel gas cleaning 
technology developed to achieve ultra-low levels of emissions.  
The technology has shown potential to achieve sulfur levels of 
<1 ppm in the fuel gas to the gas turbine at capital costs of much 
below than that of existing commercial technologies.  

• Co-Production of Electricity and Fuels Industrial teams are 
currently assessing the technical and economic feasibility of co-
producing electricity and fuels from coal. A low heating value 
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coal-derived gas, representative of the fuel gas expected to be 
produced in a co-production process, has been successfully 
combusted in a GE 6FA turbine.  

 
Clean, Affordable Energy Options for the Future 
New markets are emerging that will benefit significantly from the 
flexibility, environmental improvements, economic successes, and 
efficiency of gasification. Two examples of emerging markets are 
repowering, and multi-production.  
• Repowering of existing coal plants As demand for power 

production increases, the nation’s coal plants — the heart of 
stable and affordable electric power in the United States — face 
the need for ever-cleaner power production. Repowering of 
these plants with gasification can offer major benefits: improved 
environmental performance, reduced capital investment, 
feedstock flexibility, and capacity increases due to improved 
process efficiency.  Also, gasification can be used to repower 
existing gas-fired facilities. A gasifier placed upstream of 
existing natural-gas-fired turbines can provide an alternative to 
natural gas with long-term price stability. 

• Multi-production facilities for industry Feedstock and product 
options will become increasingly important as the nation 
continues to make the difficult transition from a regulated 
environment to one having market-based energy options. 
Gasification offers the most flexible route to using variable 
feedstocks and producing electric power, fuels, hydrogen, 
chemicals, or steam. Feedstock flexibility, with feedstocks that 
include coal, biomass, petroleum “bottoms” (coke and 
residuum), and waste materials, will ensure that stable, low-cost 

fuel sources are available. The ability to vary the product slate 
will both improve plant economics and support market stability.  

 
Gasification: Technology of Choice for Markets Today and 
Tomorrow 
Markets and market drivers are changing at a rapid pace. 
Environmental performance is a greater factor as emission standards 
tighten and market growth occurs in areas where total allowable 
emissions are capped.  Also, reduction of carbon dioxide emissions is 
one of the challenges in response to global climate change. Industries 
have expressed a need for more environmentally sound processes, 
more efficient and reliable systems, and an ever-present demand for 
higher profitability.  They need a technology that can match these 
requirements — a means to remain flexible, reduce risk, decrease 
emissions, increase stockholder return on investment, and consume 
fewer resources. Gasification is the technology that can meet these 
requirements. Today, the majority of existing applications have been 
geared toward the production of a single product or a constant ratio 
of two or more products per facility.  Tomorrow, the potential of 
gasification in expanding markets is in its use of low-cost and 
blended feedstocks and its multiproduct flexibility. With 
deregulation, rapidly changing market demands, fluctuation in 
natural-gas prices, and increased environmental concerns, 
gasification will become the cornerstone technology for market 
flexibility. 
 
For more information visit 
http://www.netl.doe.gov/coalpower/gasification/ 
 

  
 

Figure 1. GASIFICATION-BASED ENERGY CONVERSION SYSTEM CONCEPTS   
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Introduction 

Limestone is very important material as a high-temperature 
desulfurization sorbent: limestone is used in coal gasifiers for the in-
bed removal of H2S.  

In gasifiers of coal, decomposition of limestone into CaO and 
CO2 depend on the concentration and /or pressure of CO2 and the 
temperature. Therefore, two sulfation reactions have to be 
considered: 

CaO + H2S = CaS +H2O                                                   (1) 
CaCO3 + H2S = CaS + H2O + CO2                                   (2) 

 
The products CaS has to be converted to CaSO4 before disposal 
because H2S is released from the reaction between CaS and Water.1 

The conversion of CaS to CaSO4 is expressed as follows: 
 

CaS + (3/2) O2 = CaO + SO2                                           (3) 
CaO + SO2 + (1/2)O2 = CaSO4                                          (4) 

 
The molar volume ratio of CaS to CaSO4 in eqs 3 and 4 is 

ca.1.6/1. This large volume change induces the plugging of the 
intraparticle pore of CaS if the pore size is not sufficiently large. If a 
layer of CaSO4 covers the outside of the CaS particle, then CaS is not 
converted to CaSO4 until the CaSO4 decomposes into CaO , SO2 and 
O2 at a high-temperature. 

We have found a method with acetic acid for the preparation for 
a highly active macroporous lime. The macroporous CaS formed 
from the macroporous lime was easily converted to CaSO4 and CaO. 
However, the CaS formed from natural lime to CaSO4 was partially 
converted to CaSO4 and CaO because only small amount of pore 
were present in the CaS sample.2,3 

To find out a method for perfect conversion of CaS formed from 
a natural lime to CaSO4, the basic characters of the oxidative 
decomposition of CaS were examined using reagent grade CaS. The 
decompositions of CaS were examined in the presence of H2O 
because hot combustion gas containing moisture is usually used for 
the decomposition of CaS. The main purpose of this study is to 
clarify the role of H2O in the oxidative decomposition of CaS. 
 
Experimental 

CaS Samples.  Pure CaS powder (average diameter: < 325 
micro meter, purity: >99 %) was obtained from Soekawa Chemicals. 
Cylindrical pellets were formed from the CaS powder by pressing 
using a cylindrical die. The pellets were crushed and sieved to the 
two size sample particles (average diameter: 2.0mm and 0.2mm). 
The pore size distribution of the sample measured by mercury 
penetration porosimeter showed that the main pore size was around 
1micro meter 

Apparatus and Procedure.  The oxidative decomposition of 
CaS were carried out using a flow-type thermogravimetric apparatus 
under atmospheric pressure. About 60mg sample particles (2.0mm 
dia.) was set in a net sample holder. The reaction temperatures 
examined were 800, 900 and 1000oC. The reaction commenced when 

a mixture of (0-10%)O2, (0-52.8%) H2O, and N2 (balance gas) was 
fed into the reactor at 500cm3STP/min. Weight gain of the sample 
during the reaction was measured by the balance and also the amount 
of SO2 evolved during the reaction was measured by a wet-type 
absorption method (Arsenazo III). The composition of the oxidized 
sample was calculated from the weight gain and the amount of the 
evolved SO2.  

Experiments Using Tracer H2
18O.  To clarify the role of H2O 

in the oxidative decomposition of CaS with O2, H2
18O (purity: 

ca.95%) was used instead of H2
16O. The experiments using the H2

18O 
were carried out using a micro-reactor system equipped with a small 
U tube reactor. The concentrations of S16O2, S16O18O and S18O2 in 
the outlet gas from the sample (0.2mm dia.) were continuously 
monitored by a quadrupole mass spectrometer.  
 
Results and Discussion 

Effect of H2O on the Rate of the Decomposition of CaS.  
Figure 1 shows typical weight gains of the samples both in the 
absence and presence of H2O at 900oC. Figure 2 shows the 
compositions of the samples after the oxidation in Figure 1. it is 
evident that the presence of H2O drastically accelerates the 
decomposition of CaS with O2. A similar results were obtained  in 
the experiment at 800oC. However, at 1000oC, the acceleration by 
H2O was not clearly observed.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1. Effects of the concentration of H2O on the oxidative 
decomposition of CaS. Temp.900oC; O2: 1%. 
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Figure 2. Composition of the samples after the oxidation 
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Reaction between CaS and H2O.  The reactivity of CaS with 

H2O was examined in the temperature range from 800 to 1000oC in 
the absence of oxygen. From this experiments, it was confirmed that 
CaS directly reacted with H2O and formed CaO, SO2 and H2 
according to the following reaction. 
 

CaS + 3H2O = CaO + SO2 + 3H2                                      (5) 
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H2 + (1/2)16O2 = H2
16O                                                     (8)  

In order to know the temperature zone in which the reactions of 
eq 5 and 3 occur, the temperature programmed reaction (TPR) 
spectra were measured in 3 systems: system (a): 10%H2O-He; system 
(b): 1%O2-He; system (c): 10%H2O-1%O2-He. Figure 3 shows the 
evolution of SO2 during the TPRs. The reaction of eq 5 occurred 
almost at the same temperature zone. The evolution of SO2 in the 
system (c) indicated that there is a synergistic effect of H2O and O2 
on the oxidative decomposition of CaS. 

 
S18O16O might be formed via the following reactions: 
 

CaS + 2H2
18O + (1/2)16O2 = Ca18O + S16O18O + 2H2       (9) 

CaS + 2H2
18O + H2

16O = Ca18O + S16O18O + 3H2           (10) 
CaS + 16O2 + H2

18O = Ca16O + S16O18O + 2H2                (11) 
 

The following reaction was not main reaction in the system (c) 
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Figure 3. Evolution of sulfur dioxide during the TPR 
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   CaS + (3/2)16O2 = Ca16O + S16O2                                     (12) 
 
Furthermore, reaction of eq 8 might radically occur because the 
temperature was high enough for the radical reaction in that case OH 
radical might play an important role in the reactions. 

The reaction mechanism seems to be complex. However, the 
formation of S18O16O clearly indicates that the oxidation of CaS 
occurs stepwise. Unfortunately, the amount of the evolved SxOyO 
could not be quantitatively analyzed by our mass spectrometer. The 
ratio of [SxOyO] to Total [SxOyO] (where SxOyO is either S18O2 or 
S16O18O or S16O2 species and Total [SxOyO] = S18O2 + S16O18O + 
S16O2) was calculated from the data of the SxOyO evolution peak 
areas shown in Figure 4. As shown in Figure 5, the three molar ratios 
of the SxOyO were almost constant in the temperature range from 800 
to 1000oC. This result suggested that the reaction mechanism did not 
change in the temperature range in the system (c). When the 
concentration of O2 was increased in the presence of 10%H2O at 
1000oC, the ratios changed except the ratio of the S16O18O. This 
result suggests that the direct contribution of 16O2 might be high. 
However, the ratio of the S16O18O to total SxOyO was almost constant 
suggesting that H2O play an important role even if the O2 
concentration is high.  

 
Role of H2O in the Oxidative Decomposition of CaS. To 

clarify the role of H2O in the oxidative decomposition of CaS with 
O2, H2

18O was used instead of H2
16O. Figure 4 shows the evolution 

of S18O2, S16O18O, and S16O2, during the constant- temperature- 
decomposition of CaS in the 1000oC in system (c). In this system, 
S18O2, S18O16O, S16O2 evolved from the sample. As the amount of the 
evolved S18O2 was highest in the three species, it was confirmed that 
the following reactions mainly occurred. 

 

 
CaS + 3H2

18O = Ca18O + S18O2 + 3H2                               (6) 
CaS + 2 H2

18O + (1/2)16O2 = Ca16O + S18O2 + 2H2          (7) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.  Evolution of sulfur dioxide from CaS in the presence of 
both 16O 2 (1%) and H2

18O(10%). 
As these reactions are thermo-dynamically unfavorable, the 
following reaction followed the reactions of eqs 6 and 7.  
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5. Effect of temperature on SxOyO/total SxOyO 
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Abatract 
 Sulfur compounds evolved in the gas phase from pyrolysis of 
seven Chinese coals are studied using TPD-FPD method in the 
temperature range of up to 800°C under N2 and H2. The effect of H2 
is complex, which promotes certain peak and suppresses other peaks. 
Interactions between volatile sulfur-containing compounds and the 
coal matrix are attributed to be the main factor determining the 
dynamic behavior. 
  
Introduction 

More than 70% of the primary energy in China is coal. Sulfur 
emitted from burning of coal has caused severe environmental 
pollution. Studies on sulfur emission behavior during thermal 
processing of coal is very important for development of 
desulfurization technique prior to combustion, as well as for 
understanding of sulfur species distributed in coal. 

The sulfur compounds in the gases emitted from pyrolysis of 
coal are generally H2S, SO2, COS, CH3SH and CS2, with H2S as the 
dominant species [1]. The extent of sulfur emission during pyrolysis 
varies greatly, owing to the variations in coal rank, content of sulfur 
forms, nature of mineral matters, and the influence of pyrolysis 
conditions such as reactor design, the temperature, the nature of the 
atmosphere and the pressure [2].  

In this paper, dynamic behavior of the total sulfur emission 
from pyrolysis of seven Chinese coals, using a TPD-FPD method 
under both nitrogen and hydrogen atmospheres, is presented. The 
results are useful in understanding of thermal selectivity in cleavage 
of C-S and C-C bonds and sulfur emission from different organic 
matrix.  
 
Experimental  

Seven Chinese coals were used. All the samples were ground to 
less than 0.25mm before use. Ultimate and sulfur-form analyses of 
the coals are shown in Table 1. 

 
Table 1. Ultimate and Sulfur-form analyses of sample coals 

Ultimate (wt%, daf) Sulfur-form 
(wt%, total) 

 
 

Samples C H O 
(diff.) 

N S pyritic sulfate organic 

YM 80.18 4.32 12.29 0.86 2.35 77.72 0.00 22.28 

PSH 81.32 5.40 11.00 1.57 0.71 76.79 0.00 23.21 

YZ 81.35 5.19  8.30 1.21 3.95 65.70 2.03 32.27 

DT 82.76 5.07  8.93 0.82 2.42 64.18 2.99 32.83 

SHH 78.60 4.95 14.61 1.13 0.71  6.15 0.00 93.85 

QJ 62.19 5.67 30.25 1.47 0.42  0.00 5.56 94.44 

HLH 76.57 4.59 16.60 1.51 0.73  3.70 0.00 96.30 

 
Temperature programmed decomposition with on line FPD 

analysis for gaseous sulfur, TPD-FPD, was used. Detailed setup was 
shown elsewhere [3]. About 5 mg coal sample was heated from 25 to 
800oC at a rate of 5oC/min. Hydrogen or nitrogen was used as the 

carrier gas at a flow rate of 120ml/min to constitute different 
atmosphere. The FPD was operated at 150oC, and the combustion 
gases were made up of 60ml/min H2 and 50ml/min air. 

 
 
Results and Discussion 

According to the sulfur-form distributions in the coal samples 
listed in Table 1, the coals are categorized into three groups. The first 
group contains YM and PSH coals, in which the pyritic sulfur 
contents are dominant (more than 75%) and the sulfate sulfur content 
is zero. The second group includes YZ and DT coals which contain a 
less pyritic sulfur than that of the first group (about 65%). The third 
group, SHH, QJ and HLH coals, has low sulfur content and the sulfur 
are mainly in organic states (more than 90%). 

Figure 1 shows dynamic evolution profiles of total gaseous 
sulfur from the first group of the coals during pyrolysis in H2 and N2. 
Although YM coal and PSH coal have similar sulfur-form 
distributions, the sulfur evolution profiles are very different from 
each other. YM coal (a) shows three evolution peaks at around 410, 
510, and 550oC, and H2 significantly enhances all the three peaks. 
PSH coal in N2 (b) shows only one sharp peak at around 520oC, and 
possibly a weak peak at around 430oC. H2 significantly suppresses 
the peak at 520oC, but slightly promotes the peak at 430oC, and 
possibly generates a flat peak at temperatures greater than 550oC.  
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               (a)                         (b) 
Figure 1. Dynamic gaseous sulfur evolution profiles from the first 
group of the coals during pyrolysis: (a) YM coal, (b) PSH coal.  
 

The profiles of sulfur evolution from the second group of the 
coals are shown in Figure 2. YZ coal (a) shows three sulfur evolution 
peaks at around 400, 530 and 580oC in N2, and H2 significantly 
depresses the sulfur release at above 500oC. DT coal shows one 
prominent peak at around 505oC in N2, but only a number of weak 
peaks in H2, indicating strong suppression effect on sulfur release at 
500oC and promotive effect at around 460oC and at temperatures 
greater than 600oC by H2. Overall, H2 shows negative effect on 
gaseous sulfur evolution for these two coals. 
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                (a)                       (b)            
Figure 2. Dynamic gaseous sulfur evolution profiles from the second 
group of the coals during pyrolysis: (a) YZ coal; (b) DT coal. 
 

Figure 3 shows dynamic evolutions profiles of gaseous sulfur 
from the third group of the coals in pyrolysis. The peaks in this figure 
are all small due to small sulfur contents in these coals. SHH coal (a) 
shows one obvious peak at around 520oC in N2. H2 depresses the 
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520oC peak, but yields small new peaks at lower and higher 
temperatures, 450oC and 650oC, which is similar to that of DT coal 
and PSH coal. Both HLH and QJ coals show one main peak in N2 , at 
405oC and 350 oC, respectively, and H2 promotes these peak and 
yields new peaks at the high temperature ends, 505 and 570oC for 
HLH, and 475 and 525oC for QJ. In these cases, H2 has a little 
negative effect on gaseous sulfur release on SHH coal and positive 
effect on HLH and QJ coals.  
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(a) (b)  
 
 
 
 
 
 
 
 
            (c) 
Figure 3. Dynamic gaseous sulfur evolution from the third group of 
the coals during pyrolysis: (a) SHH coal; (b) HLH coal; (c) QJ coal. 
 

Clearly, H2 has very different effects on gaseous sulfur evolution 
in pyrolysis from the coals, promoting certain kinds of sulfur release 
and suppressing other kinds of sulfur release. This phenominon is 
different from the general believe that H2 always promotes sulfur 
release from the coal compared to N2. It is very likely that these H2 
effects are related to the physical and chemical states of sulfur in the 
coals, as well as to the interactions of sulfur with the components of 
the coals, in their origenal forms or as intermidiate products 
migrating in the coal matrix during pyrolysis.  

It is generally accepted that sulfur in coal stays in organic and 
inorganic forms, and pyrite is often the dominant form of inorganic 
sulfur. H2 accelerates the decomposition of pure pyrite resulting in 
increased H2S releas. The decomposition of pyrite in coal are 
different from and more complex than that of pure pyrite. The pyrite 
in coal generally begins to decompose at about 500oC during 
pyrolysis [2]. For the coals in the first and the second groups, more 
than 64% of the sulfur are pyritic, the peaks between 500-550oC are 
most probably resulted from decomposition of pyrite, although the 
contribution of organic sulfur decomposition may be overlapped. The 
peaks at temperatures below 500oC and higher than 550oC are 
probably mainly from the decomposition of organic sulfurs. However, 
H2 promotes the sulfur release for YM coal, but supresses the sulfur 
release for PSH, YZ and DT coals, especially at temperatures 
between 500-550oC. Clearly, these phenomena can not be explained 
soly by the decomposition of pyrite, and may be related to the 
interactions of pyritic sulfur or H2S, generated from decomposation 
of pyrite, with other components of coal. It was reported [4] that 
pyrite finely distributed in coals as tiny particles, or entrapped in coal 
matrix structure, or specially bonded with coal matrix, would result in 
significant secondary reactions in pyrolysis, which would reduce H2S 
release and generate sulfur-containing structures of higher thermal 

stability[5, 6]. But further increase in temperature may decompose 
the newly formed sulfur-containing structures and release the sulfur 
into the gas phase. H2 may promote the formation of both H2S and 
the sulfur-containing structures in pyrolysis. The information 
presented in Figures 1(b) and 2 seems to suggest that the H2 
promotion on the formation of sulfur-containing structure is much 
stronger than that on H2S formation due to supressed sulfur releas 
from pyrolysis of pyrite, at least in the cases studied. It is important 
to note, however, that the overall peak areas in H2 in Figures 1(b) and 
2 are much smaller than that in N2. This may suggest that the newly 
formed sulfur-containing structures in the secondary reaction are 
mainly in the form of tar, which leave the reactor as the volatile phase 
and do not have a chance to experience higher temperatures. This 
hypothesis needs to be varified by tar and char analysis for sulfur 
content.  
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The coals in the third group, SHH, HLH and QJ, all have very 
high organic sulfur contents, greater than 93%. Therefore, most of the 
peaks in Figure 3 are resulted from the decomposition of organic 
sulfur. The promotive effect of H2 may suggest increased cleavage of 
S-C bonds in H2, especially in the high temperature range.  
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It is well accepted that pyrolysis of coal follows the radical 
mechanism. The coal undergo thermal cracking at elevated 
temperatues to generate radicals of different sizes, small and large. 
The large radicals tend to further crack. All the radicals are reactive 
and tend to recombine to form relatively stable compounds. The 
effect of H2 on the gaseous sulfur evolution may also follow the 
radical mechanism. Stablizing small sulfur-containing radicals by H2 
may result in increased gaseous sulfur evolution. Stablizing large 
sulfur-containing radicals by H2, on the other hand, may result in 
increased sulfur-containing tars and/or increased sulfur-containing 
chars. The formed sulfur-containing chars may undergo further 
pyrolysis at higher temparetures to evolve volatile sulfur-containing 
compounds. 
  
Conclusions 

Dynamic behavior of total gaseous sulfur evolution from 
pyrolysis of seven Chinese coals show complex H2 effects, promotion 
of some peaks, supression of other peaks, generation of new peaks 
especially at higher temperatures. These behavior can be explained 
by promotive effect of H2 on pyrite decomposition, by secondary 
reactions between the products of pyrite decomposition and the 
metrix structures of coal, and by the radical mechanism. The negative 
effect of H2 on gaseous sulfur release may correspond to increased 
sulfur in tars. H2 promotes the formation of gaseous sulfur from 
organic sulfur in the coals during pyrolysis. 
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Introduction  

The release of sulfur during the utilization of coal, especially the 
pollution caused by coal burning has attracted more and more 
attention. Therefore, how to remove the sulfur from coal 
economically and efficiently becomes more and more important and 
necessary for coal utilization. So far, there have been many physical, 
chemical and microbial desulfurization methods studied[1], among 
those coal pyrolysis desulfurization is one of relatively simple and 
effective one,  especially hydropyrolysis[2] which has made a high 
sulfur removal. However, since many complicated second reactions 
would occur during coal pyrolysis, especially the formation of some 
steady thiophenic sulfur[4] such as the reaction of pyrite and 
hydrocarbon compound, the organic matters in coal and hydrogen 
sulfide which produced during pyrolysis, and the sulfur retained by 
mineral in coal etc.; all those would lead to an undesirable sulfur 
removal and constitute a main problem in coal pyrolysis 
desulfurization as a result. 

A new and effective way is to add some trapping materials 
which can react with hydrogen sulfide to form metastable sulfur 
compound and consequently avoid its reacting back with coal. Attar[5] 
has found that ethylene can react with hydrogen sulfide at 370–430oC, 
and achieved a better desulfurization result by using pure ethylene as 
reactive gas for Illinois No.6 bituminous high sulfur coal in 
pressurized pyrolysis at low temperature. Liu et.al also used ethanol 
as additives in coal pyrolysis desulfurization[3]. In this paper, coal 
pyrolysis both in isothermal and non-isothermal manner was carried 
out by using nitrogen and a mixed gas of nitrogen and ethylene (MG) 
at atmospheric pressure to investigate the effect of ethylene on sulfur 
removal during pyrolysis.  

 
Experimental 

Huoligele lignite with a particle size -100 mesh was used in this 
study. The analysis results were listed in Table 1. The sulfur in the 
coal exists in 48% pyrite and 52% organic sulfur. 

 
Table 1 Analysis of Huoligele lignite 

Approximate analysis 
(wt%)  Ultimate analysis (wt%daf) 

Mad Ad Vdaf  C H N O* S 
19.37 24.41 47.33  75.84 5.73 1.28 16.43 0.72 
* by difference 

Pyrolysis was performed in thermogravimetric analyzer 
(TGA/SDTA 851e) at atmospheric pressure. The sample weight is 

about 20 to 25mg. In non-isothermal experiment, coal was pyrolyzed 
from room temperature upto end temperature of 400oC, 450oC, 500oC, 
550oC, 600oC, 650oC and 700oC, respectively, at heating rate of 5oC 
/min, then retained at that temperature for 20 min. while in isothermal 
experiment, the sample was heated from room temperature upto the 
required end temperature in about 1 to 2 minutes. The gas flow rate is 
30ml/min when pure nitrogen was used, and 30ml/min nitrogen and 
6ml/min ethylene when MG was used.  

The sulfur removal (rs) was calculated from the expression: 
rs(%) = (Schar - Scoal)/ Scoal 

where Scoal: sulfur content in coal; Schar: sulfur content in char 
 
Results and Discussion 
Comparison of sulfur removal  Figure 1 shows the sulfur removal 
at different temperature with two gases in isothermal pyrolysis. It can 
be seen that the desulfurization result under MG is better than that 
under pure nitrogen at 400oC, while at the other temperatures there is 
nearly no difference under both atmosphere. The better sulfur 
removal at 400oC can be attributed to the reaction between ethylene 
and hydrogen sulfide released during the coal pyrolysis[2], which can 
compete with the reactions between hydrogen sulfide and coal to 
hinder hydrogen sulfide from reacting back with coal and 
consequently gave rise to the removal of sulfur under MG. Since the 
reaction can only occur at 370-430oC, the trapping effect of ethylene 
for hydrogen sulfide can’t work with the desulfurization at other 
temperatures. 
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Figure 1 Sulfur removal in isothermal pyrolysis of coal 
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Figure 2 Sulfur removal in nonisothermal pyrolysis 
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Figure 3 Final weight loss  different end temperature             
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The sulfur removal in nonisothermal pyrolysis was shown in Figure 
2. Compared with the pure nitrogen pyrolysis, the sulfur removal 
under  

 
at    

seen that before roughly 500oC the weight loss under two said gases 
is similar in both isothermal and nonisothermal pyrolysis, and after 
500oC, MG made a lower weight loss than pure nitrogen. Combining 
with the TG curve shown in Figure 5, where the coal weight 
increased under MG instead of decreased under nitrogen with 
increase of temperature after about 500oC. This means that at high 
temperature ethylene may react with coal and/or pyrolysis to deposit 
heavy pyrolysis products on coal. The TGA of quartzite with MG 
under the same condition as that in Figure 5 suggested that there is 
no increment in weight after 500oC at all, which means there was no 
deposition of ethylene pyrolysis products on quartzite. According to 
the property of the double bond of ethylene, it is possible that an 
extra reaction between ethylene and coal would occur, and this 
reaction made no effect on sulfur removal according to the results of 
Figure 1 and Figure 2.  

Correspondingly, the greater difference of weight loss between 
pure nitrogen and MG 

in isothermal pyrolysis 

at
in non-isothermal pyrolysis 
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4.00% or so at other temperatures. It may be explained that the 
nonisothermal pyrolysis at each final temperature can provide enough 
time for ethylene to trap hydrogen sulfide at proper temperature range 
(370-430oC) since the heating rate (5oC/min) is slow, and the 
additional 20 min residence time at proper temperature range (about 

 
Comparison of weight loss  Figure 3 and Figure 
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pared with the isothermal pyrolysis (Figure 3) may be attributed 
to the longer pyrolysis time which provide a longer reaction time 
between ethylene and coal. 
               
Conclusion  

A better sulfu
achieved by a

oC or so). Ethylene can avoid the sulfur retained in coal pyrolysis  
at low temperature. The lower weight loss of coal pyrolysis under 
MG at high temperature compared to that under nitrogen may be 
attributed to the reaction of ethylene with coal.  
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Results and discussion 

 1.Effect of coal type on sulfur removal  
Introduction  

Sulfur in coal has greatly limited its utilization and much attention 
has been paid to the air pollution caused by combustion of coal in 
recent years. Sulfur removal is one of the most important problems in 
coal utilization. So far many methods have been developed to either 
remove sulfur from the coal, or from the flue gas. Among these 
methods, pyrolysis, an intermediate stage in various conversion 
processes such as liquefaction, gasification and combustion, is an 
important method of sulfur removal from coal prior to combustion 
because its cost is relatively low and can remove both inorganic and 
organic sulfur. The sulfur removal from coal through pyrolysis 
depends on many factors, such as coal rank, the quantity of sulfur and 
the sulfur forms distribution in the coal, the quantity and kind of 
mineral matter, the conditions in which the process is conducted. In 
this aspect, many important conclusions have been obtained, which 
are mainly based on studies in a fixed-bed reactor 1-4. In the present 
study, Yima (YM) and Datong(DT) coal were pyrolyzed in a 
fluidized-bed reactor in inert atmosphere to examine the sulfur 
removal efficiency. 

 
Experimental 

Coal samples 
  Raw coal with 0.15-0.25mm was washed by HCl / HF to 

remove minerals. Demineralized coals were further washed by CrCl2 
in order to remove pyrite. Table 1 and Table 2 show proximate, 
ultimate and sulfur form analysis of the samples. 

 
Table 1 Proximate and ultimate analysis of samples w/% 
Samples Mad Ad Vdaf Cdaf Hdaf Ndaf Sdaf 

YM 8.82 17.3 40.1 78.1 3.90 0.86 0.60 
YM-ash 3.31 2.86 37.7 74.7 5.29 0.85 0.51 
YM-p 2.38 1.45 37.6 73.6 5.18 0.81 0.61 

DT 3.56 7.93 36.5 82.8 4.88 1.02 0.40 
DT-ash 2.16 0.91 28.6 83.3 4.55 0.58 0.37 
DT-p 2.51 0.65 28.4 83.4 4.59 0.69 0.38 

 
Table 2  Analysis results of sulfur forms in samples  w / % 
Samples St,ad Ss,ad Sp,ad So,ad 
YM 1.95 1.42 0.08 0.45 
YM-ash 2.08 1.60 0.0 0.48 
YM-p 0.59 0.0 0.0 0.59 
DT 1.04 0.06 0.62 0.36 
DT-ash 1.08 0.01 0.71 0.36 
DT-p 0.37 0.0 0.0 0.37 
YM-ash, DT-ash: demineralized coal 
YM-p, DT-p: demineralized and de-pyrite coal 
 

Pyrolysis 
    Pyrolysis was conducted in a quartz tube reactor (i.d 50mm) in 
nitrogen. There is a sintered quartz disk in the middle of tube to 
support coal, which can also be used as gas distributor. Pyrolytic 
temperature ranged from 500oC to 900oC and residence time was 30 
minutes. The flow of fluidized-gas was from 0.15 to 0.21 m3/h. 20g 
of coal was fed into the reactor at 5g/min after the desired 
temperature was reached. The char was collected and weighed after 
temperature naturally dropped to ambient temperature. Sulfur 
removal (SR) was calculated according to the following equation: 
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Figure 1 Sulfur removal as a function of temperature 
 
Figure 1(a) shows the change of sulfur removal with temperature. 

YM is a lower rank coal compared with DT, hence YM is more active 
during pyrolysis than DT coal due to its low aromaticity. YM coal has 
a higher desulfurization than DT coal which reaches maximum 
desulfurization yield at relatively higher temperature. From 
demineralized and de-pyrite coal (Figure 1(b)), we can get the same 
conclusion. This proves that coal rank has effect on sulfur removal. 
At the earlier stage of pyrolysis, desulfurization has remarkable 
increase because decomposition of pyrite and thermally labile organic 
sulfur play an important role. The desulfurization decreases starting 
from 700ºC for YM coal and 750ºC for DT coal. According to a 
previous study5, sulfur fixation by alkaline-earth mineral begins at 
700ºC, which leads to increase of sulfur in char. On the other hand, 
high temperature leads to collapse of the pore structure, which 
inhibits further release of sulfur6. Moreover, the desulfurization tends 
to be constant between 800ºC and 900ºC because stable organic 
sulfur is difficult to be removed and sulfide sulfur can not further 
decompose. Hence there is an optimal temperature for maximum 
desulfurization and varies with coal rank. 

 
2. Effect of mineral on sulfur removal 
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Figure 2 Sulfur content in char of demineralized coal vs temperature 
 

Figure 2 indicates that sulfur content in char of demineralized coal 
first decreases to lowest value at 700ºC, and then increases slightly 
for DT and evidently for YM. There is 10.42% and 1.69% CaO in the 
ash of YM and DT. The sulfur retention by CaO is contributed to the 
sulfur increase for raw coal. The transformation of inorganic sulfur to 
organic sulfur is responsible for the sulfur increase in the 
demineralized coal, mainly the transformation of pyrite to stable 
organic sulfur due to the influence of indigenous hydrogen and 
oxygen7. The Sulfation product by CaO will turn into sulphate during 
combustion and will not cause pollution. 

Fuel Chemistry Division Preprints 2003, 48(1), 411 



3. Organic sulfur removal through pyrolysis 
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Figure 3 Organic sulfur removal vs temperature 
 

Organic sulfur content in char has no apparent variation according 
to Figure 3(a). However, yield of char decreases with increasing 
temperature, hence in fact part of organic sulfur is removed through 
pyrolysis as shown in Figure3(b). According to our AP-TPR study, 
there is more aliphatic sulfur in YM and more thiophenes in DT, 
which results in the high organic sulfur removal for YM. Figure 3(c) 
shows organic sulfur content in char through pyrolysis of YM raw 
and demineralized coal. It shows that organic sulfur tends to 
accumulate in char with increasing temperature. Attar8 believes that 
pyrolysis of sulfur compounds is the decomposition of C-S bond to 
free radicals R’• and RS•. In pyrolysis, other hydrocarbon molecules 
supply the hydrogen to stabilize the radicals, but at high temperature 
there is no enough hydrogen and the radicals may transform into 
stable organic sulfur. In addition, lack of indigenous hydrogen may 
also leads to the transformation of pyritic sulfur into organic sulfur7. 
Cernic-Simic believes that sulfide contributes to increase of organic 
sulfur9. Therefore, alkaline-earth mineral leads to organic sulfur 
increase to some extent in raw YM. Organic sulfur in the char of 
YM-ash still accumulates with increasing temperature, clearly sulfide 
is not the main reason here. Contrasting Figure 3(c) with (a), we 
deduce that the interaction of pyrite with the organic matrix of coal 
plays an important role in organic sulfur accumulation in char. 

 
4. Effect of residence time on sulfur removal 
 
 
 
 
 
 
 
 
 
 
Figure 4 Effect of residence time on total sulfur content of char 

tim

 
The effect of residence time on desulfurization is examined at the 

temperature for maximum desulfurization. For YM coal the sulfur 
content in char varies little with time and yield of char is almost not 
changed at the same temperature. Hence longer residence time has no 

enhancement effect on sulfur removal for YM coal. However, sulfur 
content in char of DT coal decreases with increasing time during the 
first 30 minutes, which leads to increase of sulfur removal. This 
indicates that DT coal is less active than YM coal to some extent. 
Therefore, sulfur is difficult to release rapidly in DT coal. However, 
when most of labile sulfur has released after a period of time, stable 
sulfur can not decompose and sulfur content in char has little change. 
Hence for different coal, there is also optimal residence time for 
maximum desulfurization.                                             
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Conclusions 

1 There is optimal temperature and residence time for maximum 
desulfurization, varying with type of coal.  

500 600 700 800 900

0.3

0.5

0.6

0.7

0.8

0.9

temperature/oC

an
ic

 s
ul

fu
r c

on
te

nt
/%

 YM-ash
 YM 2 The alkaline-earth mineral in the raw coal plays an important 

role for the fixation of sulfur and makes desulfurization decrease. 
3 The interaction of pyrite with the organic matrix of coal is the 

main reason that leads to organic sulfur accumulation in char. 
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Introduction 

Recently global environment issues have been raised worldwide. 
In relation with CO2 emission which may lead to climate change, 
development of the highly efficient coal thermal technology is 
considered to be increasingly of importance. Integrated Coal 
Gasification Combined Cycle (IGCC) has been recognized as the 
most promising coal gasification power generation technology and 
large scale power plants are currently operated in the United States 
and in Europe, although thermal efficiencies are not yet so high. In 
Japan a national project of the 200t/d IGCC pilot plant was carried 
out at Nakoso from 1986 to 1996. The targets of this project were 
developments of the air-blown pressurized entrained-flow gasifier, 
hot-gas cleanup systems, and a gas turbine for low Btu coal gas, 
where 3 types of hot-gas desulfurization systems were tested by 
using iron oxide (Fe2O3/ Fe3O4)  sorbents.1,2 

In order to realize the highly effective coal gasification power 
plants, development of hot-gas cleanup system, especially highly 
efficient desulfurization technology for hot coal gas is required. We 
have studied zinc ferrite and related compounds as sorbents for hot 
reductive gas produced by an entrained-flow gasifier, with 
consideration of the results of desulfurization operations at Nakoso 
pilot plant. The characteristics of zinc ferrite and related systems 
were investigated in terms of sorbents for hot-gas desulfurization 
process using simple reductive gas involving reductive sulfur 
substance represented by H2S, as described hereafter. 
 
Experimental 

Sorbents. Zinc ferrite and related sorbents were prepared as 
follows. A mixed solution of zinc nitrate (1.5 mol/l, 50 ml) and iron 
nitrate (III) (1.5 mol/l, 100 ml) was stirred in a flask in the presence 
of colloidal silica. Then ammonia aqueous solution was added to this 
solution. The precipitates obtained from the solution (pH 7-8) were 
washed with water after filtration, dried at 120 °C and calcined at 
800°C for 5h. ZnFe2O4-SiO2 sorbent thus obtained was confirmed by 
XRD analysis. ZnFe2O4-SiO2-ZrO2 or ZnFe2O4-SiO2-TiO2 sorbent 
was prepared by mixing ZnFe2O4-SiO2 sorbent with ZrO2 or with 
TiO2 (anatase), and calcined at 500 °C for 1h. The composition of the 
sorbents was determined by the atomic ratio of component oxides 
using XRF (X-ray fluorescence system) and ICP (Inductively 
coupled plasma) methods. 

Desulfurization. Sorbent performance test for desulfurization-
regeneration (cycle of sulfidation and oxidation of sorbent) was 
carried out in a down flow fixed-bed reactor made of quartz under 
atmospheric pressure. The reductive gas for H2S absorption test is 
composed of 20% of H2, 1000 ppmv of H2S, and N2 (balance). The 
sorbent such as ZnFe2O4-SiO2-ZrO2 (or TiO2) system was prepared 
by composition of 200 mg of ZnFe2O4-SiO2 sorbent and 400 mg of 
ZrO2 (or TiO2). Analyses of the inlet gas and outlet gas from the 
reactor were carried out by gas chromatography using a thermal 
conductivity detector (TCD) and a flame photometric detector (FPD). 
The total gas flow rate was 100 ml/min (20°C, standard) by using 
mass flow controllers. Concentration of H2S at the outlet of the 

desulfurization reactor was determined by gas chromatography 
equipped with a flame photometric detector (FPD) with a sensitivity 
of 1 ppmv, where the outlet gas auto-sampling instrument was used.  
Regeneration of the sulfided sorbent was conducted by oxidation 
using 2% of oxygen and N2 (balance) at 450°C.  

The breakthrough curves were recorded with a closed 
measurement system, composed of a reactor equipped with Shimaden 
model DSM temperature control unit, Yanaco model GSH-263A gas 
auto-sampling instrument, Yanaco model G2800FPD gas 
chromatograph, and Simadzu model C-R8A Integrator. 
 
Results and Discussion 

ZnFe2O4-SiO2-ZrO2 sorbent. The following three sorbents 
systems of zinc ferrite and related mixed oxides were prepared: 
ZnFe2O4, ZnFe2O4-SiO2, and ZnFe2O4-SiO2-ZrO2 sorbents.3 The 
desulfurization tests for the reductive gas by the above three sorbent 
systems were carried out at 450°C under atmospheric pressure, using 
a fixed-bed type reactor. The reductive gas for H2S absorption test is 
a simplified simulation gas of the coal gas in composition assuming 
an air-blown entrained-flow gasification.  

It was found that, as the results of desulfurization test of 
ZnFe2O4-SiO2-ZrO2 sorbent, concentration of H2S involved in the 
reductive gas was decreased from 1000 ppmv to less than 1 ppmv. 
The activity of the sorbent was observed to be completely 
regenerated by oxidation, after sulfidation.  Breakthrough curves of 
H2S for ZnFe2O4-SiO2-ZrO2 system are shown in Figure 1.  The 
feature of H2S breakthrough curves is that all breakthrough profiles 
are almost identical, suggesting that deactivation of the sorbent 
during the absorption-regeneration cycles is negligible.  
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Figure 1.  Breakthrough Curves of H2S for ZnFe2O4-SiO2-ZrO2 
system.  (Concentration of H2S: data at the outlet of the reactor). 
 

On the other hand, desulfurization performance with ZnFe2O4 
sorbent itself was found to be unfavorable; time length of high 
desulfurization (H2S concentration of less than 1ppm) is very short, 
compared with ZnFe2O4-SiO2-ZrO2 sorbent. Another sorbent of 
ZnFe2O4-SiO2 system showed high desulfurization performance 
similarly to ZnFe2O4-SiO2-ZrO2 sorbent at the first desulfurization 
test. However, performance of the regenerated sorbent obtained after 
the first desulfurization run, was extremely lowered. It might be thus 
indicated for the excellent performance of ZnFe2O4-SiO2-ZrO2 
sorbent system that activity of ZnFe2O4 is promoted by SiO2 and that 
activity of ZnFe2O4-SiO2 species formed is structurally supported by 
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The ratios of amount of H2S reacted “Experimental/Theoretical” 
are shown in Figure 3. The desulfurization reaction is usually 
considered to proceed by equation (A). However, experimental value 
is higher than theoretical value, that is Experimental/Theoretical > 1. 
The results indicate that another type of reaction such as equation (B) 
also takes place; formation of Fe1-xS  and/or FeS2 were confirmed by 
XRD analyses of sulfided sorbents, although quantitative data could 
not be obtained by this analytical method. 

ZrO2. In the course of studies, excess Fe2O3 present in the ZnFe2O4-
SiO2-ZrO2 sorbent was not found to be unfavorable in desulfurization, 
whereas excess ZnO was observed to show deactivation effect on the 
sorbent performance.  

ZnFe2O4-SiO2-TiO2 sorbent.  Desulfurization tests for 
ZnFe2O4-SiO2-TiO2 system were carried out under similar reaction 
conditions described above. It was found that ZnFe2O4-SiO2-TiO2 
sorbent is more favorable in comparison with ZnFe2O4-SiO2-ZrO2 
sorbent from the aspect of time length of high desulfurization 
performance. Breakthrough curves of H2S for ZnFe2O4-SiO2-TiO2 
system are shown in Figure 2. 

Desulfurization tests for ZnFe2O4-SiO2-TiO2 system were 
carried out at various temperatures. It was confirmed that highly 
effective desulfurization was observed in a broad range of 
temperatures at 600°C~250°C, as shown in Figure 4. The fact 
indicates the above system to be favorable sorbent for hot coal gas 
from gasifier, since temperature of such gas is variable with time due 
to deposition of coal ash on gas cooler (heat exchanger). 

0

200

400

600

800

1000

0 100 200 300 400 500

Time (min)

C
on

ce
nt

ra
tio

n 
of

 H
2S

 (p
pm

)

cycle 1

cycle 2

cycle 3

cycle 4

 
Figure 2.  Breakthrough Curves of H2S for ZnFe2O4-SiO2-TiO2 
system.  (Concentration of H2S: data at the outlet of the reactor). 
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Amount of H2S reacted with ZnFe2O4-SiO2-TiO2 sorbent was 

studied. The actual amount of reacted H2S was experimentally 
determined by the integration using breakthrough curves of H2S for 
ZnFe2O4-SiO2-TiO2 sorbent shown in Figure 2. Theoretical amount 
of H2S reacted was calculated by the composition and quantity of 
sorbent used, assuming the equation (A); excess Fe2O3  (1 mol ) was 
assumed to become FeS (2 mol ) by reaction with H2S.  

Figure 4.  Temperature Effect on Breakthrough Curves of H2S for 
ZnFe2O4-SiO2-TiO2 system. (Desulfurization:  250°C ~ 600°C). 
 
Conclusion 

The sorbents of ZnFe2O4-SiO2-ZrO2 and ZnFe2O4-SiO2-TiO2 
systems prepared in this study were found to show excellent 
desulfurization performance; the sorbents are considered to be 
satisfactorily used for hot gas desulfurization process of advanced 
IGCC plant equipped with high temperature gas turbine, on the basis 
of the operation data of desulfurization processes of the hot gas 
cleanup system at Nakoso pilot plant. The sorbents will also be able 
to be adopted for the Integrated Coal Gasification Fuel Cell 
Combined Cycle (IGFC) having high temperature fuel cell 
technologies such as molten carbonate fuel cell (MCFC) to be 
developed in near future, where concentration of sulfur compounds 
of the fuel gas is required to be less than 1ppm. 

ZnFe2O4+3H2S+H2 → ZnS+2FeS+4H2O  (A) 
ZnFe2O4+4H2S → ZnS+FeS+FeS2+4H2O   (B) 
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Introduction 

Increasing attention is being paid to integrated gasification 
combined cycle (IGCC) process and gasification-molten carbonate 
fuel cell (MCFC) technology as one of the most promising 
technology to reduce CO2 emission. For these technologies, several 
thousands ppm of hydrogen sulfide containing in an effluent gas from 
gasifier must be efficiently removed to several ppm for IGCC and <1 
ppm for MCFC at a high temperature. Zinc ferrite (ZnFe2O4) is 
known to be one of the candidates for hydrogen sulfide removal1,2. In 
addition to zinc ferrite, various sorbents, such as manganese oxides3 
and zinc titanate4, have been investigated. We have recently found 
that activated carbon-supported ZnFe2O4 could be prepared at much 
lower calcination temperature required for dry process for ferrite 
synthesis and that its absorption capacity was much higher than that 
of dry process ferrite5. 

In the present work, activated carbon-, activated carbon fiber-, 
and coal-supported zinc ferrite were prepared at a low temperature in 
order to obtain an effective absorbent for H2S at a high temperature. 
Performance of absorption behavior of the prepared absorbent was 
evaluated using a fixed-bed flow type reactor. Regeneration of the 
used sorbent  was investigated. 
 
Experimental 
Preparation of sorbent.  

Homogeneous precipitation method. Into a mixed solution of 
Fe(NO3)3 and Zn(NO3)2 (150 mmol/L, 80 mL),0.04 mmol of urea and 
0.3 g of activated carbon (AC, Wako Pure Chemical Industries, Ltd., 
100-mesh pass, 993 m2/g), activated carbon fiber (ACF, AD’ALL, 
Co., Ltd., 2000 m2/g), or Yallourn coal (YL, C 66.3; H 4.70; N 0.48; 
S 0.26 daf%; Ash 2.0 d%, 100-mesh pass) was added. The mixture 
was allowed to keep 90 oC for 2h. During this stage, Zn(OH)2 and 

Fe(OH)3 were precipitated on AC, ACF, or YL coal. The mixture was 
was dried at 70 oC in vacuo, and then it was calcined at 400 or 500 oC 
in air for 2h. 

Coprecipitation method. A 0.3 g of AC or YL coal was added 
into a mixed solution of Fe(NO3)3 (20 mmol/L, 100 mL) and 
Zn(NO3)2 (10 mmol/L, 100 mL), and then into this suspension 
aqueous ammonia was added until pH of the suspendant solution 
reaches 10. The combined precipitates were separated and dried in 
vacuo. The mixture was calcined at 300 or 500 oC in air for 2h.  

Impregnation method. Zinc ferrite was prepared on AC or YL 
by the impregnation method described in the previous literature5.  

Characterization of sorbents. The ferrite prepared here and the 
metal species obtained after the absorption of hydrogen sulfide were 
analyzed by powder X-ray diffraction using an X-ray diffractometer 
(Shimadzu XRD-6000) with monochromated CuKα radiation. The 
surface areas of activated carbon-loaded and unloaded ferrite were 
measured using a Micromeritics Gemini 2375, applying adsorption 
isotherms of nitrogen at -196 oC to the BET equation. 

Breakthrough behavior of sorbents measured by a fixed-bed 
reactor. The breakthrough curves were obtained by using a fixed-bed 
flow type reactor according to the procedure that was described in the 
previous paper5.  

 
Results and Discussion 

Preparation and characterization of sorbents. Table 1 
summarizes results of surface area and the content of oxides of 
various absorbents loaded on activated carbon, activated carbon fiber, 
and Yallourn coal char prepared by various methods. In the cases of 
ferrites loaded on organic support, oxide content in the total 
absorbent was evaluated based on the weight decreases of the 
samples, by burning the organic part by using a thermogravimetric 
balance in a flowing air. The surface areas of zinc ferrites prepared in 
the presence of ACF and AC (Samples D, F, and G) were higher than 
those zinc ferrites (Samples A, B, and C), which were prepared 
without carbon materials. The surface area of ZnFe2O4/ACF reached 
1190 m2/g due to a large amount of remained high surface area ACF. 
Surface areas decreased to 50 m2/g with a decrease in the amount of 
carbon remaining (1-14 %). XRD analyses exhibited only diffraction 
peaks ascribed to ferrite phase after the calcinations in air at above 
500 oC, with the exception of some cases. Samples E, F, and H 
showed very weak diffraction peaks ascribed to ZnO and Fe2O3, in 
addition to those of zinc ferrite. 

Table 1  Surafce area and oxide content of various sorbents
Sample Sorbent Method Calcination temp. Phase determined S.A. Oxide content Absorption capacity a

oC by XRD m2/g wt% %
A ZnFe2O4 Dry process 1000 ZnFe2O4 17 - 49
B Fe2O3 PPT 500 Fe2O3 40 - 94
C ZnFe2O4 CoPPT 500 ZnFe2O4 41 - 48
D ZnFe2O4 CoPPT 300 Amorphous 134 - 116
E ZnFe2O4/ACF HomoPPT 400 ZnFe2O4, ZnO, Fe2O3 1190 10.7 145
F ZnFe2O4/AC HomoPPT 500 ZnFe2O4, ZnO, Fe2O3 317 66.2 113
G ZnFe2O4/AC CoPPT 500 ZnFe2O4 463 56.9 84
H ZnFe2O4/AC IMP 500 ZnFe2O4, ZnO, Fe2O3 50 96.8 100
I Fe2O3/AC IMP 500 Fe2O3 67 99.0 113
J ZnFe2O4/YL HomoPPT 500 ZnFe2O4 51 93.1 98
K ZnFe2O4/YL CoPPT 500 ZnFe2O4 58 95.5 97
L ZnFe2O4/YL IMP 500 ZnFe2O4 50 86.0 90

a) Carried out using a fixed-bed reactor (N 2+H2S(0.96 vol%) 5 mL/min, H 2 2mL/min, Absorption temperature 500 oC)
PPT: Precipitation method, CoPPT: Coprecipitation method, HomoPPT: Homogeneous precipitation method, IMP: Impregnation method
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Absorption behavior of hydrogen sulfide. Figure 1 shows 
examples of breakthrough behavior of H2S using various sorbents 
measured at 500 oC. The horizontal axis of Figure 1 designates the 
absorption capacity, which was calculated assuming that all zinc and 
iron in the ferrite would be transformed into ZnS and FeS. The 
absorption capacity exceeded 100% because a part of the iron was 
transformed into FeS2. The absorption capacity of each sorbent is 
shown in the last column of Table 1. The absorption capacities of 
hydrogen sulfide (48-49%) with unloaded zinc ferrite (Samples A 
and C) were lower than those (>85%) of loaded zinc ferrites. When 
Fe2O3 (Samples B and I) and ZnFe2O4 prepared by dry method 
(Sample A) were used for H2S absorption, high concentrations of H2S 
(<20 ppm) were observed until the breakthrough point. On the other 
hand, the absorption capacities of H2S increased to nearly 100% or 
more with ZnFe2O4 prepared on AC, ACF, and YL coal (Samples E-
L). These absorbents showed no H2S leakage in the effluent gas (less 
than 1 ppm). Although the surface areas of Samples F and G were 
higher than those of Samples E and H-L, the absorption capacities did 
not change. This fact indicates that the surface area seems not to be 
an important factor for the high absorption capacity of H2S. 

absorption reaction of H2S, the temperature programmed oxidation of 
the H2S absorbed ZnFe2O4/YL (ZnS, FeS2, Fe1-xS) was carried out 
using a mixed gas of Ar and O2 (50vol%). The releases of SO+ and 
SO2

+ were confirmed with a mass spectroscopy from 350 to 530 oC. 
Regeneration of H2S absorbed ZnFe2O4/YL was carried out at 450 oC 
for 30 min using the fixed-bed reactor in oxygen-argon gases (O2: 
50vol%, Ar: 50vol%). According to the XRD analyses of 
ZnFe2O4/YL before the H2S absorption and after four sulfurization-
regeneration cycles, ZnFe2O4/YL exhibited diffraction peaks ascribed 
to ZnFe2O4 and very weak diffraction peaks of ZnO and Fe2O3. YL 
coal or AC loaded ferrites could successfully be regenerated at 450 
oC. YL coal was burned out during the regeneration at 450 oC in a 
flowing air and the amount of carbon material decreased to nearly nil. 
Figure 2 illustrates the breakthrough curves that were measured at 
500 oC using regenerated zinc ferrite, after second (R-2), third (R-3), 
and fourth (R-4) regeneration cycles. The absorption capacity of 
hydrogen sulfide with the fresh sorbent was 90%, and repeated use of 
the sorbent slightly decreased the absorption capacity to 75%. 
However, H2S concentration in the tail gas was kept very low values. 
 

To examine the effect of the absorption temperature on the 
absorption capacity of the sorbent, the absorption of H2S was carried 
out with ZnFe2O4/YL at 400-700 oC. When hydrogen sulfide was 
absorbed at 400 oC and 450 oC, the absorption capacities were 116% 
and 120%, respectively, and then that slightly decreased to 103% 
with increasing the absorption temperature to 500 oC and 600 oC. An 
elevated absorption temperature (700 oC) decreased the absorption 
capacity to 63%, indicating that optimal temperature of H2S removal 
with ZnFe2O4/YL is 400-600 oC. 

Conclusion 
Zinc ferrites could be prepared on activated carbon, activated 

carbon fiber, and Yallourn coal. Performance of the zinc ferrite for 
H2S absorption was evaluated using a fixed-bed flow type reactor. 
These absorbents efficiently remove H2S at an absorption 
temperature of 500 oC. Coal-loaded zinc ferrite could be regenerated 
by air oxidation at 450 oC. The regenerated zinc ferrite can be used 
for repeated absorption of H2S with a slight decrease in the 
absorption capacity. 
 In order to elucidate the effect of the calcination temperature of 

the sorbent on the absorption behavior of H2S, the breakthrough 
curves of the YL coal-supported zinc ferrites were calcined at 500-
800 oC were measured at absorption temperature of 500 oC. The 
absorption capacity of ZnFe2O4/YL gradually decreased with 
increasing the calcination temperature to 800 oC, indicating that 
crystallite size of ZnFe2O4 determined by XRD analyses increased. 
This result clearly indicates that a crystallite size of ZnFe2O4 seems 
to be important for the high absorption capacity of H2S. 
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Figure 1  Breakthrough curves of H2S absorption using various 
sorbents obtained at 500 oC. (Conditions: Ar 5 mL/min, N2+H2S 5 
mL/min, H2 2 mL/min) 

Fuel Chemistry Division Preprints 2003, 48(1), 416 
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Introduction 
Coal combustion is the most main sources of CO2, SOx and 

NOx emission. About 85% of CO2, 90% of SO2, 70% of NOx in total 
pollutants are from coal combustion in China. SO2 emission 
increased about 3 times over the past two decades in China. CO2 and 
NOx emission have also been increasing. Limestone desulfurization 
efficiency is very low although it is of low cost. O2/CO2 recycling 
combustion is a new coal combustion style developed in recent years 

1-2. This combustion style is expected to be one of promising systems 
on CO2-recovery without the process of concentration from 
pulverized coal-fired power plants. In the system, pulverized coal is 
fired in a CO2-based atmosphere. The combustion style use 
oxygen/recycled flue gas, CO2 is used to institute the N2 in 
combustion air. This style Increases the CO2 concentration in the flue 
gas by eliminating N2 in air. Up to 95% CO2 in dry flue gas may be 
attained, therefore, nearly pure CO2 for reuse or disposal. Meanwhile, 
a higher plant efficiency resulted from reducing of volume 
throughput (60-80%). Most importantly, this combustion style is 
possible to control CO2, NOx and SO2 emission simultaneously3-4. 
However, the mechanism of SO2 removal is not understood 
thus far.   
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The objective of this work is to demonstrate the feasibility of 
removal of SO2 and NOx in O2/CO2 coal combustion, to compare the 
emissions of SO2 and NOx under O2/CO2 and conventional 
combustion conditions with and without limestone injection, to 
explore the mechanism of SO2 and NOx removal under O2/CO2 
conditions and finally find the relationship between the optimal SO2 
and NOx removal efficiency and CO2 concentration and temperature.  

a: air;       b: 21%O2/79%CO2 

1: 700℃,  3:900℃,  5: 1000℃ 

Figure 1.  Total SO2 emission as a function of time under different 

conditions 
 

Experimental 
 Experimental Device. The experiments have been performed on 

a horizontal electric heating reactor and a drop tube furnace4.  Figure 1 plots the SO2 emission under air and O2/CO2 
environment respectively at different temperature. Comparing with 
conventional air condition, the high CO2 concentration significantly 
changed the SO2 emission during coal combustion. For HS coal, the 
SO2 emission in the exhausted gas in O2/CO2 condition is about 50% 
of that in O2/N2 condition at the temperature of 700℃ (hs1b 
compares with hs1a). As temperature increase, SO2 emission increase, 
but the amplitude in O2/CO2 combustion style is lower than that in 
O2/N2 atmosphere. The SO2 reduction is more notable in O2/CO2 

combustion style at high temperature. 

Coal Samples.  In this experiment, two kinds of coal referred 
to as Hs and Sps with varying volatile matter and sulfur content were 
provided respectively. Proximate analysis was performed with a 
LECO MAC-500 by the standard procedure. Carbon, hydrogen and 
nitrogen were determined with a LECO CHN600 analyzer, and sulfur 
with a LECO SC-132 sulfur analyzer by the standard procedure. The 
fusion temperature at reducing atmosphere was measured by ash 
fusion temperature auto-analyzer (AF600) according to the 
GB219-74 standard. Chemical method was used to analyze the ash 
chemical composition. The analyses are shown in Table 1 and Table 
2.  For SPS coal, the SO2 emission in O2/CO2 condition is about 70% 

of that in O2/N2 condition at the temperature of 1000℃. At the 
temperature of about 700~1100 ℃ , the SO2 emission of all 
investigated coals under O2/CO2  are less than that under 
conventional air combustion.  

Table 1 Coal analysis data 

Proximate analysis (%) Ultimate analysis (%) 

Sample W f V f Af C f C H N S 

Sps 2.5 10.60 18.0 68.8 72.0 2.12 0.90 2.56 

Hs 4.8 18.23 41.7 35.2 36.6 2.22 0.76 5.51 
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SO2 emission spectrum under different atmosphere from 
800--1300℃ are shown in Figure 2. At low temperature, only high 
CO2 concentration (curve d) can remove SO2 emission effectively. 
However, at high temperature, the SO2 emission has a remarkable 
reduction under CO2 conditions. 
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T    The main reasons of SO2 removal under high CO2 condition are as 
follows: O2/CO2 environment lowers the overall combustion rate of 
coal char because thermal properties for gas mixtures of O2/CO2 and 
O2/N2 are different, which resulting in decrease of sulfur evolution. 
CO2–C reaction which causing a reducing atmosphere and CO 
formation, which has a comparative contribution to decrease of SO2 
emission because of the part  formation of H2S and COS. Sulfur 
retention by coal ash is higher in O2/CO2 than in air environment 
because the presence of CO2 changes the surface structure and 
increases the reactivity of alkaline matter.  Furthermore, Presented 
CO2 mitigates the sintering of CaO at high temperature and 
subsequent produce more reactive surface. The high limestone 
desulfurization efficiency is  consequently resulted by high 
reactivity CaO reaction with SO2 under CO2 environment. 
Meanwhile, CO2 inhibits the decomposition of CaSO4 and improves 
the conversion ratio and consequently improved SO2 removal 
efficiency.  

 
(a)  800℃ 
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Fig.3  FTIR spectrum of COS in the flue gas under different 

atmospheres at 800℃ 
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Reactor Designed for Continuous Removal of SO2 in Flue 
Gas over Pitch Based Activated Carbon Fibers 
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3) Osaka Gas Company Bold type reactor was certainly superior to the reference reactor 

as in Figure 5. The reactors of larger diameter showed better 
performance, confirming the influence of diameter/length ratio of 
ACF bed in the single reactor. 
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In figure 6, the performances of various reactor type were 

compared by using the same amount of ACF and same flow rate of 
gas feed. The heights of ACF were 50mm in the single reactor and 
25mm in the parallel reactor respectively. The parallel reactor 
showed longer breakthrough time, suggesting the more efficient 
desulfurization with broad ACF bed. Staged type had better 
performances too, but not so good compared to parallel type. Figure 
7 compares the performances of the reference, parallel staged 
reactors against 750ppm SO2. This result was the staged type. Staged 
Reactor completely removed SO2 about 60hr. Parallel was same 
breakthrough time to reference but better removal ratio. Figure 8 
shows the activity of more amount of ACF (1.0g) achieved complete 
SO2 removal by the parallel reactors and staged reactors whereas the 
reference reactor allowed still breakthrough by 34hr.  

 
Introduction 

The present authors have proposed SO2 removal over pitch based 
activated carbon fibers (ACFs) by recovering aq.H2SO4 at ambient 
temperatures according to the scheme1-3)  illustrated in Figure 1 
with humidity of 5～10%. Heat-treatment of ACF at 1,100 oC was 
found to enhance by its activity markedly by introducing more active 
sites. High concentration of H2O and O2 in the feed gas is favorable 
for SOx fixation while NO inhibits the SO2 removal. 

 
SO2+Sv→SO2ads.-Sv 

SO2ads.-Sv+1/2O2→SO3ads.-Ss 
SO3ads.-Ss+H2O→H2SO4ads.-Ss 

H2SO4ads.-Ss+H2O→aq.H2SO4+Sv 
  

Figure 1. DeSOx Scheme over ACF Discussion 
 The present study revealed that the reactor design was very 

influential on the performance for SO2 removal of the ACF of the 
same amount. The up-flow is certainly better than the down flow. 
Broader reactor is better than thinner one. The intermediate reactors 
equipped with the respective device for H2SO4 recovery at every 
stages are certainly better than the single reactor at the same ACF 
amount. All these results indicate that the shorter path for aq.H2SO4 
elution from the produced to the recovered locations allowed, better 
performance. Occupation of the active site by produced H2SO4 is 
minimized by the designed reactors to achieve lower SO2 elution 
amount.  

In the present study, reactor for ACF packing was designed to 
enhance its activity by the same amount of the same ACF in order to 
reduce the reactor volume, ACF amount, H2O and O2 concentration 
necessary for the complete SO2 removal at high temperature. The key 
concept for the reactor design is to recognize that the produced 
H2SO4 occupies the active site to reduce the activity of the ACF. 
Hence several types of reactors were designed to accelerate the 
elution of H2SO4 with its least contact to the ACF. 
The reactors examined were 
1. Reactor shape to change width vs length of ACF bed 
2. Staged reactors for separation of produced H2SO4 at the stages The reason why the intermediate recovery reactor is inferior to 

the parallel reactor is smaller supply of water to the upper reactor of 
the intermediate reactors, since most of water is trapped at H2SO4 
trap located at the lower reactors. Small amount of water supply at 
the top of upper reactor solver the problems. 

 
Experimental 

An OG series active carbon fiber (OG-20A) was supplied by 
Osaka Gas Company. It was heat-treated in Ar gas at 1100℃ for 1hr. 
OG20A-H1100 carried high surface area of 1500m2/g. SO2 removal 
was carried out at 60℃. ACF was packed densely in the reactor tube. 
The flow rate was fixed at 100ml/min. Produced H2SO4 was trapped 
at the bottom of the reactor. Therefore, the concentrations of SO2 in 
the inlet and outlet gases were analyzed continuously by a flame 
photometric detector (R268Y-Hamamatsu Photonics). 

Staged type was the best in Figure 7, while parallel type was 
excellent in the others conditions. This different performance could 
be due to the different concentration of SO2 feed gas and removal 
efficiency of formed H2SO4. the amount of H2SO4 was mainly related 
to H2O and elution speed is the most important parameter.        
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Figure7. Breakthrough profiles of SO2 in a reference, Parallel 
and Staged Reactors 

SO2 =750ppm, O2=5vol.% H2O = 10 vol.%, N2 balance 
W/F = 5.0×10-3g･min･ml-1 Reaction temperature  600C 

1: Reference Reactor 
2: Parallel Reactors  
3: Staged Reactors Figure 4.Concept of Designed Reactors (2) 
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Figure 8. Breakthrough profiles of SO2 in a reference, Parallel 
and Staged Reactors  

 Figure 5. Breakthrough profiles of SO2 in a reference and Bold 
Reactor 

SO2=1000ppm, O2=5vol.% H2O = 10 vol.%, N2 balance 
W/F = 1.0×10-2g･min･ml-1 Reaction temperature  600C 

SO2=1000ppm, O2=5vol.% H2O = 10 vol.%, N2 balance 1: Reference Reactor 
W/F = 5.0×10-3g･min･ml-1Reaction temperature  600C 

 1: Reactor Diameter(14mm) 
2: Reactor Diameter(16mm) 

2: Parallel Reactors 
3: Staged Reactors 
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Introduction 
    Column flotation is one of the promising processes for the low-
cost next generation coal cleaning technologies. As for the column 
flotation system, many efforts have focused on optimization of 
apparatus and/or improvement of flotation results so far. However 
there have been few studies which tried to estimate the relation of 
flotation results and characteristics properties of coal. Then we 
investigated the characterization of demineralization in the column 
flotation system to estimate the flotation behavior by measuring the 
contents of inorganic elements in the cleaned coal and the tail refuse. 
Furthermore we investigated the distribution of coal minerals and 
their average particle size. 

Fig. 1 Schematic diagram of experiment 
apparatus.
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Experimental 

Continuous Column Flotation. We employed the continuous 
column flotation system for the simple coal cleaning process. 
Samples which used in this study were; Adaro, Wallarah, Ermelo, 
Datong, Taiheiyo, and they were crushed into particles and sieved 
under 150 µm. The proximate analysis value and ultimate analysis 
value of these coal was shown in Table 1 and the schematic diagram 
of experimental apparatus was shown in Fig. 1. At first, coal and ion-
exchanged water were mixed for 30 min in slurry tank after adding 
Kerosene 1 mg / g-coal. Simultaneously column whose height was 2 
m was filled with ion-exchanged water, and 4-methyl-2-
pentanol(MIBC) 150 µL / L-water was added to it. Then coal-water 
mixture was supplied into the column continuously at the rate of 1 L 
/ min from the upper of the column by using a static pump. MIBC 
was supplied into column continuously from the bottom of column 
by using a micro feeder. During the experiment, wash-water was 
supplied into the upper of the column. In upper and bottom of the 
column, coal-water mixture was obtained and dried. We regarded the 
upper part; cleaned coal, and the bottom part; ash rejection. Then 
average particle size of their particles was measured by laser particle 
size distribution measurement equipment. Inorganic elements of 
dissolved coal were measured by using ICP-AES after a microwave 
treatment. 

Fig. 2   Time on course of ash rejection.
 

 
Table 1   Proximate and ultimate analysis of 

coal employed in this study
 

    Coal  Adaro Wallarah Ermelo Datong Taiheiyo 
Water 

Content 
12.58 3.00 3.50 5.21 5.55 

Ash 1.58 13.7 12.90 10.24 11.35 
Volatiles 40.65 29.40 30.90 27.66 43.36 

Proximate 
Analysis 

value 
[a.d %] 

 
Fixed 
carbon 

45.19 53.90 52.70 56.89 39.74 

Carbon 71.73 71.90 71.10 71.90 67.33 
Hydrogen 5.02 4.20 4.23 4.40 5.59 
Nitrogen 1.06 1.39 1.76 0.90 1.09 

Sulfur 0.00 0.30 0.65 0.61 0.08 

Ultimate 
Analysis 

Value 
[db %] 

Oxygen 20.38 8.05 8.89 11.39 13.89 
SiO2 21.34 58.30 48.00 57.10 46.26 
Al2O3 9.18 28.97 29.39 19.19 24.37 
Fe2O3 10.53 4.24 5.00 11.88 8.27 
CaO 20.63 1.99 7.13 3.72 8.79 
MgO 6.84 0.92 2.60 0.82 2.65 
Na2O 5.84 0.54 0.29 0.45 1.73 
K2O 0.76 1.62 0.83 1.47 0.96 
SO3 23.08 0.56 3.74 3.87 3.67 
P2O5 0.07 0.05 0.14 0.40 1.07 
TiO2 0.48 1.29 1.26 0.69 1.27 
V2O5 0.04 0.03 0.04 0.03 0.06 

Ash 
Composition 

[db %] 

MnO 1.09 0.06 0.09 0.20 0.08 

  

Mineral analysis by CCSEM. The analysis of mineral part was 
conducted by CCSEM(Computer Controlled Scanning Electric 
Microscope). For the sample preparation, coal powder was mixed 
with Carnauba wax and cross-sectional polish of a sample was 
performed after heat-molding using the automatic grinder. Then, in 
order to enhance the conductivity of the sample section, carbon 
evaporation under vacuum condition was performed. The fixed 
quantity and the quality of the inorganic element contained in the 
particle on a section were measured. And the classification and the 
existence form of ash contents (included or excluded) were 
distinguished according to the mineral-form by using original 
conversion software. 
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 Results and Discussion 
Continuous column flotation. Time on course of ash rejection 

was shown in Fig. 2. Ash rejection came to be steady state in 5～14 
minutes, and that of Wallarah coal showed highest rejection level. So 
Wallarah coal was employed for subsequent experiments because of 
its high separation ability. 
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The average particle distribution of raw coal, cleaned coal and tail of 
Wallarah coal were shown in Fig. 3. In the raw coal, the distribution 
of particle size was high around the particle diameter about 100 µm, 
and the shoulder peak was observed near 10 µm. Although the 
particles in the tail rejection had the same distribution, the fraction 
around 100 µm became large. On the other hand in the cleaned coal, 
the particles near 100 µm were not contained, but the distribution has 
the peak around 80 µm and 10 µm. From these phenomena, we 
considered that many of mineral matter were contained in the particle 
near particle diameter 100 µm, and their particles were removed by 
the column flotation as the bottom rejection. Fig. 3   Distribution of average particle

(raw coal, cleaned coal, tail).
 

Distribution of inorganic elements.  Inorganic elements 
distribution of the cleaned coal and the tail rejection that were 
obtained during steady state, was shown in Fig. 4. As a result, most 
of contained inorganic elements eluted into the column, or obtained 
as the tail rejection. In particular, most of Na, Al, and Mn were 
removed as the tail rejection.  
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Mineral analysis by CCSEM. The demineralization efficiency 
of each mineral in Wallarah coal was calculated and shown in Fig. 5. 
Demineralization efficiency means “the ratio of the actual amount of 
each mineral” by “the theoretical value”. The theoretical value is the 
amount of minerals at the time of separating into cleaned coal and 
tail, without demineralization. Most of minerals in Walllarah coal 
were efficiently removed to tail. And Aluminosilicate and Si-Rich 
minerals were removed in particular.  

 
Conclusion 

Most of contained inorganic elements in Wallarah coal were 
eluted into the column, or obtained as the tail rejection. In particular, 
most of Na, Al, and Mn were removed as the tail rejection. Most of 
minerals in Walllarah coal were efficiently removed by the 
continuous column floatation process. And Aluminosilicate and Si-
Rich minerals were removed in particular.  

Fig. 4   Distribution of inorganic elements.
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Introduction 

Coal demineralization prior  to use has received much attention 
because mineral matter in coal causes problems in many aspects  of 
conventional and advanced coal utilization.  Physical benification has 
long been used to reject discrete mineral inclusions from coal. For 
efficient physical separation of mineral matter, it is necessary to 
liberate mineral-rich grains by the breakage of coal  particles through 
coal grinding. In order to improve the liberation of mineral inclusions 
and the efficiency of grinding energy utilization, pretreatment of coal 
by swelling  agents has been explored. In this paper, we use the 
relatively cheap and available methanol as a swelling agent to study 
its effect on the breakage of coal particles.  
 
Experimental 

Coal Sample. Eleven coals were used in this study. Their 
proximate analysis and carbon content are shown in Table 1. The 
coal particle was screened to 1~2 mm before pretreatment. 

  Mois. V.M. F.C. Ash 
  

Carbon 
[wt%d.a.f] [wt%] 

Pasil 72.0  2.1  47.4  48.5 2.0  
Taiheiyo 78.7 3.8  43.9  40.2 12.1 

Kitasyuku 78.7  36.4  50.8 12.8 
Yangsong 80.5 3.3  40.3  48.3 8.1  
Ebenezer 81.2 2.2  38.1  45.2 14.5 
Hong-Yie 81.7 0.8  47.3  22.3 29.6 
San-Zu-Pa 82.6 1.0  14.3  50.3 34.4 

Datong 82.7 3.2  28.7  58.4 9.7  
Miike 82.8 1.9  39.9  45.0 13.2 

Newlands 85.9 2.5  26.3  56.2 15.0 
I-Tem-Pou 86.9 0.8  15.0  64.8 19.4 
Burton-st 89.8 1.5  16.6  70.6 11.3 
Methanol Treatment. A 100 g sample of coal was treated with 

200 mL methanol at room temperature for the desired time.  After 
treatment, the sample was filtered and then dried at 107 °C for 2 h.  

Compressive strength.  The compressive strength of sample 
was measured with Kiya strength meter. 

Grindability test. It was conducted in a cylindrical  ball mill 
made of stainless steel (i.d., 85 mm; height, 90 mm) with 30 stainless 
balls. In each test, a 20 g sample of coal was ground at 110 rpm for 
the predetermined time.  

SEM Analysis. SEM was utilized to observe the morphology of 
coal sample upon the methanol treatment. CCSEM was used to 
measure quantitatively the mineral inclusion distribution for the fine 
coal sample with or without methanol treatment, it was accomplished 
on a TOPCON, ABT-60 scanning electron microscope equipped with 

an energy dispersive x-ray analyzer (EDAXPV9750) and a computer 
controlled program.  
 
Results and Discussion 

Compressive strength.  The compressive strength of samples 
with and without the methanol pretreatment were shown in Fig. 1.  
The strength of the treated coal particles was reduced to about a half 
of that of parent coal.  

 

Untreated
Treated 

Compressive strength [kg] 
Fig.1 Compressive strength Table1 Analysis of coal samples 

Grindability. Fig.2 shows the particle size distributions  by 
grinding Yangsong raw coal and the treated coal. The data are the 
weight percent of the size-graded particles.  The grindability of the 
treated coal was quite higher than that of raw coal.  Fig.2 shows the 
effect of treatment time on the grindability.  Prolonged swelling  
from 2 to 120 h increased the cumulative weight percent of the 
particles under 150 µm from 41.8 to 58%. 

Similar experiments were conducted for eleven coals.  After 
methanol treatment, all the coals tended to be easily ground.  
However, the effectiveness of the methanol pretreatment on the 
grindability depended on coal type.  The effectiveness of the 
pretreatment evaluated as the ratio of the cumulative weight  percent 
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of the particles under 150 µm for raw coal to that for the treated  coal 
is shown in Fig.3.  It appears that the effectiveness of the treatment 
has no correlation with coal rank.  The effectiveness for coal with 
carbon content of around 82 wt% was quite large. 

SEM Observation. Fig.4 displays the SEM images for the 
Yangsong raw coal and treated coal samples. There were many 
fractures formed after methanol treatment. Wang et al.1) found the 
preferential crack along the boundaries between mineral and coal 
matrix using some mixed agents.  Tamai et al.2) observed the crack 
along the boundaries between macerals by the pretreatment with 
liquid ammonia. The crack formed in the treated coal is one of the 
reasons for high grindability of treated coal. 

CCSEM Analysis. To observe the liberation of mineral 
inclusions from coal matrix, we used CCSEM to quantitatively 
analyze two Yangsong coal samples with or without methanol 
treatment, which were subject to the same milling and then were both 
screened to the particles under 150 µm prior to analysis.  Figs.5 and 
6 show the particle number ratio of the particles  having different 
mineral contents. The counted particle numbers were 2168 and 2412, 
respectively, for the raw coal sample and the treated sample.  The 
mineral content is evaluated from cross sectional area of mineral in 
coal particle analyzed with CCSEM.  Through treatment, the number 

of the mineral-rich particle containing 90-100% mineral was 
increased and that of particle containing 50-80% mineral was 
decreased.  From the results obtained, the selective mineral reduction 
may be achieved by using methanol pretreatment. Some iron-
containing minerals appeared to decrease in the  number. XRD 
showed that Yangsong coal mainly contained pyrite, kaolinite, 
gypsum, ferrous sulfate, and quartz (not shown). Gypsum and ferrous 
sulfate were significantly dissolved out upon the methanol treatment. 
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Fig.6 CCSEM analysis of treated Yangsong coal 

       The compressive strength of the treated coal particles was 
reduced to about a half of that of parent coal and the grindability of 
the treated coal was higher than that of raw coal.  Many cracks were 
formed in coal particle  by the treatment.  CCSEM analysis revealed 
the possibility of selective  mineral reduction by  the benification 
with pretreatment in methanol. 

Fig.4 SEM images for Yangsong coal 
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PRODUCTION OF CLEAN FUELS BY SOLVENT 
SKIMMING OF COAL AT AROUND 350 °C  

Experiments recycling the solvent containing soluble fraction 
were also performed using tetralin as the solvent.  For this purpose, 
150 ml of tetralin was used and it was supplied to the extractor at the 
rate of 5 ml/min.  The tetralin, recovered in the separation trap with 
the soluble fraction, was recycled to the extractor.  The recycling 
solvent passed the coal layer 5 to 6 times during 90 min of 
experiment.  The solvent recovered after the experiment was used 
again to the extraction of a fresh coal.  This extraction cycle was 
repeated 10 times by using the fresh coal for each cycle.   
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Analyses of the products.  The contents of main inorganic 
elements in the soluble and the deposit, Na, Mg, Al, Si, Ca, and Fe, 
were analyzed by the inductive coupled plasma spectrometry 
(Shimadzu, ICPS7500).  The contents of trace elements, Co, Cr, Cu, 
Mn, Ni, Pb and Zn, in the deposit and the residue were also measured 
by ICP-AES and Hg, Se, As were analyzed by CVAAS, HGAAS, 
and GFAAS, respectively4.   

Introduction 
The authors have recently presented a new coal extraction 

method by which various kinds of coals ranging from brown coals to 
bituminous coals could be extracted up to 80 % in a flowing stream 
of tetralin or a coal derived oil, carbol oil, under 10 MPa at 350 °C1,2,3.    
However, it doesn’t seem cost-effective to use pure solvents from the 
viewpoint of practical application of the extraction method.  In this 
study the effect of solvent recycling on the extraction behavior was 
investigated to make the method practically applicable.   

 

It was also found in the previous papers that the extract was 
almost free from mineral matters1,2,3.  To examine the result in more 
detail, the distributions of inorganic elements through the extraction 
were measured and discussed.   
 
Experimental Section 

Coal Samples.  The analyses of four coal samples used are 
given in Table 1.   
 
 
 
 
 
 
 

Solvents Used.  Tetralin was used as a model solvent, and a 
coal tar derived oil, so-called carbol oil, was used as a candidate 
solvent for practical application of the proposed extraction method.  
The carbol oil is a coal tar distillate whose boiling point ranges from 
180 to 220 °C.  Main components of the oil are phenolic derivatives.   

Experimental Procedure for Extraction.  Figure 1 shows a 
schematic diagram of the apparatus used for extraction.  100 to 1000 
mg of coal samples were placed on a filter (11.2 mm OD and 0.5 µm 
opening) in a reactor made of Swagelok.  The solvent was supplied 
continuously using a high-pressure pump at the flow rate of 1 to 5 
ml/min.  The pressure was regulated using a pressure-regulating 
valve (TESCOM) at 10 MPa.  The reactor was heated at the rate of 
10 K/min to 350 °C where it was kept for 90 min, and then it was 
cooled immediately by immersing into a sufficient amount of water.  
The coal fractions extracted at the reactor temperature, which are 
solublilized in the solvent, came out from the reactor with the flowing 
solvent, but a part of the solubilized components precipitated as solid 
when the solvent flow was cooled to room temperature.  The solid 
thus precipitated, called deposit in this paper, was collected by 3 
filters (20, 10, and 2 µm openings) placed in series just before the 
pressure-regulating valve.  The deposit that passed these filters was 
collected in a separation trap with the soluble components at room 
temperature.  The soluble components are called “soluble” here.  
Product gas was collected in a gasbag, and analyzed using a gas 
chromatograph for the components smaller than C6 hydrocarbons in 
molecular weight.  The weights of the residue and the deposit were 
directly measured after drying them in vacuo at 150 °C for 5 hours.  
The weight of gaseous components was calculated from the analysis 
using the gas chromatograph.  The rest of the product was regarded 
as the soluble.  

 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1.  Schematic of experimental apparatus used for extraction 
in flowing solvent.   

Sample
(100 ~

1000 mg)

HPLC Pump

Thermocouple

IR Image
Furnace

Back Pressure
Regulator

Pressure Gauge

Filters

(2 µm)
(10µm)

(20µm)

N2

Relief ValveTemperature
Controller

3way Valve

Separation Trap

3way Valve

Filters

(0.5µm)
Filter

Reactor

Solvent

Flow rate of solvent
= 1.0 ml/min

Gas bag

Sample
(100 ~

1000 mg)

HPLC Pump

Thermocouple

IR Image
Furnace

Back Pressure
Regulator

Pressure Gauge

Filters

(2 µm)
(10µm)

(20µm)

N2

Relief ValveTemperature
Controller

3way Valve

Separation Trap

3way Valve

Filters

(0.5µm)
Filter

Reactor

Solvent

Flow rate of solvent
= 1.0 ml/min

Gas bag
Table 1.  Ultimate Analyses of Coal Samples Used 

Coal Ash
(Abbreviation) C H N O+S (diff.) [wt%, d.b.]

South Banko (SB) 68.8 5.2 1.4 24.7 4.2
Prima (PR) 76.3 5.5 1.4 16.8 5.4
Miike (Mi) 80.8 6.2 1.3 11.7 19.8
Pittsburgh #8 (PITT) 83.2 5.3 1.6 9.9 9.3

Ultimate analysis [wt%, d.a.f.]

 
Results and Discussion 

Effect of Solvent Recycling on the Extraction Behavior.  
Experiments recycling the solvent were performed using PITT.  
Figure 2 shows the relationship between the yield of each component 
and the number of cycle.  The yield of deposit increased with the 
number of cycle, while the yield of soluble stayed almost constant.  
The yield of deposit reached 41 % at a maximum, which was twice as 
large as that in the first extraction.  The extraction yield of 80 % was 
achieved at its maximum.  The soluble concentration in the 
recycling tetralin increased from 0.001 kg/kg-solvent of the 1st cycle 
to 0.012 kg/kg-solvent of the 10th cycle.  These results suggest that 
the increase of the solubility of the coal with increasing extraction 
cycle was realized by the increase in the concentration of soluble in 
the tetralin.  It could be concluded that solvent recycling was 
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Figure 2.  Relationship between the yield of each component and 
the number of cycle for PITT through the extraction in recycling 
tetralin at 350 °C.   
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effective to enhance the extraction yield, suggesting a possibility of 
the solvent recycling as a cost effective method.   

 The contents of trace elements including hazardous heavy 
metals were analyzed as well4.  Figure 5 shows the contents of trace 
elements in the deposit fractions obtained by the first and fifth cycle 
of extractions of PR in recycling tetralin.  The yields of deposits for 
the extraction cycles are also listed in Figure 5.  The contents of Cr, 
Cu, Ni and Pb in the deposit fractions obtained by the first cycle were 
larger than those in the parent coal.  The Ni content in the deposit 
fraction obtained by the fifth cycle was still larger than that in the 
parent coal.  The contents of the other elements, Mn, Zn, As, Co, Hg 
and Se, in the deposit fractions, however, were much less than those 
in the parent coal, indicating that the proposed method is effective to 
remove some of the hazardous elements from coals.  Furthermore, 
the contents of almost all the trace elements in the deposit fraction 
decreased with the number of cycle, which agreed with the results 
shown in Figure 3.  The five cycles of extractions reduced the 
contents of Mn, Zn and Co in the deposit to 29 %, 19 % and 30 % of 
those in the parent coal, respectively.  These results suggest that the 
solvent recycling enhances the degree of removal of hazardous trace 
elements.   
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Figure 3.  Relationship between the ash content in the deposit and 
the number of cycle for PITT through the extraction in recycling 
tetralin at 350 °C.   
 

Figure 3 shows the relationship between the ash content in the 
deposit and the number of cycle.  As presented in the previous 
papers, the deposit obtained by the extraction using one pass tetralin 
contained little mineral matters1,2,3.  The solvent recycling still 
further reduced the mineral matter content in the deposit.  The 
content decreased dramatically from 2.2 % to 0.2 % with the number 
of cycle.  Thus, it was found that the solvent recycling was effective 
not only to enhance the extraction yield but also to remove the 
mineral matters from coals.   
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 Mineral Matters in the Extract.  Figure 4 shows the 
contents of main inorganic elements in the soluble and the deposit 
fractions for extractions using tetralin and those in the soluble 
fractions for extractions using the carbol oil.  The figures in the 
brackets represent the contents of elements in the parent coals.  The 
yields of these fractions through the extractions were also given in 
Figure 4.  Only a small amount of Na and Si were detected in the 
soluble fractions obtained by the tetralin extraction, indicating that 
the soluble is very clean.  On the other hand, the amounts of the 
elements in the deposit fractions obtained by the tetralin extraction 
and the soluble fractions obtained by the carbol oil extraction were 
relatively larger than those in the soluble fractions obtained by the 
tetralin extraction, especially for Fe.  However, the contents of most 
elements in the extracts were less than several percents of those in the 
parent coals.   
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Figure 4.  Contents of main inorganic elements in the extracts.   
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Conclusion 

The effect of solvent recycling on the extraction behavior was 
examined from the viewpoint of practical application of the proposed 
extraction method.  It was found that the solvent recycling was 
effective not only to enhance the extraction yield but also to remove 
the mineral matters from coals, suggesting a possibility of the solvent 
recycling as a cost effective method.   5
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the distributions of inorganic elements, including hazardous trace 
elements, through the extractions were investigated.  It was clarified 
that the proposed method is effective to remove most of the inorganic 
elements from coals, although it depends on the kind of element.   

PR

(0
.4

)

(0
.6

)

(7
.8

)

(1
4.

1)

(0
.8

)

(3
.9

)

0.23 kg/kg-coal daf
0.33 kg/kg-coal daf
0.79 kg/kg-coal daf

3

 
Acknowledgement.  This work was supported by the Ministry 

of Education and Science of Japan through the Scientific Research of 
Priority Area (B) “Development of Clean Coal Technology for 
Mitigating Global Warming”(Grant NO. 737).  The authors express 
their sincere thanks to Prof. A. Ohki for measuring the contents of 
trace elements.   

5

4

3

2

1

0
Na Mg Al Si Ca Fe

Mi

(5
7.

2)

 soluble / tetralin
       0.31 kg/kg-coal daf

 deposit / tetralin
       0.39 kg/kg-coal daf

 soluble / carbol oil
       0.96 kg/kg-coal daf

(4
.5

)

(1
.9

)

(2
6.

0)

(1
8.

2)

(1
7.

0)

Na Mg Al Si Ca Fe

SB

(0
.1

)

(0
.5

)

(2
.5

)

(1
.3

)

(5
.2

)

(2
.7

)

 0.31 kg/kg-coal daf
 0.08 kg/kg-coal daf
 0.63 kg/kg-coal daf  

References 
(1) Miura, K.; Shimada, M.; Mae, K. 15th Pitt. Coal Conf., 1998, Paper 

No.30-1.   
(2) Miura, K.; Shimada, M.; Mae K.; Huan, Y. Fuel, 2001, 80, 1573.   
(3) Miura, K.; Mae, K.; Shindo, H.; Ashida, R.; Ihara, T. 18th Pitt. Coal 

Conf., 2001, Paper No.2.6-6.   
(4) Xu, Y.; Nakajima, T.; Ohki, A. Toxicol. Environ. Chem., 2001, 81, 55.   



EFFECT OF ACID TREATMENT ON THERMAL 
EXTRACTION FOR  “HYPERCOAL” PRODUCTION 

                                                       
Chunqi Li1, Toshimasa Takanohashi1, Takahiro Yoshida1,  

Ikuo Saito1, Hideki Aoki2, and Kiyoshi Mashimo2  
 

1 Institute for Energy Utilization,  
National Institute of Advanced Industrial Science and Technology 

    2 College of Science and Technology, Nihon University   
 
Introduction 
        Thermal extraction using an organic solvent was carried out to 
produce ashless coal (HyperCoal).1,2 HyperCoal is expected to be fired 
directly in a gas turbine to achieve higher net power output and 
minimize CO2 emission. The required extraction yield is higher than 
60%, and ash content in the HyperCoal is less than 200 ppm, in 
addition to less than 0.5 ppm sodium and potassium. In our previous 
work,1-3 the extraction yields of higher than 60% were obtained for 
several bituminous coals using a flow-type extractor at 360oC, with 
nonpolar solvents of  1-methylnaphthalene (1-MN) and Light Cycle 
Oil (LCO). While, in the case of polar solvents N-methyl-2-
pyrrolidinone (NMP) and Crude Methylnaphthalene Oil (CMNO) the 
extraction yields of higher than 80% were attained.The high extraction 
yields were considered to be mainly due to the heat-induced relaxation 
of coal aggregates in the case of 1-MN, while in NMP, not only due to 
the heat-induced relaxation but also solvent-induced one.3 However, 
what kinds of coal aggregations were released during the thermal 
extraction was not clear yet.  In addition, these solvents give relatively 
low extraction yields for some low-rank coals.  In the present work, 
different ranks of coals were acid-treated in organic acids. Effects of 
acid treatment on the thermal extraction yields and the changes of coal 
structure were investigated. Furthermore, mechanisms for thermal 
extraction and acid treatment are discussed. 
 
Experimental 

Table 1. Ultimate Analysis and Ash Content of the Coals Used  

       Coal samples. Six Argonne Premium coals; Pocahontas No.3, 
Upper Freeport, Pittsburgh No.8, Illinois No.6, Wyodak, Beulah-
Zap(<150 µm), and three Indonesia coals; Adaro, Pasir (<150 µm), 

Banko 97 coal(<74 µm) were used. All coal samples were dried in 
vacuo at 80 oC for 12h. The ultimate analysis and ash content are 
shown in Table 1.       
         Acid treatment. Acid treatment of coal was carried out using 
aqueous methoxyethoxy acetic acid (MEAA) or acetic acid, which 
were reported to be effective agents to liberate cation-bridging cross-
links through oxygen functional groups in low-rank coals.4,5 

Approximately 4.0g dried coal  sample was treated in 150 mL aqueous 
acid with 10% ethanol under nitrogen atmosphere at room temperature 
for 24 h. Then, the acid-treated coal was washed with deionized water 
until the pH of deionized water became near 6.0. Finally, the acid-
treated coal was dried in vacuo at 80 oC for 12 h. The ultimate analysis 
and ash content for acid-treated coals are also listed in Table 1.                            
       Thermal extraction. 1-MN and NMP were used as the thermal 
extraction solvent without further purification. Thermal extractions of 
coals were carried out using a flow-type extractor as described 
before.1  The coal sample (0.2-0.5 g) was charged into a stainless cell 
(ca. 4cm3) that was fitted with stainless filters (0.5µm) on both sides 
and then set in an oven. The thermal extraction was carried out by 
supplying fresh solvent (flow rate: 0.1mL/min) under N2 atmosphere 
(1Mpa) at extraction temperatures (200, 300, 360 oC) for 60 min. After 
the extraction, the extract was precipitated by adding n-hexane to the 
extract solution when 1-MN was used as the extraction solvent, or the 
solvent was evaporated from the extract solution and then the extract 
obtained was washed with water when NMP was used as the 
extraction solvent. The extraction yield was calculated on dry ash-free 
basis from the weight of residue.3 
       FT-IR measurement. FT-IR spectrum was recorded by a diffuse 
reflectance method using a spectrometer (Nicolet MAGNA-IR) at 
resolution of 4 cm-1.  
 
Results and Discussion 
        Effect of the acid treatment on the extraction yield.  Figure 1 
shows that the extraction yield in 1-MN for the acid-treated (1.0 M 
MEAA) WY coal did not change significantly. While, the yield in 
NMP for the acid-treated coal greatly  increased to 82.9% from 58.4% 
for the raw coal.The acid treatment also increased the extraction yield 
in NMP for a subbituminous AR coal, and a lignite BZ coals. In 
contrast, for a subbituminous PA, and a lignite BA coal, the acid 
treatment gave a small effect on the extraction yields. The acid 
treatment also gave little effect on the extraction yields for high-rank 
IL, UF and POC coals.  

ash
coal sample C H N S O a (wt%, db)

Pocahontas No.3(POC) 89.7 4.5 1.1 0.7 4.0         4.8
POC acid-treated b 90.0 4.3 1.2 0.6 3.9         3.3
Upper  Freeport(UF) 86.2 5.1 1.9 2.2 4.6      13.1
UF acid-treated b 86.7 5.0 1.7 2.3 4.3 12.2
Illinois No.6(IL) 76.9 5.5 1.9 5.6 10.1 15.1
IL acid-treated b 76.5 5.3 2.0 5.8 10.4 12.0
Wyodak(WY) 75.0 5.4 1.1 0.5 18.0         8.8
WY acid-treated b 74.5 5.6 1.2 0.6 18.1         3.9
Ardaro (AR) 73.0 5.1 1.1 0.0 20.8         1.8
AR acid-treated b 72.9 5.2 1.1 0.0 20.8         0.7
Pasir(PA) 73.5 5.3 1.9 0.2 19.1         4.9
PA acid-treated b 74.4 5.3 1.7 0.2 18.4         3.5
Beulah-Zap(BZ) 71.6 4.8 1.0 0.9 21.7         9.6
BZ acid-treated b 72.0 5.0 1.1 0.8 21.1         3.0
Banko 97(BA) 70.0 5.3 1.3 0.3 23.1         2.4
BA acid-treated b 70.4 5.4 1.2 0.4 22.6         0.8
a By difference      b1.0 M methoxyethoxy acetic acid
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Figure 1.  Extraction yields of acid-treated Wyodak coal extracted in 
1-MN and NMP at 360oCfor 1h. 
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      Figure 2 shows the extraction yields for the acid-treated (1.0 M 
MEAA) and raw WY coals extracted in NMP at different 
temperatures. Similar as that of the raw coal, the extraction yields for 
acid-treated coal were increased with increasing the extraction 
temperature from 200 oC to 360oC, especially, a high extraction yield  
(81.3%) was obtained at 300 oC, similar to that at 360 oC.   
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Figure 3.  FT-IR spectra of   acid-treated Wyodak  (a),  the raw coal 
(b), and the difference  spectrum :(c), (a)-(b). 

14001500160017001800
Wavenumber(cm-1)

(a)

(b)

(c)

Figure 2. Extraction yields of the acid-treated Wyodak coal extracted 
in NMP at different temperatures, together with those of  the raw coal. 
 
          Effect of acid treatment on coal structural changes. Figure 3 
shows FT-IR spectra of WY coal acid-treated in 1.0 M MEAA (a), the 
raw coal (b), and the difference spectrum:(c), (a)-(b). Figure 3 (c) 
shows that the bands near 1,550 and 1,400 cm-1 decreased and the 
band near 1,720 cm-1 increased. The bands near 1,550 and 1,400 cm-1 
are assigned to carboxylate groups, and that at 1,720 cm-1 is assigned 
to carboxylic acid group.6 The carboxylate groups were converted to 
the carboxylic acid groups by the acid treatment,6, 7 as a result, the 
cation-bridging cross-links formed through the carboxylate groups in 
the raw coal might be released, and hydrogen bonds form among the 
carboxylic acid groups.4  While, as shown in Figure 4, after the acid 
treatment for  BA coal, there were no clear changes near 1,555 and 
1,400 cm-1, and  near 1,720 cm-1. Although the acid treatment for BA 
coal decreased the ash content from 2.4% to 0.8%, as shown in Table 
1, there was a small effect on the extraction yield, as described above. 
BA coal has a high concentration of carboxyl groups,8  however, as 
shown in Figure 4, no peak corresponding to carboxylate groups was 
observed in the raw coal, therefore, most of these functional groups 
may be in carboxylic acid form.   

Figure 4.  FT-IR spectra of acid-treated Banko 97  (a), the raw coal 
(b), and the difference  spectrum: (c), (a)-(b). 
 
 hydrogen bonds, can be one reason for the relaxation of coal 
aggregates during the thermal extraction with NMP. 
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Introduction 

Pretreatments for removal of mineral matters and modification 
of coal have been reported.  Recently,  UCC (Ultra Clean Coal) 
project in Australia and HyperCoal(HPC) project in Japan have been 
demonstrated for the development of efficient demineralization 
process of coal by alkali solution and organic solvent extraction, 
respectively.  In the former process, the product obtained still 
contains 0.3-0.7 % of ash, which can damage gas turbine, while the 
latter process can produce the extract(HPC) at high yields of ca. 60 % 
with much less ash content as low as 200 ppm under relatively mild 
conditions without any hydrogen consumption.1  HPC is expected for 
the direct introduction to gas turbine power generation system for the 
higher efficiency and reduction of CO2 emission.  

Coal pretreatment with methanol has been reported for the 
improvement of selective grindability of organic substance and 
mineral matters in coal.2 Coal pretreatments with dilute acid solutions 
have been also reported for the enhancement of coal 
depolymerization, liquefaction, and pyrolysis reactions.3 

In the present study, the effects of pretreatments with methanol 
and dilute acid solutions on the production of HPC are investigated. 
Elution behaviors of metals and mineral matters during such 
pretreatments are also examined based on the characterization of the 
original coal and its derived HPC.  
 
Experimental 

Samples.  A Chinese Enshu(EN) coal and an Australian 
Stratford(STF) coal, and their solvent-extracted coals(Hyper coal: 
HPC) were used in this study.  Their ultimate and proximate analyses 
are summarized in Table 1. 
Coal Pretreatments.  Sequential treatment of coal with H2O, 1 M 
CH3COOH and 1N  HCl/10%ethanol solution at room temperature 
was performed as follows; 
i)  H2O washing : about 4 g of coal was washed with 150 ml  H2O at 

room temperature for 24 h under N2 flow, and filtered and dried in 
vacuo for 5 h at 60 oC. 

ii) Acetic acid washing: Residue from H2O washing was mixed with 
150 ml acetic acid solution at room temperature for 24 h under N2 
flow, and filtered and dried in vacuo for 5 h at 60oC. 

iii) HCl washing : Residue from acetic acid washing was mixed with 
150 ml HCl at room temperature for 24 h under N2 flow, and 
filtered and dried in vacuo for 5 h at 60 oC. 

Analytical procedure .  The filtrates after the pretreatment of coal 
were analyzed by ICP-AES(Shimadzu, ICPS7000) and cation 
chromatography(Nihon Dionex, IonPac CS15) for the measurement 
of eluted metals by the pretreatments. The residues obtained by pre- 
treatments were also analyzed by X-ray fluorescence(XRF) and ICP-
AES after the microwave irradiation acidic digestion treatment by a 
Maultiwave3000(Perkin-Elmer).  

Solid-state 29Si- and 23Na-NMR spectra of the coals before and 
after acid treatments and solvent extraction were measured by a 
Chemagnetics CMX-300 spectrometer with SPE-MAS 

method(Single-pulse excitation-magic angle spining; pulse delay: 20 
sec for 29Si, 2 sec for 23Na, MAS: 3-4 kHz for 29Si, 15 kHz for 23Na).  
 
Results and Discussion 
Properties of Coals and Their HPC 
     Enshu(EN) and Stratford(STF) coals contain 12.6 and 10.3 wt% of 
ash on dry basis, respectively.  Although their coal rank and 
elemental composition were similar, the higher H and S contents and 
the lower ash in EN coal are noted. The extraction yields with 1-
methylnathphalene(1-MN) at 360 oC was above 60 % for both of the 
coals, the ash contents being as low as 200 ppm of the aimed levels 
as shown in Table 1. 
      
Elution of Metals by Pretreatments. 
       Table 2 summarizes the eluted metals by the sequential treatment 
of the coals with H2O, 1 M CH3COOH and 1N  HCl/10%ethanol 
solution. It is noted that some portions of Ca and Mg from the coals 
were eluted into water. Na and K were also detected in the water by 
cation chromatography.  Elements associated with the organic part as 
ion-exchangeable cations present were easily removed from coal by 
CH3COOH washing. Carbonates and oxides minerals were also 
removed by HCl washing according to the reference.1  The minerals 
remaining in the coal after acid washing are indicated to principally 
consist of aluminosilicate and quartz identified by solid-state 29Si-
NMR and XRF measurements. 
 

Elemental analysis (wt %, daf)  

Table 1 Proximate and elemental analyses of coals and their HPC

a by difference

Samples C H N S O aAsh VM

Proximate analysis 
 (wt %, dry)

Removed metals ( wt% based on coal) 

Table 2  
ICP analyses of metals removed from EN coal by sequential treatment
with H2O, CH3COOH, and HCl aqueous solution

Coal-Treatment           Ca               Fe             Mg              Si              Al    
  
 
EN-H2O                     0.080          0.001         0.009         0.000         0.000 
 
EN-CH3COOH          0.152          0.034         0.035         0.000         0.018 
  
EN-HCl                      0.390          0.412         0.027         0.075         0.069 
  
   ( Total  sum:            0.622          0.447         0.071         0.075         0.087 ) 
 
 
 
STF-H2O                    0.009         0.000         0.006          0.000         0.000 
 
STF-CH3COOH         0.062         0.003         0.023          0.000         0.015 
 
STF-HCl                     0.195         0.020         0.054          0.098         0.077 
 
   ( Total sum:             0.266         0.023          0.083          0.098         0.0 92  )        

Enshu(EN) coal            12.6        39.3                78.9   5.4    1.3    4.2        10.2 
 
EN-HPC                        0.02        51.8                83.4   5.6   1.4    1.8          7.7  
 
Stratford(STF) coal      10.3         28.8                87.0    5.5   2.3    0.7         4.5         
 
STF-HPC                      0.02        38.8                 87.7   5.3    2.1    0.7         4.2

 
 
       According to analyses of the pretreated filtrate with MeOH under 
the ultrasonic irradiation for 1 h by the cation chromatography, small 
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amounts of Na, Ca, Mg, and K were eluted during the pretreatment 
with MeOH or MeOH/H2O solution. A small amount of Fe was also 
detected in the filtrate by ICP-AES. Although the accurate amounts 
of the metals eluted by the pretreatments were not determined due to 
their low concentration, such a simple impregnation pretreatment 
with MeOH/H2O can be expected to remove some amounts of metals 
prior to solvent extraction as well as to modify the organic part in 
coal. In addition, since the pretreatment with MeOH has been 
reported to enhance the coal grindability and separation of organic 
substances from mineral matters,2  a more practical coal preparation 
scheme can be designed by the combination of such pretreatment 
with coal grinding procedure.  It was also reported that organically 
associated Ca and aluminosilicate species elute into HPC during 
solvent extraction at high temperature,1 hence the pretreatment with 
dilute acidic solution is expected to remove such organically 
associated species beforehand, since dilute organic acids such as 
acetic acid have been recognized to reduce not only ion-exchangeable 
cations of alkali and alkali-earth metals,3  but also organically 
associated aluminosilicate species.1   

 
Figure 2 illustrates the HPC yields from the pretreated 

coal(particle size: 32-60 mesh) under various conditions. The 
pretreatments with MeOH and MeOH/H2O for 48 h gave a little 
higher extraction yield of 53.4 and 53.7 %, respectively, while the 
yield was 51.3 % from non-treated coal. The acid treatment with 1% 
HCl or CH3COOH slightly increased the HPC yield to 52%. 

60

Fuel Chemistry Division Preprints 2003, 48(1), 458 

           Na species in the coals and their HPC were detected by 23Na-
NMR to the levels of ppm, although the quantitative analysis of Na is 
very difficult because of the broadening of the peaks due to the 
quadrupole interactions of 23Na.4  A preliminary result with 23Na-
NMR revealed that ion-exchangeable Na species may relatively 
remain in the solvent extracted fraction(HPC).5   Further detailed 
investigation is required for the more quantitative analyses. 
           By the combination with microwave acidic digestion with 
FI(flow injection)-ICP-AES, alkali metals in the coals before and 
after the pretreatments were quantified to a satisfactory level.6   

Figure 1 shows the removal percent of metals by the 
pretreatments with MeOH, MeOH/H2O(1:1), and 10% CH3COOH aq.  
About 20% of alkali metals with 30-40 % of alikali-earth metals were 
removed even by MeOH and MeOH/H2O. 10% CH3COOH solution 
removed more amounts of alkali and alkali-earth metals, especially 
90% of Ca was removed from EN coal.  It is also noted that some of 
aluminum compounds were removed by such mild treatments, 
indicating that such Al species may be bonded to or associated with 
organic parts in the coal through oxygen functional groups. 
 

 
                   : MeOH              : MeOH-H2O          : CH3COOH 
 

Figure 1 Removal percent of metals by pretreatments 

 
 
Conclusions 
         Based on the present study, it is revealed that a mild 
pretreatment with MeOH, MeOH/H2O, or dilute acetic acid solution 
can modify the organic parts of the coals to be more easily solvated 
with extraction solvent as well as remove some portions of alkali, 
alkali-earth, and other eluted metals prior to the solvent extraction 
procedure.  A combination of such a mild pretreatment at room 
temperature with high temperature solvent extraction is expected to 
be one of the promising ways for the efficient production of HPC, 
because HPC is required to reduce its content of alkali and alkali-
earth metals to the extremely low levels (Na+K < 0.5 ppm; Ca < 2 
ppm) for the direct introduction to gas turbine power generation 
system.   More extensive optimized procedures for the production of 
HPC should be designed in terms of  its required strict quality and 
cost/performance. 
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CLEAN COAL CONVERSION OPTIONS USING 
FISCHER-TROPSCH TECHNOLOGY 

Syngas     Fischer-                 Thermal*     Relative         
Manufacture    Tropsch          Efficiency Capital Cost 
  

Coal: André P Steynberg and Herman G Nel 
  
 2(-CH-)+O2 → 2CO + H2→ (-CH2-) + CO2  60%      200 Research & Development Division 

 Sasol Technology 
 1 Klasie Havenga 

Natural Gas: Sasolburg 
 1947 

CH4 +  ½O2 → CO +2H2 → (-CH2-) + H2O 80%   100 South Africa 
  
  
* Theoretical Maximum Introduction 
 Any meaningful utilization of the vast coal resources in places 

like China, India, Australia, South Africa and the USA will involve 
conversion into some other form of energy. Coal, as a solid, has a 
high energy density and is therefore reasonably convenient as a 
heating fuel. The problem is that the associated pollutants negate any 
advantages compared to other cleaner burning fuels. Coal is rather 
converted into other cleaner forms of energy such as liquid 
hydrocarbons, synthetic natural gas (SNG) and electric power. 
Initially these conversion plants simply concentrated the pollutants in 
one large scale conversion site while enabling the end user of energy 
to experience a cleaner fuel. With time, more and more success has 
been achieved  in cleaning up the emissions from large scale coal 
conversion facilities. 

 
This appears to paint a bleak picture for coal utilization but it 

ignores two factors. Firstly the high energy density of coal allows the 
feed to be delivered to the conversion plant at a lower cost. Secondly 
the lower energy efficiency ignores the opportunity to convert the 
byproduct heat into electrical power. 

 
Another potential use for some of the byproduct heat is to 

generate steam for the use in the water gas shift reaction to modify 
the above coal conversion reaction as follows: 

 
 
H2O + 2CO + H2 → CO + 2H2 + CO2 → (-CH2-) + H2O  

One fact that cannot be avoided is that every ton of carbon in 
mined coal will sooner or later end up as 3.67 tons of carbon dioxide 
in the atmosphere. Although some attention has been paid to the 
possibility of carbon dioxide sequestration this is not currently, and 
may never be a viable option. Certainly the cost of sequestration 
seems likely to favour the use of other fossil fuel alternatives such as 
crude oil and natural gas while these are still readily available. 

    ↓ 
          Removed 
 
This then becomes equivalent to the natural gas route for the 

synthesis gas conversion step but twice as much oxygen has been 
used to prepare the synthesis gas and the cost of generating steam 
and removing carbon dioxide provides a further cost penalty. 

  
The increased production of carbon dioxide per unit of useful 

energy for coal relative to other fuels is inevitable. Assuming this is 
acceptable, it becomes important to ensure that, when coal is used, it 
is used as efficiently as possible. 

The above equations also ignore the reality that coal is gasified 
with both steam and oxygen together. This leads to a lower oxygen 
consumption for gasification than is indicated by the above 
equations. For the coal conversion options considerd, the oxygen 
consumption per unit of synthesis gas is actually not double that for 
the partial oxidation of natural gas. 

  
Combined production of hydrocarbon liquid and electrical 
power  

The coal fired power stations in South Africa and elsewhere 
produce some of the world’s lowest cost electrical power but this 
large scale coal combustion has an environmental penalty. An 
alternative approach is to gasify the coal in order to produce a low 
heating value synthesis gas which may be cleaned prior to 
combustion in a combined cycle power plant using both steam and 
gas turbines. There are alternative uses for this synthesis gas that may 
offer opportunities that are both economically more attractive and 
result in more efficient use of the coal. Where a region’s economy is 
dependant on coal utilization, there is a strong case to be made to 
switch to more efficient and less polluting coal conversion 
technologies as these become available. 

The cost penalty is somewhat negated by the fact that steam 
generation is required anyway to remove the heat generated by the 
Fischer-Tropsch reaction and to cool the hot synthesis gas exiting the 
gasifier. Synthesis gas cleanup to remove acid gases is also required 
anyway for use is gas turbines.  

 
The concept of producing Fischer-Tropsch liquid hydrocarbons 

and electrical power from coal derived synthesis gas has been around 
for quite a long time. A 1978 patent from Chevron pointed out the 
advantages of using this concept to cope effectively with power 
demand variations2. The US Department of Energy (DOE) supported 
by contracted studies by MITRE Corporation3,4 and companies such 
as Texaco5, Air Products6,7 and Rentech8,9 showed that LTFT reactor 
technology can be used together with coal or petroleum coke 
gasifiers for the co-production of hydrocarbon liquids and electrical 
power. Fluor Daniel10 have proposed the use of HTFT for this 
purpose.  

 
Synthesis gas can also be made from natural gas and the 

following comparison has been published previously by Shell1: 
 

 
  
 It is possible that the combined production of hydrocarbon 

liquids and electricity can compete with natural gas conversion to 
only the hydrocarbon liquids. This option has been studied for two 
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Fischer-Tropsch conversion options i.e. Low Temperature Fischer-
Tropsch (LTFT) and High Temperature Fischer-Tropsch (HTFT) 
both using Iron based catalysts. 

Coal

Solid Stream Summary
Stream Stream Flowrate LHV LHV
Number Name kg/h kJ/kg MW

1 Coal 928063 30506 7864
2 Oxygen 951597 0 0
3 Water 654404 0 0

Gas Stream Summary
Stream Stream Flowrate LHV LHV
Number Name k nm3/h kj/nm3 MW

4 Raw Gas 2243 9843 6133
5 Shift Gas 2680 7923 5898
6 CO2 799 0 0
7 Syngas 1881 11341 5925
8 Tailgas 360 14553 1453

Liquid Stream Summary
Stream Stream LHV LHV
Number Name bbl/day MJ/bbl MW ton/day MJ/kg

9 Decant Oil 1799 6099 127 249 44.1
10 Stabilised Light  Oil 34070 4859 1916 3899 42.5
11 Condensate 25002 4112 1190 2334 44.1

60871 3233

Thermal Efficiency
Stream LHV MW %

Coal to Gasifier 7864 100.0
Liquid Products 3233 41.1
Power Export 393 5.0
Overall 3626 46.1

Gasification SOUR SHIFT Acid
 Gas 
Removal

HTFT
Reactor 

5

1 6

ASU

2

4 Combined
Cycle
Power

7 8

119

10

 

 
Cases Studied   

For both cases the use of a Texaco Gasifier was assumed to 
make a synthesis gas with the following composition (mol%): 

H2  37.36 
CO  29.26 
CO2   13.30 
CH4    0.16 
H2O  19.43 
Inert    0.49   
 
For the LTFT case this gas is fed to a two stage reactor system 

to form liquid hydrocarbon products. The tailgas is sent to a gas 
turbine to produce power. Other sources of power are the steam 
generated in the process of cooling the synthesis gas from the gasifier 
and in removing the heat generated in the Fischer-Tropsch reactors. 

 
For the HTFT case, a similar quantity of hydrocarbon product 

can be produced with a single stage reactor. For this case the 
synthesis gas is subjected to a sour gas shift prior to acid gas removal 
in order to increase the hydrogen to carbon monoxide ratio in the 
synthesis gas. This was also found to significantly increase the utility 
requirements for the acid gas removal step. 

 
The mass and energy balances for the two cases are shown 

below. These are not necessarily fully optimized but are considered 
realistic to provide a fair basis for comparison. 

Figure 2.  HTFT Based 
 

 Discussion of the results 
        Natural gas conversion processes can be expexted to have 

thermal efficiencies in the range of 60 to 66%. For the current state 
of the technology, cost effective facilities will have thermal 
efficiencies closer to 60%. Coal conversion is clearly less efficient. It 
seems 50% efficieny is achievable. The cost of feedstock per unit of 
energy must therefore be less in order to compensate for this 
efficiency defecit. However, this is not unrealistic. Existing coal 
conversion plants operating with thermal efficiencies closer to 40% 
are cash positive. 

Solid Stream Summary
Stream Stream Flowrate LHV LHV
Number Name kg/h kJ/kg MW

1 Coal 928063 30506 7864
2 Oxygen 951597 0 0
3 Water 654404 0 0

Gas Stream Summary
Stream Stream Flowrate LHV LHV
Number Name k nm3/h kj/nm3 MW

4 Raw Gas 2243 9843 6133
5 CO2 364 0 0
6 Syngas 1879 11781 6148
7 Tailgas 695 7831 1513

Liquid Stream Summary
Stream Stream Flowrate LHV LHV
Number Name bbl/day MJ/bbl MW ton/day MJ/kg

8 Condensate 18248 4635 979 2090 40.5
9 Wax 35844 5809 2410 4740 43.9

Total 54092 3389

Thermal Efficiency
Stream LHV MW %
Coal 7864 100.0
Condensate 979 12.4
Wax 2410 30.6
Power 566 7.2
Overall 3955 50.3
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        Compared to natural gas conversion, the capital cost based on 
similar quantities of energy product are higher for a number of 
reasons. Firstly there is the need for acid gas removal from the 
synthesis gas. This step is not required for a sweet natural gas feed. 
The capital cost of synthesis gas generation is also significantly 
higher mainly due to the higher oxygen requirement (by a factor of 
nearly 1.7). The Fischer-Tropsch  conversion step is marginally more 
expensive for the HTFT technology and nearly double the cost for 
the LTFT route when compared to natural gas conversion. This is the 
result of the coal derived synthesis gas being unsuitable for use with 
modern supported cobalt Fischer-Tropsch catalysts. Another factor 
that negatively impacts the coal conversion plant is that it is more 
utility intensive than a natural gas conversion plant. This is an 
inevitable consequence of the lower thermal efficiency. 
 
         Considering the comparison between the HTFT and LTFT 
options, it is clear that the LTFT route is more efficient. The main 
reason for the lower efficiency of the HTFT option is that the acid 
gas removal step becomes more utility intensive. As mentioned 
previously though, the capital cost for the Fischer-Tropsch section is 
higher. Only a detailed study beyond the scope of this paper will be 
able to determine whether the higher efficiency of the LTFT route 

Figure 1.  LTFT Based. 
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(10) Stupin, W.; Ruvikumar, R.; and Hook, B.; “Liquid products from 
Petroleum Coke via Gasification and Fischer-Tropsch Synthesis”, NPRA 
2000 Annual Meeting, San Antonio, Texas, AM-0010 (March 2000).  

can compensate for the higher capital cost. The preferred solution 
may be different for different potential application sites and may be 
influenced by whether gasoline or diesel is the desired primary 
product.  

 
       The economic success of the coal conversion plant will 
inevitably depend on the price received for the products. It seems 
unlikely that the price for liquid hydrocarbons will be sufficient to 
provide a suitable return on the capital invested while the energy 
resources of crude oil and natural gas are still readily available. 
However, if some assistance is provided for the initial capital costs, 
coal conversion to liquid hydrocarbons together with electrical power 
is an efficient option relative to other coal conversion options. It may 
be important to reduce dependence on imported energy for countries 
with abundant coal resources. The coal conversion efficiencies are 
higher when liquid hydrocarbons are produced than for facilities 
producing only electricity. 
 
       Production of liquid hydrocarbons from coal as described above 
has two further advantages. Firstly the market is huge and the 
facilities can take advantage of economics of scale for very large 
facilities producing hydrocarbon fuels steam together with electricity. 
However, the huge capital investment involved is another reason why 
state assistance will probably be necessary to fund such a coal 
conversion facility. The other benefit is that the final liquid 
hydrocarbon fuels will be ultra clean and will not contain sulfur or 
nitrogen. This will lead to local environmental benefits where these 
fuels are used.    
   
Conclusions 

Certainly coal conversion to hydrocarbon liquids and electricity 
is economically attractive from an income/ cash cost viewpoint. 
However large capital investments are require to reap the benefits 
from economics of scale and the return on capital invested is not 
particularly attractive. It is therefore expected that these coal 
conversion plants will only become a reality if there is some form of 
state assistance with the initial capital investment, such as low 
interest loans. This would be motivated by the independence from 
imported energy and the more efficient and cleaner utilization of the 
local energy resource. The Chinese government has accepted this 
approach and China is likely to be the pioneer for this technology 
option. Places that have abundant coal are likely to use this resource. 
It is the duty of technology providers to ensure that technology is 
made available to allow the coal to be used as efficiently as possible. 
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Abstract: 

Addition CaO in gasifier can absorb CO2 and release heat 
during coal gasification.  This method was used for 
producing high concentration hydrogen from one reactor 
(HyPr-RING method).  Previous experimental studies1-5) 
have confirmed that high concentration H2 (above 80%) with a 
few CH4 can be made, and no carbon oxides are detected in 
the product gas phase.  In this study, we will discuss the 
general problems with using calcium base sorbents in high 
temperature absorption, and our solutions in HyPr-RING 
method for H2 production.  A H2 production process was 
designed in consideration of these solutions, and higher as 
75% H2 production efficiency was expected.    

Fig. 1 Concept of HyPr-RING process 
 

In this study, we will discuss in detail in the problems and 
their solutions in the CaO using process.   
 
 
Discussion: 

Fig. 2 shows problems and solutions in HyPr-RING 
method. CaO losing reactivity during sorbent recycle is an 
original problem for using Ca base sorbents.  We considered 
recovering CaO reactivity by calcium hydration in gasifier.   
Theoretical and experimental results have confirmed that, at 
high temperature as 873-973 K, CaO can react with steam 
under higher pressure as 0.3-1.3 Mpa.  

 
Introduction: 

It is necessary to solve the problem between the 
utilization of fossil fuel and the protection of environment.  
One of solution is to transform the fossil fuel energy to 
hydrogen, which is a most clean energy, generates only water 
without any pollutants.   

 

 CaO 
Reactivity
loss

Ca(OH)2
revival

Ca(OH)2/CaCO3
eutectic Melting

Low temperature
gasification
973 K

Unreacted 
carbon

For
calcinationProblems

Solutions

 

In previous study 1-5), we proposed to use a solid sorbent 
(CaO/Ca(OH)2) to remove CO2 at comparative high 
temperature which the coal gasification can occur with 
suitable rate.  Namely, absorbing CO2 in gasifier and 
releasing the heat of CO2 absorption to the endothermic coal 
gasification simultaneously (Fig.1).  For keeping CaO 
reactivity, it is better to like CaO first reacts with H2O in the 
gasifier to form Ca(OH)2, and then Ca(OH)2 absorbs CO2 to 
form CaCO3.  The flowing four reactions should be 
integrated in gasifier.   

 
Fig.2 Problems for using CaO and their solution. 

22 )(OHCaOHCaO →+      (1) 
 

22 HCOOHC +→+      (2) The next problem is Ca(OH)2/CaCO3 eutectic melting.  
Lower operation temperature must be chosen for the gasifier, 
such as our confirmations in experiment 5).  We are 
considering using the unreacted carbon after gasification to be 
an energy source for CaCO3 calcination (sorbent 
regeneration). 

222 HCOOHCO +→+      (3) 

OHCaCOCOOHCa 2322)( +→+     (4) 
 
 Fig.3 shows mass flow comparison of HyPr-RING with a 

conventional H2 production.   
Fig. 4 show an analysis of HyPr-RING process in 

consideration of above solutions.  Since most of calcination 
energy become chemical energy of CaO, and can be released 
in the gasifier, higher as 75 % hydrogen production efficiency 
was expected.      
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Fig. 3 Mass flow comparison of HyPr-RING with 
conventional processes. 
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Fig. 4 An anlysis of HyPr-RING process 
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Introduction 

Brown coals are important energy resources in the near future 
because of their abundant deposits.  But dewatering (drying) process 
is necessary prior to use for power generation because their waters 
content are very large, and reach as high as 60% by weight for some 
coals.  Current technology for power generation from low rank coals 
removes most of water by evaporative drying, resulting in a direct 
loss of the heat of evaporation (~2.3MJ/kg).  Therefore, development 
of an efficient dewatering process is desired for more utilization of 
brown coals. 

Non-evaporating drying process is preferable for this purpose, 
since the water is separated in liquid form.  Fleissner process1) has 
been applied commercially to brown coal since 1920's, and several 
processes utilizing non-evaporative dewatering have been proposed2).  
In these processes, brown coals are treated under hydrothermal 
conditions at 200 ~ 300 °C, where upgrading as well as dewatering of 
brown coals are realized through the decomposition of oxygen 
functional groups.  Simultaneously, a large amount of wastewater 
containing organic compounds derived from brown coal is 
discharged from the dewatering process.  Wastewater treatment is a 
serious concern from the viewpoint of environmental preservation. 

Apparatus and procedure  Figure 1 shows the experimental setup 
for the catalytic hydrothermal gasification.  1.5 g of catalyst was 
embedded in a reactor made of Swagelok.  The wastewater or 
aqueous solution of containing one of organic compounds (2000 
ppm) was supplied to the reactor at the rate of 0.2 to 1 ml/min under 
the pressure of 20 MPa to maintain liquid phase at the reaction 
temperature.  The LHSV was changed from 10 to 50 h-1.  The reactor 
was heated in a fluidized sand bath where the temperature was 
maintained at 200 ~ 350 °C. The product gas and treated water was 
analyzed by gas chromatographs (GC) and a total organic carbon 
analyzer (TOC), respectively. 

Fig.1  Apparatus for catalytic hydrothermal gasification. 
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Recently the authors have developed a novel Ni-supported 
carbon catalyst3) and showed that the catalyst is effective to gasify 
small molecular weight organic compounds to convert them to CH4 
and H2

4).  In this paper a brown coal was treated under the 
hydrothermal conditions for dewatering and the catalyst was applied 
to gasify the wastewater emitted during the dewatering.  Organic 
compounds such as phenol were also gasified for comparison 
purpose. 

 
Results and Discussions 
Catalytic hydrothermal treatment of wastewater  Figure 2 shows 
the carbon conversion and the product gas yields when the 
wastewater was gasified at 200 ~ 350 °C.  The LHSV was 50 h-1.  
The product yields were all represented on the basis of 1 mol of 
carbon in the wastewater.  The carbon conversion increased with the 
increase of reaction temperature and reached eventually at 350 °C.   

The gaseous products detected were only CH4, CO2, and H2.  

CO was little produced under these conditions.  The total yield of 
CH4 and CO2 was almost the same with the carbon conversion  

Experimental 
Catalyst preparation  A metacrylic acid type resin (Mitsubishi 
Chemical, WK-11) was used as a starting material.  The resin was 
treated in an ammonium complex ion aqueous solution of Ni(SO4)2 at 
room temperature.  It was then heated at the rate of 10 K/min to 500 
°C in a nitrogen stream to prepare the Ni-supported carbon catalyst. 
BET surface are of this catalyst was 170 m2/g.  The amount of Ni 
supported surprisingly reached as high as 47wt% andl Ni was found 
to be highly dispersed in the porous carbon from X-ray diffraction 
pattern.  This catalyst was subjected to the experiment without any 
further treatments such as reduction by hydrogen. 
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Fig.2  Catlytic hydrothermal gasification of wastewater at 
20 MPa (LHSV = 50 h-1). 

Sample preparation  A Victorian brown coal, Morwell, was used in 
this study.  Water content of the coal was 1.31 kg/kg-dry coal.  
Hydrothermal treatment was conducted in a 20 ml autoclave.  About 
6 g of coal water mixture (1:1 on weight) was loaded in a reactor.  
The reactor was purged by 1 MPa of nitrogen several times to 
remove oxygen in the reactor before heating.  The autoclave was 
heated to 300 °C at which the temperature was maintained for 60 min.  
The wastewater was obtained by filtering the coal/water mixture after 
the treatment.  The total organic carbon in the wastewater was ca. 
2000 ppm.  Another type of wastewater derived from  the 
mechanical/thermal dewatering process (MTE) 5) was also used. 
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estimated from the concentration of organic carbon in the wastewater 
before and after treatments.  The gas yields all increased with the 
increase of reaction temperature.  The yield of CH4 was 0.68 at 
350°C.  On the other hand, the yield of H2 was much smaller than the 
yields of other gases and less than 0.1 even at 350 °C, indicating that 
CH4 rich gas could be obtained through the catalytic hydrothermal 
treatment of wastewater.  Above results clearly show that the 
hydrothermal gasification process using new catalyst is effective not 
only to treat the wastewater but to recover gaseous energy resources 
from the wastewater. 
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Molecular weight distributions of organics in wastewater before 
and after treatments  To examine which components are gasified 
easily, molecular weight distributions of organics in the wastewater 
before and after treatments were analyzed by GPC.  Figure 3 shows 
the elution curves of the organics in the wastewater before and after 
treatment.  Corresponding molecular weight, which was calibrated 
using polyethyleneglycol (PEG), is shown above the figure.  The 
wastewater before treatment contains a fairly large amount of small 
molecular weight components less than 200 g/mol.  About a half of 
these components were gasified at 200 °C where the carbon 
conversion was 0.17.  This result clearly indicates that the small 
molecular weight components are more reactive for hydrothermal 
gasification than high molecular weight components.  However, even 
high molecular weight components more than 100,000 g/mol were 
completely gasified when the reaction temperature was raised up to 
350 °C. 
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Fig.4  Product gas yields from the catalytic hydrothermal 
gasification of lignin, phenol, m-cresol, and wastewaters 
from dewatering. (350 °C, 20 MPa) 

 
Conclusions 

Wastewaters from the dewatering process of brown coals were 
gasified under hydrothermal conditions by use of a novel Ni/carbon 
catalyst developed by us.  Organics in the wastewater were 
completely gasified under the hydrothermal conditions of 350 °C and 
20 MPa, producing H2, CH4, and CO2.  This result indicates that this 
catalytic hydrothermal gasification can recover energy resources 
from organics in wastewater effectively.  It was also found that small 
molecular weight components were more reactive for the catalytic 
hydrothermal gasification than large molecular weight components in 
the wastewater. 

Treatment of various water-soluble compounds  A water-soluble 
lignin, phenol, m-cresol, the wastewater of the MTE process were 
also gasified at 350 °C with the TOC of 2000 ppm.  Figure 4 shows 
the product gas yields.  The sum of the yields of CO2 and CH4 
corresponds to the carbon conversion, because the formation of other 
gases containing carbon was negligible.  The carbon conversions of 
lignin, phenol, and m-cresol were 0.52, 0.68, and 0.87, respectively 
when LHSV was 50 h-1.  These results indicate that these compounds 
are less reactive than the wastewater.  As for product gas yields, the 
yields of CH4 and CO2 were almost the same for the phenol and 
cresol.  The yields of hydrogen for lignin, phenol, and m-cresol were 
clearly larger than the H2 yield for wastewater.  When the LHSV was 
lowered to 10 h-1, phenol, cresol, and the wastewater of the MTE 
process were almost completely gasified at 350 °C.  The carbon 
conversion of lignin was also increased up to 0.77.  The product gas 
composition was, however, not affected by the value of LHSV.  
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Fig.3  Elution curves of organics in the wastewater before 
and after treatment. 
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A water-soluble lignin, phenol, and m-cresol in water were also 
gasified under the same conditions.  They were all less reactive than 
the organics in the wastewater coming from the brown coal 
dewatering process.  It was found that the carbon conversion 
increased with the decreace of LHSV value whereas the product gas 
composition was not affected by the LHSV value. 
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