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ABSTRACT 

The objective of this study is to de­
velop a catalytic coal gasification process 
to produce CO, H2 and CH4, applying the 
catalytic effects of mineral matters in 
coal if possible, and additives put arti-

gasifying agents consisting of steam and of 
C02, and even with the agent containing H2S 
(50-500 ppm) [8,9,10,11] . 

NOMENCLATURE 

ficially on coal and char. Fundamental A preexponential factor of rate constant 
defined by Arrhenius equation, min-l investigations were carried out thermograv-

imetrically at atmospheric pressure and 
700 ...... l400DC, using various kinds of gasi­
fying agents composed of steam(H20), C02' 
H2, CO, CH4' 02 and N2. An isothermal 
modified volume reaction(MVR) model was 
developed to evaluate the reactivity or 
rate of gasification'l). 

Main conclusions were as follows:the 
reactivity of non-catalytic gasification 
of chars, prepared under similar conditions 

a = constant parameter in Eq.(2) 
b constant parameter in Eq.(2) 
E activation energy of gasification of 

char, kJ. moCl 

f l-(W/WO)' fractional gasification of 
coal char, -

fa aromatic carbon fraction of coal, -
finf = the value of f at an inflection point 

on the f-a curve, -
FC = fixed carbon content by proximate ana-

from 26 different coals of fuel ratio rang- lysis of coal, wt%, db 
ing from 1 to 20, was found to be able to FR = FC/VM, fuel ratio of coal, -
correlate with two properties of the parent k = Rw/W, gasification rate based on the 
coals. The one was the fixed carbon 
content attributable to chemical structure 
and another was the moisture-holding 
capacity measured at 30DC attributable to 
physical-structure; both could be easily 
analysed and determined[1,2,3,4). The 
catalytic activity of mineral matter com­
ponent was confirmed to be very poor for 
rate enhancement of gasification of carbo­
naceous material with steam at SOO-900DC 
15,6). Then the searching for new cata­
lysts to be added r"ntensionally over coal/ 
char was also confirmed to be an important 
research subject for the development of 
Catalytic gasification process[5,7,8,9). 
As a result, the compounds of sodium, po­
tassium, barium and strontium were found 
to be very effective and promising as 
catalysts for gasification of char with 

residual weight of combustibles ill the 
samples, g/g(W) · min 

k average rate constant defined by Eq. (6) 
according to the isothermal modified 
volume reaction(MVR) model, min-l 

R = gas constant, kJ.mol-l 
Rf = Rw/Wo = df/de, gasification rate based 

on the initial weight of combustibles 
in sample, g/g(WO) ·min 

RS Rw/ST = k/Sf, gasification rate based 
on the total surface of sample, g/m2·min 

Rv Rw/ D.r= k/ fif, gasification rate based 
on the total moisture-holding capacity 
given in " volume", g/cm3(H20) ·min 

Rw = gasification rate de(ined by -dW/d6, 
g.min-l 

Sg = specific surface area of coal/char, 
m2/g(db) 

Sf Sg[l-(l-aO) f] /[(l-aO) (I-f» ), surface 
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area per weight of the combustibles in 
coal char, m2/g(W) 

ST = Sg W 0 [1-(l-ao) f), total surface area 
of sample char gasified to a fractional 
gasification f, m2 

T = temperature, K 
Vb = packing volume of coal/char bed, em3 
Vp = fl/PH20' specific pore volume filled 

with moist water, em3(H20)/g(db) 
W = residual weight of'combustibles in 

sample coal/char, g 
Wo = initial weight of combustibles in 

sample coal/char, g(db) 
W= residual weight of sample coal/char 

f, g 
Wo = initial weight of sample coal/char, 

g(db) 

at 

Ws = moistened weight of coal/char at equi-
1ibrium condition, g 

ao = fractional weight of the initial ash 
content in sample char. gIg ( Wo) 

gb = packing porosity of the coal/char bed, 
cm3/cm3 (bed) 

gp = P bH/[PH20(l-gb)]' fractional of .the 
moisture-holding volume to the apparent 
volume of coal/char particle, 
em3 (H20)/cm3 (particle) 

a = gasification time, min 
ainf = the value of a at an inflection 

point on the f-a curve, min 
Pb = w6/Vb' packing density of the coal/ 

char bed, g(db)/cm3(bed) 
PH ° = density of the moisture(water) 2

held in coal/char, g(H20)/cm3(H20) 
� = dT/da, heating-up speed of the temper­

ature programed run, K/min, DC/min 
.n = (ws- wO) / wO' moisture-holding 

capacity given in "weight",g(H20)/g(db) 
Hf = (H/ PH20) [1-(l-aO)f] / [ (l-aO) (l-f) ] , 

moisture-holding capacity given in 
"volume", per the weight of combustibles 
in coal char, cm3(H20)/g(W) 

H T = (n / PH20)wO (1-(l-aO) f) , total 
moisture-holding capacity given in 
"volume", of a sample char gasified to 
a fractional gasification f, cm3(H20) 

INTRODUCTION 

Since the oil crisis in 1973, the 
development of the technology of coal as 
one of the alternate sources of hydrocarbon 
energy has been awaited eagerly all over 
the world. However the bars to success ilie 
development of coal gasification process 
are that a coal is not a pure substance but 
a mixture of organic matter and inorganic 
mineral matter, and that both of the gasi­
fication rate and the consti tuent of gaseous 
product depend strongly on the raw coal. 
A coal gasification proceeds in two steps: 
the devolatilization of coal to char which 
initiates near above 200°C, and then the 
gasification of the char with oxidizing 
agent such as steam, CO2, 02 and a mixture 
of these, at more higher temperature region. 
The former step corresponds to pyrolysis or 
thermal decomposition of coal with rapid 
rate and is referred to as carbonization in 
this paper hereafter. The latter is rela­
tively slow process and can be usually 
regarded as a rate determination step of 
the coal gasification process. 

It has been well known that the gasifi­
cation rates/reactivities of different 
chars can not be independent of each parent 
coal, if they are prepared by the same 
carbonization procedure. But we have no 
reasonable method to predict the gasifi­
cation reactivity of char with any proper­
ties of the parent coal. For our country, 
it is especially necessary to develop a 
coal gasification process applicable to �y 
kihds of coals. So the engineering compre­
hension on the nature of coals, which is 
controlling the mechanism of gasification 
of coal/char, is an essential subject. This 
will also give an useful insight into the 
development of catalysts which is effective 
for the enhancement of rate of gasification 
and for the selective conversion of carbon 
in coal/char to CO, CH4 or C02 in the 

I 
produced gas. -From these points of view, 
the experimental investigations were 
focussed the following subjects J (1) relation 
between the carbonization condition of a 
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coal and the gasification reactivity of the 
char, (2) changes of the pore structure of 
char during gasification, (3) correlation 
of gasi"fication reactivity/rate of a char 
with the chemical and physical properties 
of the parent coal, (4) searching and 
development of gasification catalysts 
tolerant to sulphur compounds in gasifying 
agent. 

EXPERIMENTAL 

Coal and char samples 

Table I lists the 26 coals used and 
their analyses. The ultimate analyses are 
dry ash-free(daf) basis[2}. The proximate 
analyses of volatile matter(VM), fixed 
carbon (FC) and high-temperature ash (HTA) 
are dry basis, which is the weight after 
drying in N2 stream at IIOoC for I hour[ll. 
The coals in Table 1 have been arranged in 
order of their fuel ratio(FejVM). The low­
temperature ash(LTA) was the mineral matter 

content in the coal, as determined on an 
oxygen-plasma low-temperature asher(Yanaco, 
Model LTA-2SN). Moisture-holding capacity 
!1 is defined by the relative weight 
increase, (ws-WO)}wO' caused by leaving the 
sample coal/char dried at 110°C for 2S hours 
into the moist air equilibrated at 300e(or 
SOOe) for 60 hours[31. 

The total iron content in ash in Table I 
was analyzed by a conventional chemical 
titration of acidic ash solution with 
potassium permanganese solution, and 
recalculated to the contents in coal and 
char. 

A char sample was obtained by carbonizing 
the coal in a conventional electric furnace 
with various conditions at up to 1400oe, 
mainly for 7 minutes at 10000e in pure N2 
stream(300 Ncm3/min) , and sieving mainly to 
a mean particle size of 1. 0 mm(-12/+24 mes�. 
For convenience in this paper, the name of 
coal or parent coal of the char will be 
identified by the letters in the first 
column of Table 1. 

Table I Analyses of coals 
Ultimate anaIYsis(�.daf) Proxima te-amIYsis (wt'6.dbl Fuel LTA nC) 

C oal Native a) Volatile Fixed Ash ratio HTA 
1�(H20 C 0l1li trY C H N S Odiff m atter carbon <Hl'A) ra-FC) b 

VM Fe VM (-) /g(dbl 
Y Yallourn Austral ia 61.2 4. 8 0.5  0. 1 33.5 50.7 48.6 0.7 0.96 3.70 15.4 

Ta TaiheiYo JaPan 75.8 6. 5 0. 9 0. 2 16.7 41.9 41.6 15.5 0.99 1.52 6.5 
Ii Honmai Jaoan 79.3 6. 9 1. 6 0. 2 n.9 31.6 38.6 29.8 1.22 1.05 4.0 
I Illinois #6 U.S.A 79.8 5. 3  1.1 2. 5 11.3 37.6 SO.8 11.7 1.35 1.83 7.1 
M Miike JaD&n 83.9 6. 5 1.2 0. 6 7.8 39.0 53.7 7.3 1.38 1.41 2.4 
Co Collie Austral ia 70.5 4.6 1.4 0.4 23.2 36.4 59.6 4.1 1.64 2.09 11.6 
A Abers •• Austral ia 79.5 5. 1 2. 0 0.7 12.0 33.1 56.8 10.1 1.72 1.13 3.7 
L Li throw Austral ia 82.1 5.7 1 . 9  0.1 9.6 31.7 57.7 10.5 1.82 1.32 4.3 
W Woodland Austral ia 82.8 5. 8 1. 7  0. 5 9.2 31.3 57.9 10.8 1.85 1.04 5.7 
RM 
Za 
Ma 
Z 

SA 

BIV 
Ca 
0 
K 
B 
P 
S 

K:r 
Ku 
U 

PB 
V 

Kellerman U.S.A 82.6 5. 9 1 . 8  0. 5 9.2 34.5 64.5 1.0 1.81 1.65 3.6 
Zao%.no� P.R. China 83.7 5.1 1.3 0.3 9.5 31.7 61.4 6.9 1.94 1.59 Z-3 
Matla R.S.Africa n.7 5. 9 1.9 0.6 13.8 31.2 61,1 1.1 1.98 1.32 8.6 
Zontarsvlei R.S.Afriea 83.9 5. 8 Z-1 0.6 7.7 30.2 6?4 6.4 2.10 1.45 6.1 
Blair Athol AUltralia 78.6 5. 3 1.6 0.5 14.0 Z7.2 6Z-7, 10·2 2.30 1.01 8.5 
BI&<kWat.r Australia 79.4 5.1 2.0 0.4 13.2 Z7.0 65.6 7.4 2.43 1.49 3.5 
Call ide Austral ia 75.6 4. 8 1. 1 0.2 18.3 26.7 65.9 7.4 2.47 1.85 9.4 
DatWllf P.R.China 85.4 5. 2 0. 9 0.4 8.1 25.9 64.8 9.3 2.50 1.18 4.8 
Kailuan P.R.China 88.3 5.2 1.2 0.6 4.8 21.1 65.0 13.0 3.08 1.21 1.4 
Balmer Canada 83.7 4. 6 1. 2 0.4 10.2 22.1 69.1 8.8 3.13 1.29 1.8 
Pit tstone U.S.A 85.6 4. 1 1. 3 0.7 8.3 19.3 71.4 3.3 4.00 1.32 1.1 
SruokY River Canada 86.4 4. 5 1.2 0. 6 7.4 11.8 75.1 7.1 4.21 1-67 1.8 
KeYatone U.S.A 91·2 4.8 1.3 1. 0 1-7 15.4 79.0 5.6 5.12 1.62 2.2 
KuznetSk U.S.S.R 88.1 4. 3 1.7 0.7 5.2 13.0 79.0 8.1 6.10 1.18 2.4 
Uonuki Japan 89.6 4 . 5  1.7 0.9 3.3 10.1 80.1 9.8 7.91 1.21 3.9 
P·R-o.C.B P.R.China 89.7 4. 0 1.0 0. 9 4.4 7.5 76.1 16.4 10.10 1.45 3.5 
Ho�ai Vietnam 93.4 3.5 0.9 0. 3 1.9 4.5 89.1 5.9 20.04 1.78 3.8 

0) Cdl ff - IOO-(C+H+H+S) 
b) LTA: �Ineral motters In coal derived by the oxygen plasma asher at low temoerature 

C) Moisture-holding copaclty of coal. defined to be the eauillbrium moisture content at 30·C 
<II Char was prepared by thermal decomoosl tlon of coal In nl trooen stream for 7 min.. at lCOO·C 
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Total iron <ontent(wt�db) 
dl 

Coal Char Aah· 

(HTAI 
0.15 0.31 20.8 
0.52 0.89 3.1 
0.67 0.98 2.3 
0.63 1.00 5.4 
0.41 0.61 5.6 
0.38 0.60 9.5 
0.57 0.85 5.1 
0.06 0.08 0.5 
0.64 0.93 5.9 
0.09 0.14 9.2 
0.16 0.24 Z-4 
0.11 0.16 1.5 
0.83 1.19 13.0 
0.14 0.20 1.4 
0.60 0.83 8.1 
0.22 0.30 3.0 
0.17 0.23 1.8 
0.24 0.30 1.8 
0.16 0.20 1.8 
0.42 0.52 12.8 
0.25 0.30 3.5 
0.33 0.38 5.8 
0.18 0.21 2.2 
0.56 0.62 5.1 
0.43 0.47 2.6 
0.12 0.12 Z-O 



As a model for the cabonaceous material 
of coal/char containing no inorganics, the 
porous pure carbon(PPC in short) was pre­
pared by the programed thermal decomposition 
of copolymer resin powder of PVDC(70%) and 
PVC(30%), from room temperature to 900°C at 
a heating-up speed of � = 4°C/min in N2 
stream, and PPC was used for a reference 
comparable with coal/char[S,7,B). 

. Apparatus and procedure[l,2,S) 

The gasification runs were carried out 
by three experimental systems shown in Fig. 
1. The system is the combination of a 
thermobalance with two sets of gas chroma­
tographs, and makes it possible to monitor 
the rate of gasification and the gaseous 
products(H2' CO and CO2) at exit of the 
reactor simultaneously. The NO content of 
the exit gas was also monitored continuously 
on a chemical-luminescence-mode NOx meter 
(Yanaco, model ECL-77) for the gasification 
with oxygen. Three different types of 
thermobalances were used in each system: 
Type I (Shimadzu, model TM-2) = manual 
recording mode, installed a quartz reaction 
tube of internal diameter(I.D.) 29 rom and a 
conventional radiation furnace used for low 
temperature run below 1000°C with gasifying 
agent containing even H2S and COS, Type II 
(Shimadzu, model DT-30) = auto recording 

Gas-flowmeter 
Vent 

drain oos-somplJno tube 

tor ooschromatooroohv 

Fig.l Schematic diagram of the apparatus
for gasifications of coal and char 

mode, installed an alumina reaction tube of 
I.O. 16.5 rom and a platinum-heater furnace 
used for high temperature run up to l400oc, 
Type III(Shimadzu, model DT-30) = auto 
recording mode, installed a quartz reaction 
tube of I.O. 16.5 rom and an infrared-ray 
furnace capable of rapid heating and 
quenching of the sample solid. 

The gasifying agent used for gasification 
runs were mixture of H20 (0 --41%, mainly 24%), 
C02 (0--60%), H2(0--30%), CO(O--lS%), CH4(0 
....... 6%), 02 (0 ....... 21%), H2S,COS,NO,HCN,NH3(0 ...... 
500 ppm) and N2 for balance. The total flow 
rates of the gasifying agent were 500 Nero3/ 
min with Type I apparatus and 400 Ncm�min 
wi th the Type II and Type III apparatuses. 
In the experiments at below 10SOoC, the 
sample coal/char(150, 200 mg) was packed 
into a basket made of thin quartz rod and 
covered with a thin layer of fine quartz 
wool. In the catalytic experiments (150 mg) 
and the noncatalytic experiments at high 
temparature of llOO--14000C(30 mg), sample 
char was packed into a platinum-gauze 
basket(80 mesh). The sizes of the two 
baskets were internal diameter (I.O.) 20 mm 
X height 10 rom for the Type I and 1.0. 13.5 
rom X height 7 rom for the Types II and III. 
In each case, the samples'coal/char 
particles were packed as loosely as possible. 
It had been ascertained that the effects of 
the flow rate of gasifying agent and the 
sample weight to be loaded were negligible . . 
at these experimental levels. 

The specific surface areas of the 
representative char samples, and of the 
·chars. during the course of the gasification, 
were determined from.the N2 adsorption at 
79 K(Sg(N2» and the CO2 adsorption at 187 
K (Sg(C02» as measured on a gaschromato­
graphic apparatus(Shimadzu,model ADS-IB) 
using the Langmuir equation. 

X-ray diffraction analyses were conducted 
over coal, char, LTA and ash(HTA), to 
identify mineral matters in coal and to 
determine any c�ystalline changes of miner­
al matters and �dditives upon gasification. 
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KINETIC MODEL [ 1 B] 

The fractional gasification of char f is 
defined as' the weight loss (Wo-W) standar­
dized on W00 The experimental data from 
isothermal gasification run is primarily 
shown as a curve of fractional gasification 
fversus gasification time a. Different 
definitions, such as RW' Rf and k, are pos­
sible for the gasifica�ion rate at any 
points on the f-a curve, e. g. , 

k -(dW/da)/w = (df/da)/(l-f) (1) 

The following procedures were applied to 
analyze the experimental f-a data and to 
evaluate quantitatively the gasification 
reactivity of the char: 

(i) Experimental f-a data were substi­
tuted into the linearized form of the modi­
fied volume reaction (MVR) model Eq. (2), and 
�e values of the parameters a and b were 
determined by the least-squares method. 

f = 1 - exp(-aab) (2) 

y = In(a) + bX 
Y = In[-ln(l-f)], X = In(a) } (3) 

A simple analysis of Eq. (2) reveals that, 
when 0 < b � 1, there is no sigmoidal(S­
shaped) character on the f-a curve, the 
gasification rate Rf decreasing with time. 
When b = 1, Eq. (2) is identical with the 
equation for chemical-reaction rate control 
in the continuous model[12]. , with the 
parameter "a" then being the rate constant 
of the first order reaction. If b > 1, a 
sigmoidal character occurs, and the values 
of a and f corresponding to the point of 
maximum gasification rate on the f-a curve 
are given by the equations, 

Sinf = [(b-l) lab] lIb 
finf  l-exp[-(b-l)/b] ,. } (4 ) 

Eq.(2) can follow any curve even whose Rf 
is at a maximum for any f between O.and 1, 
unlike the rate equation of Bhatia et al [lj]. 

(ii) When the values of the p'ar- . ters 

a and b were determined, the specific rate 
of gasification k took the form, 

k = a(l/b)b[-ln(l-f)] (b-l)/b (5) 

Eq.(S) is available to calculate the gasi­
fication rates by other definitions such as 
Rf, Rs and Rv at any points on the f-a 
curve . '  

(iii) As an index of gasification 
reactivity, the average rate constant k was 
calculated from the definition, 

- ( 1 k = JO 
k df • f 0.99 k df 0.01 (6) 

The value of k is also expressible with 
reasonable accuracy in terms of the rate, 
k at f = 0.50. 

EXPERIMENTAL RESULTS AND DISCUSSIONS 

Moisture-holding capacity of coal/char[3] 

Almost all of the dry samples of coal 
and char were saturated with moisture with­
in about 60 hours at 30°C and SO°C both 
(Fig.2). No dif­
ferences were 
found in the 
moisture-holding 
capacities il 
measured at 30°C 

and 50°C. The 
packed densities 
of dry samples, Pb 
ranged narrowly 
frDm 0.60 to 0.75 

. 
for 26 coals, but 
ranged from 0. 3 -.. 

0.9 for the chars 
carbonized in N2 

.Q 140 '0 
0- 120 "-
0 
g 100 
0-
S 80 
CD 
.. 

60 III 
CD 
W 
0 
t: 40 .... 
... 
.<: 20 0-
.... 
CD 

3 0
0 

(hI 
Fig.2 Weight increases of 

the dry coals by moiste­
ning at sa'e 

stream for 7 min at lOOOoC. However also 
no significant differences were found in 
n [g (H20) /g (db) ) (Fig.3) and PbH [g (H20) / 
cm3(bed)], between the coals and their 
chars. The moisture held in coal/char is 
reasonably ass��ed to fill the micro pore 
which predominates over the total pore 
volume (Fig. 4) [14]. Since il is proportional 
to the specific pore volume, Vp(=il/PH20) 
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to be filled 
with moist 
water, and 
Pb!l is also 
proportional 010 N 

to the : 8 
porosity of 
sample Ep, 
the findings 
stated above 
suggest the 
micro pore 
structure 

'6 6 
.... 
x 4 .... 
., 
o 
o 

c: 

2 4 6 
0charx 102 

8 10 12 14 
[g(H20)/g(db)] 

will not be Fig.3 Moisture-holding capacities 
of coals and their chars carbon-

altered ized in N2 stream for 7 min at 
1000·C 

drastically by 
carbonization 
process of coal 
to the char. This 
will be one of 
the support for 
the conclusion 
that the gasifi­
cation 
reactivities of 
chars can be cor­
related with 
properties of the 
parent coals. 

-60-
.� 

"0 Micro Dare 
, L. 

� .... 
OJ -20 � 
"0 SUDer micro Dare � I.-
0 

Q.. -3 ------

Fig.4 Model on the moisture 
held in the pore of coal/ 
char  <Il The adsorbed phase wi th 

mono/multi layer mode GD The condensed phase 

�istory effects of the carbonizations of 
coal[l5) 

Heating-up speed'in carbonization step: 
The 11 coals were gasified with H20(24%) 

-N2 mixture by temperature programed con­
dition that raising temperature from llOoC 
up to 850°C at different heating-up speeds 
� = 5�420oC/min followed holding isother­
mally at the ceiling temperature(Tc) of 
850°C(Fig.5), described shortly 'as llOoe 
(�[OC/min)) 850°C. The O-keys on the 
curves in Fig.5 indicate the points to be 
at 850°C. Since all of the fractional 
gasifica�ions of the coal at the points is 
nearly equal to VM of the coal, the p�rt of 
the curve operated isothermally at 850°C 
can be regarded as the gasification of the 
char prepared with different heating-up 
speeds(�). The reactivity rC the char was 

e 
o 

.... 
4J 
'" 
U 

.... 
.... 
.... 
III 
'" 
0'-
.... .!..0.6 
" 
§ .... 0.4 

.... ., 
4JO � 00.2 
... .... 
r..o O!-L...L-.l..d.�..L.IL....J.....L-L,-lJ....J....J...,.l:-...JL..L....J.....l...J 

° 200 
Gasification time [min) 

Fig.5 Temperature programed gasifications of 
Illinois'6 coal with H20(24%I -N2 mixture 
at heating-up speeds ,=5 - 420·C/min from 
110·C to 850·C 

20r----------------------� 

.... 
I 
e 

.... 
e 

N 
o 
.... 
)( 

,.>0: 

10 

0.5 

so 100 500 
[ ·C/min) 

Fig.6 The heating-up speed($) during 
carbonization �f coal and the average 
rate constant(k) for the isothermal 
gasification of the char at 850·C 

analyzed by MVR model Eq. (2) ,  and in Fig.6, 
k was composed with�. But any constant 
trend was not found between them, and the 
ratio of the maximum k to the minimum was 

within only about 3 at most for any coals. 
Carbonizations at 200oe�8000e(Incomplete 
devolatilization): 

Three coals were carbonized to the chars 
in N2 stream by temperature programed mode 
of llOOC(lOoe/min) 8�-------------; 
Te' and succeedingly 
the chars were gasi­
fi�d with H20(24%)­
N2 mixture at 8800e 
isothermally, and 
their reactivities 
were evaluated with 
k(Fig.7). Tc was 
set at 200, 300, 400, 
600 and 800oe, but 

. , .... 
the devolatilization 
of coal was not 
completed in these 
carbonization levels 

7 
.... 
'e 6 
.... 
e 

-5 

N 4 o 
.... 

�3 
2 

H20(24%)-N2 
BBo·e 

1 L...L...---'---'---'---'---'"� 
200 400 600 

Tc [Ocl 

Fig.7 The ceiling temper­
ature (Tel in tempera�ure 

programed carbonizatlon 

of coal,llOOC(lOoc/minl 

Tc,in N2 stream and the 
reactivity of the char 
for H2o-qasification at 
"RO°C 
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except for the run at Tc = SOooC. The 
effect of Tc in carbonization, assessed 
with the ratio of the maximum k to the 
minimum, did not exceed 2. 3 for any coals 
in this study. 
Carbonizations at 900°C ---1400oC: 

The 6 kinds of coals were carbonized in 
N2 stream for 7min at a relatively high 
temperature 
ranging 900°C 
to 1400 °C. The 
yield and the 
specific 7 

I: 
.... surface area of � 

the char were 
N 
o 
.... 

10�-------------. 

5 
ppe 

________ A 

2 

I� 0.5 

0.2 

.·-point 
were 
discuss­
ed in 
detail. 
Since the 
gasifi­
cation 
rates of 
these 
runs 

1.0 r-------��----------�� 
70•8 

0.6 
0.4 

0.2 

50 1 00 150 
Gaslticaeion eime,e [minI 

Fig.9 Fitting of MVR model Eq.(2) (----) 
to the gasification data of char (0 •• ).  
carbonized in N2 stream for 7 min at 
lOOO °C 

,... 0.1 a::;--------, 
have been confirmed c 

to be of chemical re- : 
action controlling[2, � 

.. 
"-.. '-' 

,... 
a 
E 

4), if the surface 
concentration of 
active site for gasi­
fication is kept 
constant, gasifica­
tion rates such as RS 
based of surface area 

N 

{ 
.. 

\...I 

almost inde­
pendent of the 
carbonization 
temperature. 
However, as 
shown in Fig. 8, 
significant 
differences 

O I and RV based of pore . ��������� 
." 

o 

were detected 
1500 volume should be also 

Carbonization temp. (OCI 

-
x 

Fig.S Effect of carbonization 
in the temperature of coal on the 

gasification reactivity(k) of 
reactivities of the char 

�e chars for the H20 gasification at 9000e 
When the carbonization temperature was 
raised up from 900°C to l300oc, Collie char 
did not show so distinct changes in 
reactivity, but Blackwater char and Uonuki 
char lost their reactivities to be 1/7 and 
1/10, respectively. These changes in 
reactivity could be explained well with 
�e moisture-holding capacity(!l ) of the 
char[3). 

Changes of pare structure during gasifi­
catio,!l(3) 

Fig.9 shows typical examples of the fit­
ting of MVR model Eq. (2) to the experimen­
tal data ( 0 , • ) of H20-gasifications of 
three k�nds of chars different in ash 
Content aO' Sg(N2), S9(C02) and !!30oC were measured for the sample chars equiva­
lent to .-keys shown in Fig.9, and other 
PhYSical parameters attributable to pore 
structure of char, such as ST(N2), ST(C02), 
Sf(N2), Sf (C02),  ilT and ilf, and their 
relations with gasification rate at each 

constant while gasi­
fication is on, and 
the reactivities of 
the chars should be 
close each other. 
But, this was not ful­
ly satisfied with our 
experimental results 
(Fig. 10) • 

Gasification 
reactivity of char 

Cqal rank: 

\...I 
." 
� 2 
x .. 
I>:: 

0.4 

The gasification 
Fig.lO Changes of the 

system, I---VII shown gasification rates by 
different definitions/ in Table 2, were methods (See Fig.9) 

tried to compare the gasification 
reactivities of chars. In every system, 
sample chars were carbonized by the same 
condition. In all of these cases, the 
reactivity of char was strongly dependent 
on ,the parent coal(Fig.ll). Not only k, but 
650%, 6 at f = 0.5 in Fig.ll, was an useful 
measure of relative reactivity of the char, 
and all of the f-6 curves get by the systews 
I, VI and VII in Table 2 was unified to a 
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Table 2 Gasification systems for the evaluation of 
reactivity of coal char 

GosH I cation at cnor Preoaratlon of s<JIIlle cnar 

Gos IfvlnQ oQent TefIIl, NlI!Oer at Thermal decOIIIlOsl t10n Ref. 
('CI senole of cool In "2 strean 

cnar 

( H:!0(2�%'-N2 850 23 9OO·C. 60mln 1 

I H20(2�%'-N2 950 16 1000·C. 7mln 6 

m HzO(2�%'-Hz(2�%' 
950 17 lOoo·C. 7mln 6 -HZ 

IV HzO(24%'-Hz(24%' 
950 16 1000·C. 7mln 6 -H2S (2ooocm H2 

V H20(2�%I-C02 (2m 
1000 13 1000·C. 7m(n 16 -1tz(30%'-CO( 15%'-HZ 

VI 
V1I 

C!l2(20%'-NZ 

OzIIO%'-HZ 

1.0 

0.8 
!. 

0.6 
.... 

0.4 

0.2 

950 23 1000·C. 7mln 

900 26 110'C(20'C/mln)900'C (3Omln) 

950·C 

20 30 40 50 60 70 80 
e [minI 

Fig.ll Gasification of chars with a 
mixture of H20(24%)-H2(24%)-H2S(200 
ppm)-N2 (See Fig.14) 

f-(6/6S0%) curve, respectively[1,2]. 
Temperature [2] : 

The 4 kinds of coal chars, which were 
prepared in N2 stream for 7 min at 1000oC, 
were gasified with mixtures of H20(24%)-N2 
and e02(20%)-N2 at temperatures ranging 
from soooe to 14000e(Fig.12). Ash in some 

2 
1 

sample char was found to be malted at above 
13000C Gasification temperature [Oe) 

by + 11500 1300 II 00 1000 900 800 

optical O .  C02(20%)-N2 
obser- II>'" 

;:: -I ''''l:::a--O vation, --: -2 .... ,.. "0"'-. ""¢o. '- 0 what was .� U»' 'i'-¢ ... --_ �a .§. -3 '_,"" "'P-indi- -.. 
cated 1= -4 -,n. __ � <>'� 
wi th � -5 Black key: '--n,. 

Ash was melted by '�); black -6 gasification run � Co 
keys in -7 
Fig.12. 6 
But the 

7 
104/T 

9 
Fig:12 Arrhenius plot of k in c02-relative gasification of coal chars 

order of reactivity among the chars held 
consistently good at these temperature 
levels for both gasifying systems. 

when a reductive 0 
1000·C 

gas component, such -

as H2' CO and CH4, --: -1 -
was mixed with s:: ... 
gasifying agents e Co 
composed of oxi- 1.1( 

dative H20 and CO2 8' -2 
.-t U 

[4,7,16] • The 
rate of gasifi- S 

-3 cation with H2O(24 N N-
z; OHN 

%)-02(1%)-N2 mixed • uoz . '" . 
N N .......... " 

with low level CH4 -=3" 0 H! NH 
N N J:l:1I\ 

N'-
(3 ....... 6%) was almost 0 N ---

N 0 OHO 
::t: U NOU 

close to the rate ::eN' 

with 02 (1%) -N2, and Fig.13 Effect of the 
gasifying agent on the product gas was gasification reactivity 

rich-in co and H2 of char 

although CH4 was not consumed at all. This 
was interpreted well by the homogeneous 
radical chain oxidation scheme of CO and 
H2[4]. The relative potentials' of the 
three gasifying agents for gasification 
were compared in Fig.13[16]. 
Kinetic analysis[2]: 

The kinetic analyses were carried out, 
in detail, in the Chemical reaction con­
trolling region below lOOO°C, and the 
results were summarized in Table 3. 

Table 3 Kinetic analyses of gasifications 
of coal chars with steam and e02(2) 

- m n k '" ko P (dp) exp( -EI RTl 

Gasifying H20-(N2) mixture C02-(N2) mlxtur 
agent 

Parent ml) n E m n E 
coal 

Talheiyo 0.43 0 191 0.502) 0 197 
Ill1nois#6 0.43 a 195 0.542) 0 308 
Collide 0.42 - 197 0.472) - 257 
Uonuki 0.67 - 157 0.453) - 241 

Particle pressyre : PH 20'" 0 .16 - 0.41 [atm) ,Pe02-
O.1-O.6[atml 

Particle diameter: dp.O • S - 2.0 [mml 
Activation energy: E [kJ!moll 
1) 900·C, 2) 9S0·C, 3) lOOO·C 

Correlation of the reactivity of char'

To explain the defferen�e in gasification 
reactivity (it) found among the chars carbon­

ized with the same condition, FR and Hie 
Gasifying agent: (atomic ratio) of their parent coals were 

Gasification rate of a char wa!' depressed discussed to be fairly good parameters [1, 2]. 
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Table 4 Correlation coefficients derived by the regression analyses of the gasification reactivities 
of chars with the various propertlesl) of Char and parent cool. (See Tobie 2) A1203' Ti02 

and Fe203 into 
PPC[5]. But 

100(k [min-I)) -"0 +AI log(XI) +A2 IoO(X2' 

xI Dchar (PbO) char Dcoal (PbD) coal [Cleoal [Cleoal (H/C)eoal (H/C)coal faCOal faeoal FCcoal FCcoal 

X2 Dcoal Deoal acoal Dcaal 

I 0.7062) 0.6622) 0.747 0.759 0.714 0.779 0.852 0.918 0.648 0.904 0.774 0.910 

I 0.784 0.513 0.782 0.731 0.858 0.876 .0.789 0.928 0.671 0.936 0.818 0.955 

m 0.816 0 . 525 0.789 0.738 0.777 0.829 0.711 0.885 0.645 0.913 0.754 0.914 

IV 0.858 0.656 0.828 0.778 0.812 0.869 0.657 0.892 0.546 0.910 0.717 0.927 

V 0.645 0.688 0.633 0.647 0.547 0.637 0.650 0.706 0.591 0.737 0.654 0.749 

VI 0.709 0.728 0.752 . 0.754 0.681 0.770 0.682 0.821 0.525 0.844 0.679 0 . 859 

W 0.527"" 0.310"" 0.554 0.483 0.808 0.81 \ 0.808 0.829 0.609 0.748 0.792 0.825 
1) Q: Moisture-hOlding caoacl ty measured at 30°C. [el : Carbon content given In wt%,dof. (H/C) : atomic 

ratio. fa : Aromotlc carbon fraction. FC: Fixed carbon given In wt%,db. 

there were some 
coal ash to 
show good 
catalytic 
activit,ies for 
chemical con­
versions of low 
level NO, HCN 
and NH3 con-.
tained in a 
gasifying agent 2) APproximated with values (D,PbD) of char orepared by thermol decomposition In N2 stream for 7 min 

at 1000·C 

But the 
regression 
analyses 

0.3 �--,-,---------. 
H20(24%)-H2(24%) 

wi th a form ;; 
of Eq. (7) 
were found 

1 
t: 

.... 
e -

0.1 

to give the 1.>( 0.01 

best cor­
relations 

-H2S(200PDm)-N2; 0 
950·C TaY -- 0 

Ca 
· 0  H 
Z�Co 

Ma I 

for all of 
the seven 

a . 002 "'-I. ................ I...-...L.....I-I..I..I..U..L..L--J.....I 
0.002 0.01 0.1 0,3 

0.170 (FC)-;d;f x (n30.c) ���i gasifi­
cation 
systems in 
Table 2 (Table 

Fig.14 Regression analysis_of the 
gasification reactivity(k) of 
char with the properties of 
parent coal (See Fig.ll, Table 4) 

4), and to be available to estimate the 
unknown rate/reactivity of a char with the 
chemical and physical properties of the 
parent coal(Fig.14) [3). 

kchar = 10
AO (FCcoal) Al ( !lcoal)A2 

(AO' AI' A2 : constant) 

Catalytic activity of mineral matter in 
�[S,IO,lll. 

From the above findings on gasification, 
the catalytic activities of rate enhance­
ment and CO-shift reaction(CO + H20 = C02 
+ H2) Which were attributable to mineral 
matters in coals, seemed to be extremely 
POor or at close level among the coals. 
This points was asserted by the experi­
ment on H20�gasification of the model chars 
prepared by loading LTAs of three coals 
and typical ash comronents, such as c102, 

N2 mixture, and iron 
the most responsible 
5) [10]. 

of H20�H2-H2S­
oxide was found to be 
component in ash (Table 

Table 5 Catalytic activities of coal 
ash and ash components for the 
conversion of N-compound in a 
gasifying agent of H20(10%)-H2( 
2 .S%)-H2S(SOOppm)-(No,HCN,NH31 ( 
SOOppm) -N2 mixturel ) (10 ] 

Reactlon2) NO -NH3 HCN-NH3 
Talhelyo 
coal ash @ @ 
Datung 
coal ash @ @ 

S102 X X 
A1203 ,6. .6. 

CoO @ .6. 
Fe203 @ @ 

1) Temperature:800- 9S0·C, 
Space velocity .. 6)(104 [h-1] 

NH3-N2 

X 

0 
X 
X 
X 
@ 

2) NO+(S/2)H2 -NH3+H20, HCN+H20-NH3+ 
CO, NH3-(1/2)N2+(3/2)H2 

Catalytic activity: @good, Omoderate, 
t::. poor, . X not identified 

Catalytic additives over coal/char 

Investigation were carried out on the 
catalytic potential and feasibility of the 
transition metal(Fe, Co, Ni) compounds(71, 
the alkaline earth metal(Mg, Ca, Sr, Ba) 
compounds[S,8], and the alkali metal(Li, Na, 
K) compounds [7,9] for H20- and .c02-gasifi­
cations of PPC and coal chars. The 
catalytic rate enhancement. were seemed to 
be caused by the reaction cycles: Fe� FeO, 
to produce synthesis gas(CO + H2) [5,7], 
Ba(OH)r BaC03' and BaS�BaS04 for H20-
gasification. BaO· BaC03 � BaC03 for CO2-
9asification(S,8,9]. Alkali and alkaline 
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�arth compounds also 
promoted CO-shift 
reaction to produce 
a gas rich in H2 
and C02[5,7,8,9). 

SulEhur tolerance 
of the catal�st[9) 

The Fe, Ni, Ba, 
Na and K compounds 
and sea water, all 

,.><: 
, 

..... 
c: 
0 ..... 
C/) 
c: 
a u ., 

cu 
..... 
0 ... 

cu 
o. 
o ... 

0.6 

0.1 

0.01 

and � <C 

the effective 
catalysts, were 
tolerant to H2S 
COS(-400 ppm) 
mixed with a gasi­
fying agent of H20 
(24%)-N2 for the 
gasification of PPC 
and chars at 800--
900°C. Besides, 
the Ba, Na and K 
compounds and sea 
water held good 
catalytic rate 
enhancement in 
the gasifi-

0.002 

0.001 
o 200 400 
H2S I eve I [ppml 

Fig.lS Effect of "2S in 
gasifying agent on the 
rate of catalytic 
gasification of PPC 
with a mixture of H20( 
24\) -"2 (24%) -"25 (0 - 400 
ppm)-N2 

3r----------------------� 
cation with H20 = 
(24%)-H2(24%)- � 
H2S, CPS (100""'400 
ppm)-N2 mixture � 
(Fig.15, Fig.16) � 

2 
850·C 

and were very 
promising 
catalysts to be 
studied further. 
Another subject 
to be investi­
gated further 
was the depend­
ence of cataly­
tic rate promo­
tion on the coal 
(Fig. 16) and the 
procedure to 
add the cataly­
st over coal 
and char. 

, -"  
" 

� 0.5 
o 
� 
(I'J 
c: 
o 
u 
Q) 
b 0.2 
L.. 

Q) 
rn 
o 

� 0.1 > 
ex: 

H20(24%)-H2(24%)-H2S 
.:!2. 

o 
1l2S 

Non­
Catalytic 

o 200 
Itve I "V" (ppml) 

Catalytic 
Ba(3%) 

,Fig. 16 Catalytic rate enhance­
ment by Ba(3\) impregnated 
over chars, and their 
tolerance to "2S(200ppm) in 
a gasifying agent 
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