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ABSTRACT

The objective of this study is to de-
velop a catalytic coal gasification process
to produce CO, H, and CHy, applying the
catalytic effects of mineral matters in
coal if possible, and additives put arti-
ficially on coal and char. Fundamental
investigations were carried out thermograv-
imetrically at atmospheric pressure and
700 ~1400°C, using various kinds of gasi-
fying agents composed of steam(Hzo), COy,
i3, CO, CHy, Oy and Nj.
modified volume reaction(MVR) model was

An isothermal

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
from 26 different coals of fuel ratio rang-
. ing from 1 to 20, was found to be able to
correlate with two properties of the parent
coals. The one was the fixed carbon
content attributable to chemical structure
and another was the moisture-holding
capacity measured at 30°C attributable to
physical structure; both could be easily
analysed and determined(l1,2,3,4). The
catalytic activity of mineral matter com-
ponent was confirmed to be very poor for
rate enhancement of gasification of carbo-
haceous material with steam at 800~900°C
{5,6].

lysts to be added intensionally over coal/

Then the searching for new cata-

char was also confirmed to be an important
Iésearch 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

gasifying agents consisting of steam and of
COz, and even with the agent containing H,S
(50~500 ppm) [8,9,10,11].

NOMENCLATURE

A = preexponential factor of rate constant

defined by Arrhenius equation, min-1

a = constant parameter in Eq.(2)

b = constant parameter in Eq.(2)

E = activation energy of gasification of
char, kJ-mol~1

f = 1-(W/Mg), fractional gasification of
coal char, =~

£, = aromatic carbon fraction of coal, -

finf = the value of f at an inflection point
on the f-6 curve, -

FC = fixed carbon content by proximate ana-

lysis of coal, wt%, db
FR = FC/VM, fuel ratio of coal, -

k = Ry,/W, gasification rate based on the
residual weight of combustibles in 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 'mol1~1

Rg = R,/Wg = df/d8, gasification rate based

on the initial weight of combustibles
in sample, g/g(Wg) *min
Rg =Ry/St = k/Sf, gasification rate based
on the total surface of sample, g/m2emin
Ry =Rw/()r= k/ ¢, gasification rate based
on the total moisture-holding capacity
given in "volume", g/cm3(H20)-min

gasification rate defined by -dw/de,
1

Rw=
gemin~

Sg =\specific surface area of coal/char,

m2/g (db)
St $gl1-(1-ag) £1/[(1-ap) (1-£)], surface

—239—



area per weight of the combustibles in
coal char, m2/g(W)

St = sgzvoll-(l-ao)f], total surface area
of sample char gasified to a fractional
gasification f£, m2

T = temperature, K
Vp, = packing volume of coal/char bed, cm3
Vp = (I/ﬂﬂzo, specific pore volume filled

with moist water, cm3(H20)/g(db)

W = residual weight of combustibles in
sample coal/char, g

Wy = initial weight of combustibles in
sample coal/char, g(db)

w = residual weight of sample coal/char at
f, g

w, = initial weight of sample coal/char,
g(db)

wg = moistened weight of coal/char at equi-
librium condition, g

ag = fractional weight of the initial ash
content in sample char. g/g( %)

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

ep =40b(1/[ﬂH20(1-eb)], fractional of .the
moisture-holding volume to the apparent
volume of coal/char particle,
cm3(H20)/cm3(partic1e)

8 = gasification time, min

6ijnf = the value of 6 at an inflection
point on the £f-6 curve, min

Py = wo/vb, packing denéity of the coal/
char bed, g(db)/cm3(bed)

phzo = density of the moisture(water)
held in coal/char, g(Hzo)/cm3(H20)

¢ = dT/d6, heating-up speed of the temper-

ature programed run, K/min, °C/min

Q) = (wé-ub)/"b' moisture-holding
capacity given in "weight“,g(Hzo)/g(db)

Q¢ = ((l/szo)[1-(1-ao)f]/[(l-ao)(l-f)],
moisture-holding capacity given in
"volume", per the weight of combustibles
in coal char, cm3(H,0)/g(W)

Qp = (Q /ﬂHzo)woll-(l-ao)f] , total
moisture-holding capacity given in
"volume", of a sample char gasified to
a fractional gasification £, cm3(H,0)

INTRODUCTION

Since the o0il 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.
development of coal gasification process

However the bars to success the

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 constituent of gaseous
product depend strongly on the raw coal.

A coal gasification proceeds in two steps:
the devolatilization of coal to char which
and then the
gasification of the char with oxidizing

initiates near above 200°C,

agent such as stean, coz, 0, 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 any
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 CO, in the
produced gas. «ﬁrom these points of view,
the experimental investigations were
focussed the following subjects; (1) relation

between the carbonization condition of a
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ooal and the gasification reactivity of the
char, (2) changes of the pore structure of
char during gasification, (3) correlation
of gasification

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

Ccoal and char samples

Table 1 lists the 26 coals used and
their analyses. The ultimate analyses are
dry ash-free(daf) basis[2].

analyses of volatile matter(VM), fixed

The proximate

carbon(FC) and high-temperature ash (HTA)
are dry basis, which is the weight after
drying in N, stream at 110°C for 1 hour[l].
The coals in Table 1 have been arranged in
order of their fuel ratio(FC/VM). The low-

content in the coal, as determined on an
oxygen-plasma low-temperature asher(Yanaco,
Model LTA-2SN).
Q) is defined by the relative weight
increase, (wg-w,} /vy, caused by leaving the
sample coal/char dried at 110°C for 25 hours
into the moist air equilibrated at 30°C(or
50°C) for 60 hours[3].

The total iron content in ash in Table 1

Moisture-holding capacity

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 1400°C,
mainly for 7 minutes at 1000°C in pure N,
stream(300 Ncm3/min), and sieving mainly to
a mean particle size of 1.0 mm(-12/+24 mesh.
For convenience in this paper, the name of
coal or parent coal of the char will be
identified by the letters in the first

temperature ash(LTA) was the mineral matter column of Table 1,
Table 1 Analyses of coals
Ultimate analysis(wt$.daf) [Proximate amalysiscwrddb)f Fuel |LTA| ¢ [Total iron content(wt%.db)
Coal Native - a)| Volatile|Fixed | Ash | ratio |[HTA d

Comtry | C | H | N | 8 |Oditsmatter |carbon|GHTA) | e, bpy10%H0]  Coal | Char | Aeh-

: M FC WM’ | (=) Zg(db )y (HTA)

Y [Yalloum Australia [61.2] 4.8 0.5 0.1} 335] 50.7 | 48.6 [ 0.7 | 0.95 | 3.70 15.4 0.15 0.31 20.3
Ta |Taiheiyo Japan [75.8] 6.5] 0.9f 0.2 16.7] 41.9 | 41.6 | 16.6 | 0.99 [ 1.52 6.5 0.52 0.89 3.1
H [Horonai Jaoan  [79.3] 6.9] 1.6 [ 0.2] 11.9) 31.6 | 386 | 29.8 1.22 | 1.05 4.0 0.67 0.98 2.3
I | Illinois #6 U.S.A ]79.8] 5.3} 1.1 25{11.3] 376 [ s0.8 | 11.7 | 1.35 | 1.83 7.1 0.63 1.00 5.4
M [Miike Japan [839)6.5|1.2}0.6f 78] 39.0 | s3.7| 73| 1.38 { 1.4 2.4 0.41 0.67 5.6
Co|Collie Australia |70.5] 4.6] 1.4 | 0.4] 3.2 36.4 | 59.6 | 4.1 1.64 | 2.9 11.6 0.38 0.60 9.5
| A |Abersee Australia [79.5] 5.7] 2.0 ] 0.7{120] 331 [ s6.8 | 10.1 1.72_ | 113 3.7 0.57 0.85 5.7
| L [Lithgow Australia J82.1] s.7]1.9]0.7] 96| 31.7 | s7.7 { 105 | 1.82 | 1.32 4.3 0.06 0.08 0.5
W |Woodland Australia [82.8]) 5.8[1.7]0.5] 9.2] 31.3 | 57.9 | 10.8 1.85 ] 1.04 5.7 0.64 0.93 5.9
KM[Kellerman U.S.A |[82.6f s.9]1.8[0.5] 9.2] 345 | 645 | 1.0 1.87 | 1.65 3.6 0.09 0.14 9.2
24 | Zaozhong P.R.China |83.7] 5.1 1.3) 0.3} 9.5] 31.7 [ 61.4 | 69 | 1.94 { 1.59 23 0.16 | 0.24 2.4
Ma [Matla R.S.Africa|77.7] 5.9] 1.9 0.6/ 13.8] 31.2 | 61,7 | 71 1.98 | 1.32 8.6 0.11 0.16 1.5
2 |Zontagsviei | R.S.Africa|83.9) 5.8) 21| 0.6 7.7| 30.2 | 634 | 6.4 | 210 | 1.45 6.1 0.83 1.19 | 130
|BA|Blair Athol | Australia 78.6] 5.3] 1.6 | 0.5} 14.0] 27.2° | 627 | 102 | 2.30 | 1.07 8.5 0.14 0.20 1.4
BV|Black Water | Australia [79.4| 5.1] 2.0 [ 0.4] 13.2] 27.0 | 656 | 7.4 | 2.43 ] 1.49 3.5 0.60 0.83 8.1
Ca[Callide Australia |75.6| 4.8) 1.1 0.2{18.3{ 26.7 | 659 [ 7.4 | 2.47 | 1.85 9.4 0.2 0.30 3.0
D |Datung P.R.China [85.4] 5.2} 0.9 0.4 8.1] 259 | 648 | 93] 2s0 ]1.18 4.8 0.17 0.3 | 18
K |Kailuan P.R.China [88.3] 5.2| 1.2} 0.6] 48] 21.1 [ 650 ] 13.0 [ 3.08 } 12 1.4 0.24 0.30 1.8
B |Balmer Canada 837 4.6] 1.2] 0.4]10.2] 22.1 | 69.1 { 88 | 313 |} 1.29 1.8 0.16 0.20 1.8
P [Pittstone U.S.A [856] 4.1|1.3]0.7] 83] 193 | 77.4 § 3.3 | 4.00 | 1.32 1.7 0.42 0.52 12.8
S |Smoky River| Canada  [86.4] 4.5] 1.2 0.6] 7.4 | 17.8 | 75.1 | 7.1 2 | 1.67 1.8 0.25 0.30 3.5
Ky {Keystone U.S.Aa Jot.2|«¢.8[1.3]1.0] 1.7| -15.4 | 79.0 | 5.6 | 512 ] 1.62 2.2 0.33 0.38 5.8
Ku {Kuznetsk U.S.S.R [88.1] 4.3]| 1.7 0.7] S5.2] 13.0 { 79.0 | 8.1 6.10 | 1.8 2.4 0.18 0.2 2.2
| U |Uonuxi Japan [89.6[4.5[1.7]0.9] 33| 101 | 80.1 | 98 | 7.91 | 121 3.9 0.56 0.62 5.7
| PBIP.RO.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 0.43 0.47 2.6
LV [HomGai Vietnam [93.4]3.5] 0.9} 0.3} 1.9 5 | 89.7 { 59 | 2.04 |1.78 38 0.12 0.12 2.0

Q) Og|¢f = 100~ (C+H+N+S)

b) LTA: Mineral matters in coal derived by the oxygen plasma asher at low temoerature
€) Moisture-holding capacity of coal., defined to be the eguillbrium moisture content at 30°C
d) Char was prepared by thermal decomposlition of coal in nitrocen stream for 7 min.at 1000°C
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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 N,
stream, and PPC was used for a reference

comparable with coal/char(5,7,8].

. Apparatus and procedurel[l,2,5]

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 gaschroma-
tographs, and makes it possible to monitor
the rate of gasification and the gaseous
products (H,, CO and COz) at exit of the
The NO content of
the exit gas was also monitored continuously

reactor simultaneously. .

on a chemical-luminescence-mode NOy 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 mm and a
conventional radiation furnace used for low
temperature run below 1000°C with gasifying
agent'containing even HS and COS, Type II
(Shimadzu, model DT-30) =
Gos-flowmeter

auto recording

Vent

. Thermobalance

-
Furnace

FSample-
basket

[m]
=
H20-microfeeder

ccndenser

gas-samaling tube
for goschromatogrophy

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

draln

mode, installed an alumina reaction tube of
I.D. 16.5 mm and a platinum-heater furnace
used for high temperature run up to 1400°c,
Type III(Shimadzu, model DT-30) = auto
recording mode, installed a quartz reaction
tube of I.D. 16.5 mm 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 H,0(0~41%, mainly 243)
CO,(0~60%), Hy(0~30%), CO(0~15%), Qi (0
~6%), 0,(0~21%), H,S,COS,NO,HCN,NH3(0 ~
The total flow
rates of the gasifying agent were 500 Ncm3/

500 ppm) and N, for balance.

min with Type I apparatus and 400 Ncm»min
with the Type II and Type III apparatuses.
In the experiments at below 1050°C, 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. 1In the catalytic experiments (150 mg)
and the noncatalytic experiments at high
temperature of 1100~1400°C(30 mg), sample
char was packed into a platinum-gauze
basket (80 mesh).
baskets were internal diameter(I.D.) 20 mm
X height 10 mm for the Type I and I.D. 13.5
mm X height 7 mm for the Types II and III.

In each case, the samples coal/char

The sizes of the two

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 exper1menta1 levels.

The specific surface areas of the
representative char samples, and of the
chars during the course of the gasification,
were determined from the N, adsorption at
78 K(Sg(N2)) and the CO, adsorption at 187
K(Sg(COzj) as measured on a gaschromato-
graphic apparatus(Shimadzu,model ADS-1B)
using the Langmuir equation.

X-ray diffraction analyses were conducted
"LTA and ash(HTA), to
identify m1nera1 matters in coal and to

over coal, char,

determlne any cmystalllne changes of miner-
al matters and additives upon gasification.
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KINETIC MODEL[1 8]

The fractional gasification of char f is
defined as the weight loss(wo-w) standar-
dized on Wo. The experimental data from
isothermal gasification run is primarily
shown as a curve of fractional gasification
Different

definitions, such as Ry, Rf and k, are pos-

f versus gasification time 6.

sible for the gasification rate at any
points on the f-6 curve, e.g.,

k = -(aw/de) /W = (d£f/de)/(1-f) (1)

The following procedures were applied to
analyze the experimental f-6 data and to
evaluate quantitatively the gasification
reactivity of the char:

(i) Experimental f-6 data were substi-
tuted into the linearized form of the modi-
fied volume reaction(MVR) model Eq.(2), and

the values of the parameters a and b were
determined by the least-squares method.

f=1- exp(-adP) (2)
Y = 1n(a) + bX (3)
Y = 1n[-1n(1-£)], X = 1n(8)

A simple analysis of Eq. (2) reveals that,
when 0 < b £ 1, there is no sigmoidal(s-
shaped) character on the f-6 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[l2]., with the
parameter "a" then being the rate constant
Ifb>1, a
sigmoidal character occurs, and the values

of the first order reaction.

of 8 and f corresponding to the point of
maximum gasification rate on the f-6 curve
are given by the equations,

9ing = [(b-1)/ab]1/® } (4)
finf = l-exp[-(b-1)/b) '
~
Eq.(2) can follow any curve even whose Rf

is at a maximum for any f between 0.and 1,

unlike the rate equation of Bhatiaet al[13).

(ii) When the values of the pér' “ters

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

k = all/Plp_1n(1-5)) (b-1) /b ()

Eq. (5) is available to calculate the gasi-
fication rates by other definitions such as
Re, Rs and Rv at any points on the f-6
curve.,:

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

= _(1 . 0.99

k = 50 k df = 0.01 k df (6)
The value of k is also expressible with
reasonable accuracy in terms of the rate,

k at £ = 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 50°C both
(Fig.2). No dif-
ferences were
found in the

140

120
moisture-holding 100
capacities (O
measured at 30°C
and 50°C. The

packed densities

£ o
o O

of dry samples, £

N
o

ranged narrowly
from 0.60 to 0.75
for 26 coals, but

Weight increase [mg(H20)/g{db)]
¢ fo)
o

oftt 11| 1

111
0 20 40 60 80 100

Moistening time (h]

Fig.2 Weight increases of
the dry coals by moiste-
ning at 50°C

ranged from 0.3 ~
0.9 for the chars
carbonized in N

stream for 7 min at 1000°C.
no significant differences were found in
) [g(H20) /g(db) ] (Fig.3) and &y () [g(H,0)/
cm3(bed) ), between the coals and their

However also

chars. The moisture held in coal/char is
reé%onably assumed to fill the micro pore
which predominates over the total pore

volume (Fig.4) [14].

to the specific pore volume, Vp(=(1/pH2°)

Since () is proportional
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to be filled 16
with moist

- 30°C, 60 Yo

—
=
I

water, and Co

—
»N
1

Ap() is also

—
o
|

proportional
to the
porosity of

T
—

[g(H20) /g(db)]
T

- U

a
= KM

T
f3e)
sample Eps
the findings %

stated above O

Rcoal X 102

‘B
suggest the ¢

QN & O o0
i

| Sl U I N T (N T U N B W |

2 4 6_8 10-12 14
fichar X 102 (g (H20) /g(db)]

Fig.3 ' Moisture-holding capacities
of coals and their chars carbon-~
ized in N2 stream for 7 min at
1000°C

micro pore

o

structure
will not be
altered
drastically by

carbonization Macro pore
process of coal
This

will be one of

(Al

to the char.

the support for

the conclusion
that the gasifi-
cation

Pore diameter, d

reactivities of

chars can be Cor- pjg.4 Model on the moisture

related with held in the pore of coal/
char

properties of the @ The adsorbed phase with

mono/multi layer mode

parent coals. ® The condensed phase

History effects of the carbonizations of

coal([l5]

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

-Njp mixture by temperature programed con=-
dition that raising temperature from 110°C
up to 850°C at different heating-up speeds
¢ = 5~420°C/min followed holding isother-
mally at the ceiling temperature(Tc) of
850°C(Fig.5), described shortly -as 110°C
(¢ (°C/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
gasifications of the coal at the points is
nearly equal to VM of the coal, the pért 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 ~€ the char was

%005

(-] e, /-- -
o L s
o 1:20/ o : 17005
S ol ol eml00cC/min Ty
be ¢ S5y e W2 s
2 0.8 »/70/;—// _r./-—"-mog-
MO 2 g 1Y
O 2
L R i |
§802*/ ﬁ/’ _ VM(0,425)
&' 0;144’11::11'11111»‘111

0 50 - 100 150 200

Gasification time [min}

Fig.5 Temperature programed gasifications of
I1linois#6 coal with H20(24%)-N2 mixture
at heating-up speeds ¢=5~420°C/min from
110°C to 850°C

B Ho0(24%)-N
ok Y MAAL il ]
n = Ta
s 5 ‘
E — .
| Co (o4}
~ I
% IE Ma
14 —
= U KM
0,311 [orpretm Lttty
3 5 10 20 S0 100 500
' ¢ [°C/min]

Fig.6 The heating-up speed(¢) during
carbonization of 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 200°C~800°C(Incomplete

devolatilization):

Three coals were carbonized to the chars
in N, stream by temperature programed mode

of 110°C(10°C/min) 8

Ter and succeedingly _ 7[- C;S’AJ\\\O
the chars were gasi- 7;6 _

fied with Hy0(24%)- 35 | Hp0(242)-Ny

N, mixture at 880°C 880°C
isothermally, and AL

their reactivities S 3 Co

were evaluated with 2L 1

k(Fig.7). T, was ple 11t
set at 200, 300, 400, 200 400 600 800
600 and 800°C, but S T e

Fig.7 The ceiling ‘ieﬂ'ls’er'e
ature(T¢) in tempeHF“‘
programed carbonizatioh
of coal,110°C(10°C/min)
Tc,in Ny stream and the
reactivity of the'Chaa
for HjyO-gasification?
raneC :

the devolatilizééion
of coal was not
completed in these
carbonization levels
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800°C. The

effect of To in carbonization, assessed

. except for the run at 'rc =

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~1400°C:

The 6 kinds of coals were carbonized in
Ny stream for 7min at a relatively high

10

temperature
ranging 900°C
to 1400°C. The 5
yield and the
specific

Ta

surface area of
the char were

almost inde- ~ 1k -
S 0.7F
pendent of the 3 ™'[ .
carbonization ¢ 0:5[ |
temperature. .
v -
However, as 0.2 Hp0(24%)-Ny
shown in FJ.g.‘8, 900°C U -
significant . | R
differences 900 1100 1300 1500
Carbonization temp. [°C]

were detected
in the
reactivities of 4
the chars for the H,0 gasification at 900°C.
_When the carbonization temperature was
raised up from 900°C to 1300°c, Collie char
did not show so distinct changes in

Fig.8 Effect of carbonization
temperature of coal on the
gasification reactivity(k) of
the char

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
the moisture-holding capacity({)) of the
char(3].

Changes of pare structure during gasifi-
cation[3]

Fig.9 shows typical examples of the fit-
ting of MVR model Eé. (2) to the experimen-
tal data( Q , @ ) of HpO-gasifications of
three kinds of chars different in ash
Content ag. Sg(Nz), Sg(Co02) and '(230°C
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(Nz) ' sT(coz).
StNy), sg(cop), Qp and Qg¢, and their
felations with gasification rate at each

1.0

¥ -point s
were 10.8 - QS)\
dls?uss- 0.6 F Q‘y@; Q\Qq\
ed in “ F N A, k°°,
| M &
detail. 0.4 &5 A
s. th .
ince the 0.2 Hp0(24%)-Nos 900°C
gaSJ'fl- 0 T T U
cation 0 50 100 150
Gasification time,@ [min]
rates of

Fig.9 Fitting of MVR model Eq.(2) (

)

these to the gasification data of char(0O.®),
carbonized in N2 stream for 7 min at

runs 1000°C 0.1

have been confirmed =

to be of chemical re~ £ °®

action controllingl(2, §

4], if the surface N 0.0l

concentration of =

active site for gasi- "00(8): ot

fication is kept ’_:‘.‘ 50

constant, gasifica- E

tion rates such as Rg N{ 20

based of surface area = 10

and Ry based of pore ‘S 5

volume should be also x

constant while gasi- o 2

fication is on, and .-\l 'J"'I'f'

the reactivities of -220

the chars should be N; 10

close each other. N

But, this was not ful- -n; 2

ly satisfied with our o

experimental results ‘:0 :

(Fig.10) . -
3 0.2

Gasification "g 0'l.§

reactivity of char E 0.05F
;_6u-|l|||l|!x

o

Cqgal rank: 0 0.2 0.4 0.6 0.8 1.0
: s . £ {-]
The gasification .
Fig.1l0 Changes of the

system, I~VII shown gasification rates by
different definitions/

methods (See Fig.9)
tried to compare the gasification

in Table 2, were
reactivities of chars. 1In every system,
sample chars were carbonized by the same
condition. In all of these cases, the
reactivity of char was strongly dependent
Not only k, but

650%, 6 at £ = 0.5 in Fig,.ll, was an useful

on the parent coal(Fig.1l1).

measure of relative reactivity of the char,
and all of the f-6 curves get by the systems
I, VI and VII in Table 2 was unified to a
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when a reductive
gas component, such
as Hy, CO and CHy,
was mixed with
gasifying agents
composed of oxi-
dative H20 and CO,
(4,7,16]. The
rate of gasifi-

1y

]
—
{

U
N
|

log (k [min~

[

1000°C

Ta
(a

= —

Table 2 Gasification systems for the evaluation of
reactivity of coal char
Gasification of char Preparation of samle chor
Gosifying ogent Temo, | Number of Thermal decomos | tion Ref.
. (*Cl | samle of cool In Nz stream
char
[ | #0(242)-Np 850 23 900°C, 60min 1
I | H20(242)-N2 950 16 1000°C, 7min 6
0(242)-H2(242)
o M?,,z " 950 17 1000°C, 7min 6
0(242)-H2(242)
v HZNzS(ZUOogm)-Nz 950 16 1000°C, 7m!n 6
H20(242)-C02(24%)
v -az(saz)-coflsx)-nz 1000 13 1000°C, 7min 16
VI | C02(202)-N2 950 23 1000°C, 7min
VI | 02(102)-Np 900 26 110°C(20°C/m1n)900°C{30min]
1.0 .
0.8f
h|‘ -
0.6
“ .
0.4F
0n2 [
/ 950°C
0 I e BT TP
0 10 20 30 40 50 60 70 80
¢] [min]

Fig.1ll Gasification of chars with a
mixture of H20(24%)-H3(24%)-H25(200

ppm) -N3

(see Fig.14)

f-(e/eso%) curve, respectivelyl(l,2].
Temperature [2] :

The 4 kinds of coal chars, which were

prepared in N, stream for 7 min at 1000°C,

were gasified

with mixtures of H20(24%)-N2

and C02(20%)-N2 at temperatures ranging

from 800°C to

1400°C(Fig.12). Ash in some

sample char was found to be melted at above

1300°C Gasification temperature [°C]
by ’ *11500'1390 . IIQO 1090' ?gq ' 800
optical o o  C02020D)-Np
obser- -1k .‘:“\ '
S =1 - w‘*&’:ﬁ\
vation, -2} e a *?)
s b SN
what was E 3l U‘\ I -o\:\ Ta
indi- 1 A \g
cated : l Bl N
Wit S ed b
ed by

black -6 gasification run AAA Ca
keys in -7F
Fig.1l2. 6 7 é l é l
But the tod/T (k1)

. Fig.12 Arrhenius plot of k in CO3-
relative

gasification of coal chars

order of reactivity among the chars held

consistently good at these temperature

“levels for both gasifying systems.

cation with H20(24
$) -0, (1%)-Np mixed
with low level CHy
(3~6%) was almost

Hp0(24%)-N2 |

€02(20%)-N2}
H20(24%)-C02
(20%)-H2(302) ™ &5
~-CO(15Z)-N2

close to the rate

with O, (1%)-Ny, and Fig.13 Effect of the
gasifying agent on the
gasification reactivity
of char

product gas was
rich-in CO and H,
although CHy was not consumed at all. This
was interpreted well by the homogeneous
radical chain oxidation scheme of CO and
H2[4].
three gasifying agents for gasification

The relative potentials: - of the

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 1000°C, and the
results were summarized iﬁ Table 3.

Table 3 Kinetic analyses of gasifications
of coal chars with steam and CO2(2}
k =ko 0™ (dp)" exp(-E/ RT)
Sas1EVINg l0-(Np) mixture [CO2-(N2) mixturs
Egg‘f“t mY|n| E m |nfE
Taihelyo 0.43 10 191 | 0,502'| 0 | 197
|111inois#6| 0.43 | O 195 | 0.542)| 0 | 308
Callide |o.u21— 1197 |0.472)[—]257
Uonuk | 0.67 |— | 157 [o.u5°] —12ul

Particle pressyre:Py;0=0.16 ~ 0.41[atm],PcO2®
: . - 0.1~0.6[atm]
Particle diameter:dp=0.5 ~2.0 {mm]

Activation energy: E (kJ/mol]
1) 900°C, 2) 950°C, 3) 1lo000°C

Correlation of the reactivity of char’

To explain the defference in gasification
reactivity (k) found among the chars carbon”
ized with the same condition, FR and H/C

Gasifying agent:

Gasification rate of a char was depressed

(atomic ratio) of their parent coals were
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Table 4

Correlation coefficients derived by the regression analyses of the gasification reactivities
of chars with the various properties!’ of char and parent coal. (See Table 2)

A1,03, TiO,

and Fe303 into

log(k [min-11) =Aq +A] 10g(X)) + A2 109(X2)

PPC(5]). But
X1| 9char [¢Pb®)char|8coal (o) coal | (C)coal [ [Clcoal | (H/C) coal [(H/C)coal |facoal | facoal |FCooal |FCooal

there were some
X2 Qcoal fcoal Rcoal fcoal
110706 | 0.6629 [0.747 | 0,759 | 0.714 ]| 0.779 | 0.852 | 0.918 |0.648 |0.904|0.774|0.010 | ¢C°al ash to
1/0.78¢ | o0.513 Jo.782| 0.731 | 0.858 | 0.876 | .0.789 0.928 |o0.671 |0.936 | 0.818 | 0.955 show good
1 [0.816 0.525 §0.789| 0.738 [ 0.777 [ 0.829 | 0.711 0.885 |0.645}0.913|0.754 | 0.914 catalytic
wlo.es8 | 0.656 |0.828| 0.778 [ 0.812 | 0.869 | 0.657 | 0.892 |0.546 [0.910[0.717[0.927 | activities for
vio.6ss | 0.688 [0.633| 0.647 | 0.547 | 0.637 | 0.650 0.706 |0.591 [0.737 | 0.654 [ 0.749 chemical con-
V1 {0.709 0.728 10.752|-0.754 | 0.681 | 0.770 | 0.682 0.821 |0.5250.844|0.6790.859 | versions of low
wi]o.527**] o0.310°*]0.55u] 0.483 | 0.808 | 0.811 | 0.808 | 0.829 [0.609 [0.748]0.7920.825 level NO, HCN

1) a:Moisture-holding capacity measured at 30°C, (C) :Carbon content given In wtZ,daf. (H/C) : atomic
ratio. fqg : Aromatic carbon fraction. FC : Fixed carbon given In wtZ,db.
2) Aoproximated with values (2,ep2) of char prepared by thermal decomposition In N2 stream for 7 min

at 1000°C
But the 0.3 " Hp0a0) -y @)
regression =H28 (200ppm) -No ; éD
analyses 0.1 225_0.:-(:- OTG
with a form ér E . 8GH
of Eq.(7) s ~ LZ
were found E B v A MCQ,IJCO
to give the we 0,01 .KM
best cor- E B BW
relations C /Y cor,coef, =0,927
for all of 0.002 Lo 1y
the seven 0.002 O'QI. 0'11.J%'3
qasifi- 0.170 (FC) o 1 % (R300C) goar
cation Fig.14 Regression analysis_of the

gasification reactivity(k) of
char with the properties of

syste i
¥ ms in parent coal (See Fig.ll, Table 4)

Table 2(Table
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].

A
kchar

10

A A
0“?ccoal) 1((1coa1) 2

(Ao, Aijr Ay ¢ constant)

(7)

Catalytic activity of mineral matter in
goal(s,10,11].

From the above findings on gasification,
the catalytic activities of rate enhance-
ment and CO-shift reaction(CO + H20 = CO2
+ H3) 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 HzO-gasification of the model chars
Prepared by loading LTAs of three coals
and typical ash comrnnents, such as <ing,

and NHé con-
tained in a
gasifying agent
of H20_-H2-H25-
N, mixture, and iron oxide was found to be
the most responsible component in ash(Table

5) [10].

Table 5 Catalytic activities of coal
ash and ash components for the
conversion of N-compound in a
gasifying agent of H,0(10%)-Hjp(
2.5%)-525(500ppm)-{NO,HCN,NH3}(
500ppm) -N2 mixturel) [10]

Reaction?’| NO = NH3 [ HCN-=NH3 [ NH3 N2

Talheiyo

coal ash © © X

Datung

coal ash © © O

S10; X X X
A1203 A A X
Ca0 © N X
Fep03 © © ©

l) Temperature:800~ 950°C,
space velocity =6x104 [h~1]

2) NO+(S/2)Hz —=NH3+H0, HCN+H,0--NH3+
CO, NH3—(1/2)Ny+(3/2)H2

Catalytic activity: @ good, Omoderate,
A poor, _Xnot identified

Catalytic additives over coal/char

Investigation were carried out on the
catalytic potential and feasibility of the
transition metal(Fe, Co, Ni) compounds|7],
the alkaline earth metal (Mg, Ca, Sr, Ba)
compounds(5,8), and the alkali metal(Li, Na,
K) compounds(7,9) for H0- and C02-gasifi—
The
catalytic rate enhancement were seemed to

cations of PPC and coal chars.

be caused by the reaction cyclés; Fe<= FeO,
to broduce synthesis gas(CO + H,) [5,7],
‘Ba(OHE=§=BaC03,-and Bas = BasO4 for H,0-
gasification. BaO+<BaCO3 == BaCO3 for Co,-

gasification([5,8,9]. Alkali and alkaline
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earth compounds also
promoted CO-shift
reaction to produce
a gas rich in Hy
and coz(5,7,8,9].

Sulphur tolerance
of the catalyst[9]

The Fe, Ni, Ba,
Na and K compounds
and sea water, all
the effective
catalysts, were
tolerant to HZS and
COS(~400 ppm)
mixed with a gasi-
fying agent of H,0
(24%)-N, 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-
cation with H,0
(24%)-H, (24%)-
H,S, COS (100~400
ppm)-N, mixture
(Fig.15, Fig.l6)
and were véry

2 (1/min}

Averoge rote constant, k x10

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.

0.6~
0.4 Bogigfjigpo-c
_ =0
gé 0.2l [Fecion).as0ec
= Ba(10%),800°C
0.l
= [
£ 0.05~ | M0m),850°¢
Lo ——
g [
S
o 0.02
-~
2
& 0.0l lhat ca.gs0cc
2 —
< 0.005}-
= o
0.002|— Non-catatytic,
850°C
Fe(10%),g50°
ooof S
0 200 400
H2S level ppm)
Fig.15 Effect of Hys in

gasifying agent on the
rate of catalytic
gasification of PPC
with a mixture of H20(
241%)-H2(24%) -H2S(0~ 400
ppm) =Ny

3
850°C
2 S
O/OQIO
|l = H
— Co
0.5} Ca
0.2t
0.1} H0(24%)-Hp (24%)-HpS
- T
_ 1 | I
0 0 200
H2S - level (ppm]
Non- Catalytic
Catalytic Ba(3%)

.Fig.l16 Catalytic rate enhance-

ment by Ba(3%) impregnated
over chars, and their
tolerance to H2S(200ppm) in
a gasifying agent
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