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Abstract—The catalytic activity of various mixtures of alkali salts(K;COs, K,SO,, Na,CO3), iron salt(FeSO,)
and alkaline earth metals(CaCO; and two limestones) on steam-char gasification at 700-800C has been meas-
ured in a thermobalance reactor. The melting behavior of the mixed salts at the reaction atmosphere has
been investigated. The gasification rate with alkali salt could be enhanced by the addition of iron salt and
the largest effectiveness of the mixed salts on the gasification rate can be attained at 800C . In the gasification
of subbituminous char with (K;SO;+FeS0,) and semi-anthracite char with (Na,CO;+ FeSO,) exhibit better
catalytic activity than those with K,COs. The gasification rate with Na-Fe-Ca mixed systems strongly depends
on calcination rate of the Ca-based additives. A kinetic parameter is proposed as a simple measure of activity
of various catalysts based on the grain model.
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2C+2H,0=2CO+2H, AH=+238KJ/mol (1a)
CO+H,0 =CO,+H, AH=-32KJ/mol (1b)
CO+3H, =CH;+H,0 AH=-206KJ/mol (1c)

2C+2H,0=CH,+C0O, <9A33y 1d

A& AeAl71E vhE (1a) ol A 'hae) 533 ghg-o]
sk, e s E Folw Hbe (o) 7} wduhgol
22 CHsol H¥AFEE A2 AA B3t ajepay
Hao] AAPgel HRE FA 7} =2 = HH WA
qHE7)7E 2dE ook sl olEd WY WA
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%%11)7]+ Exxon catalytic £3[1,2]¢] 7% K,CO,4
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Table 1. Analyses of coal and chars

Name Usibelli Jinchun
coal char coal char
Proximate analysis(dry basis, wt%)
Ash 8.1 125 15.0 13.1
VM 48.0 9.5 103 5.0
FC 439 78.0 74.7 81.9
Ultimate analysis(daf, wt%)
C 62.5 89.8 82.3 91.0
H 5.0 1.6 29 3.0
N 0.6 15 0.7 15
S 0.3 0.2 09 04
o* 316 6.9 13.2 4.1

;:“by difference

gaigle g A A eH(ASTM 7)< d=fxskat
Usibelli &3} & 7wl F34 Jinchun €& A4
stgich Chare A4 #5178t d¥s]2elx 10T/
min®] $&& 52 700C 74A] 7td¥ o-g 3087 &
A2 F AR A] A A3 WhEle] Al 23 i) Toda
[12]%& C%<83¢] Mete] 73§ dAe] 2= (heat treat-
ment temperature) 700 ofj 4] Z 2] v]A] 7| ZA A
Qoix)e], dA-eL% 600-800C W ellAe= A}
W 71E T2 wsrt A9 gdn 2askaick H=ke
Fhzashibgols F2 uA7 o] BdFeE B AT
Axe HHe v)A7FS 7] $lstd 700C & dH
g2 s Addsisict. {88 W char®] FHEAA,
QAaRAA D 359 34X E Table 14
E3}93c}. Jinchun ¥ Usibelli gtel] B3] 352 tf
won) odZe|EFE&e] 43tEq Ca0, MgO9| 42
ol 4adtR g Ca-Al AE-S 71 34E ERAAR 9
yh-&-A gl Jinchun &-& AH4-3tdch

Char(32 Tyler mesh ©]3h)& AloFF &2l (K.CO;,
K:SO0s, NapCOs) ¥ AF49(FeSO, 7TH:0)& &3¢
F-8-oHel o] rotary evaporatorell A HA|A|Z F AxE
71l A F8-E AAste] Foir) G D A 8E Az
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2 EAT & Haksie] A At EE0 9
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Table 2. Chemical analyses of coal ash and limestones

(wt%) Usibelli  Jinchun lime-A  lime-B
SiO; 344 45.0 2.8 6.9
AlLO; 144 33.2 0.8 2.7
F€203 6.9 10.2 1.1 2.7
Ca0 249 59 920 86.5
MgO 3.7 0.9 0.5 1.1
K0 0.8 1.0 0.5 0.6
N 320 1.5 15 - 0.3
MnO 0.1 0.1 - 0.1
TiO, 0.7 1.3 - -
P,0s 0.2 04 - -
503 - = - -
ZnO - - 0.1 -
residue 124 0.5 0.2 -

ofl+= Ca-7Al HVIAE A2k4- CaCO; ¥ F £/ 4
24k 4 2] A (limestone) & 24 ¥ ©# A|52] 4477
2 50%% B2 &g H sl ch Age] A4 Ca-
A FTAES g £ E Table 20 3319
t}. Lime-B+ lime-Adl] v]&) Ca0 jteFe dolAv} Ca-
A FTA Y A EdEE dhe HoE o
A3 Fe,0,(13]= 2.7%%2 A9 1.1%Xc} Wt}
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Fig. 1. Schematic diagram of the experimental apparatus.

1. Distilled water 8. Electric balance
reservoir 9. Winch assembly

2. Micro pump 10. Variable transformer

3. Steam generator 11. Pressure regulator

4. Electric heater 12. Gas flow-meter

5. Sample basket 13. Line to vent

6. Cold trap 14. Nitrogen purge line

7. Gas pump
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Table 3. Kinetic parameters for catalytic steam gasification of Usibelli char

Catalyse Loading (Kops/Knone)® E AX1075 m
(wt%) 700C 750°C 800T (kJ/mol) (hr'!) eq. (6)

None - 1.0(0.04)¢ 1.0(2.36) 1.0(3.60) 108 7.1 1.00
K2SO, 3 1.2 1.2 1.0 89 09 0.84
FeSO, 3 1.3 1.2 11 91 11 0.81
Na;CO, 3 1.3 1.2 12 99 29 0.77
K.CO; 3 1.6 15 14 97 3.0 0.72
K580, + FeS0, 3 1.5 14 1.3 91 13 0.79
Na,CO,+ FeSO, 3 1.5 1.2 13 95 1.9 0.75
K;CO;+ 1280, 3 13 14 13 113 16.5 0.74
K,CO; 6 2.1 1.7 1.5 80 0.4 0.60
K>SO, + FeSO, 6 2.0(1.32)4 1.6(1.23) 1.6(1.51) 87 1.0 0.63
Na,CO;+ FeSO, 6 1.9(1.19) 1.6(1.16) 1.5(1.22) 88 1.1 0.70
K>CO3+ FeSO, 6 1.8(0.91) 1.5(0.94) 1.4(0.93) 89 1.1 0.83

:weight ratio of two salts for mixed catalysts=1:1, ®: the ratio of average rates, °: Kuoney hr™, ¢: Kops/Keas

714 Wors char A& Z7)1FA, Wi oHHEA]
EE AN A F2 JEY FAE ey We
AR X7t 8] A & FAE Jepdc) Chard] W4 %
2wk S AHg3slr] Y8 o2 burn-offA]& A}
23141,

X=1—exp(—ath) 3

A7NM A5 o, pE HEASHOE FoAw, A2
Well otsle TS ol Y chars) Fhxzha
$&EE et 2k

dX/dt
k(X)) =—"-
=T

=al/BB[—ln(1—X)](B‘WB (4)
uhgA e Az 2A USSR ke 7R g
k(X)E ZE ARETA HRste] Fatdch

2-4. %x7| A|lR™0| 2hSMol o|xls EE

B S A| A~ o A BAbA §Fe] of 3FS- me)3l7] 9)8)
0.3-2.0 go] 7| A 8% Wslol o} uh-gE =it
315 AT AR 05-10 g Abe]dll & Fuhe&x
1.3h7Y EFHa} 0,04 h 182 v)x3d Aot 4|
2L U Frsbd gkl AEiRAEAelR A
5 uf gabxgto] F71sbed chare] WAL 7Hash]
t}h ole & A¥el AM8d Mg A e
739 dAAEE A4 Kwon ${15], Schmal %
[15]2) Axte} AL dX3ldct wepr] & AT =
3hake] Q3g Haslelr] fEhe 0.7 AlEFE A
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3-1. U ES Folgy

dAe)FEGEe] -3 el vepdle &
iAol thaf M AbE e ATEe] RaE X gledl,
ol &t4Ae Eelddhy AA(EHA, 73+E, 3§
24 B, EFe A, Seoles £F A5 A
ey Fol Zulddxe <43 = 5 97| o
ol et dj i A FrleR &4 (Cs>
Rb>K>Na>Lidel wet Eej@de= Zrlsle 84
stellviA ZFagd1] d2=lgds g4 2
o] 59 ERHES 2RI’ chard] vHSA (k)& B
whub-g-2] ¥HEAd (Kuowe) ol THRE B]2A] Table 3o A2
shodch DddgE FolR AMER A5t vEefub-gel
HlE 1.3 Wele) v ZkE B EejgAdLe e
FEAA] skt ole Fof 2] 3 wt%(metal
to carbon weight ratio, M/C=0.01-0.02) & v A&
#oie] Usibelli &bt 22 A5 &9 A% 25F =l
w3 dze|d 5] v @Ado) viefsly] o FolrH17].
gddEe] vehle 8P wE2xe Fote
upe} obd Ao dddEY] FgEEE K,
CO;>FeS0,, Na,CO3>K,S0,8] 2.2 Yy} o]+
dZe]d 5 A Jol2o UxHEI} FETE &
fite] JUAFE B} e #Ae Zdevhe RagE
(813 dAg}t 345 FeSO= ©dds H|wH

& M/C #& Z#8ol= B3t $& 4 & Rald.

3-2. 2SS Hofghy

G} & BFEALR o) Fof2 A A &
FZo] So] uhg-& % 700-800C 9] char-5%7] 7}23}
HHol A vehile $4¢ 2Abetgct Fig 20l £¢
Zo) K,S0,+FeS0, ¥ U952 =] char?] 7}
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Fig. 2. Specific rate profiles for steam gasification of Usi-
belli char impregnated with: 3 wt% catalysts: A, K;-
SO+ FeSO4; B, FeSOs; C, K:SO4; D, no catalyst.
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Fig. 3. Specific rate profiles for steam gasification of Usi-
belli char impregnated with 6 wt% catalysts: A, K,-
SO4+ FeSO(, B, N32C03+ FESO.G C, K1C03+
FeSO,; D, no catalyst; E, K;CO,.

gy Zv]5 AHE3 char- $27) StAgleETE H
F59S 22y oA F e Ao e

ek Fig. 3ol 4l 7hal bde] ool FeSOE 71
ztzke] EEoh ol vehle tashl g4 RS Bl
oo BlEuure g K,CO; Zvjurg-9) QL}E I EnA=3
Asted A D2 A(KS0) o) AgEdE ¥
7R £SO MY 2 SRS £°1% b K-
COpell B35S ¥7HIA A F2 M5 EE 1
At 3] ¥R 800C oA 6 wt%(K;SO;+FeSO,) &)
At KLCOsEtt b WA ES Hole 7L 5758
ukgich

Table 3914 22 3wt%o] Fg&FE5e 459
Aol 7} thi 2o} 3 o] ofei gt TR} 6wt

%E e EUZONEY A$ S £4E KSO+
FeS0,>Na;CO; + FeS0,>K,CO;+ FeSO, 2.2 velyde}.
T FE5Y A BR o]Foja EYE0) AE 5E8p)
A3 F He 34 d¥ol Mo Zujatge 4
Yohs FHYstl AR k(1119 AAZA =
ks & wliste] 4] Table 30 $23}9c}

kadd:kme+ [k(A) - knm] + [k(B) '-knone]

714 k(A), k(B)& ¢+% 9 A, B7} vehl= 7}
zte] wp-g-Adolck wF kykiae FHO] 1HT 2 EPE
e I FYHEEC] Asaes I 8 4 9ok
EREo)Eo) vFehil e kuokoa 32 BB EFeol
w2} ZA F9=HUck K,COs+FeSO= 18} He
Kus/kaaa $& 714 KCOse A G} o} 78 A5 2t 48
vehiA] dethe e 4 4 Uk KCO; 2 AAE
LA 0] vl F o0} A Eo) char el BALEE
AL E4FAE Edhe ALZ FEH o3 =
Aol e Age] KCOsoll vl AiH oz whg-Ade]
W7] wj R EFEL K.CO; B} e ubgAS B
o] Al Hck NaCO:+FeSO:= 1.29) kuvkou & 7]
A=Ay AF g = Ao vehdr) K80+
FeSOs= A 712 E83&9 F /M € kaska 85
el 7t AR A4sabge] 2 o = U
EYEv s 4L o7 959 ALY ubs
259 Z7tol wat o FAshd o] 59 kew/ke B
Haga$} Nishiyamal 18]7} 9173 Fe-Ca & §A] 2 8oll
A7 800C oA 713t AA vebdt) ol#§ dAke
800T o)A :%27] FlAgubgexolAe dyo &
Aol FH3H19]%7) dFo 2 yztsch 53 800T
ol 158 2 Kus/kaw S 2 (KoSO,+FeSO,)
o] At K.COso 848 5718k o2 Yepdoh

3-3. Kinetic parameters

AR 7 A3t A= 7] d3R20-24]50] BF
gt vle} o] u]Zufub-3-o] 79 108 KJ/molel) 4 K,COs
Zofuk-g-2] 49 80 KJ/mol2 7}4:3}9ich(Table 3). 7t
o ebA-d o) Fwlo] 859 gl o gy HS g
B3 g vk e Hate] ubg-E AlFEHA Hel Fgyt
S5 9 A5l ZAad Foloh 3 9
252 et23) 2152 agglomerationg HE8 F Q&

Ae g ozl vH25] glou g old fHE HAds}
AR 7} A% 5 it B4do] E FvdE AR
A YA = AT Fo R oS} B A 4
FHoll A= olejdt BA7} HEsA HEHA= Uk
ohat (K,SO,+FeS0,) 2t (Na,CO3;+FeS0,) 2] &34
< A8 A% vlxAd B B4R & el
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7t~ 3hulg-o] ¢ BE 7)-3A ¥-$9] grain mod-
elg AHg R WS E A dloleh: A4AA WILTE
X¥3t3 Utk
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27]. 3 o]2]3} rate retardation ¥Ate] EEH w}
ot 28], wieba] B dFol A= shite] ZelE 54
2L 4 e g AE thg3} o] £3589l No-
malized time t(=t/tys) ol w2 A &L 23 Je}d
A% Qe char A AHE st o2 B
4 9dek o1 ¥ MdE AHEslr] A4l 4 (B) & AHed
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me 2= £ curvedF & F U291
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A¥ Aae Sl ATAF 095 o)L ZE m 3
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L7122 ubolEol Lol (accessibility) 7} ool
a}e} zo) 7} v}r] wjFolt}[9]. v & wuk-g-o] A-¢ m=
1.0, K,CO; &ohut-3-2] 7#$ m=062% Aisgod
el zuo] A4-Ewt ope} 6 wt% EFEINE A7
7o % m e ZojBA 2 M5 A YT Qlch
upebd] m e wmEgoEs o 7pA Fepugel ¥
AEE 73] 97 = glow 2] vehde A
#Bg EAS she] oz ZdE 4 ok Al 7Y
E¢2v] 9 K,COZ A8 79l 213 unification
curveZ Fig 44l vlmsteich «37)4 (K,S0,+FeS0,)
Zo g Al&3te] o]z AZE FAHL m=063°2%
KoCOyoll A 2otz m=0.6001 Ao TH& ek
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Fig. 4. Unification curves for steam gasification of Usibelli
char impregnated with selected 6 wt% catalysts: A,
KzCOg; B, K2S04+ FESO4; C, NﬂzCOJ + FeSO4;
D, K;COs;+FeSOy; E, no catalyst.

Table 4. Melting point of various salts in the reaction at-

mospheres

K/Fe, Salt melting point(‘C)

Salts Na/Fe . H,O/Hy
(wt.ratio) " PO (o nne

K.SO, - 1069 720 755
K,COs - 891 700 (874)
Na,COs - 851 725 (801)
F eSO4 7H20 - 64 - -
K,CO3+ FeS0, 28 - 690 -
K;S0,+ FeSO, 2.2 - 700 707
Na,CO3;+FeSO, 2.2 - 685

@: Merck mdex, ¢: 80 mol% H,O This study, : 25 mol%

Q74 5= 9lch wbd, £§% o9 wo] char EHE
P& 7S char 3|2 W22) whg7ba ghabe] wha] = of
FY4Te} FH7 %‘éﬂ“ﬂﬂ’]ﬂ 2 4 Utk
2 dgoie Zole S545 Euje] B4 Abo]e]
BAE AmRr] st A AHed ddd 2 &
o] shasiuks 297]sleA Jehlle £54HE
23l ch K-type dAd) 7L AA = 2d a2~ 953
basket(®7 30 mm, &°] 60 mm)eol] 10g] AE3E
AL F 1000C 2 SAFZ 9= HYNL] YRR
sl7FA1ZATh 2189 A7t W 2EFAA FAR
& or|EE 717 #HEHE 3o} Al £EHS
AXRslgow, 2 Z3}E Tabledol Hz)eich ZE
A BAEL w7t E4171(80kPa HoO) oA £8A4
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Fig. 5. XRD-patterns of K;SO;+ FeSO, impregnated char
sample during steam gasification(T =700°C, load-
ing=6 wt%, weight ratio of the two salts=1,
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KAISiOg4; e, KaS; f, Fe; g, KOH HO.
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Fig. 6. Effect of the catalyst loading on the reactivity of
chars impregnated with K;SO,+ FeSO4(O, 700°C;
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ght ratio of the two salts=1:1).
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Fig. 7. Reactivity as a function of catalyst composition for
K,SO4+ FeSOy catalytic steam gasification of Usi-
belli char(T=700°C, 3 wt% loading).
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Fig. 8. Specific rate profiles for steam gasification of Jin-
chun char impregnated with: A, Na;CO;+ FeSO,;
B, K;CO»; C, K;SO4+ FeSQy; D, raw char; E, acid-
treated char(loading= 6 wt%, M/C=0.05, T=700
°C, 101 kPa H;0).

sglen, B A3 9l el 4 80 wt% K.SO.2t 20 wt%
FeS0,9] 2A4& g3t W34S Az T
T A=

3-7. Jinchun Char®}] $Z7| Z}IA $2L20]| A{ K-Fe2}
Na-Fe2| Z0igHd

Usibelli char®] 7}23Pubk-g-ofl 4] #2438 Hql EE
) K-Fe#} Na-FeZ Jinchun charell ©#]sle] 22 7}
A3Ee4 T 418 Fig 8o Yeplich vl2E 93l
43 char ¥ Aba2)5l char(10 g 41¥H-& 18.5% HCI
1000 ocoll A 2417} 2]2]) 2] Ante 33t} Z0f (K
SOs+FeSO) & K.COypoll w8 ub-g-£ %7} 2f7h Hef
#& b (Na;CO;+FeSO)+ AgHgo T3 K,
CO; B} L} kg4 v B Jeblo) Potassium$ 2=
EgE7L Nag 72 £ uc A Eyge] we
718 Jinchun ®re] 3| E-AE Z potassium>} ¥F-8-3}e]
284 E4L mEA He SO, 2 ALOY ZH7 45,
33%% vld geo] EAs7] HEY Rolrt APl

oa FEAHo] ol A7 chare HEHgo wz}

whe-2 w7} Fotebx] Fahan A JdA sk aebA Jin-
chun charg] 7}28pibg-2 38 e 142543 (Fer
03 10%, Ca0 6%)oll 2J3) <I3Fg uk= 7o) Al

3-8. Na-Fe-Ca ZEEoolM Ca-Al B2 &

McKee and Chatterji[32]+= sodium carbonate& Z



et A-p27) 71224 K-Fe, Na-Fe, Na-Fe-Ca&Zg &9 Zvoav} 757

>

“

Specific rate (h™")

T =700 °C T = 800 °C
86 02 o+ o6 o8 10 80 0z 04 o5 o8 To
X (=) X (=)

Fig. 9. Specific rate profiles for Na+ Fe catalyzed gasifi-
cation of Jinchun char with Ca-based sorbents(sa-
Its/char=0.06, sorbent/char=90.5, T=700°C, 101
kPa H;O0): A, CaCO;; B, lime-B; C, lime-A; D, no
sorbent; E, raw char.
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Fig. 11. Variations of surface area with conversion for
Na+Fe and Na+ Fe+ Ca catalyzed steam gasifi-
cation of Jinchun char(conditions are same as
Fig. 9).
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Me #-7%7] 7}23pakgo| 4 K-Fe, Na-Fe, Na-Fe-Caig}82] & i}

AREY|E
A : frequency factor [1/hr]
E : apparent activation energy [kJ/mol]
k : average rate for full conversion levels, reacti-
vity [1/hr]
Kuwa  :calculated rate with mixed catalysts [1/hr]
k.ne :observed average rate without catalyst [1/hr]
kss :observed average rate [1/hr]
ko : initial rate [1/hr]
k(X) :specific rate [1/hr]
m : reaction order with respect to solid
t : reaction time [hr]
tos  :time for conversion of 0.5 [hr]
w : weight of char [kg]
W, :initial weight of char on dry base [kg]
W., :weight of ash component at complete burn-off
[kel
X : fractional conversion of solid
Jzjo|A 22X}
a : parameters defined in eq. (3)
B : parameters defined in eq. (3)
T : (=t/tys) normalized time
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