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AL olgsto] & EHQ Sioy7F 7M. Ferl S8l Sio 7 7FAA] ¢k Ferdl SuiE Alxskala, o]
g7 7 FullE ol8ato] 250°Ce] 5% 9 1.5 MPa®] ¥ ollA] Fischer-Tropsch B85 33131t} SiO, =
7t Ferdl Zl7F SiOE 371l 982 Ferll SvllRnt §@A5] 93t S-S UeRiSlal, 1441178 whg-AJ7E
B3 Holdk ZulobPgd g UERIT XA 31 9 N9 EElEaks Felo] Svje] AR 2 AR T RE B9
A, Si0,E 371 79 Ferl Ful|] FAer} 3= As #d e 5 Ulvh. B3 H,-TPR(temperature-programmed
reduction) {4 AHE F3l, SiOE 71 79 260 °C olske] A& J9ollA] Fe,0,9] Fe;0, 2 FeOZ 2 3Hglo] &
sz AL RISkt W CO,-TPD(temperature-programmed desorption) 21247} 2J5kH, Si0,& 371t A3
Zujo] ¥ 715 A4S webA SioE A7 it SioE F7keHA] o SRt e SuldeS
Hebdls 212, Si0E 71l uet Sujo] ate] FxIE 1 Shelo] 31 Zlo] 39 Il 210 Y7t

-

Abstract — The FTS(Fischer-Tropsch synthesis) was carried out over precipitated iron-based catalysts with or with-
out SiO, in a fixed-bed reactor at 250 °C and 1.5 MPa. The catalysts with SiO, showed much higher catalytic activity
for the FTS than those without SiO,, displaying excellent stability during 144 h of reaction. The X-ray diffraction and
N, physisorption revealed that the catalysts with SiO, showed enhanced dispersion of Fe,O; compared with those
without SiO,. Also, the results of temperature-programmed reduction by H, showed that the addition of SiO, mark-
edly promoted the reduction of Fe,O; into Fe;O, and FeO at low temperatures below 260 °C. In contrast, surface
basicity of the catalysts, which was analyzed by temperature-programmed desorption of CO,, decreased as a result of
SiO, addition. We attribute the high and stable performance of the catalysts with SiO, to the improved dispersion and
reducibility by the SiO, addition.
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LM B = SHeolA wlg f743t 7]golct FT $d4H8 (Fischer-Tropsch

synthesis)> ©]2]3t e Nsle] SFP o=, FT FANEE-&

kb M8l (indirect coal liquefaction)s A&7k438l W G| S Zufj7]ato] ez i) o] 29 o9 9] 3R <laly
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L Atk FT 3RSl 2448 vehls thE4Q] 55542 Fe,

Co, Ni, Ru 5°] It} o] & Ru:= A8 SE AR )0l Y-

7 7oAl (Fe 7FA 2 ©F 50,0008 o)), Nie= Hgkshiks-of ofst A
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Fischer-Tropsch 37JRke-8- FeAl Ful|2] A

= o]g53L glr}. 53] Ferll Sl FT $/duh-8-8- 5
& A7laL, aLel AL vgke] A Eo] ks g3
o, WdE T &ulve] wgo] w7 vhitel, AP
ol gehilg] fnw 488 1 Slrk B Ferdl Sl FT 34

2] FMJ7EA(H,/CO<1.0)E M ES] WGS RES71E AX|3HA] a1 2]
88 4 vk AHE AU QleH14].

280 °C m|¥ke] A2 FT §/duk3-9] -5, o] Ferl 2l
7P AFAR Az e ® g gloH, Azt F Cu K,
Si0, 5° ZFu7t FuldA T3S Y8l 7k o714 Cu=
FeAl Ful9] 3Hle S Sur7e oS slal, K Fulldawe] o
7155 ST s Fasith2-6]. o] FolA 53] 7 2%
|2 H7FEE Si0E Ferdl Svlie) 71414 s
ek, Zujjoke] Ageol o)k s ahg-©

814 Aol A 9B mIAlE ZLo Bas AL QT 7-1
S171: FelCwK Frfel] Sioz= H7Fe Z9- Foljo] 2d 9l o
o] FA A= L, B 'helgAo] /o]
Atk FeM/K Zallell & Sio,= 3
go] A T == FOE HaE3 QAR
Wan 5719 Z¥el= Rtz 537 whelao)
[8]. ©]¢= ¥R Jun 591 Dlamini $[10]12] <ol &8hd,
SiO, = 7k 739 Fe/CuK Fm¢] “d-50] Ak, Si0, 7=

A

At Fvie] FAAA7} AeAste] Fo 4] Fow B

ATk 28U Wan G712 Si0E 71 A FHvllo] ko] T
%] Fe,04°14 Fey0,22] o] F315]= 7102 H sty Q).
o]l A& FT F/dWH-g-8 Fedl 2] Sio, Hd7tadle] sk
Avh= A Rasa JARH11-17], $loll 713 vkel go] 1
A= 7F w3 HE g Aot Aot o]ElA)] £ HE Ao
st A7 B A2 AgAEaict ka2 Sz 2 A
Z37gel thar Zpol7} Q7] wiE]l A oR Yt o7 ols)|¥]al gl
om[7], o] 3 AMIL Si0, H7ta e WEsHA s Sst S
7HAR1 A7t o8] H Q7S ou|sitt.

2 AFolME FHE o]8sto] A FT
s AzZB L, Sio,e] 7P E e =784
EAe) vX = Y AT FT EARES-2 #12 FT /34t
2] 25441 250 °CollA 144A1T 53 I T, Tl
A 7} Fuje] g, e 1 ePg/ds Fr1sIeIth gk XRD(X-
ray diffraction, X-41 34), N,2] E2]5-2}, TPR/TPD(temperature-
programmed reduction/desorption) 5-2] 415 o] g3l ZF Zff
o 94 2 W AE, HhSTEAS] FEAAE 58 A8
11, o1& F39 Sio, H7FE 13t Ferl Fvljo] E]-3st4] 49w
37} FT E2du-ollA ] Adsoll mixli= 3k tiste] 1st

ek

SPNkS-8 Fe/CwK
2=
o O

1]
=

[e)ye]
O 1o

2. AUY

Fe 100 g F A4 2 100Fe/5Cu/5K/(18Si0,)2] HEZAS 2h=

O 11-o0o=
FeAl Zvlli= 8421 237 (co-precipitation method)yS ©]-85}H7
AZ3Ftt. Fegl Cut 100:52] &R E8F]0] QL= Fe(NO;),9F

Cu(NO,),o] EF-8-olE Hhg-olA %4 0 2 wrlehaA] Na,CO,
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sto] AAET Sio ) s EFEEE SIGi
gl Yah= nlguhEo] K7 39 K,Co, 898 H7)
A% (spray-dry) B2 o]&ato] -5 AASITE.
S3f Aolxl 7R ETYAE 100 °CE] AZT]0lA 24
g $HA8] AABKI AL, HEA OF 400 °CollA] AT
3kt Si0E A7kt Fulli= Fe/Cu/K/SiO,= ek,
Si0,5 H7I8HA] @2 vl Fe/CwKE st
Az Zulo] AA 2= XRD(D-Max 2500/RigakirhE ©]

3lod B899, N2l =2 SZHASAP 2000/ MicrometricsA HS: ©]
2310 Fulle] Mla72 24 2 BET(Brunauer-Emmett-Teller) -
ARE o] 88 1A SAS TSIt Fe] SHAFE Hy-
TPR(BELCAT-B/BellAP)S F3l 431911, 5%H,/Are] 17|
(carrier gas)E ©]-838}9] 2°C/mind] & 255 F7RA7|HA &
mjghelell 2J5k H, 9] AW & 57483t} B3t CO,-TPD(BELCAT-
B/BelkHE ol-83to] 7} Zujje] W 97| vlwaith. CO,2
AR 50 °ColA 3033T BRIl SR A 25 Hes ARS8
©°m, 6°C/min®] FEE 25=F F7MAZIEA el F2E CO,
o] B E-2 AR

o= 1
o] 587 25987 (fixed-bed reactor)E ©]-83510

He
d

&
o

FHslPon, RE Wk IRAAE pCo A eS| A AES
ol gste] Aottt WS A& A AlEel tiste] At 2

280 °C2] SHAI7FAE-S)7](H,/CO=1.0)°l14] 20417t £}t Sha A2 =
Il on, 1.5 MPa & 250 °C2] M7 24171 (Hy/CO=1.0)11 4
FT @ik srasioirt. 9hel Bl wha3d 55, 3.0 NL/gyqyh
2] GHSV(gas hourly space velocity)= $/d7}~5 ¥-5-7]¢l 533t
ek, 2 WhgARel] whet A EE 1A A 2 A5 7
2y q4H-8-7] $tol] on-line® = AZ%¥ GC(gas chromatograph, 3000A
Micro-GC/Agilent*l) B! 213715 o]8-ste] L-A18k3inh. gk
F3E AHAYES 4 ASTM D2887[18] 2 ©]-&3t GC
(6890N/Agilent*HZ E3f F-413151T}.
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3-1. 2218 84

XRDE o] g-3lo] W&o ARFFE A% A¥E Fig 19 Yek
AT} Fe/Cu/Ki= Fe/Cu/K/SiO,o} i et W] o2 0 2 " 535t a-
Fe,05(Hematite)2] 314368 LFERISITE. Fe/Cu/K/SiO,% Fe/Cu/
Ko} ALt s1dsliels LRl SIAIRE, A o = 9]=9] Fo] §lu
A57b 2 gdsleo] A olelst AuE SEiA & ),
Fe/Cu/K/Si0,2] 749 AAA 0= 22 7719] AHHE 2h= Fe,0,
7} FA = A o= A7t Yang 5817} Dlamini 510 £ A
Tollk It ukel o] FT AdWke-§ Ferl Fullell sio= H7F
Al XRD #eellA 1]3.2] Fo] HAZ 07 Gojx|= A0 W st
a1, AH wAlslel] 1 dglo] 9l Ao ARIeIT

Fig. 29} Table 1= N,o| 8152 &3l Fr9] Alg7xE &

218k Aatolet. Fig. 20 vhebd wke} 32o], Fe/Cw/K/SiO,2] 78 1-
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Fig. 1. XRD patterns of Fe/Cu/K and Fe/Cu/K/SiO,.
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Fig. 2. Pore size distributions of Fe/Cu/K and Fe/Cu/K/SiO,.

Table 1. Textural properties of Fe/Cu/K and Fe/Cu/K/SiO,

Pore structure

Catalyst BET surface area  Pore volume  Average pore size
(m’/g) (em’/g) (nm)

Fe/Cu/K 24.8 0.217 35.0

Fe/Cu/K/SiO, 165 0417 10.1

- Si0,? 256 0.713 1.1

- Fe/Cu/K” 154 0.382

YRaw SiO, powder used for catalyst preparation.
DPpore structure of Fe/Cu/K fraction in Fe/CwK/SiO, which was calculated
by excluding pore structure of SiO, fraction in Fe/Cu/K/SiO,.

Zoﬂﬁ 10 nm 219}

100 nm F71¢] Mlge] 127 fé*éﬁ%ii,
¥ 2= gloit}. vk Fe/Cu/

Algel 7P ApuA o = A E Zls
K= 10 nm "[REe] A& 71o] et 4= giau 20~60 nm =17
o] Al T2 G oAl AL A719] A2 A
© 7 PAJHol| wlg} Fe/Cu/K/SiO,7} Fe/Cu/Kell v]8l o 6ufl 072
w2 84S YeRNQITH Table 1). 3 Alg2-3] 12 Fe/Cw/K/SiO,
7} Fe/Cu/KB T 24 352 gk Uehdle 1S gl = Qlglt o]
23 Ayl Ealq B o), 912 XRD ¥4 A3kFig. )04 #|eks!
uke} o] SioE 7k ¢ Fule] wakrt s slow A
Ay
AN 0% AlxE Ferl o2 735,

catalyst)?i= =7 Fe,0; A2 /‘1]*

2ANFA Q1 2| 2] Z1l| (supported
FJuE-gol o]

A B EA
ZE FT

e
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I - olzH] - old - A

3L, Si0,2} 2 T3 FHull= vl Y 1HA F(spacer)?] SehS
FsR= Ao T LA SIH3,19]. Table 19] dFeH-of] Fe/CwK/
SioelA 72 ZFTQl Si0,8] FAREE WS AdE A9
FHA T ATE ﬁl**okﬁ LFERHSITE. Fe/Cw/K/Si0,2] 73-F-
Si0,°ll 3= = AlaT32E Al2lgt $ol| %= Fe/CwK R} oF vl ©]
0] W EAAE ehigla, A of Lol olgel 2 ¢k
& vehhich. weby $i0,2 A7KE A9 Fe,0; AAS) AT
7} BdEE Ao ® dekEnt MY OE Fedl ZuE AT W),
Z0)| 9] AT AAFYHTS|] A &= Ao E By

0101:::] xi:[Lx] 30114 e 1:!1 gx: o]—;’]—g] _9_014/] =1 u] _’9‘_

T, 24 DA Y A pH ol S W Ao w oo

SICH3) B PHGE ol BE B0 T TG 4
tH20].

Fe’"(aq) = 20H <> FeOOH(s)+H'(aq) )
1} 2 Aol A] A|Z8t Fe/CwK/SiO,9F Fe/Cw/Ke] 74 7

JA AL FEA O Z T ujFe, FEH 2l LA lA

Svllo] AFTErt Aol e slow Azbect A

1 ox1i= ol o} o] FeOOHS] A&H-al|7} wHAslo] Fe,0,7} &

Em, o] Fule] HFA ATt AYEHE 20w deA
SATH20].

2FeOOH(s) <> Fe,05(s) +H,0(g)

kA Si0, s A7 A4, Sio7h 1k wke]
FeOOH®IA Fe,0,%2] A eja}yg ol uhyet

Fe/Cu/K/SiO,
L
% ) 77’_/\'/\¥///
2 |Fe/Sio, o
o

Temperature ['C]

Fig. 3. H,-TPR profiles of Fe, Fe/Cu/K, Fe/SiO, and Fe/Cu/K/SiO,:
(-) Experimental curves, () Lorentzian multi-peak fitting
curves and their summation curve.
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(thermal sintering)°] ¢J#lE 71 0 = A7ken] | 1 A3} Fe/Cu/K/SiO,
7} Fe/Cu/Ke} vl w3 v @l Mla25 vehiie 2l o= et

3-2. ERIAS

Znjjo] 1o W FHAATLE H,-TPRS ©]8-8k0] 48171,
71 A3 Fig. 3 YERITE. Si0,2] A7 F 2509 7)sel v
2= FFE WusH 2k f8l, 2Ful7E 7k A o2 Fes}
Fe/Si0,2] H,-TPR A¥}E Fig. 30| 87 YehfQict. 2 432 &
3l FeAl Zm2] H$- H, 71014 400°C o]} A9}
400 °C o2 12 o] 2 AIE A s 2 BRIg
AT, o]2]3k H-L F3[7,8 211014 HiH L Q1= FeAl Smj2) o
Q) B AEY A&k Hy-TPR 418 S8 o) e
VA FEE st Avks AS 5 QMoo

i) Fe/CwK2} Fe/Cw/K/SiO, B ZHZ} Fe®} Fe/SiO,(>300 °C)H.t}
o G2 2xollA $he T a7 A=A, Jin[21] SOl Haskal 9l
£ Cu/Si0,(<200 °C)HTH= T 358 2IeellA] 2 937} w9l
o} ol Ayl 2SFvl= H7eE Cuell 28l APl Ferll
Zue] ghglo] FXHGIS-S 2Jn]sh, 200~300 °CellA] LA
A 3= 25l Cust FEATS o1FaL Qi Fe AtslE2] &
ol 71915 A 0 7 AZFATE Fe/CwK S} Fe/Cu/K/SiOA= 400 °C ©]
k2] A2 odellA Sl ATl & AfoldS eI, Fe/CwK/2
735 400 °C o]&te] 2 Izofl A the] kel 3] A7} EE QIAINE, Fe/
Cu/K/SiO,°1A = 200~260 °C 2= elolA 1-27]9] gHgl 3]=17}
AujA oz P Wb Fe/Cu/KRTF Fe/Cu/K/Si0,04]
Cu®] FAFET7H 973 2 o7 ddE | o] Si0,2 Wrhe A
- Fulo] AT} dEE AdS Bl ko] £ A (Fig.
1, 2)9t% & AX3h= AS &1E 5= QI Zhang[6] 5= Fe
Al Zuljell Cug H7Fe A9 Fulje] ghelo] FXHE Z 0% Bl
aFo1aL, 25vll Cuolld Hyol e atgo] Ehiks] Wgsh= Zio]
Cuell 23l FeAl Fulje] ghleo] TRIE]= de] 2 ¢RIl 2
o= Akt

Table 2. Quantitative analyses on H, consumption in H,-TPR for Fe/
Cu/K and Fe/Cu/K/SiO,

H, consumption (mol/mol)

Catalysts Peak (°C)

H,/M? H,/MP
220 0.051
235 0.228
282 0.021
Fe/Cu/K/SiO, 326 0.044
493 0.429
563 0.518
614 0.255
233 0.003
249 0.035
269 0.017
Fe/Cu/K 329 0.112
498 0.616
569 0.515
614 0.279
CuO +H,<>Cu+H,0 0.042
3Fe,0; + H,> 2Fe;0,+ H,0 0.160
Fe;0, + Hy<>3FeO + H,0 0.319
Fe;0, + Hy<> 3FeO + H,0 0.333
FeO +H, <>Fe + H,0 1.000

M = Cu+Fe; M = Fe

ii) Table 2= A-=JH 7 12904 gkl 972 WAS 4]
3tod, HyMEEE H9k 88 254870 Zr)E ARkl u
Eldl Axtolt}, Fe/CwKE A% ollA 2] HyM2 30.167)°]
CuO—>Cu, Fe,0;—Fe;0,8] ©]&1](0.202)5.0}F BHe ks LRS!
a1, 1299 HyM2] (1410 Fe;0,—>Fe?] ©]2H](1.333)
Hoh =2 g2 YERASIT wEbA Fe/CwKeollX & A9 ollA
Fe,0,2] AF0 Fe,0,2 311, 37 Fe,04= T2 ollA
2 Fe $HEE= 207 et 12 Fe/CwK/Sio,2] 749 A
£-1odef|4 2] HyM2] §H(0.344)0] CuO—Cu, Fe,05—>Fe;0,9] 0=
H](0.202) . tH= =31 CuO—>Cu, Fe,0;—>Fe;0,—»Fe02] ©]&H]
(0.512)H k= 5 ghs JeERISict. ofelsh A= A JoellA
CuO— Cu®} Fe,0,-Fe;0,8] 39 0]9]of Fe;0,~Fe02] $-4l0]
Ao ® AEIS-= SJu|sith. webA SioLE A7k Szt
SiO, = F7FelA] k= Frfel Hlato] Aol o] =2 ghle
(degree of reductionys UER= 21& 13 5= SIqlch. drka o
E FeO (wiistite)= 570 °C 1|%He] XX & M8 % (metastable
phase)2 2 &iA QItH22]. 23U # ATl A= Fe/Cu/K/SiO,2]
739 Fe;07 #5402 FeOR e 218 ¥ae = 919l o]
A3t b= 7)1E0) £31[6-8,11,211004 Bustal Q= A3 Z2o)
Si0,8e] s A o7 Qe Feoito] QHdste Zo] 1 9gl
Aoz AZE}, Jun S[91% Dlamini S[10} Si0, 2 713 Ferl
Zu| ] 739, Fe,059} Si0,2] 5488 2= Q13| Fe,0,2] o]
AA= = ACZE BHuslet. e} ATtelMs et 9§
A= SHoA & ul, SioE H7F 49 260 °C oake] 2=ollA
FeAl Zvje] helo] FX=Qlar, ShA 7|3t vke} o] Sio, 37}
of| hE el @l ZZ2u) o] BALE FAJo] 77 Y21l A0 7 ke,

33 BM U=

Fig. 49} Table 3 CO,-TPDE ©]43}0] 7} Zuijo] B 97|52
B 13k Aujo]t}. Fig. 4o TAISH ulo} o), AlzE Zuj BF 50-
150 °CellA 1712 IL]EL(IL]EL 1)9]. 150~300 °CoA] 271¢] ﬁ]ﬂ(ﬁ]ﬂ
2, 3y B2 o714 921 12 okebAl F3te o, 2R,
w71 29} 38 B 97187} A Ak Q= 0,0 9k U
Epdic), wlebA] 11 29 30 S CO,2) BAre e} ehalo)

CO, Desorption

-
:.-.-.,-.4.-..,. S

100 150 200 250 300 350 400

Temperature [°C]

Fig. 4. CO,-TPD profiles of Fe/Cu/K and Fe/Cu/K/SiO,: (-) Exper-
imental curves, (-*) Gaussian multi-peak fitting curves and
their summation curve.
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Table 3. Quantitative analyses on CO, desorption in CO,-TPD for
Fe/Cu/K and Fe/Cu/K/SiO,

Catalysts Peak (°C) CO, uptake (pmol/g 7))
101 10.7
Fe/Cu/K/SiO, 162 24.5
214 24.0
96 6.7
Fe/Cu/K 132 274
200 38.7

1Y AVEE Hrreke At E 7 v 12]. 92 2, 39] 739 Fe/
CwK/SiO,7} Fe/CwKHT} CO,0| B2t thh 32 ke Vet
USAIEE €O,8] B2 dA8] W ghs YR, olest A
= Si0,5 F7Fghel| uhet 32 94717 (basic site)2] 71 74481
o= oulgith. Suie] W 97]%5= FT 346EE-§ Ferdl i€
A AT AYehs T8 EAJCR, ¥ 7|57} w8
= 02 &zbo] Meiz oz %3157 wlitel], Ferll Fvil] /493
Q1 FeAl ©32-2] Ado] EXH 11, T4 &340 At =7}
Sk o E By gk YRS E FT P49HS-8 Ferl Sl
ox = 2FuE A7k Kb EF0je] W V1 5F ARk 7MY
T HATE deiA] itk K9 22 G EE0] Feol 2 Holas
¥ gk B, K 9A] s (orbital)el] EAEH= A7} Fe €
zk2] vlofQlis d-AlEel Al AlE 5 7] Wizel, K 37F Al &
o] W §7|=7} Tk ASR olEllE 1 glow, KO Fadt
P (effective content)o] 5715 Fullo] ¥ V7| S8
o7 ¥ QIUH2,6,7,15,23,24]. WEFA Si0,5 7K A
FeAl Fu|9] 1 97157 148k A Sio,7| Kt 7t Ahe:
FAstol K| FadhE TAA7)7] Wil Z10= AZEY, o
£ Wan 5[719] Basle dAshs AEdS et

3-4. FT §MHIS

Si0,2] X717} FT 37duk-g-ell tist Ferl Full] A5l wxli= <
S 24187 $18l, Fe/lCwK 2 Fe/CwK/SiO,= ©]-8-810] FT 8]
W8-S IR} Fig. 55 CO A3HES WESAIZEY Sl A
Aoltt. Fe/Cu/K/Si0,2] 78-7= Whe-x7]oll CO AgHgo] thi
Frdhs TS BRI, oF 48417 HhS-S s 5 w9 =
g3t CO A& 80% Ty UERNALE. o9} BRI Z Fe/
CwKE RESZ7IOIE oF 20% 2] W& CO g5 Ve,
HESAIZR] ekl whel CO #8kgo] B 71431 10% v]ike)]
o9 5he ks VFERISITE webA E AE Bl SioE HvHE
73F- Fe/CwK Fuljo] &3} PgA) B A 7 EE 2le gkl
& Q1% Sio, AH7EE Bl Fulle] RANETT B (Fig. 1, 2)F]
3L A 29d el ] ghglo] X (Fig. 3yE Zlo] ke vl A2
F2 9919l A o7 ATt Wan S[7]% Yang S8 Si0,= 3
7184 k& Ferl Zvll7F RES-Z7191= Si0E H7Fst Ferl Hvln.
th o] =2 Zu| 23S YeRIA g, WEgAIZTe] Sl w57
3] v)gHAd sk o], FAIZE iR Fofl= Si0,5 W71t Ferll Smi7 G
Sk S-S Uehls 2102 B arsiglt). o9} Rt E Zhang
S 1617 Jun F91 SiO,= 71 45 FeAdl Sulj2] &/do] dAs]
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Fig. 5. CO conversion in Fischer-Tropsch synthesis over Fe/Cu/K and
Fe/Cu/K/SiO, as a function of reaction time.
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