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Kinetic Study of the Fischer-Tropsch Synthesis and Water Gas Shift Reactions over
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Abstract — The kinetics of the Fischer-Tropsch synthesis and water gas shift reactions over a precipitated iron catalyst
were studied in a 5 channel fixed-bed reactor. Experimental conditions were changed as follows: synthesis gas H,/CO
feed ratios of 0.5~2, reactants flow rate of 60~80 ml/min, and reaction temperature of 255~275 °C at a constant pressure
of 1.5 MPa. The reaction rate of Fischer-Tropsch synthesis was calculated from Eley-Rideal mechanism in which the
rate-determining step was the formation of the monomer species (methylene) by hydrogenation of associatively
adsorbed CO. Whereas water gas shift reaction rate was determined by the formation of a formate intermediate species
as the rate-determining step. As a result, the reaction rates of Fischer-Tropsch synthesis for the hydrocarbon formation
and water gas shift for the CO, production were in good agreement with the experimental values, respectively. There-
fore, the reaction rates (rpy, F'ywgs, —F'co) derived from the reaction mechanisms showed good agreement both with exper-
imental values and with some kinetic models from literature.
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Table 1. Comparison for Fe catalyst and Co catalyst
Iron (Fe) Cobalt (Co)
Active site Iron carbides Cobalt metal
Catalysts Alkali (K) addition Essential for activity and chain growth Decrease activity
Promoters Cu Noble metals (Ru, Re, Pt)
180~250 °C (LTFT) o
. ) Temperature 300~350 °C (HTFT) 200~250 °C
Reaction conditions Pressure 10~40 atm 1~30 atm
H,/CO 2/3 21

st AeykAsl, A, 78] F-T 93} 374 072 o]F0i3l 3o
15 mde] e /1-5 AAakehs CTL s ZHE gist &
Aol 2011 AA 13 Foll Q1o 53] F-T &4 vkl
A A 2A(Cy,) Atell st MBIt =2 1 H(Fe) FUlE
7stITH3].

F-T 4 b2 ®elraE Aakshe F-T 39 W87 CoE
AA¥s= 4 71 HZHWGS; water gas shift) HES-0.2 o]0
Z Q] WA va ) 2

CO + (1+m/2n) H, — 1/n C,H,, + H,0 (1) )

CO + H,0 == CO, + H, (rygs) 2)

olgfgt F-T 373 k&l thall 2 (Fe) Fuljo} FLE(Co) Zi7}
FE e GAo] Hawa Q=T Table 19 F 714 Fujj2] 54
= vlaste] Yepfiiet.

E3], d(Fe) 1| HlolA] Wk wiFbEE S5 F-T 33 vk
O HES &% A= WESE $71A~S] wESell tidl] Langmuir-
Hinshelwood-Hougen-Watson(LHHW) & %2 ¥ do] H 53
o™ [4,5], Ul WES- &% 7 (rate-determining step)E ©Hs}
4 232 (hydrocarbon chain growth)oll tall4] .= (monomer)
91 methylene(-CH,-)2] A4 @AIZ 7Hg3kc}6-12]. Bl%o] &
(Fe) Svlli= WGS vkl thelix & whg- 245 Yehi == F-T
T Whg-2] Wk £ Bk ol WGS T4 Wl thglh vk
EL 2% sh7 dojxok 3=, Laan¥} Beenackers[13]
F-T 33 REST WGS T4 wh-gol uisl] whs- &< dAl=A 247
F2} &2 (associative adsorbed) CO2] 443} WS-} formate

},

A Y WSS AIHT WS FEA (e, ryo) S EEF

whebA], B Aol e AN o7 AlxE - H(Fe) Fri S0l
Al F-T 324 Wbe= WGS Hhgoll tish Bhe S22 (rep, rwgs)=
Adg v-g w7 EE 28ste] =Estal, olF Este] co HE

WEG ) Tk Wb S (oS WA ek,

2.0 E

2-1. EH

AA Fulo] 24L& F-T A vkg &l Hsk=dl, Zhang
Schrader[14]°]l &Jshd HA| Fuje] EHell= 7 79 EA 70|
EA 3} Fe'/Fe-carbides?t magnetite(Fe;0,). Carbide “=> CO
2] &l (dissociation)9} BHElrA Aol EAdo] glom, 4bsl
A2 CO #412] E-2h(associative)?} oxygenates Aol E/d0]

o},

¢

%0 d

2-2. Fischer-Tropsch(F-T) & YIS

2-2-1. 7]%(Elementary) R+-5-

gl Aol gloiA] 7 Fast A% wlzhES CH, 37t
o] oJst ¥ carbide A3 HIFIUF 24 thaa) 2t

Fae ] F2to] 7 7] B A Lol

H, + 25, = 2Hs,

sp& BT A EE S E e, cos 1 24371
A} e 2 (associatively) &2

CO + 5, = COs,;

O
= c2 oY) FAHY Fas 0

Cs; + Hs; == CHs, + s
CHs, + Hs; &= CH,s; + 54

Aot o)L G248} HESo] o8] B]7FA A o7 A&E) A A:
Os; + Hs;—>HOs,; + s,

HOs,; + Hs;—>H,0s, + s,

H,0s, == H,0 + s,

3=, Eley-Rideal Ml7h<5oll ol 572> 22fel] ofel] A|A:

Os; + H, = H,0s,;
H,0s, == H,0 + s,

COs; + Hs; &= HCOs; + s,
HCOs, + Hs; = Cs; + H,Os,

B, s wARl ofRt 34,

COs, + H, == HCOHs,
HCOHs, + H, == CH,s, + H,0
f1eh e 7% Nk vpg o & slod, cost H, wAtel wigk 7}

Z}o] FA} & & (molecularly adsorbed)¥} 3| 2] 5 Zh(dissociative
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Table 2. Elementary reactions for Fischer-Tropsch synthesis
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Table 4. Elementary reactions for the water gas shift reaction

Mechanism Step Elementary reaction Mechanism Step Elementary reaction

1 CO +5s, = COs, 1 CO + s, COs,
2 COs; +s; = Cs; +Os, 2 CO, +5,= COys,
3 Cs; +Hs; = CHs, +5, ; 3 H,O +s,= H,0s,

I 4 CHs, +Hs; & CHys, +5, 4 H, +2s,=2Hs,
5 Os; + Hs; = HOs, +5, 5 COs, +H,0s, = HCOOs, + Hs,
6 HOs,; +Hs; = H,0s,; +5, 6 HCOOs, +s, = Hs, + CO»s,
7 H,0 +s, &= H,0s,; 1 CO +s, = COs,
8 H, +2s, = 2Hs, 2 CO, +5, = COys,
1 CO+s, = COs, 3 H,0 +s, = H,0s,
2 COs; +s;= Cs; +0s, I 4 H,0s, +s, = OHs, + Hs,

ju 3 Cs; + Hy= CHys, 5 H, +2s, = 2Hs,
4 Os; +H, = H,0s, 6 COs, + OHs, = HCOOs, + 5,
> 1,0 +5, = Hy0s) 7 HCOOs, + 5, = Hs, + COss,
1 CO +5s, = COs,
2 COs,; + Hs; & HCOs; +s;
3 HCOs, +Hs, = Cs; + H,0s, T HAR) W2 PO R 3H= Eley-Rideal WH- WIZHIF2)
6 H, +2s, = 2Hs, rer=KkPeoPp /(14aP o+ bPy )
7 H,0 +s, = H,0s,
1 CO+s, = COs, 2-3. & 7 MEKWGS) BES

v 2 COs 1 = FLCOs, 231, 9K H7RE
3 H,COs, + H, = CH,s, + H,0 v =
4 H,0 +s, = H,0s; Rethwisch®} Dumesic[15]& o12] 74| & 41815 (iron oxide)S}

adsorption)?] 7]% WHg-S vlFOE 4 71X 9] Wk HFhES 4
o1& = 9111, Table 201 Z7+2) Wb w7k ol gk 7] % W&
Argsioict.

2-2-2. kg HEA

Table 2] YEFH 4 7F<] €] HEg- W7 S-S vhg o2, 3w &)
2] F2E ¥4 H(Cs))H == B4 E&E CO(COos,), 18] AL 8l
9 FAE A FHs) B 713 FAH,) 1) A2t R
HES- &< T (rate-determining step) & A7g5to] Hkg- &£
AFE}SI T, Table 3¢ LERASILE.

B ATFoME Belra @3S 9 F-T @4 vk vke &5
A2 HES E5 A% WAl 22 F2E co9t 71

olo
o

o AT A0
t\’l"?)‘——'l_—l—éle

Table 3. Reaction rate expressions for the Fischer-Tropsch synthesis, rpy
Model

Rate-determining step  Kinetic equation
kPCOI/ZPHzl/Z/(1+aPCOl/2+bPH20)2
k=(ksksK, KoK )2 (mol kg ™! s MPa™)
a=(K,Koks/ks)"* (MPa ™)
b=K,(MPa™)

kPco Py f(14+aP o *+bPy; o)

3rd step
Cs; +Hs; = CHs,; +s,;

I 3rd step k=(ksk,K K,)"? (mol kg ! s T MPa—?)
Cs;+Hy= CHys;  a=(k,K,Kyks)"? (MPa~'?)
b=Ks(MPa™)
KP¢oPy, /(1+aPcobPy; o)
I 2nd step k:k2K1K6” 2 (mol kg™ s’zl MPa37?)
COs, +Hs, = HCOs, +s, a=K, (MPa™")
b=K, (MPa™)
KPoPy /(1+aPotbPy )
v 2nd step k=kK, (mol kg"! s MPa™2)
COs,+H,= HCOHs, a=K,(MPa™)
b=K,(MPa™)
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o}A A3}z (zine oxide)?] BA] Fljg} H]EA] Suf Aol o] 4]
7k 2% -8 A=, HIEA] magnetite $1ollA= WGS
Hhgo] 274 Ak} wizhEell S8l K= AT, &) A Sl 2
oM<= formate 52| A HkS WFP <SS WSkt B3 Yang 5
(16101 2J&FA Cu0/ZnO/ALO, Folli= 523 K, A A5 7k~ A
3k(reverse water gas shift) REg-ollA] Fulje] E4d721 Ccul Aks)-
ko) 2]3t surface redox M7 S0l 23 wkgo] XaE S &4 5=
At} Table 4] AIRKE WE-E- w7l thet 7] % whg-& vheh
ATt

2-3-2. Rk £522

Table 4] LFERA WGS WHE-9] 2t vl7hzol vk 7] % Rks-o]
A RES &5 WAIE 7Pdsk o 2t

FAE =9 F2E co9 Whgo] Wk &5 wAlEl 7MY (B
2 )

COs, + H,0s, == HCOOs, + Hs,

A, 7 71 A3 k-2 V)% whgollM Wk &5 WIS
83k 2ol 7Py (2 1y

COs, + OHs, =2 HCOOs, + s,

212l hydroxyl (OHs,)2] “8/d = Ak slifel] o H4:

H,O + 2s, & OHs, + Hs,

Slell ek Whg- &5 9A19) 7] WS
¥ HEE S22 Table 5ol YERASICH

2 72 A gl WS Y A%, K olelsh e 4
of ozl 78 = TH(Graaf 5 [17]):

Hlo R sol, B

log Kp = 10g(Pco,Pr,/Pr,oPcoleq = (2073/T - 2.09)
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Table 6. Summary of experimental conditions

ode inetic equation Run T P (MPa FH " (ml/min
Model  Kineti i °C ,CO) @ (ml/
[ kW(PCOPHZO—PCOZPHZ/KPI)/(1+K21PCO+K3PHZO)2 1 265 1.5 2 60
ky=ksKK; (mol kg™' s MPa™) 2 265 1.5 1 60
I Ky (PcoP HQ(/P HzliiBP('ozPHz 1?{1(5)/ (1+I§%1;(,‘()+K3PH20)2 3 265 1.5 0.5 60
ky=ksK KK K™ (mol kg™ s MPa™ ) 4 275 15 1 60
] 5 255 15 1 60
1 ArelE 4 7R AZHWGS) WS- REE S5 (rys) 6 265 15 2 80
S 7 9] 7 £dle] vkS HE A K5 dgste] Allst 7 265 15 1 80
it 8 265 1.5 0.5 80
s = k(P —Poo. Py /Kp)(1 + K Ppp + KsPpy )
Fyas = KidPeoP o= Peo,Pu/Kp)( 1Peo T KsPy0) 9L DT Table 6o HES STA BRSO o3k 0o A8 £AS

3.4

Fe 100 g & A=H]Z 100Fe/5.46Cu/4.66K/30.48i0,/2.26Na2]
A 2= 34 A (Fe) vl 3335 (co-precipitation method)yS
ol-g3to] AZBF o, AA|FE A s [3]el] A=) Q)
t}. Fe9} Cu7} 100:59] H&-2 E53HE]0] Q= Fe(NO);%} Cu(NO;),2]
E3hgadle MhsZoA d4F 02 wHkshEA] Na,CO, $98 3
7¥ete] S AN ATE HHEF] 25 80+1 °CE FAI8K1aL,

8919] pH7} 820.19] S0l =R W DA 9L Ak
o FR5E olgal] AL St Agelselli, B9 o
A ZEllaet] Ak uauEel $i0,2 A %, 5 AR
oi];}_
A .

QF wHES FalElo] FAEI S0yt Hds ) EEEEE §
Az FHE sk vlEvkEe] KT 23 K,Co, §98 &
7kt 3, - 7% (spray-dry) S 0183t S AASIA
AU Bl Bojxl o] E rks HEH 0= 400 °Ce]l
Al 8 AlZE F3F 231l

Fischer-Tropsch 3 W-$-3} WGS REg-o] th3h 7jabel Zujj<)
HEE kineticsE 5 Al'd 19T WHS71E o]8-38t] S48kt Fig.
1 5 A w719 A ks vERgith 5 g vk37) ]
Ko Fo] TS 7t AT 0.8 gold, FHul AA A7)
300~600 um® 4|33tk

o] HAEE Y8l Frlli= vk el Hy/COo(1:1) 2492 43
7}, 40 scem O E 553 Kol 24 Al7F Fet skl o) 3t
A AR Fof M5 A kA 7)E w270 24 265 °C,
1.5 MPa(H,/CO),,, /=2, 1H-& F3H515 3.0 Ni/g,,h2A] HES7]e]
FeE At 87119 kinetic AFo] HAE =, AP 2312 of

Trap  Trap

GC & Flow meter

Valve Vent

Fig. 1. Schematic diagram of the experimental apparatus.

“gefsto] HERASI

D Hy/COFHF-E H]) 2 0.5~2
@ @, "(FH 2 ) 1 60~80 ml/min

@ TEHH2= 1 255~275°C
@ PHESSEED : 1.5 MPa
4.2 1

41. BMTIA HISE H|(H,/CO) ¥t

HH-S-5 §4971 B)(H/COYE 0.5, 1, 2= 2431, F-T &4 #F
ST A 7h A8 RSl ot co AEES AR e, v

2 265°C, §H- 18 1.5 MPa, ¥F3-E 53 60 ml/min SlollA]
-&-o] YT Fig. 20 W5 $437k2 Hy/CO H]2] Wil
w2 Co AFES eI

Fig. 20 Y vle} 220], H,/CO |7} Z71gke] whe} & co &
&3 F-T 343 wEsoll gt co g2 S71skiATE, WGS vt
2] CO A2 Hy/CO 817} 194 HUIBE Hola AAsel)
o]g8t Hy/CO Bl W2 CO AgH& W3h= F-T 94 W53} WGS
Hhg-o] Hhg SAS ol & HolFal Qi AYEA, F-T T4 uF
sl HyCOL RES- @F2H] (stoichiometric ratio)”} 2XI7F WGS
HESoA = 124, 98 971~ 0] Fo] 2 whe-2] oFEn]e

TSRS W8 S5 (e, Fyas)’F 57H8F1 CO Ag-go] Azt

o

HE CO conversion ( X;q)
I CO conversion to HC ( X1 )
50 - mmm CO conversion to CO, ( Xyygs )

30

Conversion [ % ]

20 -

0 | L
0.5 1.0 15 2.0 25

H,/CO[-]

Fig. 2. Effect of synthesis gas H,/CO feed ratio on CO conversion
(265 °C, 1.5 MPa, 60 ml/min).
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60
—e— CO conversion ( X ) ; F =60 ml/min
—sy— CO conversion to CO, ( Xygs )
50  —m— CO conversion to HC ( X )
@+ CO conversion ( X, ) ; F =80 ml/min
- CO conversion to HC ( Xygs )
o 40 - .G.. CO conversion to CO, (Xer)
X
5
5 OO 0._,01..
CE, O @O
QO 0.
O 20+ )
10
0 . . . I
0 20 40 60 80 100

Time[h]

Fig. 3. Effect of reactants flow rate on CO conversion (H,/CO=0.5,
265 °C, 1.5 MPa).

= Hol1l Qlea & Stk webA, WGS Bhe-= lAlekaL F-T
M RES-& SV 1A &sl4ar A4 (hydrocarbon chain growth)ys:
QA% CO AEES Eo)7] YaiMe, vhe& E/37H~(H,/CO) Bl&=

20 2SS vk e As o “’F it

4-2. E'_F%% g—a @) I

Zuljo} Wh3-E Alo]2] & AIZE Wgle] mE REE S-S A
al7] $18l HV’ = §452 60, 80 mi/min® WAAA A& a8}
At W& Wk GW 7FA(H,/CO) 1] 0.5, WH&-

PS %+el 1.5 MPa 3lollA] =343}, Fig. 3¢ Rk

@) skl whE Co AeHE-S vERigith

Flg 3ol YR uke} Zo), RESE 7S S7HS co Ad
8 A4S, o]213 A= Co AE Rkgo] B4 Hd 9
(mass transfer region)°] obd Zull ¥-& G (kinetic region)ellA]
2A3) a1 93-S F Holg= Aot} 1AL, Yang 5112
AT Al oJshd, 53] F-T A wksolMi= B4 de 999
Hhe 274 W5 f3Fo] €344 A4 (hydrocarbon chain

growthye 218k Sl 317 2] REE-E £ A (external mass transfer)

IS FAE LA, Wb WEE o] SUFEeE =4 A
o] gE o] CO 32 7AskR] 8k, e35]8 A4 2o A
A3 (liquid oil productivityy> 57151 T.

SHEAIRE, Sl ¥ 9] Wbg 27ex & elidE vhel o] vk

o' Hol SHESE Slek vheE 1k A= AJK(contact

Table 7. Summary of experimental results

50 -

40 -

30

Conversion [ % ]

2

o
T

1

o
T

1 1 1 1

250 255 260 265 270 275 280

o

Temperature [ °C ]

Fig. 4. Effect of reaction temperature on CO conversion (H,/CO=1,
1.5 MPa, 60 ml/min).

F%
ol
K
o
;_]
ol
o=
23
olo
&
£
Q
w2
Jus)

time), W, /F7} 7 {Hgoll tigk co

Agkgo] B gasigict,

-1 oo

IS 5 255, 265, 275 °CE WAsHA], W5
(Hy/CO) ¥] 1, ¥k 948 1.5 MPa, ¥H8% F5F 60 ml/min®] ¥HS-
Z71 stellA Co A3HES ARSI Fig. 400 RES 25 gl
- CO HgES YeERSI

Fig. 40 UERd vle}l o], vhg 257} L7185 & co A%
7 F-T 3 W] CcOo AgHE, 12831 WGS W2 co Hgh
Fo] BT S7FsISled, olelst Ay ZF REgel oisiA] vk =
7 VSR WS SR 397 ST W S (—reo, Fen

rwc,sy]' Z7FeI7] wlEolt.

4-3. II:I_}% - 05}
¥ 4 b

4-4. HF2 An} Hz|
Slell e o] 71A] wkg- 27 i F-T 34 W
HS-2) WS- A3 A3E Table 79 AFelsto] eR)L).

7} WGS

5-1. Fischer-Tropsch €+ E'_S HEA|
Qlof| 4] A3t Eley-Rideal REs- W72 22 1V HES- &5
215 uPd o 2 =24 Fischer-Tropsch 373 ¥8-2] 93 $%, rppe

Run o y; (%, dry base) Conversion (%)
(ml/mm) H, CO CO, CH, Coy CO (total) H, WGS (CO,) FT (HC)
1 44.4 66.6 23.5 7.87 0.88 1.09 49.7 24.4 16.8 329
2 423 453 384 14.2 0.84 1.24 46.4 354 19.9 26.5
3 46.7 26.5 59.9 124 0.47 0.76 30.5 373 14.4 16.1
4 393 44.1 343 18.6 1.32 1.71 55.5 41.6 242 313
5 46.9 473 41.4 10.0 0.54 0.81 35.6 25.7 15.6 19.9
6 574 68.5 223 7.34 0.79 1.03 46.1 23.7 16.5 29.6
7 57.1 45.6 40.5 12.1 0.76 1.11 42.8 343 17.0 25.7
8 65.0 27.1 623 9.52 0.39 0.68 229 359 11.8 1.2
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0.020

0.018

T

o r(exp)

0.016 )
—a— I (mechanism)

T

0.014 -

0.012

0.010

0.008 | Al :
W

0.006

re;[molkg,,'s']

o

0.004

0.002

0.000 L L L .
0 2 4 6

[=<]
N
o

Run of Exp.

Fig. 5. Experimental and optimized reaction rates of Fischer-Trop-
sch synthesis.

rer =k PCOPHZ/ (I+aPco+bPy o)

2 AoEn, wks-E 34 7k H|(Hy/CO) G} W&
@) A a},« A2 RE AXkE HES 2% 265 °Col|A]
& & A0) HkS- &1 A4 KO} parameter a, b

ok
]l
@ Jo

k = 0.031 mol kg™' s! MPa™

a =0.587 MPa™!
b=0.112 MPa™!
ot}

Fig. 59l RbS- &%, reoll gt A7} vk diztuE
o7 AR kg SAolA Ak ghe vlasto] UrEM%"*E}
Fig. 59 YERH 119} 330], Fischer-Tropsch 34 WES-ollA & Rt
2 &v A% vl 2212 F2E cogt 7] 44 2pete) B
S-S ulEho 2 1= Eley-Rideal BF-S- 1 1?}141 2A A4 H kg

¢

Ero] o] Ak 2 BAKHL Qe & Alvh
5-2. 28 7iA HBHWGS) HIS SEA

S 7 A w3l W oS v 1

=
o s E O AT
1R A, KpE noR EEE R S5 py e

19] Wk S

)
O

Fwas = kp(PeoP o= Peo Pu/Kp)(1 + K P+ KsPy )
log K= 10g(Pco, Py /Pr.oPeo)ey = (2073/T —2.09)

% Aosm, Rke= 3 7k Hl(H,/CO) F&e} vbe= &
D) BT g AREAE] AL S 212 265 °CollA vt
& FE2 0 Wb % d4, k, 8} parameter K, Ky 18] 31 WHS- F

G T, Ko

k, = 0.318 mol kg”! 57! MPa™
K, = 0 MPa™!
K; = 7.9958 MPa™!

= 65.665

ot
Flg 6ol HHg- &5, ryasll o
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