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Abstract — The effects of K,COj content, reaction temperature and pressure on the activity and selectivity of MoS,
catalyst for the catalytic hydrogenation of CO producing mixed alcohols were investigated in a high pressure fixed bed
reactor. A MoS; catalyst promoted with K;CO3 showed stable activity and high selectivity for C,-Cg linear alcohols. The
optimal conditions of this reaction system in terms of alcohol productivity were 17 wt% K,CO3 content on the catalyst
and 300°C of reaction temperature. The amount of alcohol production depends on the reactor pressure: the higher the
reactor pressure, the higher the alcohol yield. The product distribution of C;-Cg alcohols was well correlated by the
Schulz-Flory distribution.
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EFYZE 1R Hrlete AFA ARE AMEE
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Setvle) g4, e E£34 4, AAH dade
Z71 % asleay $3E 371 55 & 7 AUk o™
T P42, 1930 drh el L& (400-450C), 514F
(200-250 atm) 2] w&hg Az Zojd dFe]FE5S
Aot A% whE(C 4F) T FaLsgES A
Ae) EA"HHE o] WA ol R @ AT}
ALHG. F2 AHEE F92s Zn0-Crn0; &
Cu-ZnO-ALO; 5ol ¢Ze|F<o] A i ¥y ok
Zo)[2-6]9} Fe, Cooll dze]g<e] #Hrbsl HE Fis-
cher Tropsch Zui[7]7} & olw, 1 9Jdl= C3
A4 3pgHEol thsl $4% A=HA-E vhelilE Rh E0)
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Zo)[10,1117} 9let
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A Zo)e] Agele vy Aol 2 7Bz
$4e 42 Addsg vepiln glont EFUES
graro] ol A4l 3HE(chain growth proba-
bility)o] W& ez el glvh =3 FeAl Fole
dZo T A=}l BT} oS H2FY e
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71-2 Dow Chemical Co.2] MoS, &vuje} Zap~ =g
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7MY Cu0-Co0-ALO:Zn0 Fvlg & ¢ AUt ©f
FollA B3] MoS, Fvlv 47k Ak (water-
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o} o] &S iyt Eeld, A AAd ® 2
gk dalde G mAE AAei12]. 53
MoS, &ul& AH&3he E3uE ¢4 479 A+
Youchang 5{13]& uhg-¢) WSz g 9 23|
KoCOs8) 32 3] 8-4] uh-g7] oA AR A3} K,CO;
o] Wyl GEe AYEE FrhA)7la, ¥4 2 Ak
Z7Re 42 89 Fvld 7|e{dvln B 6 9l
o, =3 Murchison $[14]2 ¥-&Eo HSE A
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A9 dF Ak AAe] AYHQA CO AJ7ITE =
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dZ Aol A3 HA mgEAd g FAAHA o
F& 9W® gtk vy Youchang 51319 A7+
3 3A whSr)E Abgste AsHgo] wWl¢ 2 99
o4 o]FejAl Aoz AA| Hk-go| o|FojHel & ¥
A2 A&A whgriolae] Aztels & zpol7} A&
Roz daEs 25 94 HAH ukgz7ed i o
FE g3 vl gk e FE ZeEste & AT
dlAE 2AE BEr)elM A2 E ERUYES
MoS,Atell Al AAAA of a75E A hez2is
AR sl dAle) Yo 25 b, 2E&0)7) ukge
A3 Ao vlxE dFE At
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2-1. =0l M= Y SM =A

Alfa Chemical Co.2] (NH,);MoS;(ammonium thio-
molysulfide, 99.99%) dAFE A F91719 33
A7 2o A 450CE 2417} Tt shdsle] AE-s|A|A
MoS, & & A xsldom, o] we] yhg-2 Jutxjoe e
thg-3t o] veld 4 9k

(NH4>2MOS4”‘)2NH3 + Hgs + (3 - y) S+ MOSy,
(S/Mo=2-3)

dxs ZAr gz MoS,E Alfa Chemical Co.9
K.C03(99.5%) ¢} 37 ZFalxez EFAIA K.,COs¢)
gHeko] 7hzp 5, 17, 30 wt%sl MoS; E=1& Fulstd
c}.
Azg Zuje] AAFZE Fldty] 9ste] XA 3
A A (XRD, Rigaku Co.2] Model DMax-B %] <} 4
CuKa target® AH2)3} XA AxE-38-44 8 (Per-
kin-Elmer Co.2] Model PH1 5400 ESCA¢l| 4} 350W2]
Al XA 398 AH)-S dspolen st 2718 &
olx 7| $]3led FALHAEW]7(SEM Model Hitachi
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Fig. 1. Schematic diagram of high pressure cata-
lytic reaction apparatus.
1. Gas cylinder 2. Gas purifier
3. Ball valve 4. Gas booster
5. Mass flow controller
6. Accumulator (damper)
7. Liquid feed reservoir
8. Liquid metering pump
9. Preheater (vaporizer)

10. Reactor
11. Thermocouple (k-type)
12. Furnace 13. Catalyst bed

14. Condenser

15. HP Gas-liquid separator

16. Back pressure regulator

17. LP Separator 18. Gas analysis (GC)
19. Gas sampler

20. Gas meter (wet-test meter)

S-570) 2.2 #arslgict. &ofl o] vl EHA4-S Micromer-
itics Co.8] Accusorb 2100E BET A& o]43}o
ZA 3t
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7l 7S, ubgr) BE, AAES o

< 2A3l7] 2% on-line 7}~ AZmpE ez
AE A4 FEo] Utk =3 A ukeEe F41&
3 294 A=k Px(Waters Co.o} Model 501)7}
+E T8 Yo FAHY Aok ubg 432 Maxi-
mator type DLE5-30 $t%-7)2} Tescom Co.2] back-
pressure regulatore] s Fdsjgl oo, zhzte) gbs
7oA v}2= ¥F$-7}~E Brooks Co.2] mass flow
controllerel] 93] fao] A=) W-gr)E= oA

14mm, W7 9mm, Zo] 450 mm<] stainless steel

[
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A2 downflow 4% WH-e71E AHe3tga, whg
229 2HLE Ko dxddel s whgr] AR
Zuf3 HE-9 255 vl A (HY-AT96 control-
lerg o]#)2o2 3% ¢ A ek o] ¥rer)e
4L FHe 2 whgr) ek @) 23714 E oylin-
der®} 4oz zAsia] 9z APA Freo 4§
7bE bEI1E AHEEle] WEEAA 9 gtEe fR|jte
24 o dAst T APsiA g tHe A 4
deke Aolck =8 4Fo) E4E 43t dry iced
AHE3he trapollA] Aol FES $EA|AHL o] &
9 42 g FAYse Zoje Ao W3t A
AE AAE 4 ek s A ET uksEe] B
A& ukg-7lol on-linee® 7% Hewlett-Packard
Co.2} 5890A gas chromatographE o] &3lgid], <
EF ¥ =93 AR HP-1 capillary column %
FID(flame ionization detector) & $a] ¥Asjgdon,
CO, Hy, CO, CH,, N; 52 B4’ 327 packed
column¥} TCD(thermal conductivity detector)® o]
43t3ict. Columnuel| 4] ¥2] 2+ 35Co4] 120
CT7kx] 8C/min®] 4% programming3ted A}£-5}d
o} dhgell AHEE 7haE CO(99.9%), Ha(99.999%),
k2 (6% HS/H,) 2 EAFAE S U 23
EA 24 Ny(99.999%) Sol3on, 2u] Sqlake 20
g2 7|E22 AMgslgdnh whg g1EHE 6.0-9.5 MPa,
Hh§-2- 51 250-400C, 28] GHSVE °f 3000/(STP)
/kg-cat/hre] 4ol 4 whg HPL FPsioick

3. &=z % 1

3-1. &Holj2| 5

Fig. 2ol Zvjo] XA 3" ¥4 A3} Alfa Chemical
Co.ol ZAAA MoSo 799 wlaste vepgich
AZE MoSpx= A Aol di/l @A dehgon, 1%
733k 7= 9] (002)peake AR A& ) 2 399
73% ol g-E ek K,CO; A7lell 2] ¥ MoS,
Zufoll e 230 A& Hrlrl AP e
ol A] e Aoz Jelgen Alkg MoS,e A$
F2¥olgich Table 1& oJ8] Zvje] BET v T
AFQe 7] EAL Aekg A MoS:st ¥
A3 MoS;9] viEwAe] oF 10m¥Yg -2y ulsle
Az MoS,e 7%+ o 65m¥/ge2 ielygr) o
AL Fig.29] XA A¥A Ao} A@dxle] ¥ o
A4 MoS, 2t F748 MoS; AlolellA o) w]Ew4
<+ 7l MoSy(y=2-3)7} &AL vehl F1}
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Fig. 2. X-ray diffraction patterns with Cu-Ka ra-
diation for (a) commercial MoS,, (b) poorly
crystalline MoS, prepared at 450°C, (c) 17
wt% K,C0,/MoS, before reaction, and (d)
commercial MoS,.

Table 1. BET Surface areas of various catalysts

Surface area

Catalyst (m%g)
MoS; (Alfa Chemical Co.) 9.3
MoS; (Alfa Chemical Co.) 12.1
MoS, prepared at 450°C 65.1
17 wt% K,CO3/MoS; (before reaction) 44.6
17 wt% K,CO4/MoS; (after reaction) 42.0

QA o] Z7FstAA v E o] Aashe ez 44T
4 ook exol ¥ AANH viEDAHFL] WAE
Ratnasamy®} Leonard[20]ell <l&] 7€ up e,
o5& MoS:9) Fzslel <)) 550CH A °F 80m’
/g2l Ho v EwAe Joch 22| Fig 39 XA
AR} B Aol )5t Mo9] 3de} Sef 2pef) W&t
binding energy7} 7t7+ 228.7, 1622 eVE viehhord
ol Alokg HAA MoS:o 799 FARZ Folth
o)} 7 AT HE, AxH Erje TEHLE MoS,
o] gelsilch Fig 4+ FAPAzIAw Ao o) o
o}zl Axlez glate] Arle UYAA W@t HH ¥
HE Beloza MoS,e A¥AQ Fxal 4% (lay-
ered type) < & F Uk

3-2. yelase] HIlED
Table 29} Fig 5ol 2zel@4e] Hvhol me 20
$43) AAEE Jehhgeh $4 KCOvt A7HEA

Mo 3, 228.7 eV

Commercial

Home-made

240.0 2
240 E, (eV) 220.0

Sz, 162.2 eV

Commercial

Home-made

175.0 155.0
E,(eV)
Fig. 3. Comparisons of ESCA spectra between
commercial and home-made MoS,.

e 7S, Bgad AYnr} 85% olAoldy
K.COy7} A7 s 2] YAo] 22z FAlo &
F5pre Adesl Z2A Holds & F sloh 2FHA
o2 Arlede] 17wt% ETeolA FZol g FHHe
F4e Jehfglon o] uf mridFe g Add=rt
A4 =4 Jebdg 33 4 sk o] A= You-
chang =[13]¢] d7AAe} 79 UAse Ao,
258 K,C0:8 AHrlekel <k 23 wt%(0.3g K.COy/g
MoS,)d W H4e 2w v} glch 3} Santieste-
ban S[16]& <@z Eovj2 cessium formate

(CsOOCH)7} 20wt% H7t=igle o - 4L
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Fig. 4. Scanning electron microgram of MoS, pre-
pared at 450°C.
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Fig. 5. The effect of potassium loading on the
yields of alcohols; reaction conditions are
573 K, 8.2 MPa, H,/C0=1.08, and GHSV=
3270 ¥STP)/ kg-cat/hr.
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Table 2. Effects of K;CO, loading on alcohol syn-
thesis over MoS,

K,CO; content (wt%) 5 17 30
Conversion (%) 42.2 29.7 259
CO; produced (%)« 55.8 274 21.9

Productivity (g/gcat/hr) 0.04 0.15 0.09
Selectivities (%)?

Hydrocarbons (80.5) (32.8) (35.3)
Methane 65.9 31.2 32.1
Cyt 15.6 1.6 3.2

Oxygenates
Alcohols (19.38) (66.63) (64.34)
Cy 13.9 47.1 48.2
C, 4.3 16.5 13.5
Cs 0.9 2.3 2.0
Cy 0.2 0.6 0.5
Cs 0.06 0.1 0.1
Ce 0.02 0.03 0.04

Others (0.12)  (0.60) (0.35)

Reaction conditions: 300°C and 8.2 MPa, Hy/CO=1.0,
GHSV = 3270 {STP)/kg-cat/hr.

7100 x moles of CO, formed for each mole of CO con-
verted in the reactor.

bSelectivities, except for CO, and H,0, are calculated
on a CO4-free basis.

FEE WA E CWZnOA Zol9} )% Adoldt A
2B oy &F AT MR Aol ke
Zelti5, 6, 16].
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1S He] Zle AAlge® COY HAIeS 2
7FA17132 COz2l A& A stA 73t FA)ol EgeEe]
T&& Z714)7]ed, o]+ Table 33} Fig. 60 v}ehyt
Zof A Aoy 44 BFE £ gt o)
7t FAE AANE £F0 oot 2AEE oisles
A AAdA oz & Frele AL Hel) =)
T2 Atele 4 HEd] b Adge] Ao e}t
WA edghel avldZel iy AYnE, skl
w2} dlgbEe] Folb o1 Falgde 2ty o
7He) oergd} Z2 g0 Zrle)] o8 82MPagl 7
$7F 7 ook @9 QA GEF9 GH/CHlE
FTAHeR 2 o o 93 JEHL A FAH
T e AR A7) o)t frAkE A3t Mo/SiO,
Zoo M E vebd vl gled] Muramatsu S[17]&
16-6.6 MPa H#]ol 4] A3 A3 ebsliol ohFef
olA Gt /CyuloL sbe el E@aica sk & MoS,
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Table 3. Effect of total pressure on alcohol syn-
thesis over 17 wt% K,CQ4/ MoS, catalyst

Total pressure (MPa) 6.1 8.2 94
Conversion (%) 18.1 29.7 305
CO, produced (%)? 479 274 205
Productivity (g/gcat/hr) 0.08 0.15 0.18
Selectivities (%)°
Hydrocarbons
Methane 14.7 312 254
Cyt 3.2 1.6 2.2
Alcohols (81.16) (66.63) (70.87)
C; 62.3 47.1 528
C, 155 165 149
Cs 2.5 2.3 2.3
Cy 0.6 0.6 0.7
Cq 0.2 0.1 0.13
Cg 0.06 0.03 0.04
Other oxygenates 1.0 0.6 1.54
Total COyfree carbon 833 713 729
selectivity to alcohol
wt% methanol in liquid 66.5 603 623

wt% methyl acetate in liquid 2.0 1.4 3.5
wt% methyl acetate in liquid 039 094 045
Chain growth probability (P) 0.26 021 0.23

7100 x moles of CO, formed for each mole of CO con-
verted in the reactor.

hSelectivities, except for COy and H,0, are calculated
on a CO,free basis.

3-4. BIE2Eo| HE
17 wt%2] K.CO& &+
LS50 WE ZojgA r;_g Mel g o] o8}
Fig. 7ol Jretisich o abseta

&t MoS, Zvfoll e ukg-
-5 Table 49}
o HEEL WgeE

T

LE2REY EPAFT Az 557
200
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® MeOH
a EtOH
150 L O PrOH

O H.C.

100

Yield (g/kg-cat/hr)

0 had °
6.0 7.0 8.0 9.0 10.0

Total pressure (MPa}

Fig. 6. Effect of reaction pressure on yield; reac-
tion conditions are same as in Fig. 5.
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Table 4. Activities and selectivities of 17 wt% K,CO/MoS, catalysts as a function of temperature

COy-free selectivity (%)

T Activity
emp. 3 .
(°Q) (10%x mole CO/ Alcohols Alcohols + other (3 alcohols Hydrocarbons
gcat/hr) :
oxygenates
250 5.2 70.3 71.5 8.5 28.5
300 11.2 61.4 69.9 13.7 30.1
350 15.3 37.7 40.0 23.0 60.0
400 16.3 20.8 23.3 12.9 76.7

Reaction conditions: 8.4 MPa, H,/CO = 1.0, GHSV = 3000 {STP) kg-cat/hr.

HWAHAK KONGHAK Vol. 28, No. 5, October, 1990



558 A - A9 - FAE - U - ol - A

50
8.4 MPa, Hy/CO=10
GHSV = 3000/ (STPY/
@ MeOH
" kgcat/hr
40 SEwoH gl 20
£ L OPrOH =
E] AC,OH =
S 301 s
% 7 Cs0H ©Q
= L e
C )
< onl X
2 20 110 =
- =
10+ 1
0

250 300 350 400
Temperature ( °C)

Fig. 7. Temperature dependence of alcohol yields
on 71 wt% K,CO4/ MoS, catalyst.

¢ 70 MeOH
S e
% 60 _ _e®% @ 4 o ® e,4
§
& 50 300°C
g o 100000 KSTP)/kg-cat/hr
g 401 5.0 MPa, HyCO=1
g . al HyS=110 ppm
é’ 30 . o EtOH
S 20
< Aa PrOH
101 Y S S SR
0 e . N , .
0 100 200 300 400
Time, h
Fig. 8. Longevity test of 17wt% K,C0,/MoS, cata-
lyst.
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Fig. 8& 350x|7kell 72 Zuje] ukg-Al7lel]l iyt
A APATe|h. g7leH B Fa YAHE
oebe ofetg, T2 dgo sl HE XS B
AFgd o] A-¢ Fuf u|BA V|FEA £33 dHHE
Znjl o} cokedl, &7 A T2 yHdzZve &4
5-2] ed3ko] =7 W] 9¥3&-E & 5 v} Table
Lol 4 2 % gl uhe} o] W AF o) Zuf ] Ty
Hsloh A9 gle AEA olg 238 £ Utk o
2§ Y™ BAdL Bogdan 51519 CoMoS, Zuj

S1EEs Xi28T HI55 19907 10E

40F
3.0+
2.0F

1.OF

In (mole%)
=
L
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Carbon number (N)
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1 2

Fig. 9. Schulz-Flory distribution of alcohols pro-
duced on 17 wt% K,C(,/MoS, catalyst at
8.4 MPa, H,/CO=1.0, and GHSV=3000
{(STP)! kg-cat/hr.
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3-6. MME #E

o AlztelAo] A3t whgol o3k EATe AA
11-2-2 Fischer-Tropsch A (o]3t FTS)2] wo
3}, Aduiog FTS Hb-g-& b AlE9] A7
gk Fubgoz o AHE EEE A (DF 2
Schulz-Flory 2][18]% w2& 7oz d#A Ut

In(mol%)=n In P+In[(1—P)/P] (1)

T

714 P& AHeARe] gEolH nd 2aUAt
Frolct.

AR EFAE dago I3 FEE 39} AL
Schulz-Flory &2l e} ZApslgEd, 2 Abed3
52 Table 35} Fig. 9ol jepid vpe} o] di7f 0.20-
0.272] W12 A Mo/Si0, & AM4g Tatsumi 5
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et

2. vhg gt 9] Frhe dAtslebio] AH3gE FU)
A3 FAC GFFEE F7HIFIN, AHE B2
gk 3k vln)stech

3 ¢xE W EA & 43 Ads dellA
A 2Hg-she 300C F-Fo] HAHelch

4. Wkg &% 300C o)A AAULTS "aTE
Schulz-Flory ¥ %% o}2v, Al&AAEE2 0.20-0.27
el zevt 350C o] Aol ME Cy oo &l
HE Ade ZFrtel el o) £EE BdE2A stch

g A
¥ A7e dFFeANEY A7) A Lol &3 1988

dE BArzeTe Ao o|Felq u old 7
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