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Abstract— A two-stage CO, hydrogenation reaction was conducted to increase methanol yield. At 1st-stage, CO, was
converted to CO by reverse water-gas shift reaction with Cu/ZnO/ALO,, Fe,0.,/Cr,0;, or MoS,TiO, catalysts, then at 2nd-
stage, methanol was synthesized by a commercial methanol synthesis catalyst, Cu/ZnO/ALO,. In the case of two-stage CO,
hydrogenation reaction, CO which was produced by 1st-stage reverse water-gas shift reaction contributed to the methanol
synthesis and increased the methanol yield. In particular, for the two-stage CO, hydrogenation reaction, methanol yield
was two or three times higher than single-stage's one. In the two-stage CO, hydrogenation reaction, the highest methanol
yield was obtained when H,/CO, ratio was 4. Finally, to increase the methanol yield the more CO, should be converted to
CO in the 1st-stage, and the feed gas ratio of the 1st-stage should be adjusted, so the effluent gas composition of the 1st-
stage becomes to be close to the composition of commercial processes.
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Fig. 1. CO, conversion for various configurations of catalyst beds.
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Fig. 2. CH;0H selectivities for various configurations of catalyst beds.
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Fig. 3. CH;0H yield for various configurations of catalyst beds.

2 A ¥he-S AR e A} gloku B s glub(13, 14].
Al o) g3t A 3}= Fig. 204 B 50| molecular sieve s AF8-3}
uhg-2] 497} 1A 43} W0l w3l o gh-of o
T A Esh 24 Jelghed], o) Iststage?] 42417k ukg-
L ZHE A7l CO7} 25HA mlshe A ukSoll dgke viy] o &
olefa A}, gk 3-8 Z7) o= molecular siever} §l= 2uHA)
TA3 Y AUt 194 43 uke-e) A wT) vEkgd of
F ARer} E9gx|al, vhgo] A% APL42 0358 o Goiz
t}h 0]7-2 ko] AYHFE Ist-stage?] H5A 7k~ HhS- 0 2 HE)
371 Fol A Frste] wiekgol gk AATE Atz A
Hoh wefs ol 23t o33 AlA s Fo a4 wEr Uisk
e slEglS-S o 5 glgl
Fig. 32 AlZbe]] b2 wigh2-0} $8-8 viehd 28o|u}. 13 o4
H5o] 2xbA] 443} HEgellA] COL) A} Eoll 7} o3 8k A A
3 Zo 24 fekLe] B3 82 Cu/ZnO/ALO,+M.S.+Cu/ZnO/Al-
Ot 71 ey}, 53] 1934 S48 ulh-22] 74-9-(e)9) v)as)
Boks o oA viehg A wlE o) A9(e) oF 23] 48 At

28 4 Qe

o
2

3-2. 2Bl CO, =248} HI2A| H/CO, H|0]| I}2 BI2&AM H|m
3-2-1. Cu/ZnO/ALO; ¥4 H/CO, B]e) w2 CO2) A4 v
Ist-stage®] H5A]7F~ vhg 2ol 2 Cu/ZnO/ALOE o] £5}37, 400
CollAl whg7ke 240I(H/CONE vl 7hdA €00 Ad-g3}
COY Al =E zAlel Befon], 2 AFE Table 10 Vehiglc}.
H/CO% 2A4u)E 322 -5 o, CO2 A&he-& 30.5%, CO2
AL EE 93.1 %2 )22 CO7} WA=} HYCO,0 2Au)E 4
2 & 9 CO.2 Hzhg3} Co9 Adv 747k 32.4 9 93.9 %9)
th H/CO2 AN E 52 31902 wl= CO9 A 353 2 CO

Table 1. The dependence of CO, conversion and CO selectivity on
the feed gas ratio(H,/CO,)

. . Selectivity(%)
H,/CO, ratio CO, conversion(%)
Cco CH,
3 305 93.1 6.9
4 324 93.9 6.1
5 353 94.6 5.4
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Fig. 4. CO, conversion for the configuration of Cu/ZnO/AL,O,(400
‘C)+M.S.(25 C)+Cu/Zn0/AL04(250 °C).
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Fig. 5. CH;OH selectivities for the configuration of Cu/ZnO/AlQ,
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Table 2. The effluent gas ratios of the 1st-stage reactor with chang-
ing the feed ratio(H,/CO,)

H,/CO,=3 HyCO,=4 H,/CO,=5 Commercial composition
2.07 2.68 3.12 2.33

H,/CO,

sloich. 22407 walabH Hy/CO, ¥]7} Z7)3tel| whe} 1st-stage
oA A E= CO/CO, ¥]7} Z7lsle] wigtgoff tidt A7) ga)
QA HyCO, v]7} 59wl Akl el whg 2A 3} vlas) wor
& o F49 o] AdH R YR gol v ety Ad
t}. Fig. 6& Wk 7k ZAdu[ol] w2 oeh-2-9] 58-S vjehd 2
0.2 Hk-§ 7k ZAIR]o) didh wEkE 82 453559 Lo )
et}

b 2 Aol e uhs 7k A0 (H/CO)7) 44 o
Al viehg e o= Al 24T Pt 243 24N Y
ATt

Ve

oF

7
o
=2 =

d

10
@ HJ/CO.=3

& HJCO.=4

B HJCO:=6

Yield(%)

;| 1
20 25

0 | ! |
10 15

Time(hr)
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Table 3. CO, conversion and CO selectivity for various reverse water-
gas shift reaction catalysts

. Selectivity(%)

Catalyst CO, conversion(%) ——————————
co CH,
Fe,0,/Cr,0,(400 °C) 28.0 99.3 0.7
MoS,/Ti0,(400 °C) 15.4 95.0 5.0
Cu/ZnO/EL,05(400 °C) 30.5 93.1 6.9

Table 4. CO, conversion and CO selectivity for various reverse water-
gas shift reaction catalysts in two-stage CO, hydrogenation

reaction
(ele) Selectivity(%
Catalysts for 1st- and 2nd-stage > y(%)
conv.(%) CH,OH CO CH,
Fe,0,/Cr,0,(400 “C)+Cu/Zn0O/ALO, 354 11.1 879 1.0
MoS,/Ti0O,(400 °C)+Cu/ZnQ/ALO, 24.9 143 849 0.8

Cu/Zn0O/AL,04(400 °C)+Cu/ZnO/ALO, 38.3 121 86.7 1.2

3-3. e M0tA U 0l HEl0) IHE vS Y

A A 7EA HEZof] AREEE Cu/ZnO/ALO, Z) £]e) Fe,0,/Cr,0,
%) MoS,Ti0, Zvj2 AF&5}e] 400 °C, 25bar B MRS 7}A ZAM]
Hy/CO,=301 4] ¥F-& s=3)3}9] v 1 Ax}-Z Table 3ol vpeligich.
Table 3¢j|4] B &= ) %0] CO2| 488 Cu/ZnO/ALO;>Fe.0,/Cr,0,>
MoSyTiO, =492 & 5= et

Ist-stage®] A7k ubg Fof Hsto] b ke A B
57] 915 251 €O, $-4:8) Wh3-2 STt Iststages] WG 2
712 400 °C, 25 bar, H/CO,=32.% &}¢] 21 2nd-stageol|= Cu/ZnO/
ALO, ZoiE FAA7 2 HbE X 250 °CE AAsgr). Ist
stage2} 2nd-stage Ale]ol] molecular sieveS 9 X A)A E-& A A5
o] AP AL Table 40 Azl shaict.

Table 4|4 & 4= Q) 50] HpAI7EA ubSollA] 8o AU &
Cu/ZnO/ALO, Zwi2] 739 wehg 8] 714 & & 5 gldict. o
2}A] st stage FLAI7EA BRSO 2 BE] COE @o] AAAAUSE

Lol i3t =go] Frdith= 282 9L 5 gt
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Fig. 7. XRD pattern for Cu/ZnO/AlLO, catalyst after reduction.
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Fig. 8. XRD pattern for Cu/ZnO/ALO; catalyst after CO, hydrogena-
tion(250 °C, 250 bar, H,/CO,=4
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