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H|E-8 AFAUR] HRITIALE HFO R TEE9] b HARS 95t A 7IATHo|HRS ol 2-871H54E ERlsty] 95t
Cu/ZnO/MgO/ALO; (CZMA) W& F3 W& AHE-ste] Alxstqich A2 E S BET, H-TPRE ARE-5Ho] A4 =] Q).
Zuj 9] v A4 HAEL 15 0] COE et FH7tARZEE Yl Low Temperature Shift 8H-3-8 A X = 729} High
Temperature Shift ¥+-8-& A% & A8 9] 5 §lo] A LTS §H-&-Z AX = & 7HA] 9] F9-& HliL E EASHIch & 229
A steam/CO H], §-F A <, 20 ThE BHE-EAS Slstltt. Aehe A5k 9] COft AHo] 5 §lo] LTSE SA]
Y= = A B2 Fof Axlo] ARt B0t thFEO] 270 A] tha W& CO AEHES UEtilTth E3F steam/COH],
25 9 {50 tigt ol A vehd HA 9] 2gx0E 27st7]0 F7H Rl £4l0] At ¥H, 115 %29] CO 7|
A& x3ol= 2ANA = FAYA B F 9] &4 Aot7h ehdA] o n ti2 o] 2704 & CO HH&-S UE
Higlch 2284 2 & Cu/ZnO/MgO/ALO; & A-§5t0] L5x 9] COE Z3ste 7tA 2404 AT 24215 4
LA71H &Y LTS ¥H2-2 A8 & 1559 COS COE 83| A3 71532 gHelstqrh

FHIO] . /47 FA Hol, 85 IAA, CO AZHE, S, Cu/ZnO/MgO/ALO; S

Abstract : To confirm the applicability of the water gas shift reaction for the production of high purity hydrogen for petroleum
cokes, an unutilized low grade resource, Cu/ZnO/MgO/Al,O3; (CZMA), catalyst was prepared using the co-precipitation method.
The prepared catalyst was analyzed using BET and H,-TPR. Catalyst reactivity tests were compared and analyzed in two cases: a
single LTS reaction from syngas containing a high concentration of CO, and an LTS reaction immediately after the syngas passed
through a HTS reaction without condensation of steam. Reaction characteristics in accordance with steam/CO ratio, flow rate, and
temperature were confirmed under both conditions. When the converted low concentration of CO and steam were immediately
injected into the LTS, the CO conversion was rather low in most conditions despite the presence of large amounts of steam. In
addition, because the influence of the steam/CO ratio, temperature, and flow rate was significant, additional analysis was required
to determine the optimal operating conditions. Meanwhile, carbon deposition or activity degradation of the catalyst did not appear
under high CO concentration, and high CO conversion was exhibited in most cases. In conclusion, it was confirmed that when the
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Cu/ZnO/MgO/Al,Os5 catalyst and the appropriate operating conditions were applied to the syngas composition containing a high
concentration of CO, the high concentration of CO could be converted in sufficient amounts into CO, by applying a single LTS

reaction.

Keywords : Water gas shift, Petroleum cokes, CO conversion, Catalyst, Cu/ZnO/MgO/Al,O; catalyst

.M E

S AR AFEOJA 214|7]0l= $AF 7|FEo R T Af of
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[14]. $45 PABH= 93RS 13|0](Gray) 4 — E-F(Blue)
g4 — J%(Green) o422 Yop7tof SRARE AA|AY ol 2] 9]
4T B4 191 AA 9 71eH AR Al 2d

of P BT S48 T2 A Y56l 1o] B BE 4

A 7IE [IZEleS A85te] HgeR 48 AT 5
e Aol Qlon] B3] Aq3 I A(Pet-coke), H7|E 53 2
2 UZe AFALL B3] FA7IAR WA= ER
Fa Yo SR Aol AR B 4 sHEL

24 e 8% 93 & Aoz 7= Qvh1,7

Aoz faE FA7RACNA FAF7FAK | (Water Gas
Shift, WGS)HHS-, A& AFSKPreferential Oxidation, PROX)HHS-
59 479 A& AL Bl WA 1 F FA7EAHORES:
S /37 WOl GAstErAeL 257]7} §hESto] 4249 o4t
SketAE Aok BREOITH8.9). /37HAH olwhg-& WhESl=
25 JFof upgt 12 H0]d-S(High Temperature Shift, HTS)¥}
A2 A o|u-S(Low Temperature Shift, LTS)O 2 LEETH7-9].
27092 300 ~ 400 C FHOA] HE-So] o] Fojx|H 2%
7} o} ¥k} W= vk ] w A B 00 ATL-S YER =
E4o] 9lon, A27oHrg-2 200~300 T FHoA ¥rg&
= LAY =2 CO HEE 4 & Y= E40] AUTHI0,11].
A2Holgkgol AHgEE tEAR] Sl Cu AEe W=
CwZnO/ALO; SHi7F AA] WGS F4ollA g 2851 glo
W2 AFFE 9Jste] Eufjo] vk B4 € wh33 JiAdol st
AT7F FP= T TH12-14].
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Aol AAAE AHEst Cug T2A EAAATH st 7]
A Aol Hgt A7t Wol ZIP=|o] Krh8,11,15-21]. E3t =F
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2 AFolMe ARrEaLe] 7tASHE F9 AAE HaE
1522 COE Edoh= JA7IAE tF2=E WGS HHgofl 2
8317] glstol chare 2AxAGHY WEEAE ISR
ST Cw/ZnO/MgO/ALO; ETE SO = Mdsta] 1) 1L
0] COF ERoHE TATtARRE T LTS e A
= 7372t 2) HTS ¥18-Z AX & SA] LTS W87 & A7k
7 Fshe T A0 A9E UL 9 BAslo] Sujo] 48
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2. AYY
2.1. Cu/ZnO/MgO/Al,O3 Z0H H|Z=

Cu/ZnO/MgO/ALLO; £ Park et al. [9]9]|4] Hirgt 234
S o]&3to] HASHATE CuZn/Mg/AIS] HI8-S 45/45/5/5
mol%Z 1175} Cu (NOs),*3H,0 (JUNSEI), Zn (NOs),*6H,0
(JUNSEI), Mg (NO),6H;0 (JUNSEI), Al (NO3);-9H,O (JUNSEI)
£ BE 5% 2892 30 min F9 WHAA Fc A
Z 0.1 M9 Na,COs(99.0%, Samchun Chemical) 58]
WA gojmgA JHE Frskth JHo] A==
9F 1.0 M NaOH (=>97.0%, KANTO) $~8%8-& Al8-5lo] pH
9% ASSAT. WU -8HE 60 TolA 36h wikao]
AEQATh S0 B G2 4204 FEE o8 AU
RoH SFHTE 32 AlASHL 3l45te] 110 ToA] 24h 5
et Az A" HFAEL air £917], 400 Tl 4h &
ot A=At AFH Cu/ZnO/MgO/ALO; &= CZMAZR
geigion], Mng o) A82uel MDCT(CuO 43.1%,
ZnO 47.2%, ALO; 9.7%, Clariant jil) AR5}t

A o pok

22 =0 £E4 &4

Zujo] B4 EA& 9Iste] BET, Ho-TPR £41& 3513
o} Az= Zu]9] ¥ HZ(Brunauer-Emmett-Teller, BET) &
A2 BELSORP-miniX (Microtrac BEL) ZH| & ARE-5l] A&
£ 200 CollA 4 h 3F AAF &, -196 ColA Ha F2F 4
& =X519tt. H,-TPR (temperature programmed reduction)
H42 BEL CAT B (BEL Japan Inc.) H|E o|&3d}g o,
10.0 vol% Hy/Ar E9]7]014 25 CTHE 5 C min'Z 500 C7}t
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2.3. F04 2t3 A

WGS W4 AEE 135 WSS ol8skATt X7 14
inchQl A 3of quartz woolZ A]A|3}0] 150 ~300 um =7]9]
SME 3 em 0|2 FYSIAITE ¥ 7|Al= ¥-8719] ARl
A FEE AX ¥, SHEE HiEEo] ZAAZRELH T
(Gas Chromatography; INFICON 3000 Micro GC)E ©]-8-5}o]
A5t} ¥R A 50 vol% Hy/NE 80 scemQ 2 &2
o, AF2ol4 250 T7HA] 2 C min-1E 52AX1 & 1 h &<t
255 fA5te] Sl SAAFT. ghdo] ' F, §HE7]
9 2EE AA k=R Y¥Fy SWtAE AFREA
(Mass Flow Controller, MFC)Z AoJE oW, +=F7]=
mini chemical pump (NP-KX-200, Nihon Seimitsu Kagaku
Co., LtdyE ©]&ste] SHTE 180 TR Add AE|QIZ AT
o BEste] ANAPOR TRt HamaAc rstE
So YE PRA 2T AR RARAS ARSEIO
o, ko COE EFoh= SV~ 242 50.06% CO,
15.05% CO,, 34.89% H, 0|5, A&k o] COE Zgole TVt
A9 AL 10.01% CO, 34.97% CO,, 55.02% H, o]},

2 ATONE AxE Suhe ALsto] Agase] 7%t
2 59 SARE TBEe COF HFE PHTIA 242 7]
22 WGS Wgo] HE 715 o3-S SHIs] Hsto]
Stk AZE Zohg Agstol clre 2] WS Teislod 1)
Ee] O Eelhs PAZIAZRE Tl LTS W8S
A& 7352t 2) HTS B85 A & SA] LTS 7|2 437t
27} FYSE F 7HHI0] H9E Hmstast st

Table 191 =0 COE EgsH= FA7IA 204
ot 2424 ¥t mE W 20& UERRIT Case 1

Table 1. WGS reaction conditions (High concentration)

AAPATS 915 Water Gas Shift 12 2J x40 W2 W54 3

2 steam/CO ¥]9] W3jo] WHE WHIEHE AHBIA 330
o, 200 W 240 ColA 27t ST ol GHSVE
16,000 h'& H|2517 AA3IAT} Case 2= steam/CO HIZ 3
o= wHSHY fFe VKA FF 9 /59 ¥l
WS4 ¥astA o™ Case 32| 4-Poll= steam/CO HIE 3
07 v, {FFE gste] 2= ¥slo| wE WEEAEE
]},

=S| COE Eotoh= 747 HTSE St COot
Ago] 1112 §hE6E7] wFof qhef dego] Ago] e AL
(YRFH O 2 steam/CO H| 3 o/JoflA] 4=8f) 74t CO 5=
H|sto] A dhFom EASH Hrth olHgt A" 854
71X 3L SA] LTS ¥Hg7|= FUSHE 44st COE 7I€o s
HoRE of A3t &9 AFo] A 5HA| E o] steam/CO H|7} =
< g<o] Hrt. ol w} iFE2] CO7F HgE o] CO9 5k
= AAsk A% CO9 sk 37H FAE7IAE 7|Ee R
Rt zQIzde] MslE B9 MSEAS Sussiod
Table 20] ¥Fg AL YEFHATE Case 49] 9= steam/CO
H|o] Wslo] W2 HI2EXNS AwE VA 5190, Case 17}
H| W5} steam/CO H]7} =& Fo] EXo|c}. Case 59} Case 6
+ steam/CO H]E Z}Z} 8.99 W 13472 145} 3 71
AlA FoAk B C R Case 72] Aol steam/CO HIE
3472 1L FHE DHste] L= viso] BE 15

& vmalse,

3.1. 50 S8 24

Table 301 BET B4 53] A28 S0l CZMASH 4857
MDC79] v ER A} 7135 8 71871 ehfglon,

Steam/CO Syngas flow rate [sccm] Steam [ul] Total flow rate [cc min™'] GHSV [h] Temperature [ C]
1 75 30 112.6 16,256
2 56 45 112.1 16,188
Case 1 2.5 50 50 112.6 16,260 200, 240

45 54 112.6 16,262
4 37 60 111.1 16,049
25 30 62.6 9,036
50 60 125.1 18,067

Case 2 3 100 121 250.2 36,134 200
150 181 3753 54,201
180 217 450.3 65,042

180

200

Case 3 3 50 60 125.1 18,067 220

240

260

280
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Table 2. WGS reaction conditions (Low concentration)

Steam/CO Syngas flow rate [sccm] | Steam [Wl] | Total flow rate [cc min™] GHSV [h™] Temperature [ C]
4.49 78 28 113.1 16,334
8.99 60 43 114.0 16,465
Case 4 11.23 53 48 112.6 16,267 200, 240
13.47 48 52 112.8 16,292
17.96 40 58 112.0 16,176
50 36 95.0 13,721
100 72 190.0 27,436
Case 5 8.99 200
150 109 285.0 41,157
200 145 380.0 54,872
50 54 117.5 16,971
100 108 234.8 33,933
Case 6 13.47 200
150 163 352.3 50,903
200 217 469.7 67,865
180
200
Case 7 13.47 50 54 117.5 16,971 220
240
260
280
Table 3. BET analysis results of CZMA and MDC-7 2 A2 76 m® g0 H|F] =4 YEon ol= 7|& o
Catalyst R Surfage_1 Pore o . Pore TFATete] HWE F5f Mge] M7l wet vl Aol F7}
rea(m-g ') | Volume (cm’g™) | Diameter (A) 3 Aog oJAATHI. CZMA Zuj9} AR Zu] W= 315 A
CZMA 104 0.82 315 129 A 0 & Z717]F(mesopore)?] I7|E UERHO, CZMA
MDC7 76 024 129 Zujol 718500 9 B/ 8A7|7 A8EH Rt i A

Figure 191 F Ful9] F25242 YeErSIth TUPAC
(International Union of Pure and Applied Chemistry) £-5-0f w2
W F Sl nE sl 20} g VY Sedes
72 7 AeH, 7715 (mesoporous)?] FEIE 7HA= AL

2 BojHrH29.30]. Fufio] MIEHEALE CZMA St 104 n’ g

600
—a=— Adsorption
500k — Desorption CZMA
_f_Adsorpt{on MDC-7
—o— Desorption
<« 400}
m 3
o
= 300}
2
§ 200}
>° |
100 L
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Figure 1. N,-adsorption/desorption isotherms of CZMA and
MDC-7 catalysts.

UERLTE ol AAAZ AR Mgol ALOs9F ZARtste] S
o] HEHAN 7|F37Y] 9 7]FA7]0 TS vA= AR
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Figure 20]i= Hy-TPR W€l & Boto] F Zuj9] 3l E4&
Uerfiglch. detdog Cu AE FuiolA H-TPR #4& &
3 gRlE= T3 Cuo9 FYORE G — Cu' — Cu'E A
FE= Aoz A QUrH9,14,2831]. W2 =04 LEeht
= A WA 89 33 o — Cu'E 019 BHoA YRE
olo] FilEE A& Urhdth32]. F WA IIE Cu'—
Cu'S] &Y WA= AR A WA 3 G’ B Cu'7t
Cu'Z BHAE= Z21& oJulsith33]. & Fujs 25 oF 130~
225 C 2=JHoA & 127t yepged, Al 327t S
Eo] Yehs 2108 Hol Cu' — Cu'— Cu'E gAHor
ghelo] dofubs A & & Atk MDC-7 F9] - 1745
CollA #25 Yetlilen, CZMA Zu9] 735, 187.7 Tl
A #327} yebger. sHAYE CZMA FufjoflA] Cu®" — Cu'e] 3
gobe A HA w27t o FSEHA YEhgen, ol 84 F
)l Cu7F CZMA ZFdijo] § o] EAlske AS uerh
WGS ¥H-3-2 Zufo] Cu” — Cu'9 4l3tehd whgof o5 3
Ho, Cu'E HFeE HRShs Zo] WGS Hkgo] 23t 82
o[tH8]. 7I&9] Cu, Zn, AlZ E3I5h= FHi] TPR A5+ 23|

|
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Figure 2. H,-TPR patterns of CZMA and MDC-7 catalysts.

w2l c—Cu” Y 137} 9F 190 T RZof|A vERo
o 2 AL Cu, Zn, AIS Z3oH= Zufjo] AT MgS
H7rste] 8 2 E W31 35HY E4S SHAIX g &
Ql3t % Sich14].

3.2. WGS gt

Figure 39 WGS £19] steam/CO H]9] JIE 11&5}7]
9190 steam/CO B 15 471 WSAIZIEA CO WL
HIE &4 9 1Esigich 17o] yehd ¥ke} o] steam/CO
w7} S7keto] et co gkgol F7Ishe kel ke U
%Itk BE stean/CO o] ste] GHSVE A9 U5
A7 Wizl SHSE Av= 71419 AlFAIZte] 525t
of 28e] o] Z7ke] Wt CO ARo| BT AFS
UERGlTh = S 2% AFo] wi- A2 steam/CO H|7} 191
ZME FE CO HeES UEAL Y steam/CO H|7} 2
oPgolAE CO HeHgo] FAsHA F7Hstol 85% olel CO
AgeS YERNI 3T steam/CO H] 2 o]Fo| 4= MDC-7
9] 3% 2o uet ¥hgAdo] & AolE YUEhHA] ekt
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o5 |
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< 85t
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Figure 3. Effect of steam/CO on CO conversion of CZMA and
MDC-7 catalysts (high concentration of CO, Case 1).
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Figure 4. Effect of syngas flow rate on CO conversion of CZMA
and MDC-7 catalysts (high concentration of CO, Case 2).

CZMA Zthe] 90l 200 C M} 240 C oA RO
2 CO HTES JERRSIT, CZMA Sl MDCT Svf 8
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HE TR COE C02 MR Aol SaHAo} =
dlo] A fol FL WAL e Aoz oA,
Figure 4°|= steam/CO H]E 322 145kal 200 T oA &
e FM7I0 9 vl de Zujo] B vmsie
O CZMA 9 MDCT 5 E) 25 §ego] 27kl wjet o
Hego) 743k A Uehiglit ol BastAsl R
o] 273l uhet 289 G A Z7ele] 714 Sl A%
How Z7sp] ] 7|39 ARAZ0] BasH] WEO.
AZEIEF. MDC-T 20 5T} CZMA Sl £ 2 44:2)
Z7joll W 2480] 27 vehos], ol W84 o]
2 CZMA E0fe] A9 ARl F/hgel wet Sve] B
oA TE WS Eke] FEAII0] B7] RO ARET
% Zujo] 20| M2 MSES FAASH] SI5to] steamiCO
blsh RS TS LS 180-280 C WIIONA 25 CO
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Figure 5. Effect of temperature on CO conversion of CZMA and
MDC-7 catalysts (high concentration of CO, Case 3).
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Figure 6. Effect of steam/CO on CO conversion of CZMA and
MDC-7 catalysts (low concentration of CO, Case 4).

AeHE-Z Figure 50 YERASITE MDC-7 o] ¢ -85
Ql 7 180 C 9] W2 2 RE Hwa &2 280 T HY 74
BE CO g0 ot on, CZMA Fui= 227} 3715t
of w} 240 C oA BE CO H3Hgol A2 =Ll 280 C
Mz BE CO Hego] =Zot9irh CZMA Sl FA| 5%
9] CO7} ¥HgRo % B 200 T o/dolA Zujo] &4 A
3} Qlo] 90% oJ4F9] CO HTL-S UehfEs A skt

QFA Argst vie} o] HTS ¥h-S A & ZA] LTS ¥
712 §7tAet A”o] UEE AS FHY vREAE §
A 1253t Table 30 Wbl 2743} o] 229 Cases =
o190, Case 49 2YP2A ZIHE Figure 60 LFERH AT
CZMAS} MDC-7 & Z0jE AR23}0] steam/CO H]o] wh} 200
C 3240 CofA 9] RFe592 B3l steam/CO |7} 5
7¥gto] whet CO AEHEo] F7Fohs LRbARl A3 UEhi
O} A9| H|ZE GHSVOlA CZMA Fufjo] -9 Ago] gt
FFol wie- A YERT steam/CO H|7F 11.23 ool A=
MDC-7 &1i2] ¢ A9 BE Ao =Estgon 2o

£ 5349 Aol AA Gt CZMA Fj9] o=
200 C Er} 240 ColA HAIF O R w2 CO ATEE YERY
o1 240 C, steam/CO H| 1347914 95.8%2] CO He8-S
UEt it CZMA E1i9] 39 A9] ¢ 2o whE o]
7} A yehdr] wZo] J-3t 2gxA9] HAo] Fa%t 8
oz 83 4= o E AREHIITh

Figure 70i= Case 5 9 Case 62] 271 =35t T Het
Wt} steam/CO HIE 8.999} 13472 ZHz+ 31A5kaL 200 C o]
A fFe S7HI7IH 4 Wstol w2 Euo] BheAdS vl
Stgith & S B5 fo] S71Ee] weh COo Akl A
St AFS YERIATE MDC-7 St Erh CZMA o] A
A Faske AFE UER ol FREEEY Aol=
CZMA Z1j9] L 714 R0 Sl wet S4%% ke
E3t0] HEAIZto] 7] WECE oAZIL v (A9 {5
o] A&HoR FTIsHHA AlFAITIo] FHAsto] ¥hg-do] Fhast
£ A0= YT et 7EA fF 24004 steam/CO

100 5
90 O O< —O0
80 [ \
< 70F
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g L
Z 40f
S o}
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Figure 7. Effect of syngas flow rate on CO conversion of CZMA

and MDC-7 catalysts (low concentration of CO, Case 5
and Case 6).

"o w2 CO HEHE&9] Aol& H|wotH 8.99 Hrt 13.4794
H =2 CO ATES Uetdl= A2 I 4= qlth. ol= vl
3t §& 2704 steam/CO H|7} RS/l 585 99102 2
A= Ed+= A

opR|Eto 2 2rof W Fufo] vR3E/AdS Elstr| st
Case 72| 27194 A 35to] Figure 8o YeR et o
A Ao A steam/CO H] 1347914 HutH o7 9431 ¥-3-E
& Hel 4851l MDC-7 SH19] 7% 180~280 C oflA] B3
AgHgo] ol2& WiY 2 CO HIES YERHI CZMA
Fujo] Ae 27t F71eko] weEh Co Mghgo| F7kske] 220
T oA 96.5%, 240 C |4 96.4%2] CO HIHE-S YERf o
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Figure 8. Effect of temperature on CO conversion of CZMA and
MDC-7 catalysts (low concentration of CO, Case 7).
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