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Abstract : Recently, there has been a growing interest in clean hydrogen energy that does not emit carbon dioxide during
combustion due to the increasing focus on carbon neutral. Research related to hydrogen production continues, and in this study,
we applied waste-derived synthesis gas to the water-gas shift reaction to simultaneously treat waste and produce high-purity
hydrogen. To enhance catalytic activity in the high-temperature water-gas shift (HT-WGS) reaction, magnesium was used as a
support material alongside cerium. Cu-CeO,-MgO catalysts were synthesized, with copper acting as the active component for the
HT-WGS reaction. A study on the catalytic activity based on the preparation method was conducted, and the Cu-CeO,-MgO
catalyst prepared by impregnation method exhibited the highest activity in the HT-WGS reaction. The observed superior
performance of the Cu-CeO,-MgO catalyst prepared through the impregnation method can be attributed to its significantly higher
oxygen storage capacity and amount of active Cu species.
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stlow, ofof T3l Ao A]of et T = F7FskaL QL
TH5-7].

A AAHGCR SPARE AT = A AAHFAHA
gt 4ol Wolxal glow AR o] et A7t
MES] APHIL ek 1 F FaHA = i A9 ol4t
Shgta HjEo] glof AL, 2 oUA & 7HA AA
Aov A & 7HE fdits oldA|oleH5]. thFEe sars
AA7EA 0] RARE] Qs AFitE=dl, AA7IA AERES:
2 &3} $%7] 7§ (steam reforming of methane, SRM), 53
7}~ A o (water-gas shift, WGS), 7}t &ZH(pressure swing
adsorption, PSA) 59 GAE AA L= a5 BASH
Hrt o] F WGS B2 f4 AAF Sl 7|ofst= 523t
ghgolm, ANE & AAHE AL E 5719 §HgSt
of olitetgta W FaE Ao WRZo|th 0|9} H|SHA
H7Eg 7IASste] Ay 1RV 22 Aitehs b
71& | A FAo] itk #H7E RS 342 H7EY
Wyt 47b0] FF &0l Al s AT 4= qlol 1
+ 2gF A FAoltt. o] FAHLZ HIES 7tAE 5§
7124 3), WGS WS, AElA] AFSHpreferential CO oxidation,
PrOx) ®Fg3F 22 A&A 34E &3 +45 AR
8,9].

-2 7FA 7 0] (high-temperature water-gas shift, HT-WGS)
whgolA B4 W B4 ASIE SuE AL8Sle AT A
Rom, 1 FoA Cuz AFEel Bl ¥ 7141 WGS gt
SoA9 2 B4 7HA AR AAAE 7 Cu S0
of thsf FHASHA AF=HATH10-11]. Cu 7|HF Frfj= L2
oA SHEGT Ld@Aol WSt Fui7E HA B/ S)
wo] Eg3t g Ado] agtth wEhA o] Cu 7]RE S
o] S-S Heskal 42 #ol7] 98 €2 A7 A
ok Cu 7|8t Z0e}F CeO, AAAE A AMEshH= A7t
WGS ¥H3 g F0= @ol A8EU=H, ol CeO,
AR A7} 43 Ab4 21745 (Oxygen storage capacity, OSC)¥t
AslRlgEgon Qs Eu) BHS FAA7IY dEolct
[12-14], k142 AlESH 97 whdo] afele] T2 7
WA RT Ce0,E WFTH=T] e Aoty LA
90w, Ceo] Td4e St HW AR 94 24
sto] Zuff P 2 E4E FIANE 5 vk AZETt
QUFATHI5-17]. WGS ¥FOl A CuOSt CeO-MgO A7 7t
o] et ATAGL Ce' o ™ E Cu o Cu” LS 53
A% A7 Ue] e B3S FHTORA WGS WSolA &
< B4S 7THIES 14, 18-19]. & Ao A= HT-WGS
Hhgo A ALeEo] £4AF AJASH] Hoto] Cu-CeO,-MgO

W, 249l ke BAUS A8l
Cu-CeOMgO o] Az H4she AFasch

2.1 &0 M=
2 AFoA= B4EEA Cut A A (Ce0-MeO) 1t H]

€2 20 wt%, 80 wi%Z LAY oH, AEIT vtadEe
Ce:Mg=3:1 (BH]&)Z d}9] Ce ZAA|(Cerium nitrate hydrate)
@} Mg ZA|(Magnesium nitrate hydrate)S A %Folo] CCM75
2 gasiar.

2.1.1 S4H

Copper nitrate hydrate (99.999%, Sigma-Aldrich), Cerium
nitrate hydrate (99.0%, Sigma-Aldrich), Magnesium nitrate
hydrate (99.0%, Sigma-Aldrich) S &3t & £54 22 mLo]

=t Metal(Cu, Ce, Mg):glycine = 1:2 (EH|E&)ZE 35}
glycine® 284 120 mLo] o0l WS 5 82 EY
Sko] 260°C, 400 RPMOYA] 4 h 53t {4513 ct. &9k &
oA &2 U &d 552 A olEA d&Z o=
glycine¥} §H-8-5tof Zo] F/J =it AojZl AL air Z2710fA]
1°C min! £E& 500°C7HA] 7183t & 6 h S9F A4S A

0

pac)
o

]_

[¢]

sttt Alx" &ul= CCM75 SGE HH

2.1.2 23IH

Copper nitrate hydrate (99.999%, Sigma-Aldrich), Cerium
nitrate hydrate (99.0%, Sigma-Aldrich), Magnesium nitrate
hydrate (99.0%, Sigma-AldrichyS &£¢5t0] S5 500 mLoj
ARSIt S 80°C7HA] 7HE F 15 wit% KOH 895
FUsto] pH 105704 A AJskATt. T12]aL 80°Co|lA 72 h &<t
459 S48 STAL FHSE o8t sue) A
Y &, 110°CO|A] overnight AZXSIALE. AZXH Zu&= 1°C
min! $EL S00°C7HA AAGR F 6 h F £HL AW
o} AzE Hol= coM75_CPE HHaisit

2.1.3 g7l

Cerium nitrate hydrate (99.0%, Sigma-Aldrich), Magnesium
nitrate hydrate (99.0%, Sigma-Aldrich)E &3%}5lo] 2.1.29} 5Y
3F 2704 ZHHOE Ce0-MgO AR AE A Z319TE o|%
Copper nitrate hydrate (99.999%, Sigma-AldrichyS 3&slo] &
Froll =9 & Ce0,-MgO XA g &4 Hojmg Zuf
£ AZ3HH) Cu 3 F 1°C min! £EE 500°C7HR] 715}
of 6 h 5 A4 YA AZH So COMTS_IWIR
g ahict.

N
N

1z

E
=

- HI

it o0x

H] T} = Z2700A4 5% Ho/N, 291710014
400°Co| Al 1X]7F =<t L=t 9] Brunauer-Emmett-
Teller (BET) EHZA-2 ASAP 2020 PLUS 7]7](Micromeritics)
£ ARESEo] -196°Col 4] 4A]7F FF 200°Cof| Al HA]E gt &
N, LR e Agsto] 23T Zoe] X4 3
H(XRD) HH-2 Ni De/9 H Cu-Ka HAHIS A+E5HA] 40
KV 2 15 mAo]A] MiniFlex 600 (Rigaku)Z AM&-5}o] 24
Sk So1e] Cu BARE US| A3 NO-SEHEE 1A
S Autochem II 2920 7]7](Micromeritics)S AR8-5F0] 4]
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it} 0.1 g0 ZWE 10% N,O/HeZ 7}S 22 URF mako] A
o) HES7]o] AT S0°COl A SHH L. N.O-SBHGA B4
A(N,O + 2Cu = Cw,0 + Ny)o| A3 N,09] AH|Q}F F
% Cu RYoIAY N, $20] the) GAEE 727 (thermal
conductivity detector, TCD)o| ]3] 100°CA == At
H,-TPR £42 Autochem II 2920 7]7](Micromeritics)E A&
sto] o] B L=E AFN] Ao SBHUL. 0.1 g
Al&mE AY §E&710] Yl 10% HyArof| 4] 20°Cofl A 800°C7F
2] 10 °C min'e] 7} SER TPR $4g Satelct. Ao
AbA ZA; 8- (oxygen storage capacity complete, OSCC) &4
2 Autochem I 2920 7]7](Micromeritics) S AR-g-5t0] 43
om, Fii= 10% HyAr £97]914 &=, 1 %
10% Oy/He 7H27F B2o] o ol wAst 9 wrtA]

A= At

Al

N

3Hg Al
HT-WGS §Fgo A 9] Zuf &4 B7H= Zo]7} 600 mmo] 1
730] 4 mmel w3282 FEY A g7 A FHEAcH
Sl §ES7] Woll A% 919l 50 mgZ ¥ ¥ A
ATk HT-WGS §H&-2 400°Ce| oA 8=l om, vt
2 KB @AYE ARESte] Sl 258 %
Alofstgiet. ¥ES Hof| Sull= BH371 ol A 5 vol.% Hy/N&
400°Cof| Al 1A]17F 591 S =31t HT-WGS 5HS-2 H, (29.44
vol.%), N (9.05 vol.%), CH, (2.29 vol.%), CO (37.91 vol.%),
9 CO; (21.31 vol.%)E E3tsh= F/447FS mixtures ARES
FREAeH, H7E F FE71AS 24 HUlE &
WA7IAERE 45 BAKSH] 913 WGS §Hgofl AREE+=
Suffo] gt 71& A5 Xarste] A= QITH20]. A&A QL
WS 7tA FUL Yol A 5F 28 7](mass flow controller,
MFC; Brooks-Instrument-5850E)7} AME-E Qo). ¥H3-2 st
HO/(CHA4CO+CO,) H-&2 20202 THEHUT FAF HEE
ARgSte] P E2 ¥HE7]0 EE5t7] Mo 180°CE
da=o £357 ZH=E FAEAS S &4 Hrle
50,019 mL g' h'9] 7}A A7Fd F7F 4% (gas hourly space
velocity, GHSV)ollA 3 =|qict. Zaff whg &<t BHE W
7}AE npo]A7 ZkA A Z20uHE T3] (micro gas chromatography,
Micro GC; Micro GC Fusion, INFICON)E A&3lo] 28Q10
2 A=} Column ASIA Hy, Ny, CO, ¥ CH,E E4519]
a1, Column BoJA] COE EAsIHLoH, 4 A column Xt
of E-ES AASH] Y8l 2A1%F B2t bake out E}lTE CO
A& Wk-go] dot & Micro GCE =2 W7HA] 14]7F
B¢ fAsH 539 EAS REESte] dojXl FHoR #
715kdet. BAE 7449 CO AeHET CHy 9 CO9) A™HE
L g0l g 59 A=k

(cal,, —[col
CO conversion(%) = [ C’ 0

0l0

=
= oe

=
RS

A

o4

%2 oo ok

out ><100 (1)

lcn,),., — o]
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in

CH, selectivity(%) = =100

@
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o £ Ao, MgOE EASt:s fas FHHoE A|xXT
CCM75_CP ZufjolAqt oj-¢- 2 n3 5 SISt o] AL
CCM75_SG Zmje} CCM75_TWI Zujo] w2 A7 o] 7117
A3z goEoh

CCM75 EM&€9] BET £4 ZIFE Table 1°] YeERA I
B4 21 FAHCE ARG CCMT5 F1j7t 7 =2 BET
HEHZA G Heon, FAHOE A X3 CCMT5 17t 7}
% @2 BET WA ghZ Brh. CCM75 Sujo] Az o|
wZ2 BET ZHZL TS &A= Z71stgth: CCM75 SG
(1458 m* g') < CCM75 IWI (62.58 m*> g') < CCM75 CP
(147.9 m® g™).

9, N,O-3FhEaF 240 oJgt < Cuf] H|EHA 2
BET ¥HZ Zue} gt FF S Eh ol= BET W
A3t T4 LR 2HA o] Y TS HFYE HA Y=t

; B Cu
Ll CeO,
MgO
©
® ‘ CCM75_SG
c ;
[
= \o Nt
CCM75_CP
| CCM75_IwI
1 1 | 1 1
20 30 40 50 60 70 80

2-Theta (degree)
Figure 1. XRD patterns of the CCM75 catalysts.

Table 1. Physical characteristics from BET analysis of the CCM75

catalysts
BET Pore Pore
Catalyst Surface area Volume Size
(m’ g')" (em’ g')* (nm)*
CCM75_SG 14.58 0.06 14.60
CCM75 CP 147.86 0.60 13.54
CCM75_TWI 62.58 0.29 14.09

*Estimated from the N, adsorption isotherm at -196°C



326 ol - A - AL

= A< 9ulgth Axg CCeM75 E19] N,O-3Fehg-2F +
AIE Table 20 YEFH I &4 Cul] EHAZ S4AHO
Az CCM75_SG Sui7t 7HE w2 ghe BAoH, o
Mz Z7bstgty: CCM75 CP (38.50 m® g') < CCM75 IWI
(4047 m* g') < CCM75_SG (42.49 m® g'). CCM75_SG &1
= 7HY =2 Cu A= YEYglon, CCM75_CP Z1jj7}
7 2o Cu BAEE UEITh CCM75 CP (5.98%) <
CCM75_IWI (6.28%) < CCM75_SG (6.59%).

CCM75 Z1jo] AlzHof| ©E H,-TPR A= Figure 2°]|
et Az 2E Si= 37HA] @Y 137 et
160°C w|9te] 2= HRjolA yehd AWA m3= AAA<t
FoA-go] Qli= CuO T 5% Cu Fof siFst= Ao,
200°C m|Rte] 2= W91 WA 3= A A ALt F5tA A
325k Cu09] Sl JH0]a, 200°C o] 9] AlHA o=
Bulk CuO 59| &9l 1 =0] sfgeteh21,22]. SHio] 9|t
= ’\Hl ﬁﬂri 2 M =27 =& EY, 53 "WAS 59 Cu
YSZ AR A3 CCMT75_IWI EZ17F 71 B2 E4F

7} 1% A0 & YERTh Cu 84T ot 22 &A=
Z7Fstth: CCM75 CP (3.1) < CCM75_SG (4.4) < CCM75_
IWI (6.0).

CCM75 &1}l 9] oxygen storage capacity complete (OSCC) £
A8 34317 Y3l Hp-O, pulse chemisorption #-41-2 Z13Y 5}
t}. o]F &3l OSCCE Alitsto] Figure 30 Yefilom, o
AMo R ARF CCMT75_IWI 7t 7H w2 2 7=

P 1T

A

mlo mﬁ 4) (s

Table 2. Cu surface area and dispersion determined through
N,O-chemisorption on CCM75 catalysts

Cu Crystallite Metallic
Catalyst dispersion size surface area
(%) (nm)* (m’ gy’
CCM75_SG 6.59 13.13 42.49
CCM75_CP 5.98 14.87 38.50
CCM75_1WI 6.28 13.79 40.47

*Estimated from the N,O-chemisorption

184 °C

3
S CCM75_SG
S 168°C  205°c
=
Q
1] 12°C
a CCM75_CP
g 188 °C
(3]

o
I

BN CCM75_IWI

[V TRU S N U R R
100 200 300 400 500 600 700 800

Temperature (°C)
Figure 2. H,-TPR patterns of the CCM75 catalysts.

Ao et 08CC %k—"« An B3] BEokE WA o
Fho] Q17| W&o &2 FE 7HAE CCM75_IWI Eujj7} o2
Azguos AzH FHERT £ 4d T 5EE 712
A0 oAE 4 Qltk. Atd BT BEIF BESE A

o]l G-e]5kH, o] HT-WGS ¥H8- EH4o] Jgke ml Aty
% A QIrH20]. wFebA, 0SCC B4 ATHE B3] CCMT5_
IWI E719] &2 248 7|9E 5 ot

3.2 Htg A
B Ao ME Az w2 cCM75 9] HT-WGS Ht
S ZIE Figure 40] YEFY It HT-WGS ¥k 438 21}, A
6;} Cu-Ce0,-MgO &1 Z CCM75_IWI Z1j7} oF 85%2] =2
0 AZHE-S Yt o]= CCM75_IWI 207 B2 Cu 84 £
% THAH, 2 A T FE9F B2 0SCC 3= 7H= E4
o o3t Axfoltt. ¥hE AME ET|E A £ Cu-CeO-MgO
Zl= HT-WGS BHSolA =2 E4& Uetd= Siig= A
= AT 4 QU
H71&E §8 AIARRE 545 PA5H7] Q5 WGS HE
2 F7tA Yol Aot ASRAE AdEZ o= o4t
Shetas AGA7|IH F7HEQ1 A A4
A BFo] $AE ARG HEs) HRe 2%

CCM75_IWI

Total: 851.85 pmol O,

CCM75_CP

Total: 800.35 umol O,

CCM75_SG

Total: 488.85 umol O,
| 1 1 1 1

0 200 400 600 800 1000

OSCC (umol O,/g )
Figure 3. OSCC analysis of the CCM75 catalysts.
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Figure 4. Reaction results of HT-WGS reaction on CCM75 catalysts
at 400°C.



¢

AEl=S Atstol Figure 40] Lk 9l
o BE % H7} 100%2] o} 4kaketd A2} 0%
9k ol COMTS Hrij7h Hkg2

GS UhS-2 49 4 Y EoieE a7 Az

Lo
=k
¥
>

2 JS_&
mlm
_\;
U
;.:

A s A

£ Aol Ce0,-MgO AAAE 7HA] =
, BAY, T OE AxWHoR Axoto] HT-WGS
ROl -85ttt vhE A Ax3 ZE S g
Ao 7]x] koA HT-WGS HHgof gt &2 v 4L 1
%}t 1 & CCM75_IWI s =2 0SCCE 713} SA]of
7P B2 Cu 8452 7HA HT-WGS ¥HgolA & COo A
gH&o] Yt HHO] Cu-Ce0,-MgO Zmi 9] |4 /g o]
2= ANE &I

Cu &M1& &2

n:

Al AL

B 9A|(2TE)E 20239 % 0850 AYPos
@] G ol = Atk FH7HE XAl A

o] A} th2023RIS-008).

References

1. Roy, P, Pal, S. C., Chakrabortty, R., Chowdhuri, 1., Saha, A.,
and Shit, M., “Effects of Climate Change and Sea-Level Rise
on Coastal Habitat: Vulnerability Assessment, Adaptation
Strategies and Policy Recommendations,”
330, 117187 (2023).

2. Wei, Y. M,, Wang, L., Liao, H., Wang, K., Murty, T., and
Yan, J., “Responsibility Accounting in Carbon Allocation: A
Global Perspective,” Appl. Energy, 130, 122-133 (2014).

3. Yan, Y,

Differentiated Responsibility and Respective Capabilities to the

J. Environ. Manage.,

“Application of the Principle of Common but

Passive Mitigation and Active Removal of Space Debris,” Acta
Astronaut., 209, 117-131 (2023).

4. https://www.britannica.con/topic/common-but-differentiated-
responsibilities. (accessed Dec. 2023).

5. Gong, J. H., Jeon, K. W., Kim, M. J., Back, S., Shim, J. O.,
Roh, H. S., and Jang, W. J., “Design of High-Temperature Shift
Using Waste-derived Synthesis Gas: Thermodynamic Approach
and Practical Reaction Optimization,” Energy Convers. Manag.,
293, 117509 (2023).

6. Jeong, D. Y., “An Effectiveness Analysis of Climate Change
Policy in South Korea,” 20(5),
585-600 (2011).

7. Lee, Y., Cho, S., and Seo, Y.,

J. Environ. Impact Assess.,

“Realizing 2050 Net-zero in

G 7kazolet

o

o

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

8-S 935t Cu-Ce0,-MgO Zmj9] Az

Uy 29 325

South Korea: From Adaptive Reduction to Proactive Response,”
Futures, 154, 103267 (2023).

Lee, Y. L., Lee, K., Ko, C. H.,, and Roh, H. S., “Optimization
of Nano-Catalysts for Application in Compact Reformers,”
Chem. Eng. J., 431, 134299 (2022).

Jeong, D. W., Jang, W. J., Shim, J. O., Han, W. B., Jeon, K.
W., Seo, Y. C., Roh, H. S., Gu, J. H., and Lim, Y. T., “A
Comparison Study on High-Temperature Water-Gas Shift
Reaction Over Fe/Al/Cu and Fe/Al/Ni Catalysts Using Simulated
Waste-derived Synthesis Gas,” J. Mater. Cycles Waste Manag.,
16, 650-656 (2014).

Jin, S., Park, Y., Bang, G.,, Vo, N. D., and Lee, C. H.,
“Revisiting Magnesium Oxide to Boost Hydrogen Production
via Water-Gas Shift Reaction: Mechanistic Study to Economic
Evaluation,” Appl. Catal. B: Environ., 284, 119701 (2021).
Liu, X., Guo, P., Xie, S., Pei, Y., Qiao, M., and Fan, K., “Effect
of Cu Loading on Cu/ZnO Wateregas Shift Catalysts for
Shut-down/Start-up Operation,” Int. J. Hydrog. Energy, 37(8),
6381-6388 (2012).

Lee, S. H., Kim, J. N., Eom, W. H., Ryi, S. K., Park, J. S,
and Baek, 1. H., “Development of Pilot WGS/Multi-layer
Membrane for CO, Capture,” Chem. Eng. J., 207, 521-525
(2012).

Reina, T. R., Ivanova, S., Delgado, J. J., Ivanov, 1., Idakiev,
V., Tabakova, T., Centeno, M. A., and Odriozola, J. A.,
“Viability of Au/Ce0,-ZnO/Al,O5 Catalysts for Pure Hydrogen
Production by the Water-Gas Shift Reaction,” ChemCatChem,
6(5), 1401-1409 (2014).

Shim, J. O., Na, H. S., Jha, A., Jang, W. J., Jeong, D. W.,
Nah, I. W., Jeon, B. H., and Roh, H. S., “Effect of Preparation
Method on the Oxygen Vacancy Concentration of CeO,-promoted
Cu/y-AlL,O; Catalysts for HTS Reactions,” Chem. Eng. J., 306,
908-915 (2016).

Zhao, Y., Jalal, A., and Uzun, A., “Interplay between Copper
Nanoparticle Size and Oxygen Vacancy on Mg-Doped Ceria
Controls Partial Hydrogenation Performance and Stability,”
ACS Catal., 11(13), 8116-8131 (2021).

He, J., Xu, T., Wang, Z., Zhang, Q., Deng, W., and Wang,
Y., “Transformation of Methane to Propylene: A Two-Step
Reaction Route Catalyzed by Modified CeO, Nanocrystals and
Zeolites,” Angew. Chem. Int. Ed., 51(10), 2438-2442 (2012).
Kang, M., Wu, X., Zhang, J., Zhao, N., Wei, W., and Sun,
Y., “Enhanced Thermochemical CO, Splitting over Mg- and
Ca-doped Ceria/Zirconia Solid Solutions,” RSC Adv., 4(11),
5583-5590 (2014).

Djinovi¢, P., Batista, J., and Pintar, A., “Calcination Temperature
and CuO Loading Dependence on CuO-CeO, Catalyst Activity
for Water-gas Shift Reaction,” Appl. Catal. A: Gen., 347(1),
23-33 (2008).

Zabilskiy, M., Erjavec, B., Djinovi¢, P., and Pintar, A., “Ordered
Mesoporous CuO-CeO, Mixed Oxides as an Effective Catalyst



326 ol - A - AL

20.

21.

for N,O Decomposition,” Chem. Eng. J., 254, 153-162 (2014).
Lee, R. R,, Jeon, L. J,, Jang, W. J., Roh, H. S., and Shim, J.
0., “Advances in Catalysts for Water-Gas Shift Reaction Using
Waste-Derived Synthesis Gas,” Catalysts, 13(4), 710 (2023).
Mock, S. A., Sharp, S. E., Stoner, T. R., Radetic, M. J., Zell,
E. T., and Wang, R., “CeO, Nanorods-supported Transition
Metal Catalysts for CO Oxidation,” J. Colloid Interface Sci.,
466, 261-267 (2016).

22. Lykaki, M., Pachatouridou, E., Carabineiro, S. A., Iliopoulou,
E., Andriopoulou, C., Kallithrakas-Kontos, N., Boghosian, S.,
and Konsolakis, M., “Ceria Nanoparticles Shape Effects on
the Structural Defects and Surface Chemistry: Implications in
CO Oxidation by Cu/CeO, Catalysts,” Appl. Catal. B: Environ.,
230, 18-28 (2018).



