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Abstract — H, production by chemical looping is an efficient method to convert hydrocarbon fuel into hydrogen with
the simultaneous capture of concentrated CO,. This process involves the use of an iron based oxygen carrier that trans-
fers pure oxygen from oxidizing gases to fuels by alternating reduction and oxidation (redox) reactions. The enhanced
reactivities of copper oxide doped iron-based oxygen carrier were reported, however, the fundamental understandings on
the interaction between Fe,O; and CuO are still lacking. In this study, we studied the effect of dopant of CuO to Fe,O5/
ZrO, particle on the morphological changes and the associated reactivity using various methods such as SEM/EDX,
XRD, BET, TPR, XPS, and TGA. It was found that copper oxide acted as a chemical promoter that change chemical
environment in the iron based oxygen carrier as well as a structural promoter which inhibit the agglomeration. The
enhanced reduction reactivity was mainly ascribed to the increase in concentration of Fe?* on the surface, resulting in
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formation of charge imbalance and oxygen vacancies. The CuO doped Fe,04/ZrO, particle also showed the improved
reactivity in the steam oxidation compared to Fe,0,/ZrO, particle probably due to acting as a structural promoter inhib-

iting the agglomeration of iron species.
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om BUPYE o] g3te] Az Y =5 A EE
Fe,05 (99%, Aldrich), A A A= ZrO, (99%, Aldrich), 714 =
CuO (99.99%, Aldrich)E AHE-3F3ITE. Fe,04/Zr0,= A1) 50 :
502.% 3}l CuO-Fe,05/Zr0= ZAHHIE 5 : 45 : 5022 533
on] Su| R 23} Yol 2 E ARSIl 4A3E Rk BEE &
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|52 W5 ARA] GhE AL YRR Fresh A2 abz
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Fresh$} Recycled A2 YA Fe,0, A8 A71E ER1817] 9
3 X4 84 A H(X-ray diffraction spectroscopy, Rigaku D/max
2500)2 o] &3 th FY Cu-Ka HAL 205 10~90°, scan rate
1%min® 2 AASATE AFA7]= 2] (6)2] Scherrer formula
equations 5314 AlklsIGITt.

t = (K-M)/(B-cosOp) (6)

A71A = A7), pme XA 3 (Cu-Ka = 0.154 nm), K= A%
’347(0.9), Bi= WEXIE, 0= ¥]7.2] Bragg 712 o|u|sitt,
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pore diameter 212 A4 FE2H -8 ©]-§-3F BEL Japan Inc.9]
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QF XFAHIE sfol, ARG UAL U 7 BB Eees Al
o}, Feake- 77 Kol 99% N, 7k~ = A48

Alg 2o A4 P9 7 A4 s T elE w4 EH]
S8l XA F3 2 2335 (X-ray photoelectron spectroscopy, KRATOS
AXIS NOVA) S % 243} T}. X-ray radiation source= monochromatic
AlKaE A3 2™, pass energy 2} poweri= 2H2F 40 eV} 150 W
Z AAEITE 578 AR el Sk 7R 9]0 ddshe
284.8 eVellA 9] C 1s ¥ A% internal standard= ARE-510] A 559
charging effects 2 3FSIT}. XPS spectras D+ 53l Al <]
21574 107 TorrollA -4 o] R = Sict.

H] & 7oA 84l wheAd S 5 AlaF 3H9 §ES- 4] (TPR,
AutoChem 2920)°.% AA|BIATH AFALAERIAF 9FS 0.1 g0 7 31
Z3tar 3kl 7EAR 10% Hy/Ars AH-3H 0™ 5 f-3 50 ce/min
& 0sigint. el 950 °C7HA] 10 °C/min®] 7 2412 4

A&t
3, Zap 4

3-1. SEM/EDX &M

Fig. 12} 2:= 247} Fresh$} Recycled AFA @3] #fof| tf st SEM/
EDX %9 3 whd A ARzlo|t), EDXE ©]-8-3F Mapping A
Fetr Wb 7 A OF whgka) cuts Bl o g ZAFTh
Fresh FZ900 (Fig. 1a) 2 Fresh CFZ900 (Fig. 1b):= %%l 4 um
scale?] graingo] A= A4 QI 7k U F: Faks 1
T e 71F 725 TEE S REE Fresh FZ1300 (Fig. 1c),
Fresh CFZ1300 (Fig. 1d)= & 24-25(1300 °C)& &l A Ak3}
=2 A%t 2EEA o] B V)E RS BEE S 9otk

Oxygen carrier Compositions (Wt%)

Preparation method Calcination temperature (°C)

FZ900 50% Fe,0s, 50% ZrO,
FZ1300 50% Fe,Os, 50% ZrO,
CFZ900 5% Cu0, 45% Fe,05, 50% Z10,

CFZ1300 5% Cu0, 45% Fe,05, 50% Z10,

C-FZ1300 5% Cu0, 45% Fe,05, 50% Z10,

Ball-milling 900
Ball-milling 1300
Ball-milling 900
Ball-milling 1300
CuO Impregnation on FZ1300 900

Fresh oxygen carrier
Recycled oxygen carrier

after calcination at 900 °C or 1300 °C
10™ redox reaction at 700 °C
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Fig. 1. Surface (top) and cross-sectional (bottom) EDX mapping data
of fresh oxygen carriers. Inset shows SEM image. (a) FZ900,
(b) CFZ900, (c) FZ1300, (d) CFZ1300 (Fe: red, Zr: green,
O: blue, Cu: purple).

Fig. 19] 2& Fresh AAAG YA 7F daso] A ad4t
el & sHAl BEE o] 91912 Y Fig. 29] Recycled A4 &2}
52 A akslEo] el AFE = core-shell 325 F/J35t AUAATE.
O] 7 redox cycles?g oA 2+l A AFSHE (Fe & FeO)°] T
2] A2 Ak} HhgollA] Abh AARE o] 2381A]7]7] S5t A ool
2(Fe*" T3 Fe*ya ket SAlol Q-2 ghatsl= A1) &
Ak(solid-state diffusion)©] L J1}7] wiZ-0]TH{16]. redox cycles 5
A ABFE7 N A ERIAFS] core-shell T3 A Cho 5[17],
Kidambi “5-[18]¢] A #foll %= B 1w 31 Qlrk.

x-S H Recycled A1) A AbslE-S 2] AkslE2] H7te)
AL wEt o FAto] AEEHUT ATF o e 25
(900 °C)°ll ] A% Recycled FZ900 (Fig. 2a)2} Recycled CFZ900
(Fig. 2b)E Y] 23} Recycled FZ900 (Fig. 2a)°ll H]3}o] Recycled
CFZ900 (Fig. 2b)2] & AlslEo] ve| okl -§3 =L 12| &
3L Q= AE FRIE 5= ISItt. o] 8= 2 1300 °CollA 424
3 A g A= v )7} 7K CFZ13007F FZ13005.0F 7
sS4 W= A9 7S Fig. 2004 218 5= QI3iTh. Recycled
CFZ900- A Abslae] 329 33]o] A%k H7hel 2] Alsl=el &8t
o] Recycled FZ9001] B]3to] &A= ATt ¥ Recycled CFZ1300->
A AkslE2] W -530] Recycled FZ130001] HI3H] A3HA] dofwict.

o)A ] 4kslHEo] 900 °CollM= A AbslEe] -33E dAlsh=
WA 82 AR 1300 °CollM = Wit 2 48 A] 8= a3l7]

it o = FAET 7] AkshEo] A AkshE o] Ak ofdks o
UE A2 2F 900 °CollA] A (ironyell gk T+2] o] STt 1~2wi%
AR W] Fo 7 ®elti19]. Y 24 AeHE9 ) o)A
o] A1Z% = Tammann&(0.5T,, T, & H=5)S B -2 4k}
£ 2] Tammann5(586 °C)7} A 4}3}-E 2] Tammann%(646 °C)
Rt 9] wiZel] 1300 °CO] 2 %ol &5 W A AlslE W
AA 2Z4= ] S Aol A Lot Ao E wEet. TS
A= T Al B HE el A s FofellA AF
A2 45 7)5% 30H20-23]. Recycled C-FZ1300 (Fig. 2e)= 3 2
5ol 8] AbslEo] gt AL Qe Ale ER1E 4= Al
A 2l WHTE s 9hg-S FEl HORE FAkste] o] F3
Ak ol sk 7 AtsEe] s ws) §lo] A1 H
et

3-2. XRD £A

Table 2:= Fresh®} Recycled At A=) djsh =2 A4
(main crystalline phase)?} 3l A7 3l thst 27 =710t} FZ900
2 FZ1300-2 Fresh 2FA7@}]=}o]| 1]510d Recycled AFA Ak
o] A qhslee] A4 =717) S7¥sk= WHH CFZ900 2 C-FZ1300:-
Fresh A~ @Q1 A of| B]8}o] Recycled AFAd G 2Fe] A AbshE
o] AAA2717} 7343k, Recycled 29412 Fe,0,0] A7
A7) CFZ13008 A&k K5 ©F 61~67 nmE =74 ¥ T}, 1k
B¥)= g5 vhgag ol A atskEe] Agado] 425838t
oluf A7t Auidslo] 27 7] Wisle] Y¢S = HlowE 51
TH17,24]. 7+2] 7} 78l CEZ900, CFZ1300, 2 C-FZ1300°1 4 +=
CuO, CuFe,0,, ¥ CuFeO,Jo] ERRI=SIct, F53F -2 1300 °Cell
A1 22/ Fresh % Recycled CFZ13002] A7 1717} 2+t 80.5 nm
2 87.7 nm=E 7HE =2 2743t &5 YeERT o] 512 1300 °C
24 3ol ] AtsHzo] AAA AL &7 WiEo R 4
k. vk 70,0 AR A7) USA ke F B Frleglon
28 AT = o2t /o] BEITH25,26].

3-3. BET H|EME 24

Table 3+ Fresh®} Recycled At~ 2}1 &}ol| o) &+ BET specific
surface area 57 Aotk BE ARG YA = dl52 vk &
BET specific surface area®] 714~3}31 T} Fig. 2914 XM= AAH
Recycled AHAd2}12e] A AbslEo] el g o] mlo]a =2
719 7]F0] AtR7] vt o2 Hete ) A0 JEkS 4
HE 5 TS F 900 °C 423 Abd @1 R12] BET specific
surface areat= 1.12~1.88 m%g®] 31 aL 52 ¥H-8- 3 1300 °C 24
3t AF 42 @91 2}2] BET specific surface areai= 0.52~0.60 m%/g %
433t} 2471 BET specific surface area 7449} A AkslE2] %
W55 FAL dlEA koAl 7k~ 2] Ui EHEA & (intraparticle
gaseous diffusion limitation) S 571412 Z 02 o AFg o) wbad
CFZ9} FZRIA} AFo] 2] BET specific surface area X}o]+= A2 A
th 2] AbslEe] AFY R0 YIS dotrT] 9138t Recycled
CFZ13003} Recycled C-FZ13002] BET specific surface areafl<
v shd 27} 0.6 m¥/ge) 0.52 m¥g® xFo]7F A 2] QIQlt). Fatst
™ BET specific surface area= 22/ =50l &Jsto] 23510
2] AbslEof &8ked 712121 BET specific surface area ¥ 3}= 2+
A=A oFgict.
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Fig. 2. Surface (top) and cross-sectional (bottom) EDX mapping data of recycled oxygen carriers. Inset shows SEM image. (a) FZ900, (b)
CFZ900, (c¢) FZ1300, (d) CFZ1300, (e) C-FZ1300 (Fe: red, Zr: green, O: blue, Cu: purple).

Table 2. Main phase and crystallite size of the oxygen carriers Table 3. BET Specific surface area, pore volume, and mean pore diameter
Crystal size (nm) of oxygen carriers
Fe,O4 ZrO,  CuO CuFe,O, CuFeO,

Oxygen carrier
Ve . Specific surface Pore volume  Mean pore
Oxygen carrier

Fresh 482 4924 area (m’/g) (em®/g) diameter (nm)
FZ900 Recycled 67.2 51.9 F7900 Fresh 3.48 0.80 5.79
Fresh 494 48.4 Recycled 1.88 043 10.64
FZ1300 Recycled 612 5.0 71300 Fresh 0.74 0.17 11.04
Fresh 85.4 46.8 29 Recycled 0.54 0.12 12.24
CFZ900
Recycled 67.3 52.5 34 CF7900 Fresh 2.72 0.62 5.81
Fresh 80.5 45.6 30 Recycled 1.12 0.26 15.28
CFZ1300
Recycled 87.7 63.6 43 CFZ1300 Fresh 0.37 0.08 23.37
Fresh 90.0 49.8 30 Recycled 0.60 0.14 16.40
C-FZ1300 Recycled 65.5 520 41 C-FZ1300 Recycled 0.52 0.12 10.03
34, XPS 24 QU4 EH9) 351 B e 5 FHL SI5ko] Xps AL
Fig. 32 Recycled AHA= A2 iAtel tigk XPS Aot Abdg aF3l e Fig. 3¢l Recycled A2 AAFE2] Fe 2p;©] XPS
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740 735 730 25 720 715 710 705 700 740 735 730 25 720 715 710 705 700 740 35 730 725 720 715 710 705 700
Binding Energy (eV) Binding Energy (eV) Binding Energy (eV)
(a) (b) (c)

Fig. 3. Fe 2p;, XPS spectra of recycled oxygen carriers. (a) Recycled FZ1300, (b) Recycled CFZ1300, (c) Recycled C-FZ1300.

spectras =A| ST} Fe 2p;, 3 ZLE peak fitting deconvolution
technnique® & A2 W FE5 Fe?', Fe¥* WA 07 B3t
Fe¥' 93 5412 2F 710 evell allgstal Fe?' 913 242 ©F 709 eV
of| s &-3H}H27]. Recycled FZ13002] Fe’'/Fe?" v]&0] 2,191 Wba
Recycled CFZ1300 3! Recycled C-FZ1300 Fe*'/Fe®" H] &2 1.43}
1.3%2 212} APtE]o] 2] Alslzo] A7k AR ddgIA=e] 39
Fe?" 557} Recycled FZ13002] “1719)| B]&to] A& 02 =3hc),
HHH Recycled CFZ13002] 7-2] AFHE-2 1300 °C2) =2 2425
o= 2R GEks slo] d AsES] SRS v s sl
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Fig. 4. TPR patterns of recycled oxygen carriers. (a) Recycled FZ1300,
(b) Recycled CFZ1300, (c) Recycled C-FZ1300.
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Table 4. TPR peak position and H, consumption quantity of oxygen
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Fig. 5. Degree of solid oxidation as a function of time for oxygen
carriers by 10% CO/Ar and monitored by TGA at 700 °C.
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Fig. 6. Degree of solid oxidation as a function of time for oxygen
carriers by 10% CH,/Ar and monitored by TGA at 700 °C.
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