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SUMMARY

[. Title

Hydrogen production by thermochemical water-splitting

. Objectives and Necessity of Research and Development

1. Objectives

©)

Hundreds of thermochemical cycles have been proposed to split water. The
feasibility of these processes must be assessed, screened and evaluated.
Experimental feasiblity test also needed. Also, thermodynamic feasibility
evaluation for the metal in the periodic table will be conducted and mostly
feasible brand new thermochemical wil be discovered and demonstrated.

provide stable metal oxide/ceramic monolith assemblies capable of performing at
least 50 water—splitting cycles.

construct solar concentrator system and demonstrate hydrogen production by
water splitting using solar simulator.

develop media for solar thermochemical methane reforming which can be
characterized with low carbon deposition and high CO selectivity. improve its
reactivity, selectivity and thermal stability using support. demonstrate the
simultaneous syngas production and hydrogen production by splitting water
using 2-bed fluidized reactor system from methane. confirm the possiblity of
1-step syngas production and pure hydrogen gas production in one reactor using

ceramic membrane.

2. Necessity of Research

Interest in hydrogen as a clean fuel has increased in these days because of the

shortage of fossil fuel, global warming, energy security. As hydrogen burns only to

produce water and can be used in fuel cells. it can be a great opportunity to be the

replacement for carbon-based fuels.

Hydrogen is an energy carrier which is the most important feature. hydrogen can



be transported from one place to other place then stored and used whenever we need.
but most of hydrogen i1s produced today by the steam reforming of hydrocarbons. In
the future, it is desired that hydrogen be produced from a clean, renewable chemical
source with a clean, sustainable energy source like solar radiation.

Hydrogen production from water is the most important long-term goals in solar
fuel production. Hundreds of thermochemical cycles have been proposed to split water.
The feasibility of these processes can be assessed through thermodynamic analysis
and experimentation. There is a need to evaluate these cycles in order to identify the
most feasible and economical for further investigation. The need of a brand new
thermochemical cycle, which can drive low temperature and high thermal efficiency, is
increasing now. Another promising method for solar-heated two-step water-splitting
thermochemical processes operating at temperatures below 1500°C has been developed.
It includes a support structure capable of achieving high temperatures when heated
by concentrated solar radiation, combined with a redox system, especially ferrite
system, capable of water dissociation and at the same time suitable for regeneration
at high temperatures. Necessity for calorifical upgrade of fossile fuel by conversion
solar energy to chemical energy increase. Thermochemical methane reforming using
metal oxides is one of the feasible technologies. Carbon deposition inhibition and CO
selectivity during syngas production step are the needed media characteristics. To
realize thermochemical reforming of methane, fluidized bed system and membrane

system will be potentially attractive.

. Research Contents and Scope

Research contents and scopes in this study are summarized as follows.

O Optimum ferrite composition and support for thermal stability, maximum
hydrogen production in 2-step solar thermochemical cycle using ferrite

O Data-Base establishment for the feasible 100 thermochemical cycles. The
feasibility of these processes was performed, screened and evaluated.
Experimental feasiblity test was conducted. Also, thermodynamic feasibility
evaluation for the metal in the periodic table was conducted and mostly feasible
brand new thermochemical was discovered and demonstrated.

O Development of a stable metal oxide/ceramic monolith assemblies capable of
performing at least 50 water—splitting cycles.

O Construction of solar concentrator system and demonstration of hydrogen

production(200 L/kg - h) by water splitting using solar simulator.

_10_



O Development of media for solar thermochemical methane reforming which can be

characterized with low carbon deposition and high CO selectivity. improvement

was achieved in its reactivity, selectivity and thermal stability using support.

demonstration was done on the simultaneous syngas production and hydrogen

production by splitting water using 2-bed fluidized reactor system from methane

in 200 L/h scale. Address for the possiblity of 1-step syngas production and

pure hydrogen gas production in one reactor using ceramic membrane was done.

Results

Objectives

Results

[] 5L/kg - hr equivalent

hydrogen production
using metal oxide and
50 cycle test

o Optimum Ni-ferrite composition and support for thermal

stability, maximum hydrogen production in 2-step solar.

thermochemical cycle using ferrite.

- optimum over—substituted Ni—ferrite composition and ZrO2
support for 5 cc/g hydrogen production when reduced at
1200C

- 50th cyclic test on Ni-ferrite/ZrO: on SiC monolith

Metal oxide
development for
thermochemical
methane reforming
and demonstration of
hydrogen production
using this technology
(200 ¢ -Ho/kg + metal-
oxide - hr)

Thermochemical methane reforming demonstration in a
fluidized bed reactor system (200 ¢ -Hy/kg - metal-oxide - hr).
Improvement of carbon deposition inhibition, CO selectivity and
reactivity using CuFe:04ZrO: and CeQO: (methane conversion
80%>, Ho/CO = 2.0, CO selectivity: 80%>).

Ceramic membrane development for 1-step syngas production
and pure hydrogen production from methane.

Demonstration of
hydrogen production
by splitting water
using solar simulator,
reactor system
development

Solar reactor system equipped with monolith honeycomb and
foam made of SiC.

Solar reactor system for 7 kw solar simulator equipped with a
parabolic reflector and a CPC.

200 L/h hydrogen production demonstration using 300 kW
solar simulator.

Screening and
evaluation of
thermochemical cycles
and brand new high
efficiency
thermochemical cycle
development

o DB establishment on the feasible thermochemical cycles.

Screening and evaluation and experimental test for the
selected thermochemcial cycles.

Brand new high efficiency thermochemical cycle development
and demonstration (Over 200 cc/g hydrogen production from
water was demonstrated by KIER 4 cycle).

_11_




V. Recommendation for Application

O KIER 4 thermochemical cycle is potentally attractive and feasible process for
hydrogen production from water. The process drive around 1500C and very high
conversion efficiency. The cycle is superior in working temperature and thermal
efficiency to other thermochemical cycle like ZnO/Zn, FesO4/FeO, SnO2/SnO etc.
If more research conducted for realization of the cycle, we can get very cost
effective hydrogen production technology.

O Commercialization of KIER 4 cycle and Ni over—substituted ferrite cycle could be
achieved, if we conduct consecutive research on 10 kW small scale pilot,
100-500 kW pilot and 1 MW semi-commercial scale.

O Media and reactor system for thermochemical reforming could be applied to the

inherent CO: capture and hydrogen production technology development.

_12_
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Conversion and Management 49(2008) 1547-56).
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A, AAA T& g v ES st HgS sl A AR By vl th( ExternE
report, EU)
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tH(United Nations Environment Program, The Hydrogen Economy).
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Deployment strategy, 2005).
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O PV-FHdlo] o3t =4 A% 282 JHHo= o]g 753 PV A28 382 12-20%°]
H A &S BB AL olth wEkA PV-F28] &&2 15% 4=t} &3k PV #Hd e 7}
Zo] a7kl EAF o] 9ltH(Table 1.2.1).

N

Table 1.2.1 Hydrogen target cost of DOE

o LI A ¢ 2005/2005($/kg) 2030($/kg) AAE R
A et 1.6-1.81 1.2-1.49 200-308 ton/day
= NA 1.4-2.20 768 ton/day
Hpo] o wj ~ 1.6 1.4 155 ton/day
9 2.4 1.7 125 ton/day
g NA 2.0 100 ton/day
B kg, A= NA 4.0 -
O HIE HFES o] &ste dagty B Fh4Ax 72 Md 27idA oY A +2d33)
7ho] dhaol Ao glow ES AT tiirie wSE Aol 3t YR HAHEE 2 F
9} Absoltt
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Fig. 2.1.1 Massive high temperature Hz production global R&D roadmap
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S FA% Aotk SI Atel&e] HI #al s34 HI-H09 T2k HI #39] ojefgow
Jste] & & Jhdel A®lEol Ha gtk HI-H0%-S HIH.09 & H]=1:5e4 g%
’d (azeotropic composition)©] &= 7] vl W2 & HIE w8 st7] oyt E=3 HI
7h2=e] HE & U00TAA oF 20%)°] stobM thEke] HIZF7F oobg o =M &4
ke 771 &9le] Hnh H dE AAHAT A FuRd oJdeR HIE w5
at7] fste]l HI S#2&7d ddol 7~ e

7% 54 =
A7) lskel 4 RS 2 HI 23 v gl 0@ A7E F9@ o ok

=

o)
A8 AfolF e 4 FAol AX %L He Ei RAEAS ¥HE 4 vk old@
PR M) gakel 7718k ke HBo] AmETh dstety A7 sksto] A

2H x4 S-AE E3tg Ate]Feol &= w2 Los Alamos Scientific Laboratory ol A
Lo 7 01%’-33’_ Westinghouse Electric corporation®] 2]sle] @dx 24 &4 A}o]
Z(hybrid cycle)e] 2L

HoSO4—~H0+S05+ 1/202
SO.+HoO+elec.—H>SO4+Ho

B-Ad dststatol o] & slv= olgg|o} Euratom® Ispra AtAolA 7sh
Mark-13 & 3}gato]Zolth. Mark-132 GA®S] SIXtol=9 0= thild BES ARt
= o Q05 AMESAS weol Bluste] BEo] ZaUt offus dRe] v o]
= /HAdet7]l 918kl HBr w3 s Al d7IEs 7lss HEd o3 22 S4A)E

HoSO,—~H>0+S0s+ 1/202
2H>O+Bry+SOo—HSO4+2HBr
2HBr+elec.—Brs:+Ho»

(2) UT-3 g3tst AlO|IE
1980 tholl d¥o] F4o) 3}stastyte] Kameyama2l Yoshidax = €3 Ca, Br, Fe
£ WRAI R AR ste E3slstato]l Eo] ARME AT o] Ato]Ee T U] A& o] &35t
o] UT-32to] 2% Wola} il UT-3Atel 29 54& CaBra(s), CaO(s), FeBra(s),
FesOu(s)sol AAGo R whg7le] WEL i ymA gkgzo] 7[Adoz thg vk
7

=
TR ofFHEol AA &4 Ao &olatt= A
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CaBra(s)+Hy0(g)—>Ca0(s)+2HBr(g), 7007750°C, AHgsx=217k]/mol
CaO(s)+Bra(g)—CaBra(s)+0.502, 5007600°C, 4 H%agc=-79k]/mol
Fes04(s)+8HBr(g)—

3FeBra(s)+4H,0(g)+Bra(g),2007300 C, & Hosx=-276k]J/mol
3FeBry(s)+4H,0(g)—

Fes04(s)+6HBr(g) +Ha(g), 4007600 C, A Hlsx=380k J/mol

BE WS mAS /A% wgon, HEHE} 378 WAL A WSO}
FEE Wg)e FANS, TE MSREHNSS BAUMgon APl FASY
g de] F%E o 600kJ/molelm, TIA Fel| &S ol §ArhH 50%F el AEE

% 7|k 4= Q). o] Ale]Z e 2719 714 Ra BAS Tatsl
B3 $49) CaBro(s) H:0()?] o)A %o HE &L 7001
A 7p5Es] FA4< 3FeBro(s)+4H.0(g) ®HS-9] 33 & 28-S 600C, 17
otell A 0.069= A wl$- e Ao] v ot}

£
A
—r
w2

(3) FHASE AF 2E A0S

HAA7LA T EE 2007) o] Ao

- §_ [e)

G54 2o 7}b€ﬂ i %ﬂﬁ}@/\}olgol Nakamura®] —<]&te]  Al<tE Ao
Nakamura©l|l ¢]&le] Alet® FesOuFeO 4Fsl/3HY A5 o] 83 d3}st Alo] & 33
2o 29A Hkgo 7 FAE o] t}

F€304(S) — 502(9) + 3Fe0(s) AH= 319.5kJ/mol

3Fe0(s) + H,O(g) > Hy(g) + Fe,0,(s)  AH= —77.7kJ/mol

A WA magnetite(Fe;00) 9] s8] 12 RESFAL A Sdukgolt. & WA &
wall whE TS ofsk rdnkgolt) o] FA L Zhzbe] wbgS A A A4t FAE T
wote] MAAI O RZA A =Zisle F5e B A2oAMe Fi, Ao B84
S A ASAE. L8} magnetite(FesOg) ol A wiistite(FeO) 2 &4 a5 = A HA v



SGAZE 1719, 2500Ko] Aol 2o WS w s @ 3l o] %o A magnetite’} 7]3E
= A 1000Ko stell Al F == 294 SA7MA] W2bs] = 9 wistited 719 AFa
wA7E A ArstEvE ol o] Ate]E9 AdE of al
Tamaura's > 297 & 3 E #1et] 1000KF+2¢] HF=E o] &3 Ni-
S Aetsldtt. 2ES 1073Kol ol WaE = Fol
He s wvhE @S 1073Kel 8] = mollA Feol2 3 ferrited] 2% &=
2 A9 29 S w2y o] Alagle A WAt Fae] F

< & oo g0l ferritedol AwFe] B 2ol 7I1st7] wiol - Al g o] 9l

Z

n ferrite A

. activation ) 1)
NigsMn, s Fe, O, at > 1073[(—5 NigsMng sFe Oy 5 + 502

water — splitting
at < 1073 K

NiysMn,Fe,0, + 6H,

FEAE R 897 FEo B B 3AHoz FAE ZnO/Zn 29HA A 33 Alo] Fo)
9]~ PSI(Paul Scherrer Institute)S ZA 02 ZWA AE o] >

7ZnO — Zn(g) + 1/20,
Z/n + HO — ZnO + H»

Zn0¢] FE3E FANS 02 (AH s=478k]) XA Eth 281 2350Ke] Lm=oA AG
o] zto] Qo] E&stl Zn0Oo AwA B %7 AHEC Zno 7|ger HUE -
7] Wl HFE BAEQ Zng ek AAae AAFS WA ] 9t W e Y
Aol @T¥r}h Palumbos <" Zn0O/Zn 297 43}ek Alo]FL 50%= zﬂrr‘s}% oﬂtﬂxl
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ME{ Q|

2. 7leE2® ¥ =AMHY

MHI

O FaAtdw Zolol A (www.h2rekr)e] DBe 938ty Azl 532 EFE
17473 71eF Az Wye=E FR/E 13370 18l WIPS(Worldwide  Intellectual
Property Search)A}¢] DBE ©]-&3} “hydrogen”, “thermochemical” + Hoj= 12+ 4
A A5 E EAste] HFAor ‘At & Fa FaAx VE" #dsie] 49

12031 ¢] 581&5 AdeAd
AdE Ssle g-Ad, @24 A4,

A5 A AL, 718k AL 5 AF7Ied®E E7ste] 248

2 Az 71Ee dxAed 48 Alo]&S Table 3.1.10 YES
= Westinghouse, Mark-13, Sulfur-lodine 5 3& "ji7/| A& A}&3F=
d(S) 7R BHIgen, UT-3, Mark-8 5 24 wj/fd2 AL-&3}

Eool2e @ ALOMX) NER ERANT Mark 2 5 2554 ES v A=
A
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Table 3.1.1 Representative thermochemical cycles

Family Name T/E* T(C) Reaction ol
S Westinghouse T 850 2HsS04(g) — 2S0s(g) + 2H:0(g) + Os(g) s
E 7 SOs(g) + 2H20(a) — HeSO4(a) + Ho(g) 1
5 Ispra Mark 13 T 850 2H:S0:(@) — 2S0u(g) + 2H,0(g) + Oulg) 1,
E 77  2HBr(a) — Bry(a) + Ha(g) 1
T 77 Brao() + SOz(g) + 2H.0() — ZHBr(g) + HeSOy4 1
5 Sulfur-lodin T 850 2H:SO0.(g) — 250s(g) + 2H;0(2) + Oslg) 1,
T 450 2HI — I(g) + Hu(g) 1
T 120 I+SOsa) + 2H,0 — 2HI(a) + H»SOu(a) 1
MX- UT=3 Univoof Tokyo 60 opr(e) + 2Ca0 — 2CaBrs + Ou(g) 1,
T 600 3FeBr; + 4H.O — Fe304 + 6HBr + Hz(g) 1
T 750 CaBrs + H,0 — CaO + 2HBr 1
T 300 Fe304 + 8HBr — Bro + 3FeBro + 4H20 1
MX  Aach iv Julich
(18*9C726)rl pnie Julie T 850 2Clu(g) + 2H:0(g) — 4HCl(g) + 02(g) s
T 170 2CrCly + 2HCI — 2CrCls + Halg) 1
T 800 2CrCly — 2CrCly + Clu(g) 1
MX Ispra Mark 8 T 700 3MnCls + 41,0 — MnsOs + 6HCI + Ha(g) 1
T 900 3MnOs; — MnsO; + Os(g) s
T 100 4HCl + MnsOs — 2MnCly(a) + MnOz + Hz0 3y
MO Ispra CO/Mn304 T 977  6MmOs — 4MnsOs + Os(g) 1,
T 700 C(s) + H:0(g) = CO(g) + Ha(g) 1
T 700 CO(g) + 2Mns3O4s — C + 3Mn»0O3 1

MO Tokyo Inst. Tech.

Ferrite T 1000 2MnFeOs+ 3NazCOs+ HaO—2NasMnFe O+ 3CO2(g)+ Halg) 1

T 600 4NagMnFez06+ 6CO2(g)—4MnFes04+ 6NaxCOs+ 02(g) /o
MO Nickel Ferrite

T 800 NiMnFeiOs + 2H:0 — NiMnFe,Og + 2Ha(g) 1
T 800 NiMnFesOs — NiMnFesOs + Os(g) s
MOH F
Off  Gaz de France T 725 2K + 2KOH — 2K.0 + Hy(g) 1
T 825 2K:0 — 2K + K30, 1
T 125 KOs + 2Hs0 — 4KOH + Oa(g) s
MOH I Mark 2 (1972
Offlspra Mark 2 (1972) 1105 N@,0.Mn0, + H0 — 2NaOH() + MnOj 2
T 487 4MnOsxs) — 2MnyO(s)+ Os(g) e
T 800 MnzOs+ 4NaOH—2Na»0.MnOx+ Ha(g)+ Ho0 1
Others  LASL-U T 25  3CO; + UsOg + Hy0 — 3U0.CO5 + Ha(g) 1
T 250 3U02CO3 — 3CO02(g) + 3UO3 1
T 700 6UOs(s) — 2Us0s(s) + Oslg) Yy

*T=thermochemical, E=electrochemical.
T Multiplier from reaction junction table converts the results to the basis of one mole of water decomposed
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Table 3.1.2 Technology identification codes and key words

(f)

=3 —=| &/ = = -
B (B3], =% @) (% 57, FH57))
_ hydrogen, production, thermochemical,
F-A A | o o8 POTHEHO
HPE—a () sulfur, water—splitting
a
T, Ax, E8g, 3 =&
hydrogen, production, thermochemical,
e Ag | R P o
HPE—-b (b) halogen, water—splitting
T, Az, gt g2, )
& 2/3k% | hydrogen, production, thermochemical,
_ o3 :
HPE-c o 351 AL solar, metal ox1d—e
FaAR L () G, Az, A8, B, BEARE
&= w o
mp) |
T.L_Z'ﬂ}—
hydrogen, fossil fuel, thermochemical
(HPE) | gyqm Ag | 2o | o
process, solar reforming, water—splitting
HPE—d Ad . . o
(@) T4, AR, 33 34, HY )
4,8 2
hydrogen, production, thermochemical,
- FEFAEEAY | water—splitting, metal hydroxide
—e
(e) S, A2, Gste B R, 34
sh&=
o hydrogen, production, thermochemical,
71} dee A .
HPE—f{ water—splitting, cycle

G, AL, GBS, B B, Aol 2
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Gl ZrhshE ol 19799 WAE ol el Qe A2 AGuEY d@ow B
etk

A47b7F 107208/bl2 FAAE el 198080 BEE 1990t A 1 =
o 5829 A5E vtk A% g dF FEsh FRAAN U wAnE delw
%

g AA 5O FFoE 2003 = 7R SEAATTE vA] TSk

1: 1973 2: 1974
13 3: 1975 4: 1976
12 5: 1977  6: 1978
11 7: 1979 8: 1980
10 9: 1981  10:1982
9 11:1983  12:1984
<+ 8 13:1985  14:1987
= 15:1989 161993
- 17:1994  18:1995
i 19:1996  20:1997

21:1988  22:1999

23:2000 24:2001
25:2002  26:2003
27:2004  28:2005

oO=Nwhs D~

Fig. 3.1.1 Patent issue numbers past 3 decades
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=98 dA 538 avledE ERetd & ADHPE-a) E3tc Ato]E3 #d
S37F 2xew b wskew w&sbstE A } A9 HPE-¢c)°] 21 %
HAz g2 537 SdHEAY. 24 ALDMHPE-b)o] 174, 34 dxw JE A
(HPE-d)°] 811, 5&F4tstE A9 (HPE-e)o] 4719 o2 5371 U= A

)
i

&
r 0
(o,
ox

e

¢+
o,
™
Kl

Fig. 3.1.2 Patent issue numbers according to the technology identification codes
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A s 583 (US)el 65719 5317 =4

& Asta glon HHoems
2 Ao 53871 ZdEo] A Fd% 539 33%E A vt o
ForE FHUSSHEP)H 53, AAAAHEATI (WOl 4710 SdHAem o=
(UK), 54 (GE), g=(KR) 535&l 2tz 2x1¢]

S e B

4% 3%  2%2%
== o,

@ us
W e
[EP
[Jwo
W GE
O kr
W uk

2= Bol 3

Fig. 3.1.3 Patent occupation percentage according to the nations

_47_



2}, =9 B8] E3

A

1z
ol

o
e

dststd = Rl FaAx e Bokd Fd5sE EdddEE BEHsd o
AIST(Agency of Industrial Sciences and Technology)”} 2071 0.2 7} @tom the
© %= 13 ERDA(United States Energy Research and Development Administration) <}
DOE(United States Department of Energy)”} Z}7Z} 1049 53 & U3t 932
A 718 BA+3 General AtomicAl®t WestinghouseA7F 2H2F 713 549 53815 &

et o dE A A4 (Japan Atomic Energy Research Institute)”} 6712 53]
& Edatslvh. 48, v=e ARAre Ao S8 &Y A7t dastior A4 =

=

&
ARenE AHH T B FaAzE A1Ee F7)

AIST ERDA DOE GA JAERI Westinghouse
sl

Fig. 3.1.4 Patent issue number according to organizations
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ook

4. M7 Jl=¥ S5 S

7F 7l ML

(1) & A< Zslst AlOI2

G AD d3tet Alol &2 dEket wkgol| &5 W/NAR AMESe AR vEd 2
3E A Abo]E o] AIbE S
Hla General AtomicAbE 19754 SIAte]Ee]  diste] 53E E9(EYHE
US-1975-601917)3t A th. SIAbol & 7|8k vhe} o] A A 4tk 3 &4, FANg+

4, HIF s34 o2 45 oAt
n]=r 9] Westinghouse ElectricAboll 2]&te] 2vbA|Z A w 3 Al EAALo]Zo] o3k

e

s} stafo] Zoll o

=49 Julichdt4av 55483 &8 WAz = a3 22

g 53 (F9HE 1 US-1974-537386) 5 =3t

2Fe304 + 6FeS0Os — 6Fes03 + 6502 + Oo(g)
3FeO + HO — Fe304+t Hz(g)
FexO3 + SOy — FeO + FeSOy

sh =

o T4} A WHEete EAE ol&ste AR FE 5& Edlche w4 AFEET

T2 & Byl 55 R sgEe] ASHEY. ved 2 dEA ADe] ux

A Astst Abo]Fo] Aty ATt

S22 Adel HxE Estst Alo] ol = Ispra Mark-7A, Mark-7B, Mark-9& T4 o2
g AteolZo] vt Fe-Cl Al €318 Ato]F2A] 5 Rheinische

Braunkohlenw AG(#™ A : Aachen ©™ Knoche)= 19759 E3(E9WHE
o

st wete] o] a0 5L daskaE A4y 2y Mg Ed 3
g gzl A Aol ol

5}8} Afo]Fo] it} E A Alo]F o= "US-Chlorine” &

rjy
o

f
)
od o
i)
iy
>
o
il
o)
xo,
o
o)

o
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Aolgel At B Balelr] $lote] AAatAE 80T £5719 AR WA
s A EAAbOIECl QB AISTA  elate]  1975del  Se(ZAwE
JP-1975-081409) EHU = AT} o] Ate] & 542 CuCl® HCl 181 LE 7]zl
A WeAA CuChst HIZ 444170 HIZ d¥aste] 48 Azsed A

Al

N

[ex]
o =
aHASHE Absh/se 4 Alde] dHSVIER HASE] AFs/3Y 4 (Fe;0y/FeO) 2
2 pAE dslslalo]Zo] ARl AIST(ZH A} : Nakamura)dl ¢&te] 19756 &9 (=
AW E : JP-1975-128407) 5] 9l o}

a3 Y Nakamura AFo] &2 FesO.5 A 71 =49 9o 2500Ke] i120] Q7% i1
oA E AbstEo] FHEHE ZAAH do] FUNSLLEE UEE AUt i
Tamauray™ AE3e] A oL ARE NiE X33 AA3E 2/ d%o] U3 5352

SY(E9HE © JP-1993-195947)3F St} o] §

A ow st ddutgo] Fojsts RS SH SRS U

9] Kodamat Ni tilel Co, Mn, Mg% 9 &S AF&3te] Hol& A ghet HAlsh
5 Absl/gd el dist 535 EY(EYHE 0 JP-2003-060101) 33t o] 53 & H5

218 A AbstEs FAIQ Zro2el FAAA v FEAT S SAew st

(4) BHMeIZ WA HY Fsket AlO|2
N EE Aesls 5 MRS AYERY £2E PAFE &R 1E £37]
AR vk MAAE AEFoRA sty 7@0]4.
A 532 i AIST 9dte] 2002 =9 53 (JP-2002-222185) 24 A
G Ca0s) & WA F45 CalOHLE HAAAE 7ol

(5) =25 U= AY L=t AOIE

aEetstEs WAl R AbE sk E3st Abo]Zolth thadt 22 Gaz de France At

2K + 2KOH — 2K:0 + H(g)
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KzOz + 2H20 — AKOH + Oz(g)

2K:0 — 2K + K202

il

AT °]

Cd

¥l US-1975-588873

2]

tel =

AISTe] ¢]&

-
.

=4z
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=2 ARgste] =& &

A

ufj 7}

=

=

AL dslst AOIE

A

5}

ufj 7}
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]

S

FAT 423 1974

5|

T dRER 24
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of 244 =
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to patent issue years

Fig. 3.1.5 Patent issue number of sulfur family thermochemical cycles according
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Fig. 3.1.6 Patent issue percentage of sulfur family thermochemical cycles

according to nations
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Fig. 3.1.7 Patent issue number of sulfur family thermochemical cycles according
to organizations
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Fig. 3.1.8 Patent issue number of chlorine family thermochemical cycles according
to patent issue years
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Fig. 3.1.9 Patent issue percentage of chlorine family thermochemical cycles
according to nations
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Fig. 3.1.10 Patent issue number of chlorine family thermochemical cycles according
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Fig. 3.1.11 Patent issue number of metal oxide family thermochemical cycles
according to patent issue years
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A 2 A d3}s Data Base 7+ 4

ol
N
_‘_l

1. Y94St Data base &M 2

ne

sletAl0I2e] B8

o

A 3let# & E&(thermochemical water—splitting) 4 A% ¢4 Funk®} Reinstrom
of 9o]sto] 1964 Mo A[ZtE ol =2 AF77FA 20070 olde] & 3l dsker Ab
o|Fo] AF T olE dlgrtolFE T AR dsgatolFrto] HAHIFFAo] A= A

or puslel ¥FHor ATHUG Geby B AT Awel AAsbsHe] nEES

Z= 35 o
- AE Eslstrlo] ZF& 9152 Data Base
5T = = 0 = o) o 2= o == o x o
¥} o] AT o F Q3 QA WHSE WS 4 whS-o] TR NS Ho =
o el =) = = o = > =]
AS 2EsIEE ottt 53] wg2xE R 54 H(phase)= £d9 A5E Fxsh
= = o 2~ Qi T ) = =
gk eh, ek A dbgol A k= 498 sk (H, S, Q)9 WstE 4938 datat
A= Bl stelo] FAISEA T €93 data= JANAF, HSC chemistry, Molt 25 11
= 5 5 o 210 =)= . = °
Shoich. wa WA MehaduAe] T Frheked WA Azl Fo] ARA g
H = =) PN =
A ARE AmaAA F 4 LS G
Table 3.2.1 Important thermochemical cycles database
Name
Cycl # of | Max.
of |Eleme ot Reacti Rxn Rxn AH AS AG | e
¢ the nts react) temp. cactions temp. type (kJ/mol) | (J/moD) | (kJ/mol) sum ©
# ions | ()
cycle
westing
house 2H,S04(2)=2805(2)+ 2H:0(2)+ Os(g) 850 |Thermal  [370.861 |452.316 |-137.158
(Hybrid ‘
1 S 2 850 -96.257
Sulfur) .
. _ ectrochem
SOu(a)+ 2H,0()=H,S04(a)+ Halg) ol -48.659 |-255.778 |40.901
1ca
Julich 2Fe304+ 6FeS04=6Fes05+ 6S02(g)+ Oa(g) 800 |Thermal 1038.449 [1121.381 |-164.962
2 | Center | Fe, S| 3 | 800 [3FeO+H:0(g)=FesOt Halg) 700 |Thermal  |-48.318 |-45.714 |-3.832 |-171.01
EOS FesOs+ SO(g)=FeO+ FeSO, 200 |Thermal  |-75.494 |-154.872 |-2.216
Ispra 2H,504(2)=2505(g)+ 2H,0(g)+ 0(g) 850 |Thermal  |370.861 |452.316 |-137.158
El h
3 | Mark |S, Br| 3 | 850 |2HBr(@)=Bra()+Hu(g) 7. elcmc “M75194  |-107.181 |112.72  |-94.611
1ca.
13 Bro(D+ SOx(a)+ 2H:0()=2HBr(g)+ HyS04(ia) 77 |Thermal -123.659 [-152.751 | -70.173
UT-3 2Bry(g)+ 2Ca0=2CaBro+ Ou(g) 600 |Thermal  |-158.063 |-97.422 |-121.71
Univ. Br, 3FeBro+ 4H,0(g)=Fes04+ 6HBr(g)+ Ha(g) 600 |Thermal  [372.049 |286.93 |121.517
4 of Ca, 4 | 750 |CaBry+ Hy0(g)=Ca0+ 2HBr(g) 750 |Thermal  |182.619 |73.86  |107.049 |13:919
Tokyo Fe FesOs+ 8HBr(g)=Bra(g)+ 3FeBro+ 4H,0(g) 300 |Thermal  |-259.25 |-290.174 |-92.937
Sulfur—I 2H,504(2)=2505(g)+ 2H,0(g)+ 0(g) 850 |Thermal  |370.861 |452.316 |-137.158
5 , S, 1| 3 | 850 |2HI@=Ie)+ Hig) 450 |Thermal  |12.477 |-15.834 |23.927 |-158.153
odine LD+ SOx(a)+ 2H,0()=2HI(ia)+ HySO4(ia) 120 |Thermal  |-220.187 |-445.797 |-44.922
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Tokyo

Mn,

2MnFez04+ 3Na2COs+ H20(g)=2NasMnFez04+ 3CO2

1000 |Thermal
6 Inst. Fe 1000 [(g)+ Hlg) erma
Tech. ’
. Na, C
Ferrite 4NasMnFez06+ 6C0O2(g)=4MnFez04+ 6NasCOs+ O
) 600 |Thermal
g
Hallett 2CL(g)+ 2H:0(2)=4HCl(g)+ Os(g) 800 |Thermal  |118.419 |136.359 |-27.914
7 Air Cl 800 234.705
Electroch
Product 2HClGa)= Cla(g)+ Ha(g) 25 |, el“ FOCRCM 334 358 |240.706 |262.619
1ca.
s 1965
Gaz de 2K+ 2KOH=2K,0+ Ha(g) 725 |Thermal  |96.933 |-28.29 |125.17
8 K 825 |2K:0=2K+ K20, 825 |Thermal  |232.973 |12.389 |219.368 |[42.034
France 2K203+ 2H,0=4KOH+ Os(g) 125 |Thermal — |-242.91 |143.677 |-302.50
Nickel N, NiMnFe;Os+ 2H:0(g)=NiMnFe;Os+ 2Hs(g) 800 |Thermal
9 | ] Mn, 800
Ferrite Fe NiMnFe,;0s=NiMnFe;0s+ O2(g) 800 |Thermal
Aachen 2Cly(g)+ 2H20(g)=4HCl(g)+ O3(g) 850 | Thermal 118.605 [136.528 |-34.736
Univ
s r rClg+ g)=2CrClz+ Ha(g erma - A71 |- . -63.893 .
10 Iuich ClL C 850 [2CrCly+ 2HCI(@)=2CrCl+ Halg) 170 |Thermal 163.171 |-224.028 | -63.893 |30.164
ulic
2CrCly=2CrCly+ Cla(g) 800 |Thermal  [344.209 |200.732 |128.793
1972
2CuBrs(ia)+ Ca(OH)2(ia)=2CuO+ 2CaBrs 100 |rermal
Ispra Cu, (ia)+ H20(1) e
4Cu0(s)=2Cuz0()+ Oalg) 900 |Thermal  |262.108 |188.578 |40.878
11 | Mark Br, 900
1c Ca CaBra+ 2H,0(g)=Ca(OH)z+ HBr(g) 730 |Thermal  [117.622 |-17.416 |135.093
CuzO+ 4HBr(g)=2CuBrz+ Ha(g)+ H,0() 100 |Thermal — |-241.32 |-401.542 |-91.493
LASL- 3C0Ox(g)+ UsOs+ H:0=3U0,COs+ Halg) 25 |Therma -32.574 |-448.824 |101.243
12 C, U 700 |3U0,C05=3C0s(g)+ 3U0s 250 |Thermal  |220.394 |511.22 |-47.05 |47.706
U 6U0s=2Us0s+ Os(g) 700 |Thermal  |212.24 |224.761 |-6.487
3MnCly+ 4H;0(2)=Mns0,+ 6HCI(g)+ Ha(g) 700 |Thermal  |341.423 |154.333 |168.084
Ispra Mn
13 ’ 900 |3Mn0,=Mns0,+ Os(g) 900 |Thermal  |167.777 |194.487 |-60.386 |4.396
Mask8 | Cl AHCI(()+ Mn304=2MnCla(ia)+ MnOs+ 2H,0(1) 100 |Thermal — |-151.794 |-129.954 |~103.302
Cl 2Cy(g)+ 2H,0()=4HCl(g)+ Os(g) 850 |Thermal  |118.605 |136.528 |-34.736
” Ispra CY g5 |2CrCl* 2HCHR=2CrCler Hatw) 170 |Thermal |-163.171 |-224.028 | -63893 |
r, .
2CrCly+ 2FeCly=2CrCly+ 2FeCly 700 |Thermal  [257.538 [127.946 |133.027
Mask
Fe 2FeCli=Cly(g)+ 2FeCly 420 |Thermal  |16.073 |0.767  |15.542
2Cs(g)+ 2H:0(g)=4HCI(g)+ Os(g) 850 |Thermal  |118.605 |136.528 |-34.736
5 Ispra | Cl, g5 |PTeClst 2HCIe* S=2ReClor HaS(e) 100 |Thermal 5447  |-141313 1702 | o
Mark 4| Fe, S 2FeCly=Cly(g)+ 2FeCly 420 |Thermal  [16.073 [0.767  |15.542 :
HaS(2)=S+ Halg) 800 |Thermal  [39.356 |-8.798 |48.797
2CL(g)+ 2H:0(2)=4HCl(g)+ Os(g) 850 |Thermal  |118.605 |136.528 |-34.736
Ispra
16 ClL, V 850 |2VOCly+ ZHCI(g)=2VOCla+ Halg) 170 |Thermal — |133.299 |18.839 |124.951 |159.775
Mark3 2VOCls=Cla(g)+ 2VOCl 200 |Thermal  [50.029 |-41.28 |69.56
NazOMnOz+ HO(1)=2NaOH(ia)+ MnO» 100 |Thermal
Ispra Na,
VInOo= ny! 3+ (g erma 9,000 s T
17 800 |4Mn0,=2Mn;05+ Ox(g) 487 |Thermal  [163.355 |208.701 |4.711
Mark2 | Mn Mn205(S)+ 4NaOH=2Na;0MnOy+ Ha(g)+ H0(g) 800 |Thermal
Ispra 6Mn205=4Mnz0+ Oa(g) 977 |Thermal  |178.962 |150.596 |-9.306
p
18 [CO/Mn3|Mn, C 977 |C(S)+H0(2)=CO(g)+ Ha(g) 700 |Thermal 135.72 143.277 |-3.71 168.412
CO(g)+ 2Mn0,=C+ 3MnOs 700 |Thermal  [20.077 |-165.803 |181.428
04
2Fe203+ 6Cla(g)=4FeCla+ 30(g) 1000 |Thermal  |312.352 [95.18  |191.173
Ispra Fe. Gl 2FeCli=Cly(g)+ 2FeCl, 420 |Thermal  |16.073 |0.767  |15.542
e,
19 | Mark 1000 |3FeCly+ 4H:0(2)=Fes04+ 6HCI()+ Halg) 650 |Thermal  |334.619 |310.19 |48.268 |-68.216
7B 4Fe;0,+ 05(g)=6Fe.03 350 |Thermal  |-469.495 |-276.949 |-296.914
AHCI(g)+ 0x(g)=2Cly(g)+ 2H,0(g) 400 |Thermal  |-116.811 |-134.48 |-26.285
2FeCly(D=Cly(g)+ 2FeCl; 420 |Thermal  |-16.827 |-173.403 |103.368
Mark | F 1000 [FFeCizt 4H:0G=Fe:0 6HCI@* Hatw) 650 |Thermal  |334.619 |310.19 |48.268
ar e,
20 A c| 4Fes0+ Ou(g)=6Fes0s 350 |Thermal  |-469.495 |-276.949 |-296.914 |8.301
6C1y(g)+ 2Fe,05=4FeCls(g)+ 30:(g) 1000 |Thermal  |565.448 [374.574 |88.559
Fex0s+ 6HCI(2)=2FeClyia)+ 3H0() 120 |Thermal  |-107.983 |-440.045 |65.02
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Vanadiu

2Cly(g)+ 2H;0(g)=4HCl(g)+ Ou(g) 850 |Thermal 116.895 |134.604 |23.594
m
21 Chlorid ClL, V| 4 | 850 |oncig+ 2vCl=2vClst Halg) 95 |Thermal  |-74.577 |-179.791|-20.972 |~33:354
2VCl3=VCly(g)+ VCl; 700 |Thermal  |164.946 [173.099 |-3.506
€ 2VCL=Cl(g)+ 2VCls 25 |Thermal  |-105.2 [-243.939 |-32.47
HoS(2)=5(g)+ Ha(g) 800 |Thermal  |306.291 |108.822 |189.508
GA 2H,S04(2)=280s(g)+ 2H,0(g)+ Ozl ) 850 |Thermal  |370.861 [452.316 |-137.158
22 | Cycle S 5 850 |3S(2)+ 2H20(g)=2HaS(g)+ SO2(g) 700 |Thermal -693.781 |-239.144 [-461.058 |-821.91
23 3805(g)+ 2H,0()= 2H:S04+ S(g) 25 |Thermal  |-278.111 |-553.434 |-113.104
S(@)+ 0x(2)=S0x(g) 25 |Thermal  |-296.813 |11.016 |-300.098
US- 2CIy(g)+ 2H;0(g)=4HCl(g)+ Ox(g) 850 |Thermal  |118.605 |136.528 |-34.736
23 | Chlorin ClL Cu 3 | 850 |2CuCi+ 2HCI=2CuCL+ Hate) 200 |Thermal — [24.931 |-196.922 |118.105 |102.386
e[15] 2CuCl=2CuCl+ Cly(g) 500 |Thermal 186.25 |216.3  [19.017
2CIx(g)+ 2H:0(2)=4HCl(g)+ Ox(g) 850 |Thermal 118.605 |136.528 |-34.736
Ispra Cl, 2CrCly+ 2HCI(g)=2CrCl+ Halg) 170 | Thermal ~163.171 |-224.028 | -63.893
24 | Mask | Fe, 5 | 850 |2CrCly+ 2FeCl=2CrCly+ 2FeCls 700 |Thermal  |257.538 |127.946 [133.027 |33.132
6C Cu 2CuCL=2CuCl+ Cly(g) 500 |Thermal  |186.25 [216.3  |19.017
CuCl+ FeCly=CuCly+ FeCl, 300 |Thermal  |-28.705 |-14.694 |-20.283
2FeCl=Cly(g)+ 2FeCl, 420 |Thermal  |16.073 |0.767  |15.542
o5 | IsPra |Fe Clp ol ooy [3Chte 2Pes0ur 12HCHR)=6ReClor 6HOG* One| oo | | yry a0 |-056.656 |-60.581 |-5771
Mask9 )
3FeCly+ 4H:0(g)=Fes04+ 6HCI(g)+ Ha(g) 650 |Thermal  |334.619 [310.10 |48.268
Mo/Mo 3713 [Mo0x(S)=Mo+ Ou(g) 3713 |Thermal  |437.889 |118.527 |-34.576
26 Mo 2 ~ -14.352
02 Mo+ 2H,0(2)=MoO2(S)+ 2H2(g) 1543 |Thermal  |-57.893 |-43.012 |20.224
Si02/Si Si02(2)=Si0(g)+ 1/204(g) 2977 |Thermal — [209.843 [75.82  |-36.584
27 Si 2 12977 . . ~ 57.863
0 Si0(g)+ H:0(2)=Si0x(g)+ Halg) 2656 |Thermal — |40.528 [-18.408 |94.447
28 |wwos| w 5 |3910 WO4(S)=W+ 3/204(g) 3910 713074 174205 [-15553 |
Wt 3H,0=WO05(S)+ 3Ha(g) 884 |Thermal  |-121.704 [30.88  |-157.438
Us- H:0(g)+ Cla(g)=2HCI(g)+ 1/20(g) 700 |Thermal  |59.012 |67.986 |-7.149
99 | Chlorin |Cl. Cul 3 | 700 [ZCI@* 2CuCIS)=2CuCl(S)+ Hale) 200 |Thermal  [24.931 |-196.922 118105 | 0000
Electrochem .
el55] 2CuCly(8)=2CuCI(S)+ Cly(g) 300 | 160.327 [178.775 |57.862
2Cu+ 2HCI(g)=Hy(g)+ 2CuCl 430 |Thermal  |-47.524 |-64.907 |-1.885
Argonn
30 e |Cu CI| 3 | 550 |4CuCl=2Cu+2CuCl, 95-75 |ectrochem
ical
Cu, Cl 2CaCly(g)+ H:0(2)=1/20x(2)+ 2HCI()+ 2CuCl(g) | <550 |Thermal  |787.734 |180.821 |638.891
31 |Hgo/Hg| Hg o | 600 Hg(g)+ H:0(g)=HgO+ Ha(g) 860 [Thermal  96.873  |-146.701 [189.757 |
HgO(S)=Hg(g)+ 1/20(g) 600 |Thermal 143.891 |192.626 |-24.3
Cd(S)+ H,0=CdO(S)+ Halg) g5 |Mectrochemiy s or  lo3.730  |7.837
32 |CdO/Cd| Cd 2 | 1400 ical 36.774
CdO(S)=Cd(g)+ 1/20x(g) 1400 |Thermal  |350.607 |192.254 |28.937
FeBr2 3FeBrs(+ 411,0(2)=Fe;04+ BHBr(g)+ Ha(g) 850 |Thermal  |234.169 [144.55 |71.817
33 Fe, Br| 3 | 850 |FesOs+ 8HBr(g)=Brs+ 3FeBro+ 4H,0(g) 250 |Thermal  |-281.682 |-362.083 [-92.258 |20.832
GIRIO H;0(g)+ Brs=2HBr+ 1/20(2) 650 |Thermal 146.975 |114.501 [41.273
AL 2A1,03+ 6Bra(1)=4AlBra+ 30s(g) 700 |Thermal  |992.218 |-42.814 |1033.883
34 | 261 3 | 1500 |4AIBry+ 6WO0s(S)=2A1,05+ 6Bra+ WO, 1500 |Thermal  |-174.028 |-117.872 [34.977  |1083.536
Br, W 6WOs+ 6H,0(2)=6 WO+ 6Ha(g) 150 |Thermal  |-56.573 |-168.38 |14.676
Se. Scs0s+ 3Bra1)=2ScBrat 3/204(g) 400 |Thermal  |359.583 |-5.037 |362.974
35 | 262 3 | 1600 |2ScBra+ 3W0s=Sc,04+ 3Bra(g)+ 3WO, 1600 |Thermal  |121.898 [181.354 |-217.805 |152.507
Br, W 3WOu(S)+ 3H:0(2)=3WO5(S)+ 3Ha(g) 150 |Thermal  |-28.287 |-84.19 [7.338
2KOH+ 2K=2K,0+ Ha(g) 725 |Thermal  [96.933 |-28.29 [125.17
36 26 K 3 | 825 |2K:0=K:0:+ 2K 825 |Thermal  |232.973 [12.389 |219.368 |195.982
K20+ Hx0()=2KOH+ 1/205(g) 125 |Thermal  |-161.274 |-31.942 |-148.556
37 lcorcoz| ¢ o |1700 CO+ H20()=COs(g)+ Ha(g) 7,00 Thermal —3?137 —32.?1 —3.6{_}5 L8807
COu)=CO+ 1/20x(2) 1700 |Thermal  |277.991 [83.87  |112.502
Schulte CO+ H:0(2)=COs(g)+ Hy(g) 550 |Thermal  |-36.699 |-34.053 |-8.668
38 C,S | 3 | 900 |COxe)+SO0se)+H0(2)=H;S04(g)+ CO 500 |Thermal  |91.515 |-145.086 |203.688 |115.154
n CS Hs804(2)=H:0(g)+ SOs(g)+ 1/20(g) 900 |Thermal  |184.482 |225.332 |-79.866
Carbon C+ H0(2)=CO(g)+ Halg) 700 |Thermal  |135.72 |143.277 |-3.71
39 . C, Fe| 3 | 1400 |CO(g)+ 2Fe30,=C+ 3Fez0; 250 | Thermal -123.903 |-227.878 [-4.689  |-13.883
- wron 3Fe;05=2Fe;0:+ 1/205(g) 1400 |Thermal — |232.038 [141.961 |-5.484
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40
Hi
1t
achi N. N
-
(@) ,
41 sak i) ° 2N
a 7 Hyl=
75 00 9N 4I=2NH.
G N, B N al+ 2N s+l
IRIO a, 2,CO: Hi(a o+ H.
4 C 3t )+ 2(g
a0 | © al R ot
u N s+ £ @+l
L 8 Hil= Iz 20(
N N 00 |B i1=2N 2)=2N 2=
43 ’ I, aCO:- Hs(a) al+ C
Cu Bal o+ [,=Bal + o+ H Osg)+ .
; als 9
14 - 3 |3 — o+ 2NHy( ot 002(;2@ 1/204(g) o T
EM 50 | Hil=2 2)+CO +1/20 25 rmal
E 2Cul NH (g)+ ,(g) Th 3
S-3 : O+ 1= s g)+ Ha0 70 erms 59.4
S 2C ,=2C Lo+ (g)= 0 al 483
o1 ul+ N ul+ Ha(g) BaC 5 Th - 45
45 Miu 3 Ha(g)+ Hl/Zoz(@ O+ 2NH 800 Thermal 159.769 2.558
ra S NH; 0 e - 9
[46 920 ?Oz(g)Jr 20(g)=2C i i 0 |Th rmal 157.13 150,60 588
] Sb S0,=S H»0( uo+ 2 50 ermal 359 9 o |-95
, =S 2+ N 4 15.7 5
4 A I 9 Os( L= Hal Th 83 5.79 427
6 rgo 3 Hi(g)= 9+ 1/2 ,Z_SO:{( 4. 500 ermal 192.37 1525 s |-5 2 |-68
nn 10 12 — Iy(2) 0s( @+ 2H 85 The _ 4 558 52.87 707
e Li 1 00 |2 SbyOnt + Ho(g) g) I(2) ‘ o |Th rmal 2847 188.05 058 3
Yok N ' Hl(g):fj HE()(M 200 T ermal 359.4 35 |-612 o4 179 48
47 oha 3 1/ZSb,OZ(g)*H 1;=1/2S herma 483 |45 -136 436
m 47 LiN 205=1/2 &) Sb20s 200 ol 52.55 -86.7 -86
a Fe 5 Ozt Sb20. s+ 2H T 58 T 595
Mark: .S, SHI(e)= 2+IIZO(2 +1/20 1(2) 900 herma 9.588 ?
3 I 5 LNO;:II‘Z(g)J' I]l;:I‘iNO +z 1450 l‘hermai —
48 0 oF 5=LiNO 2(g) 3+ 2H P Th 5.4
e NO: 1 2 e X 14
CRNL 450 2]—[1(5041Jr I‘)+;+ 1/204(g) (g) r’F)Z) Theimal ?6'729 47.115
r =lute .0 g \ mal 2. 91.7 0
. Sr Cr, S 2F To(g)+ 2000=2 100 Therm : 306 1.784 131.:
.S e H: i 0 2 - 34
o OH)SC A(g) (OH) Pr The al )7.195 1616 10 3
4 3 Crz0 )i=2 S04+ rmal 12.7 5 |2 161 948
9 OR 8 3+ 4 FeS 2H 42 Th 709 25.7 23
NL 50 2510 SrOH SO+ H 1(g) 5 |t ermal 187 71r. 36 3.992 144.38
Cr. K C IIZO(g)V (S)+ 1/)2:25r C 0+ U/ o Thermal 224'19 16\)'637 141.006 !
, r, 9Sr,C + 1/ 4/3S Sr2CrO. 20, 20 he 149 71 95 5
5 S F K (grz(lr()l( ?02<g) r(OH,): 1+ 3H,0 2(2) Th rmal -6.31 213 61 |- 581
0 . Fe, 3 5 )+ 16/3 S92 =32 @+ 1 450 ermal 485 4 2_"087 25.632 140.95
Cl 900 /Zcr,o‘ SHOH) Sra(Cr Sr=(Cr 2(g) Lot Therm 501 5.891 1516 55
T Fe 3K‘C’ .+ 3K 2 0030 0,30 ) T nal 417 _9 673
okyo Cl ) ZK& 0+ 5/ OH=K.C 1S5 H(S)+ 300 hermal 12.30 788 r,/l'39
51 ’ S 3 B 2CrO +‘) 2H,0( 3CrOs+ 5H20( The 6 _ 57.237 184.5
E 3 3FeC i+ ZKC 2=1 1/2H g=C 850 rmal 16.1 o
w S 50 F lo+ YH=¢ /2C 20( 120; T : 161
, Sr E €30 4H,( 2K;5C rs0 2)+H 3 her 289 23
u, I +';H i+ Fe);)(g):Fe‘* r()ﬁH3+ IKeCr( (g) 550 mal 655 |3 .992
’ o 2( 203+ 6 e o rO y
5 Sr : 2Fe 5 g) ki +GHC 30+ 6H - )+ i+ 5K Ther 34.1
2 M 3 SO ineti 1(g) cu( 1/2( OH 900 mal
g, I 10 2E 1=Fey tics? +25C g)+H )2(g) T -68
! 00 uO+H 203+ 2 ) S0:(g)= 2(g) 100 her .884
U , M In( 20( 280 g)=3F ) _ T mal
& E @)+ Sr0= 2=Eu; o)+ 1/ eClot 2 700 hermal 112
U . Lu20; =Srl, 203+ H 20:( FeS 65 The B .01
53 3 L(S) 3(S)+S 2+ 1/2C 2(g) g o 50 | T rmal 246 53
Sr, U 700 ) +~\/lg(()rHIZ<1)_2F)z(g) 100 hermal 264;‘()57 72'5’04 T
)9(S U P 04 59.4: 9.47
Sr Mgl 2(S)+1 O+ L( s Ther 33946 1|8 59.438 A77
Tam .U 2 o+ 2H,C 72058 @)+ Sr0 50 mal 619 0.394 1495
54 aur 3 ‘():*:['r“(g)zh( S)=Mel © 390 Therm -516 310.19 1&»“247 86
a 600 Srguzoﬁs()w 1/2“ 2+ M 2+ 3U0: 393 Ther: al 825 |-6 48')‘8()6 6.036
- 25rU et 35 O:(g) g(Om: 5(S)+ H 100 Th el 1243 684.6: 268
et ’ o Sr(OH > 2(S)+ ,O( 000 erm — 382 635 |-
M Srs 5+ 31 )y = H: 1 T al 225 42 26
al [ n 2U20 1,0( 25 2(g) he 5.405 1.3 1.35
.[32] P ’ 9 Ni rg:Sr’L; D=SrsU 5 UOs+ 20 rmal 236.0 5 -6 318 |- 354 |-2
e 1 o0.sMn, 3U20, 5 U500 s+ 2H. Th 4 .016 ).909 48.89 61.9
T 10 05F 5+ 1/ ot 3 20( 2 erm 51 ~46 9 |- 22 08
am 0 €0 20. Sr(O 2+ 27 al 415 6.85 18
5 aur Ni ,=Ni A(g) )i Hy( - T ‘ 37 ~
5 i05 ios 2(ia g) 70 he 17¢ 97 - 13
a H sMn sMn, ) 0 rmal 2.11 775 8.09
Mn 2(2) 0sFe20 0.se20 600 Ther 3 32 4
et , =8 -5+ 6 Th mal 30.036 6.932 133.85
F M + 8/2 90 erm 825
al e 1 3 0] 106 1
[4 , nFe H,0 2 Th al )6.1% 63.
8] Ca 2 +(1 204+ 3C (2)=Ni 600 |T ermal 2 |11 -305
56 1 2 -y)H; a0 i05M 11 he 2.3
Zn0 000 kFe‘*OH i~ -yt nosfe0 00 |Th rmal A
5 /Zn CJ/mol 3Ca0+H 1:0(g)=C "o ermal 3.243
7 Fe3 /n . Ei"‘(Fe N ,0=3C as(F 600
04/ 3Ca Mn): aF\ e,M -
F 2 K Fe,0 308- 0.+ 1)308 Ther
58 I €0 F 200 pimol =Te0 y=MnF He A _y el
1203/ e 0 TnO=Zn ‘ ,1+Ca()+eZ()H s G=-62
n2 2 Zn+ +1/2C 1/20: a0+ .151 10
0 ) H. )y (. (1- 00
In 200 Fes0 20(@=7 ®© ¢ /0 Th
2 5 0,=3Fe0 nO+ I A(;ag(g) ermal
22 feO+ H +1/20 1) 1.015
00 |9 20(g)= Oe(e) 60C
5=] F )
InaC n20( esOat The
L0+ 21 2)+ 0 Ha(g > rmal
Og)= 2(g) ) 200 1T
=Ins0: 400 her
1+ 2 0 mal
Ha( 22 Th
2g) 00 ermal 276
4 Th 296
0o ermal -10 6 |7
22 The “104.59 1436
00 rma o1 8 |-
8 Th : 791 50.15 113
00 |7 ermal -65 77 59 |-¢ 3.91
The .93 .037 35.6
rme 69¢ . 82
al 2.21 67.77 66.6 78
-366 ’ 279l | o 228
134 |-2 24 120'308 169
53.931 613 366
g3
28 ~92.015
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Sn02/S Sn0y=Sn+ 0s(g) 2650 |Thermal 509.45 |172.856 [4.165
59 Sn 2 12650 9.534
n Sn+ 2H20(2)=Sn0s+ 2H,0(g) 600 |Thermal -84.572 |-103.008 |5.369
MnO/M MnSO4=MnO+ SOx(g)+ 1/20.(g) 1100 |Thermal 356.554 [266.097 |-8.837
60 Mn, S| 2 |[1100 -18.68
nSO4 MnO+ H>0(g)+ SO=MnSO,+ Ha(g)  kinetics? 250 |Thermal -136.383 |-241.88 |-9.843
FeO/Fe FeS0;=FeO+ SOx(g)+ 1/204(g) 1100 |Thermal 344.603 [263.705 |-17.504
61 Fe, S| 2 |1100 -14.198
SO4 FeO+ Hz0(g)+ SOx(g)=FeSO4+ Ha(g) 200 |Thermal -119.343 |-234.444 |3.306
Co0/CO C0S0,4=Co0+ SOs(g)+ 1/20:(g) 1100 |Thermal 326.729 [255.516 |-24.133
62 Co, S| 2 |1100 -21.8
SO4 CoO+ H20(g)+ S02(g)=CoSO4+ Ha(g) 200 |Thermal -109.161 |-235.643 |2.333
Fe304/ Fes04+ 6HCI(g)=3FeCly+ 3H20(g)+ 1/202(g) 1500 |Thermal 91.482 |-82.702 |238.126
63 Fe, Cl1| 2 |1500 274.014
FeCl2 3FeCly+ 4H,0(g)=Fe;04+ 6HCI(g)+ Ha(g) 700 |Thermal 205.532 |174.324 [35.888
3Fe0(S)+ Ho0(g)=Fe;04(S)+ Ha(g) 200 |Thermal -72.311 |-78.768 |-35.042
FeSO4 Fe304(S)+ 3FeS0,=3Fe203(S)+ 350:(g)+ 1/204(g)s
64 Fe, S| 3 [1800 | oo ro mwretumoness e #5800 | Thermal
Julich olid-solid rxn?
3Fe205(S)+ 350:(g)=3Fes04+ 3Fe0(S) 1800 |Thermal -82.122 |-370.729 |686.454
3Fe0(S)+ H20(g)=Fes04(S)+ Ha(g) 200 |Thermal -72.311 |-78.768 [-35.042
FeSO4_
65 A Fe, S| 3 |2300 |Fes0:(S)+3S05(g)=3FeS0s+ 1/20x(g) 300 |Thermal -476.298 |-440.632 |-223.75 |-459.365
FeS0,=FeO+ SOs(g) 2300 |Thermal 247.389 |174.091 |-200.573
Fex03(S)+ 2504(g)+ HyO(2)=2FeS04(S)+ Ha(g) 125 |Thermal -197.558 |-395.243 |-40.192
66 |C7 IGT| Fe, S 3 1000 |2FeS04(S)=Fe:03(S)+ S02(g)+ SOs(g) 700 |Thermal 332.94 |334.584 |7.34 -52.959
S03(g)=S0x(g)+ 1/202(g) 1000 |Thermal 96.267 |91.406 |-20.107
6Cu(S)+ 3H,0(2)=3Cu20(S)+ 3Hx(g) 500 |Thermal 231.209 |-67.482 |278.744
Shell
67 P Cu, S| 3 | 1750 |Cu0(8)+ 2S0s(g)+ 3/202(2)=2CuS0, 300 |Thermal -766.48 |-657.599 [-389.577 |-527.963
rocess
2Cu0(8)+ 2CuS04=6Cu(S)+ 2S05(g)+ 30:(g) 1750 |Thermal 1090.497 |745.185 |-417.13
Cuz0(8)+ Hz20(g)=Cu(S)+ Cu(OH): 1500 |Thermal -72.181 |-182.868 |252.071
68 | CuSO4 | Cu, S| 3 1500 |Cu(OM)a+ SO2(g)=CuSO4+ Halg) 100 |Thermal -27.418 |-86.544 |4.876 53.088
CuSOs+ Cu($)=Cus0(S)+ SO5(g)+ 1/202(g) 1500 |Thermal 319.412 [295.108 |-203.859
LASL Ba, S02(2)+ Hy0(g)+ BaMo0,=BaSOs+ MoOs+ H:0(g) 300 |Thermal
69 3 1300 |BaSOs+ H20(g)=BaSO,+ Ha(g) Thermal
BaS04 | Mo, S BaS04(S)+ MoOs(S)=BaMoO4(S)+ SO2(g)+ 1/202(g) | 1300 |Thermal 294.31 |185.139 [3.058
3FeCly+ 4H:0(g)=Fe30,+ 6HCI(g)+ Ha(g) 680 |Thermal 206.301 |175.123 |39.382
. Fe304+ 3/2Cla(g)+ 6HCI(g)=3FeCla+ 3H,0(g)+ 1/20
70 |Mark 9|Fe, CI| 3 | 900 (e; ‘ 28 grmotet T SHe 900 |Thermal  |-73.201 |-214.989 |173.014 |235.709
2Ag
3FeCly=3FeCly+ 3/2Cly(g) 420 |Thermal 24.109 |1.15 23.313
Eurato H50(g)+ Cla(g)=2HCl(g)+ 1/205(g) 1000 |Thermal 59.545 |68.467 |-27.624
71 Fe, Cl| 3 | 1000 |2HCI(g)+ 2FeCly=2FeCly+ Ha(g) 600 |Thermal 181.546 [-2.174 |183.445 |171.621
m 1972 2FeCls=2FeCly+ Cly(g) 350 |Thermal 20.005 |6.748 15.8
Cr. Cl 2CrCly(s, T=815°C)+ 2HCI(g)=2CrCl3(S)+ Ha(g) 200 |Thermal -162.907 |-223.452 |-57.181
72 " 7 |Cr, Cl| 3 | 1600 |2CrCly(S,Tf=1150°C)=2CrCly(S)+ Clz 1600 |Thermal 296.817 |161.616 [-5.913 |-90.718
Juli H20(g)+ Cla(g)=2HCl(g)+ 1/202(g) 1000 |Thermal 59.545 |68.467 |-27.624
6MnClo(D+ 8H:0(2)=2Mn304+ 12HCI(g)+ 2Hx(g) 700 |Thermal 692.68 |318.082 |[383.138
Mn, 3Mn304(S)+ 12HCI=6MnCl2(S)+ 3MnO2(S)+ 6H:0(
73 | Mark 8 ol 3 | 1000 s b e P81 100 |Thermal  |-624.847 |-699.636 |-363.778 |-60.482
3Mn05(S)=Mn304(S)+ Ox(g) 1000 |Thermal 168.009 [194.675 |-79.842
74
Ta H:0(g)+ Cla(2)=2HCl(g)+ 1/205(g) 1000 |Thermal 59.545 |68.467 |-27.624
75 Ta, Cl| 3 |2200 |2TaCls+ 2HCI(g)=2TaCls+ Halg) 100  |Thermal -139.468 |-191.149 [-68.135 |-250.762
Funk 2TaCly=2TaCly+ Cla(g) 2200 |Thermal  |377.746 |215.413 |-155.003
Mark 3 Cly(g)+ H:0(g)=2HC1(2)+ 1/20:(g) 1000 |Thermal 59.545 |68.467 |-27.624
Eurato 2VOCly+ 2HCI(g)=2VOCls(g)+ Ha(g) 170 |Thermal 236.412 |176.197 |158.331
76 |m JRC |V, Cl| 3 |1000 171.504
Ispra 2VOCl3(g)=Cla(g)+ 2VOCIx(S) 200 |Thermal -49.935 |-191.761 |40.797
(Italy)
H:0(g)+ C12(g)=2HCl(g)+ 1/205(g) 1000 |Thermal 59.545 |68.467 |-27.624
77 | Bi, Cl |Bi, CI| 3 | 1700 |2BiCly+ 2HCl(g)=2BiCls+ Ha(g) 300 |Thermal
2BiCl3(Tf=233°C, Teb=441°C)=2BiCly+ Cl(g) 1700 |Thermal
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Fe Cl 3Fe(S)+ 4H:0(g)=Fe;04(S)+ 4Hx(g) 700 |Thermal  |-98.434 |-76.77 |-23.726
78 i Fe, Cl| 3 | 1800 |Fes0s+ BHCI(g)=3FeCly+ 3H:0(2)+ 1/20:(2) 1800 |Thermal  |-30.531 |-148.159 |286.624 [182.024
Julich 3FeCla+ 3Ha(g)=3Fe(S) + BHCI 1300 |Thermal — |253.054 |215.446 |-80.874
3/2Fe0(S)+ 3/2Fe(S)+ 2.5H,0(g)=
; Oe( )W,H(e) orie 700 |Thermal  |-71.027 |-59.136 |4.262
Fe, Cl e304(s)+ Z.0Ha(g
79 Col Fe, CI| 3 1800 |Fes04+ 6HCl(g)=3FeCla(g)+ 3H.0(g)+ 1/202(g) 1800 |Thermal 266.238 |94.016  |71.328
ologne 3FeCla+ 1.5H,0(g)+ 1.5Ha(g)=3/2Fe0(s)+ 3/2Fe(s) )
1300 |Thermal  |239.502 |204.577 |-82.328
+6HCI(g)
Li Mn 6LIOH+ 2Mn;04=3Li»0 - Mn:Os+ 2H0(g)+ Ha(g) 700 |Thermal
80 ’ s Mn, Li| 3 | 1000 |3LizO - Mn2Os+ 3H:0()=6LiOH(ia)+ 3Mn2Os 80 |Thermal
LASL 3Mn205=2Mn304+ 1/20:(g) 1000 |Thermal  |89.268 [75.129 |-6.383
81
Mn PSI 2MnO+ 2NaOH=2NaMnO:+ Ha(g) 800 |Thermal
Sodium | Mn 2NaMnOz+ H20(g)=Mn»03+ 2NaOH 100 |Thermal
82 N 3 | 1500
mangan a Mn205=2MnO+ 1/205(g) 1500 |Thermal — |168.571 [97.057 |-3.525
ese 3
Fe, 2Fe;04+ BMOH=3MFeOs+ 2H:0(g)+ Ha(g) 500 |Thermal
83 Fe, M (M=Li 3 1300 [3MFeOz+ 3H,0=6MOH+ 3Fez03 100 | Thermal
ORNL K. Na) 3Fe;045(S)=2Fes04(S)+ 1/204(g) 1300 |Thermal  |233.605 [142.928 |8.757
Sn Sn(1)+ 2Hz0(2)=Sn0x+ 2Hs(g) 400 |Thermal  |-91.001 |-111.369 |-16.033
84 | . Sn 3 | 1700 |25n05(8)=25n0+ Os(g) 1700 |Thermal  |584.584 [225.223 |142.185 [119.229
Souriau 25n0(8)=Sn0x+ Sn(l) 700 |Thermal  |-11.165 |-4.359 |-6.923
CoO(S)+ x Ba(OH)4(S)= 850 |Th :
< erma
Co Co, BaxCoOy(S)+ (y3# 1Ha(2)+ (1+ 2x-y)H20(g)
85 ORNL Ba 3 1000 BaxCoOy(S)+ Xhzo(g)=xBa(OH)2(S)+ CoO(y-x)(S) 100 |Thermal
CoO(y=x)(S)=CoO(S)+ (y % 1)/20:(g) 1000 |Thermal
i _ 800~13
2Ce0u(S)+ 3TiOAS)=Cez0s - 3TiO+ 1/204(g) 0o |Thermal
36 Ce, Ti | Ce, 3 | 1300 |Ces0s - 3TiO+ 6NaOH=2CeO+ BNaTiO 2H:0) | 0 |
ORNL |Ti, Na + Halg) erma
CeOz+ 3NaTiOs+ 3H:0(2)=Ce0x(S)+ 3Ti0x(S)+ 6N
OZZ AT S mL e e 4 150 |Thermal
Ce. Cl H:0(g)+ Cla(g)=2HCl(g)+ 1/20(g) 1000 |Thermal  |59.545 |68.467 |-27.624
87 ’ Ce, CI| 3 |1000 |2Ce0s+ 8HCI(g)=2CeCls+ 411:0(2)+ Cla(g) 250 |Thermal  |-152.757 [-334.509 |22.242 |-2.649
GA 2CeCly+ 4H,0(2)=2CeOx+ BHCI+ Halg) 800 |Thermal  |323.48 [298.883 |2.733
Cr203+ 4Ba(OH)2(1)=2BasCrO4+ 3H20(g)+ Ho(g) 700 |Thermal
ORNL 2BaCr04(s)+ Ba(OH)2(1)=Ba3(CrO4)s+ H20(g)+ 1/20
38 Cr, Ba 3 900 ) 900 |[Thermal
Cr, Ba 2BazCrO1(5)+ Bay(CrOd)As)=Cra03(s)+ 2BaCro(s)
100 |Thermal
+5Ba(OH);
Metal
oxide+
89 .
fossil
fuel
MnNi-f
90 .
errite
KIER
91
I I
CIS
92
cycle
Ce0,/C 2Ce0,=CesOq+ 1/20x(2) 2000 |Thermal  |401.304 |147.923 |65.054
93 €203 Ce 2 12000
Ces05+ H20=CeOs+ Halg) 400 |Thermal  |-138.962 |-83.254 |-82.92
cycle
N32C03
94 -Iz
cycles
s o . photochemic
2FeSO,+ I+ H:0=Fe(OH)SO,+ 2HI 25 |
~ a.
95 |Mark 5 Fe, S, 3 497 |2HI=Hz+ 1, 427 | Thermal
1

Fea(SOy)s+ Ho0=2FeSO4+ HoSOs+ 1/202

250

Electrochem

ical
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Mg-1
96
cycle
HCI
97
cycle
98 HBr
direct
99 | deconp
osition
NIS
100
cycle
6Ca0(c)+ 612(c)=CallOs)2(c)+ 5Calz(aq) 100 |Thermal
Ca/l Ca103)2(c)=CaO0(c)+ Ix(g)+ 2.502(g) 800 |Thermal
2
101 Ca, I 5 800 |5Calz(c)+ 5H20(g)=5Ca0(c)+ 10HI(g) 700 |Thermal
cycle 5Caly()+ 10H:0(g)=5Ca(OH)(c)+ 10HI(g) 500 |Thermal
10HI(g)=5H:(g)+ 51x(g) 700  |Thermal
Carboth
102 . 7Zn, C Zn0(s)+ CH4=Zn(g)+ 2H+ CO
ermic
Na-bas
103
ed
104 | Ba/S
Mark
105
15
106 | Ag/Cl
2H,0+ 2NHy+ 2C0Op+ 2KI=
K. 1 2KHCOy+ 2NH,I
107 | ANL-4 T 4 2KHCO3=K3CO3+ COz+ H20
N ONHal+ Hg=Hz+ 2NHs+ Hgl,
K2COs+ Hgl;=1/205+ COg+ Hg+ 2KI
27n0(s)+ Se(D+ SO2(g)=ZnSe(s)+ ZnSO4(s) 800
Zn, 7ZnSe(s)+ 2HCI(g)=ZnClz(aq)+ HaSe(g) 350
108 | ZnSOy |Se, S,| 5 | 1200 |ZnCl()+ H:20(g)=ZnO(s)+ 2HCl(g) 900
Cl ZnS04(s)=Zn0(s)+ SO2(g)+ 1/204(g) 1200
HsSe(g)=Se(D+ Ha(g) 750
2VCly(s)+ (2nH0+ 2HCD()=2(VCly'nH:0)(s)+ 1Hs | 393
2(VClynH0)(s)=2V Cla(s)+ 2nHs0(g) 433
109| V-CI |V, Cl| 5 | 1200 [4VCly(s)=2VCla(s)+2VCli(g) 1039
2VCly(s)=2VCls(s)+ 1VCla(g) 473
1Cly+ 1H0(g)=2HCI+ 1/20, 1200
Me/Me
110
H
GA Cd Cd+ COs+ H20=CdCOs+ H2 100  |thermal -74.354 -30.379
111 |carbona|Cd, C| 3 | 1500 |CdCOs=COz+CdO 400  |thermal 93.617 -17.637 |-38.441
te CdO=Cd+ 1/20; 1500 |thermal 348.699 9.575
oi5lS =0 ol It
2. d3istAlo|E2e MA & "I}
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Table 3.2.2 Thermochemical cycle scoring table

Numb(?r of 5 4 3 9 1
reactions
Score —-10 =5 0 5 10
Maximum process ~2000 C 2000 - 1500 15000—1000 10000— 700 700 C>
temperature C C C
Score —10 -5 0 5 10
NO. of reactions,
AG>100 kJ/mol 4 3 2 1 0
Score —40 —30 —20 —10 0
P0551b1hty. of line 0 X
clogging
Score =5 0
Electrochemical 0 X
process
Score ) 0
No of Separation 4 3 2 1 0
Score —20 —10 -5 0 10
Abundance Abundant | Not abundant Precious
Score 5 0 -5
Toxicity, corrosion 0 X
Score -5 0
NO. of paper 0 1-5 6—10 11-15 16—20
Score 0 5 10 15 20
Abundance

- Earth bulk continental crust and upper continental crust (CRC Handbook)
~ abundant >2.5 X10”° > not abundant >1.0 X10™® >precious

Table 3.2.3 Thermochemical cycle ranking table

Cycle Name Reactions Score |Ranking
Westinghouse  |[2H2SO4(g) = 2S02(g) + 2Hz0(g) + Oq(g) 15 3
(Hybrid Sulfur) |SO.(a) + 2H.O(01) = HoSO4(ia) + Ho(g)
2MnFe;Qy + 3NaCOs + HzO(g) =
Tokyo Inst. Tech. |2NasMnFe.Os + 3CO2(g) + Ha(g) 15 3
Ferrite 4NasMnFe;0s +  6CO2(g) = 4MnFexO4 +
6Na.CO3 + Oz(g)
) ) NiMnFe,O¢ + 2H-O(g) = NiMnFe Oz + 2Hx(g)
Nickel Ferrite I\ e 05 = NiMnFeOs + Oulg) 15 3
) MnFexO4 + 3Ca0 + (1-y)H:0(g) =
Mn Ferrite/CaO Cas(Fe Mn):Os.y + (1-y)Halg) 15 3
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Cas(FeMn)sO0sy =  MnFexO4 +  3CaO  +
(1-y)Os(g)

7nO = 7Zn + 1/20-(g)
7n0/7n " " 28 35 1
Zn + HyO(g) = ZnO + Ha(g)

Fes04 = 3FeO + 1/202(g)

Fes04/FeO 3Fe0 + H0(g) = FeiOs + Holg) 20 2
SnO2 = Sn +0s(g)

Sn0/Sn Sn + 2H:O(g) = SnO,; +2H-O(g) 15 3

Ce0y/CesOs cycle 20002 = €05 + 1/20:(g) 20 )

Cex0O3 + HO = CeOy + Hz(g)

Tokyo Inst. Tech. Ferrite cycle, Mn Ferrite/CaO cycle& 9938} data®] & 3H2 A 3}
AA/AAE WG o w Al ARVl Aol dEEeALtelA ALl H A 9™ Nickel
Ferrite cycle 9A] €93} datae] A4 2L mv|2 Qlste] EEEALA A9 = A
T3 Sn0»/Sn cycled HE =8 Lxojx wrgo] gy g AdrtsA]o] o}

A9 ¥ ATHE-A &= 2600 °Cel).

Aee B dsheirlelF e ofeje} 2t

Fes04/FeO cycle FesO4 = FeO + 1/20, at 2313 K
FeO + H)O = FesO4 + Hy at 673 K
Zn0O/Zn cycle Zn0O = Zn + 1/20, at 2323 K

Zn + H)O = ZnO + Hy at 673 K
Ce02/Ce203 cycle 2Ce0; = Cex03 + 1/20, at 2273 K

Ce03 + HO = 2CeO; + Hy at 673 K
Hybrid Sulfur cycle SO, + 2H,O = HxSO,4 + 1/2H, at 353 K

HoSO4 = SOs + Oy + HO at 1237 K

Aol 7pge obelsh 2t

- WS FHa 2R S régé%éﬂz"éﬂr Fage

- Hybrid Sulfur cycle(cell conversion 50%)E #|]3F t}2 Alo]|F9] FATAGA A Ade-o
10026

- 1 mole] ®WESE thdte] 1 mol A&7 E carrier7b=2 AR bz

- A4 = 5000 sunel™ &% & & (absorption efficiency)2 o] A4 o 2 7}A 3kt

- FEAAMA B 4] dUAE BEEolA AbAel WAl TEZI iU x| o] WMEEE
=2 3

- A71ged e 2a AU A = BhEA R UA R SHAkstl on H7] AL E S-S 35%

—
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Fig. 3.2.1 Ideal solar energy conversion efficiency at 5000 sun
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4 5H2S04(a) + 0.5502(a) « ZIHAO (323.15K)

3.9TH2504(g) + 0.5502(g) + 22.75H20(g) (202,15 K)

0.5H2{g) (323.15K)

Solar heat ( :

0.53H2504ia) + 0.25H20 {553.15 K}

0.5H20

3.87H250d(ia) + 0.5502(a) » 22.75H20 (323.15K)

Y 0.2502

>

0,03H2504(ja) + 0.5502(g) + 0.2502(g) + 0.7T5H20(g) (323.15 K}

S02{a) + 2HZ504 ) + 2AH20 (323.15¥)

Fig. 3.2.3 Hybrid Sulfur cycle process diagram.

Fig.3.2.3% Hybrid Sulfur cycle?] && A4S 93 7Y
3}3} 1 mole] A7]&83te] =24 05 mol¥d 34 0.5 mol

o ZRY PPN Besol o] N8P, B 1w B 4D FF F Aw 5

gokrel wEH FAS FARAVSI(HFRSI)NA o] AhT WA

oF BAL Q3% F w@He] Re/A vt BIHIL FAHCZ 05 mol o
sgle] gFuo] A/ AesEt

2 dstelatol 2o Bl BIRAEE 2 W LEolA e Ak

O Fe304*+ Nz = 0.9580Fe0.0470 + 0.1790Fe304+ 0.4367FeO+ 0.4610Feq.9450 +
0.281602(g) + 0.1790Fe304 (1) + 0.1410FeO15056 + 0.0001FeO(g) +
N2(2313.15K)

O ZnO+ Nz = 0.9886Zn(g) + 0.49430; + 0.0114Zn0(g) + N2(2323.15K)

O CeOz+ Nz = 0.296Ce02 + 0.406Ce0183 + 0.277Ce0172 + 0.0105Ce203 +
0.078540, + N2(2273.15K)

O 0.53S03(g) + 0.78H20(g) = 0.03S03(g) + 0.5S02(g) + 0.78H20(g) +
0.2502(2)(1273.15K)

AaE AtelA BRIl dekEe LA ES Vs m AtEslth
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Fig. 3.2.4 Thermal efficiency changes of the thermochemical

cycles with heat recovery
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Al 3 A AlglotAl 2vHA] A3efAte]F

1. CeO2 7|8t H=taty 20H =25l

7. oled w7
Ce029] LS Fig. 3.3.1004 Hi wpel o] 2500Ke]/dolofof dita] dojd 2
oz oidHnt AT CeOy (y=1.5-2.0)0 thd djsts, 2434 wae] ojahd
hexagonal T+%¢2] CeO;5 rhombohedral 722 CeOi71, CeO1rs, triclinic 79
CeOrgs, HAINES CeOrgs & WS FHY A== AT o)k vhggt H
FEA AstE EAE Qlete] 25600 KHTE W oA &9 7hssiy e
CeOy+ 1000Ko]atoll A =f-al 545 Rt

Fig. 3.3.2%= Gibbs Energy HA3H o2 CeOy7} Actor] dAoz dYdxE= HS-
I A giste] AlLksk Axfoltt, AyoA B 4 glko]l ¢F 1500 KollAF-H &3

7 wEA dojuym CeOrgs?t CeOrro7b AAH WA AA47F WA= s &

0]
2R

60 T T T T T T T T T T T
~@— CeO, =1/2Ce,0, + 1/40,(9)
—#-CeO, = CeO, , + 1/7.1430,(g)
—A—CeO, = CeO, ., + 1/11.7650,(q)
~O—1/2Ce,0, + 1/2H,0(g) = CeO, + 1/2H,(g)
40 bg. ~/\—Ce0O, , + 1/ 3571H,0(g) = CeO, + 1/3571H(g) |

o, —— CeO, ,, + 1/5.882H,0(g) = CeO, + 1/5.882H,(q)

AG°/kcal

20 .

500 1000 1500 2000 2500 3000
Temperature(K)

Fig. 3.3.1 Standard reaction Gibbs free energy changes of
CeO2 decomposition and hydrolysis reaction of

CeOy according to temperature change
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Fig. 3.3.2 Equilibrium composition of CeO; at 1 bar
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Tabel 3.3.1 Classification of the phases in the CeO2—ZrO; binary system

Phase Composition range(% mol Ce) Tetragonality :?jgg
Monoclinic(m) 0-20 - P2y/c
Tetragonal(t) 20-40 >1 P4,/nmc
Tetragonal(t’) 40-65 >1 P4s/nmc
Tetragonal(t”) 65-80 1 P45/nmc

Cubic(c) 80-100 1 Fm3m

CeOoi=  ©13A<Ql  fluoriteTZ2E  7FAa lem  Zr0.,9] ®E°] F7FstdA
monoclinicoll A tetragonal® THA] cubicl® A= ‘?—QQZJE}. 9 oA t"Ae
oFol &0 oAtz el fluorite T Fol| X} Aol 9327
cubicT-Zol A Yol ATF c-FollA oL, a-FolA

v A" W 2y

(1) A2 "=

Ce(NO3)s6H20 (Adrich, 99%)& &3 &3 ste] 0.02 mol/t &N& AFsha, &2
o2 ZrO(CD28H20 (Adrich, 98%)E &3 E33te] 0.02 mol/t &9E& A|=x3}
Aot A X3 F fAS =393 § magnetic stirrerE ©]&3sto] °F 300K HAEE 7}
A akste] 9bd AR T dERYolsE ARESte] pHE 102 FAIHA &
| ]

ol

S~
™

a
T ZHT 200 m2 AAHES 3 5 acetone 200 mE A A vhi-gldta o
| (Advantec, Toyo, 5C, 110 mm)E ©]&3}e] 5 mo|3}e] A AES
AlRE 393K === 2447 o] Hxd 5 F7] E97]elA

o} A3kl CeZri—02 (x=1.0, 0.8, 0.7, 0.6, 0.5)& #A|=3FAch.

o B 12 %
N

3 2=
Eds

v
offt ri

a
T
-
T
-

~

2) MY AKX

(7hH) TGAZ o] g3 431 2 BHe EA 2

TGAF A= A2 HIE &t =i ArsS 20 ce/minl & &3tk 30

mgel ARE X3 T Hle7tA® 5%9 $£47F2 (Ar balance)E 20 cc/minl.®
< 4% 10 K/mino.2 1273K7H4] &3 5 1273KelA] 30%3F &4 35}

HA 3 EAS HoTH 20 K/minl. 2 58 37AA 773KE 943 & 5403573

—
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Fig. 3.3.3 Experimental set-up for hydrogen reduction and water splitting

using thermogravimetric reactor.
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Fig. 3.3.4 Thermal reduction and water splitting experimental setup
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ow 2°/min®] 27l £ 2 10-80°7HA SA s th et &3 4 BrukerAl 2E
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FRA 106 Raman spectrophotometerE AFg3tH o™ FULS Nd:YAG laser (1.064

A

um wavelength)2 A& 2w CaF beam splitter?} InGaAs detectorZ ©]83}3

t}. laser powers= 70 ~ 100 mW= ZA 3} o}
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(1) TGAE 0|88 423 3 EF6 S A=HHM XM 2/& & 2igt

Fig. 3.3.5 XRD patterns of the prepared samples.
(1)Ce05Z1050z, (2)Ce06Z10.40z, (3)Ce0.7Z10.30z,
(4)Cen8Zro20z, (5)CeOq

T &
o
2 S )
)
g 28
L1
a— A W Y
(NN N W Y Y
(2:
- N

20

Fig. 3.3.6 XRD patterns of the samples after

water splitting reaction on TGA.
(1)Ceo5Zr0502, (2)Ce06Zr0402, (3)Ceo7Zr030x,
(4)Cey8Zr9202, (5)CeOq
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A A gkt o] A= mgAe] Aol e AT XRD HEo] Wi ¢
Aol 277k Zel §AF cubic fluorite T2E At A8 27 oyt =
WS W o] AE WA

A& @ XRD el & 5 s AL dHolEE A
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Fig. 3.3.7 Raman spectra of the prepared samples.
(1)Cen5Zro50s, (2)Ce6Z1040s, (3)Ce0.7Z1030x,
(4>Ceo_8Zro4202, (5)C602 .
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Fig. 3.3.8 Raman spectra of the samples after

water splitting reaction on TGA.
(1)Ce05Zr050z, (2)Ce06Z10.402, (3)Ce0.7Z10302,
(4)Ce0 8710202, (5)Ce02 .
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Fig. 3.3.9 Weight changes of (1)CegsZr9502,
(2)Ce06Z10402, (3)Cen7Z1r0302, (4)CepsZro20z2,
(5)Ce0s during 2.5 vol.% hydrogen gas
reduction with temperature and time in

thermogravimetric reactor.
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Fig. 3.3.10 Weight change rate of (1)CeosZro50-,
(2)Ceo6Z1r040z, (3)Ce07Z10302, (4)CepsZr0202,
(5)Ce0- during 2.5 vol.% hydrogen gas
reduction with temperature and time in

thermogravimetric reactor.
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° ® CeO, JCPDS No. 34-0394
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Fig. 3.3.12 XRD patterns of thermally reduced
CeOs at 1600C for 30min
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Fig. 3.3.14 Hydrogen production amounts of CeO2(80mol%)-
Zr02(20mol%) reduced at 1600C for 30min with

time and temperature
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Fig. 3.3.16 Oxygen evolution behavior of CeOs-lantanide during thermal

reduction

(4) water splitting reaction
B3] 92712 AFRSte] 1273 KolA Zbzbe] A sl &

=
oj71 Avfol},

Mr
ol
i
jakci)
filo
off
ol
)
ne

_96_



020 —m@—4—m—4————p— 711
CeO.QLaO.lOZ
§ Ce0.9Pr0.102 N
CeU.9NdO.1OZ
———Ce Gd O
0.9 0172
0.15 - inject 250ul T
&)
(&)
8 F 4
c
i)
S o1} i
©
o
o
3V L -
T
0.05 | , -
i
i
i
_ | _
i
i
i
y ;
0.00 ! ; i
0 10 20 30 40 50 60 70

Time(min)

Fig. 3.3.17 Hydrogen gas production amounts of the
reduced CeO:-lantanide with time during

hydrolysis reaction

—
CeO2
05| _ _
CeO.QLaO.lOZ
—_— Ceo‘gPrMO2
CeO.QNdO.loZ
04 - Ceo‘ngoaoz -
=
(8] L 4
o
c
2 o3} -
(8]
=}
S . inject 250ul 1
o
T 02Ff i
01} / i
0.0 L —=
0 10 20 30 40 50 60 70

Time(min)

Fig. 3.3.18 Hydrogen gas production amounts of the
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during hydrolysis reaction
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Fig. 3.4.1 Conceptual drawing of

solar simulator and reactor
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Fig. 3.4.3 Top view of honeycomb
monolith, coated with Fe304/CeOs,

installed in the solar reactor.
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Fig. 3.4.4 Hydrogen and oxygen evolution results of the solar
reactor, which is installed with a monolith coated with
Fes04 (20 wt%)/CeO, (80 wt%), using 7 kW solar
simulator with temperature and time.
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10.0kV 12.7mm x10.0k SE(V)

Fig. 3.45 SEM image of the Fes04/CeO:
washcoated honeycomb as prepared, (a)

cross section (b) surface

Fig. 3.4.6 Picture of the Fe304/CeOo

washcoated honeycomb after reaction on

the solar reactor
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Fig. 3.4.7 SEM image of the Fe304/CeO-
washcoated honeycomb after reduction
at 1673 K and subsequent water
splitting at 1273 K, (a) cross section

(b) surface
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SiC = S1 +C (SiC decomposition reaction)

C + H20 = CO + H2 (Carbon and water gasification)
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3.4.11 Hydrogen production amounts of (a) Fes04(20wt%)/CeO4/SiC

honeycomb, (b) SiC foam, which was reduce at 1400C and water
splitting at 1000C, (c) Fe304(20wt%)/CeO«/SiC honeycomb, (d) SiC
foam, which was reduce at 1400C and water splitting at 900C.
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Fig. 3.4.14 CeO: coated SiC foam(left), schematic diagram of CeO./SiC foam in

parabolic solar reactor system(right).
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Fig. 3.4.15 Photograph of solar reactor experiment on CeQO: coated SiC foam(left),
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reactor system(right).

i

I

{f
it
= water line

i

.-
;‘l
15N
i gluminum
FHUE

If

1408

j E/w/a_ 1/4" tube

2500
H |
T o
g . _:;-._4__.
; WATER LINE
2 3.28X150L T/C
el 9
T JHET N s2exsoL T/0
~H-
2 | \ board
/ L i Lo ™ _brick
water line | ! 50 1@5\:«1 L 50 1
3 n ili 1™\_suUs 304
; L" I “\_GAS OUT
- S 6.358
VACUUM 12.78 PIPE

12.7¢ PIPE
3.2@X250L T/C

Fig. 3.4.16 Solar reactor system with CPC

- 110 -



TR 4T OE
Dl] i)
Cv?ﬂbmo#eﬂlﬂ_}
U{LMA MEJE)A7
duAA]m% Mvm_/uzl
ﬂ_OIOUTdO} EEP T 0
%ug?%gcmo BN OE g
5 o 7%401& @mﬁromduaﬁoc
ggea%ﬂ]ﬂgdﬁﬂ %En_é%ma N
W o o 0 2 B oo o o ol T of
‘_lﬁ_uﬂ‘.ﬁ_@;o dﬂtM}MMfM ﬂ! ‘mﬁdﬂm‘mﬂm‘uroo_‘_ﬂ
= T mow £ 8 s ot T - ¥ & W Z =y 9
SEEEISY o ELEE IS LA e
o]LC1]ﬂ1 mﬂ&oUlAioOCﬂ
ut?. = urxoa Ki -~ = o =
uLﬂmﬂﬂi;ouIE = o_aAiCo a_ud;uﬂmo
Mlxlrﬂocﬂevmu%A M_ zoiehcojxlﬁrqo@r%;u
socmar.i@urw &k Qﬂm%a@%m&i%
Edu.omﬁmﬂ@rﬂw% _ mﬂmmshd.mw %unﬁlmﬂ
T — oy !
Qmemn_AI%nAUnHUFE 1o EHM%@ Wd'ooﬁemlau
@_wlﬂymﬂﬂg IH L z o
X = F RN g 4 il G e RG] < o B
<R M- 1H ) LN - T = o B B & o ol
s ] o %o o 1l o =X o E £ T o [
11%7w4@}d DT % EyiB%3
o 2 ]]ﬁ 7x il o ;oicpp;oﬂ_.x
ﬂl__HToLJ.HﬁEMﬂ]rﬂ BIMﬂﬂaﬂlCWCJH el
n o Mo R = b £ owm%ﬂ
LWWMﬁrﬁL%Eé o g s E g
mﬂl.wozﬁo o) W N mﬁoo_aﬁ. Mﬁ.mﬁzoi
T < 3 0 o wroX o il o 0 wp R [ Hﬁ 5 X (-
‘.C ™ w @) EE alol o gc ‘;Iorﬂ w ;o_ = k= KO o KO O_E =
\Mclo 6EEHWIHTM4 —_— @E,m.,l,lﬂ m,lo_,._mmoum_!
ﬁoFﬂoT%mﬂ%uTw o M#oﬁdwzamaatﬁe
1Ho,oo1_ —_— = _‘wlluc -
x%%ﬁ%guwﬂm o %%7@mm%wm%
ﬂi%mﬂaﬁ%;’ _ o0 oﬁ.ﬂﬁlﬂmﬂ# =
N T o TR A I mK o ofp XH @o Y olo ™ W e on
?olisﬁg.wc Mo 2o M .%J&%ix
iw%ﬂﬂwﬂLQW ol m41qwa .ﬂ%%
~ ! . okﬂ —
e R oo bom io@%mwAmri@M
glaaaalﬁ z © T <l 5
MW e ag%ﬂaﬂr = &ﬂﬂ1ﬂatm_ﬁ%
ﬂ%ﬂff%%a S Jwﬂuow_%mwmw.ﬂ
O, T
mﬂoamm_ % kﬂuzxo_ov_@oﬁrlmﬂwﬁe
04%1%% mo%}a.
. %OHTH__H EEAO o =
< = = oﬁe e EW _ JH ,ﬁ
,WI,._JI‘._HA_IO#EO,LI
xﬁiﬁl_/
T X

- 111 -

3fEL 15
AN



Fig. 3.4.17 Hydrogen production demonstration

solar

using 300 kW

splitting  water

by

simulator.
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Table 3.5.1 Total evolution amount of product during thermal reduction and water
splitting reaction.

Sample Total evolgtion amount of Qz gas (cc/g) | Total eyolution amqunt of Hy gas (cclg)
in thermal reduction in water splitting reaction

NiO5F 11.50 0.47

Ni10F 3.14 1.25

Nil5F 4.63 1.40

Co05F 14.94 0.47

Col10F 3.83 0.72

Col5F 17.92 1.21

MnO5F 21.54 0.31

Mn10F 18.70 0.02

Mn15F 27.16 0
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Fig. 3.5.2 The amounts of hydrogen

gas production during water splitting

reaction; a) Ni ferrite, b) Co ferrite

and ¢) Mn ferrite.
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Fig. 353 The XRD patterns of the

prepared samples;

a) Ni-ferrite, b)

Co—ferrite and c¢) Mn-ferrite.
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Fig. 3.5.5 XRD patterns of NilbF with temperature increase in vacuum condition.
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Fig. 3.56 The amounts of hydrogen gas production during water splitting
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W e 7| A= water-gas WS-l 9ld) Hy/CO2 H]7} 3.0 By} & @A7tA~E ik,
Teiy, MA Ame] A T AEES 9 o] Al Hy/CO9 v+ 2.00]t}

H, FA 7k S Sk Akl EA B s 54 AbstE S o] 8% 2vA 4
§]—6—} tﬂ]% 7H;é]oﬂ T/H@_’ o‘j:rLﬂ_ 75_]3354%ﬂ-41)42)43)44>45>46>.

Syngas production step @ MO,+ CH,= Mor MO, 4.+ CO+ 2H, (2)
Water splitting step @ Mor MO, ,.a+ yH,O= MO, + yH, (3)
Fe304, W03, CeO2, ZnOs3 2 w5 A8tz AR qhao] o] &2 7hx Ao b
7 gl 9714 wgke] AakstE vlekr] e d Aod Aol & 4 vk

gt FAL o]Hde AHE FA 7ol FAddA Hy/CO9l Hl7F 22k Aeolth. FeO,
Fe, W, WOz, CeOzy, Zn 53 22 3HH 55 AstEolY 2552 239 & &3
of o3l =g FAE A = % At} ol&H o7 COY COy 727}
S+ He 7F=7F AA=E 9, AAE Hy 7F~+ AH PEM(Proton Exchange
Membrane) fule cellsol] °]&2 4 St} =

ot} b

Hhgol g 7k AR dAlel A BAE = QU
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Over-oxidation : MO,+ CH,= Mor MO, ,..q+ COy+ 2H,0 4)

Thermal or catalytic methane decomposition : CH,= C+ 2H, (5)
Carbide formation : zM+ yC= metalcarbide (6)
Metal oxide reduction by syngas : MO,+ H,or CO= M+ H,Oor CO, (7
Reforming—methanation : CO,+ CH,= 2CO+ 2H, (8)
Water-gas shift : CO,+ H,= CO+ H,O 9
Boudouard reaction : C+ CO,= 200 (10)

Steinfeld'"5& d998td 0@ FesO, + CHy 9 WHS A|AEIL 1027C o]Ate] &x9}
Z19koll A 7h2=2de] 67% He®b 33% CO9l &% 7h~9f Ao 55 Fe® 44 3}
He 2AS d=vta Budkgdvh. Clgraphite)9t Ho2 9ol CHy o Eaj(sfla) = 993t

Aol ool FaEsttl. elar, A@)~(10)3 o] v AA wkee
& Alz=Elo] EAbsith, A xpe] AlLHARE)ol EE}EEE, EFS WS 2% ol CO A8
2 Z7k7 Aoty 15 HGZ YolA] 900~1000C 9] £%9} 17]9tell A FesO42

¢

7HA AL e S el

aEv, o AdY 2 shebA Jgel ol = A Xskglth Ee, 727~1327TellA
ZnO-293} Cl, 7jde] A%e 34 B0 2 edp5e 1000T o4
&AM FesOit ZnO #4913} CHy 7ol Aghd 342 dostdory whg $E8
Ao offlo] Q& (fFeld& BoAFAanh. sAw, sheld S5 STd)2 el o
A 2 @il dofdth. 12E B UXAES Pl 98 | Hold Ik gk
H wbg7] 7 BES ety we whe Sk %% ArshE o] el uhg Sios}

]

= =T
A AreE2 4 7hs B DA TR A %é carbide ¢ ¥4

& HEg
oS gk gk g dAl(A2)ell A FAE = FHEo F4 carbide= % ol
ARLIDY #571¢ CO 7F=E AT Folvt. wi¢ & &9 CO 7=+ PEM 9%
AR oA o] &= FulE vEAIANZE F dvh & £3 dAESE 28E FAE A
A PEM 8 A=A A&3st7] 8= 7 FFH oy carbided JA42> 4 71~ A
g dACNA A Eojof gt
Cor metal carbide + H,O= CO+ H, (1D
Fe;049F =4 (Ni, Mn, Zn, Cu, Co)o] A|&H Fgo|EELS FH-tal ko] AEs7] o
ol olgs A4S g M AEs $H 245 F9 shyolth. sHAIRE, a-Fe$t 55
Ni2 g %3]1(*—1 5e g Fu-gdFolth. 18 aL, NioJuh FeolA 7hEe] 3=
carbide® A ¥ 7H2 WHAA (whisker)®] A4S o0 oukA Wt QA F
QoA Fed Egste AbsteS A&317] fleiM= 55 Feol o3 wgh afo] vzt

§ol AE ook staL, FeollM 7hte] a7} o Fof % of gty
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T37] e A FANA Tt FAS HAastslr] A, AA g9 A7) Ao,
carbide A9 A, coke 7}2~3e] 7}43f, 18]3 dopant F7F diste] e skl of
S w g HS Aol o8l carbided @S AAEY] Y =¥E F e
Tl E sl B8 555 o83t Feolut Ni9] a5 W
stet FAHA FHo RN AW gslriR iy JHE JAAS 9 GHEE HolA &
A7 Cuwt B Qoi??, gtR o 2] wgte] By AL CuZ
doll Al AAAZ F ds Aoldt ZlgjE Tt 1gaL, olm] TGAoA =gk
CuFes04(x=0.25, 0.5, 0.75, 1.00¢ &Y SA4o  diate]  AFardn™,
CusFes-«04(x=1.0)2 7} wh2 g9 wh-g @59} 7}—“5: o] AAH = —Ei*é—-,% l‘i‘}i‘ﬂr.
oM Ao A=, TGAZS o]g&sto] e 7]l
Al gk CuFe:04014 9] Cu®l & tste] ?i?ﬂ?iﬁr. Cus= Carbldefl Kk

AAGHS Gttt 18]l iron carbidew 7kt HAH & 7HESA 7= TS o
< gtth. FesO49F HlaLete] CuFe:045 ©]83te 900TCHA 1AZFE<t 3 7k~ A

AN ¥ EBe do Hpeb COE 4S5 AJgu md, uHFT wh-g7]o A
CuFe:04& o] &3t 207 wigk WA Alo] & vy AE o =i YEf AT

ox n% o rf

U A
(1) AIZM=
CuFe 0, 2ol old] A 2%, Fe(NO3)5+9H09F Cu(NO3)»-3H.0(Junsei, 99%)
=

Foll &gl + &94e W) E o] &3t 65C
= &olatAl skl s &R pHZF 9.57F & wi7hA]
0.5mol/L2] A7betdvh. obMlE B2 AlHE Foll AHdE AAE 24413
&% 100C ol 4 + 800CelA 2A17FEt 23k, J 25 471 S8l air
Bo7lelA Aestx] wEA PZAARAGY. CuFe:0,9] BET % j.(M1cromer1tlcs
ASAP 2020)& 0.42m?/ge|th. Fes0,% Aldrich AFe] 98% &% A°FS AL£3}19)
BET FW2-2 3.76m?/ge]t}.

= 0.1mol/Le 1AHH FEE
oA &HstA &
1

(2) Reduction in a thermogravimetric analyzer

Fe3049F CuFes0,9 $Y AP EL TGASETARAM TGA92)ol M F ), 2] 52
X Fig. 3.6.1ac YERAIT. vl A 85G0me)e EFVH =7l Holws

TGAY 7M92 2%+ F2oA5FH vk =%(600, 700, 800 12]aL 900C)7HA] 20T
/ming] T £E2 ST .F st sQF Ar 7122(99.9999 vol.%)E 20ml/min®]
FOo® TGA W& F9o® Fudrh Tk TGAWS HAS BHEs7] 918 TGA head
2 HA Z7F2=(Ar, 99.9999 vol.%, 20ml/min)E ¥ =gttt TGA W AA 7Fx
40ml/min(¥+8 79 : Ar 20ml/min, X3 7}~ ¢ Ar 20ml/min)o]t}. ¥He Lo E=uE)
Gof Aroll4 CHy 7}22(99/99 vol.%) % ZA3tste] 20ml/ming F3Fo = Hk2 o 7}

==
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25 TR W, BE Ar Zhas ASAHCR FEdey. 1R, AR el
= %ok 50 vol.% ©|3l9] WE 29717} "} o] guE T, wE A= Ar 7
27 Agkste] whg e FEEnh TR v AR7MA YA

XRD w42 Azd Algsh vbg 59 Azl tiste] g3kt 2 =528 TGANA
sedd A 5E A8 o XRD+= BrukerARe] Model D8= 2704 % 2 °/min, 54 H9
= ° 2 Cu Ka AHEE 7L stetg59] 25 £4sk=d o] 8=l

(4) Reaction in a fixed bed

CuFe 0,2 o] &3 2¢t
t}(Fig. 3.6.1b). J%— e
ol H iAol o] MEEGT.
CuFe04(1g)= A7 6.0mmeo]ar Zol7F 1556mmel UAE el Ao At Mg ae
S Tl 18mme] T & AAE zZrevh we71e 2%7F 900T7HA] 20T /ming]
= SRR Ve E et 10m1/m1n4 THOE Ar 7F2E ST 2= v
Hoabgo] $1218 CuFex0,3F HE3 K-typed] dHANE o] &ste] Aojataint. 900C
g3l o] Fo Ar 7bAE f30] 10ml/min®! 51.56vol%¢] CHy 7F22 Hgksdt).
&2 505t frAsTE. AAE ThaE Astelr] $18 CHy 7H=5 Ar 7F== A3
QTE L o]Fo] WkE7)e] L= 800CTE #HAA7A, YUY CuFe0,2 o] &3 &
& 120—:}%% ‘lé?;ﬂgi Aol & £3 T4oA 60T 7% Tt

= i =2 5 1= _— % [e)
SW wknEgith AR JhaEe SRS o8 W 1] oAt v 34 F
el Eom IRt —‘?«f% S48, 7k AdRse TCD A&7t €4

CO, CO, 18]aL 7HEo]y graphite®}t
© T @Al weE RS V| ER=E

Sj = ][[]/ (MCO + MCOQ + Mearbun )

Mcarbonor graphite = MCH4,feed - M(/‘Oi MCOzi MC’H_,lyunreacted
4 7h A DAl A E H09 & o] #Alol whel AAE

MH20 =2 (MCH4.feed - O'SMH2 - MC‘H4

A,unreacted)
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(a)

| S
Mass
Flow
Controller

TGA

Vent Reactant
gas
—H@T— 0|0
Mass L
Flow — D§
Controller Mass
Flow
Controller
Vent
Ar gas 99.9999% 99.99% CH,
(b) K-type
Steam thermocouple
Generator Vent
Reactant
gas
-
Mass Sample
Flow Mass Electric
Controller Flow Quartz furnace
Controller wool
Vent
Ar gas 99.9999% 51.56% CHa / Ar balance
Fig. 3.6.1 Schematic of the experimental set-up for

Purge
gas

GC
%
|
(a)methane

reduction I TGA and (b) the two-step thermochemical

methane reforming in a fixed bed reactor.
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(1) Structural changes of FesO4 and CuFe204

Fig. 3.6.2% o2 2%dA %3 A" Fes0s A& thek XRD #©S HojFt)
Fe;04= A& A A~y ?E_g 7FATE 600Col A CHyoll 93] ¥ Fes049] XRD
Hae 294 e Zted), oA x4 Wsl glo] wwgd whgg ~udl
TEUe] AR} AbAe] ooﬂ o) gk Aot AT

LL
N
rl‘;-ﬂ i
2, m\ru
A

(5)

~¢
.
>0
;F
<
2 |

3

<

(4)

)

~@
@

G e LJJL . LLJ.\VLH

(1)
10 20 30 40 50 60 70
2 theta

L re

Fig. 3.6.2 XRD patterns of (1) as-received FesOy,
as—reduced FesO, at (2) 600C, (3) 700C, (4) 800C, and (5)
900C (@ : FesO4 JCPDS 89-3854, M : FeO JCPDS 89-2468,
V¥ : Fe JCPDS 87-0721, € : FesC JCPDS 85-1317, O
graphite JCPDS 41-1487).
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700CoA A FesOsi= FeO9F FesO4Z F3lEth 800TCAIA el XRD A= =4 Feidt H
o7t} 900C ol A= FesC9 graphitee] 71918 XRD 337} YERAT}. Shimokawabe®”
= 700ColgtA WHxol 2vtA WY F(Fe 03914 FesOs FesOs0l A Fed E3h4
Fep039] ghelo] i ial B ekt 900C F-o] 2=olA w3 o 750
= 7 2 HJ% ] EAll A d ATe] 27eA FeOE 700ColA Fes0,9
Fe Alolo] F3H)o s HIT

Fig. 3.6.3°014 Holx &= vle} o] CuFes04E Fes048F FAFSE #l€1& 7Fd T}, CuFes0y
= 2% AWAAAH o Z (tetragonally) A 18zl 299 F2E 71A]7] wiEo] thE 49
d Gz o] HElo|EetE A A3 2tk CuFe04+= square brackets Woll 9 X3k 8w A
(octahedral)®] o] &E5& Fe’ [Fe’ Cu® 104579 F%4 WA &) et 1o},
Ay T4 Cu'ol 9] Zed EAl(interstital) A}O]EE X}A|&Far, Cu' ol A
Cu*'2 39Y3H tetrahedral AFo]Ee] X8+ Cu* o] 2]3) tetragonal distortiono = 3
QA 2= 9PN
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A
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v

A,
A

@) i M
A"

A

3) ° = ﬂLJ\. o me]

A

2 theta

Fig. 363 XRD patterns of (1) as—prepared CuFesOy,
as—reduced CuFe:O, at (2) 600C, (3) 700C, (4) 800C, and (5)
900TC (@ : FesOs JCPDS 89-3854, M : FeO JCPDS 89-2468,
V¥ : Fe JCPDS 87-0721, A : Cu JCPDS 89-2838, | : CuO
JCPDS 89-5899).

CuFe2042] XRD sjH O 2 HE o] B2} Cu o9 43} AEl+= tetragonality 7}
HAAA ¢+ CuFe0,48 wHeEtha o AZIY, E§ w9 22 CuO I =7} Fig. 3.6.39]
A BT XRD B4 A3zRE, e 297]2 600TCHA CuFe,047F 8%lo] dAu}
A =% Cue CuFex0y 23dl FxERE 57| AZgt}h theo Fes04 299
Zol 7118 A= FesO4 9 A4S 7zt

700CAA CuFe.Os A2 49 FeO%t Fes049F &7 Cust Fez waldt). 3¢ 2%
7F 800C= F7hgtell me}, Fes048F FeO &0 71918 3 A+ Abekx]al, CuFesOs%
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=% Cu®t Fex &dstA #alet). =3k 900TCAA CuFeOh 5% Cust Fez ¢4
ShA FalE k. 900TColl A graphite, 7HEo|u} w4 carbide®] &2 HE=WA ST
Shin™%52 2 7k E97]014 9] CuFe,0.9 1 A%l tiste] wusiet. &
Cut CuFeOs2FH 8%, FAlol Fes0.7F JA4ET. FesOsis FeOE AU &=
Fex2 ¢xstA stddnt. -89 A7 A3dE T3 v2s 23E BoFATh
Boudard §k&ell 9%k 7HEo] A& 900TCA Zxte Estth. 12, wgk el
ok e P& g ow meoA v Fase?. Zu] g oFh 7R

4 A WS B, 9517t o gtk & 2elx Fe, Co 1€)a Nie 7H 34
=0

2 99 B4 Fu)EQl W, Cush P A Fulsolt . 53], 34 Fel gy
o e Fastel HE BARS AAANG Cut W 8 FHeA ga A RS
O} O
=

Bohes A REAN & AAA 92 Y% 2 &

eN
=
AAste i =="adct Trimm’”S Zn, Cu, Sn %‘ﬂr 2 A% =4 (dopant) =9 #
1 o

P ERelA FeRE Cush coke B4l thstel FAT Ao YeE woEA
XRD 4 A3}, 29 54 Cut W& 3o ojAa] vj&Ad SHvjolal, &% carbide
o} graphite?] S A sthar ARG

(2) Reduction behavior of FeszOs and CuFe»O4 at different reduction
temperatures by methane

FesOs0 Cu?l #H7F a¥s M2 AHE JAstn 39 5AS FdA717] 98 550
% Fez049 vlulsto] A% St

Fig. 3.6.4% "t 91712 600CoA 2 Fe;042F CuFe 042 FA WIS RojFETh W
npe} o] 22 30+ oluloll HSHAl = Fesz0s9F CuFe 048] ¥4 Wl 7t
ok 1.65wt%St 8.65wt%o|th. Fes0,9 0.2470¢] Ak €92k CuFes049] 1.2971¢]
A A7 SAHA S A

Table 3.6.1% Fe;049F CuFeOs0 thste] 7ha3k FEAQ 3l ¥-5-9 F7 ¥HstE
BoFEo, A3 A3} Table 3.6.14F0]9] & #AIE CuFe 047F wlgke] 95 Cut
Fes0y o2 #al¥ i, FesOuz 4WE glo] FEAo= SdHASES 7t 1
a1, XRD Z¥HFig.3.6.29} 3.6.3)= TGA A} U X3},

g 2171, 700C] TGAWA Fes049F CuFez049] A W3l Fig. 3.6.5¢] Rz
o A9} gl TR F2 FesOs9F CuFe 048] o]&4<Ql FA Wstolth, Fes049
CuFe049] 89 A2 F GAZ YElsTh

P N

- 139 -



I I I I
100 —Fe,0, 7]
fffffff CuFeO,
98 |- -
N
(o)
> |
© 9 | _
o
@)
5
‘O 94 |- -
; Fe304 => 3FeO
92 + -
[ 3CuFe,0, =>3Cu+2Fe0,
90 | N | N | |
0.0 0.5 1.0 2.0 2.5

Time/h

Fig. 364 The weight changes of CuFe;Os and FesOs at 600C in methane

atmosphere.

Table 3.6.1 The theoretical weight changes (%) of the possible stoichiometric

decomposition reactions of FesO, and CuFexO4

Theoretical weight

Reactions
change, %
Fe;04 — 3FeO 6.9
Fe;04 — 3Fe 27.6
3CuFe;0Os —3Cu + 2Fe;04 8.9
3CuFe,O4 —3Cu + 6FeO 13.4
3CuFe;Os —3Cu + 6Fe 26.8
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Fig. 3.6.5 The weight changes of CuFe:Os and FesO; at 700C in methane

atmosphere.

I oolWe] whg x7] wE FA Wt @AM Fes048F CuFex040] F-A W3t 242f
6.2wt% %t 18.5wt%oltt. Fes049 6.2wt% e A W3t 0.907H9] b AAE At
= As Yulste, A9 93] FeO= ATt CuFez04 18.5wt%e FA W3t=
CuFex047F Cu, FeO%t w4 Fez == AL vty XRD +4(Fig.3.6.29
3.6.3)7 TGA Aol 71%3+4, FesOsi= FeOR =z Al o] Ha= A5k, 700Cl
AE ool o] AR Yerthe A& olE 4 Utk CuFer0.9 4%, Cu9
w29t Fes049] Aol IS $o FesOsolA FeOR EallE3 Ao HFHo=
FeOt Fe® $hldn, 299 4 225F Cud e vloja® 7% oA F(crack)
o] AAF AL Tz AL ZIANGY. o]21d crackingS WEe] BA AYS =3

}\] Zlq_79)80)‘
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wek 221719 800TCo A9 CuFe 049 Fes0,9 Y-8 Fig. 3.6.69] YERH AT FesOy
T, 10AIZHEAM7HA = FesO47F &3] s A] b=th. 28y, CuFe04% SF 2
LA & 31 FA lfz— W 3] F7kett}, dgke] o) S&Ho=2 s Y
X
A

AN CuFe049] F7 £42 Fig. 3.6.69149 2o 2. 1A17u Bk AJ7Eel A 23.9%
oltt, gl Ay XL Wk 2Xd Edshy] Aol Alame 284 £94714 9l
CuFes0,4%= 6‘%5}‘{‘ E ol CuFe0,8} Fe,052 585 1, 2k 7427} s fgt

EG, 750Tol4e] oA air E971E DEA Aelg e e it AE 29
g FlgtolEe] FAS 2. Alxd AR He ] Cud A4S B4 E97
oA Fedts Fob #98 £ vk oA AT olfE CuFe0.9] ol&Hel 7

2t
wHslel Aggel FA Wste] xolE AW 4 3t} Fig. 3.6.69014 CuFe0,9 F7
7= 7FE JF o] Afolxnk, XRD FA o A+= graphitet} carbide % 3= (Fig.

OJ
@
@
Lo
O]N
rlr
=
2
N
~
82
rlr
)

T T T .
- Fe304
******* CuFeO, 1
X
~~
w —
(@)]
c
®
e
U —
=
2
=
[ 3CuFe, O, =>3Cu+6F¢  ——— ]
Fe O =>3Fe
70 U L | ) ] 7374, : | .
° 2 4 6 8 10
Time / h

Fig. 3.6.6 The weight changes of CuFe:Os and FesO; at 800C in methane

atmosphere.
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20| Fe304 => 3Fe |
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Time/ h

Fig. 3.6.7 The weight change of FesOs in TGA at 800C in methane

atmosphere, continued for 24 h.

w gk Fu 2= 7l ]

o e n AR Yo, EE AHRS F4 Fe ¢hol §a)¥ A ekt
Fe304/] a5, dek Sl azE wj7hA 2 B SR ‘3%—‘5‘3}. 80
A 4H Fes049 3 Ay (Fig. 3.6.7)° 93] A=)
A% FA F7H= o 18A1ZF Hell BT}, o]e]d i Fes040 H7Hd Cu7} 3
=]

d HbS HE HAAZIAL, T A carbided] S AAEE ZHERIG
8 Oq4
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=
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Fig. 3.6. 900CelA B3t 5o CuFer049F Fes049 FA WstE HoF

CuFe;049] 2%, g8 o 2080 9w, XRD(Fig. 3)dlA A3 712 A= Qlo]
FHL A H o o8] FAE MM Frre mE, o2 FA wstel A Aol
Z}oli= CuFez0,9] 94 ol o&] Yeldt} Fes0.9 4%, 355 Fof o] 5 F
31, XRD ¥4 (Fig. 3.6.2)el4 Ueht}s 842 z3tet=(ead) B4 4o o8]



A7V S7Fskt
Fig. 3.6.9% 900CAA &% Fe(724wt%)Z 43 34E 3 8ird EZ9
& 77wt 7tA F-A7 7= Fes049] XRD #41 A yfo|t},

oft

el

100 -
——Fe,0,
sl CuFe O,
= |
% 90 i
C |
®
c
O g5 .
c
K=
O
= 80 _
75 3CuFe,0, => 3Cu + 6Fe -
Fe,O, => 3Fe
70 1 " 1 " 1 " 1 " 1 "
0 2 4 6 8 10
Time/h

Fig. 3.6.8 The weight changes of CuFe:O4 and FezO4 at 900TC.
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2 theta

Fig. 3.6.9 XRD pattern of the FesOs4 which was fully reduced
at 900C, followed by 77 wt% weight increase (¥ : Fe
JCPDS 87-0721, 4 : FesC JCPDS 85-1317).

Fig. 3.6.9914 Fe3C A2 Ho|X|qt graphite A2 Ho|X] ¢i=t}. o] Hkall, 900T
A F4 FeR 9438 491, oF 96wt 74 F-A7F S718k= FesO4(Fig. 3.6.8)l o
34 graphite®} FesChto] Fig. 204 HAZth. Fes0,2F CuFexOu0 A9 7FE 3 9

gk FA F7F AFE th2th Fes0.9 A%, Ferb oA wigk ®ajel] #-g3ka v

g BaE 9% 9l FesC ®=3 4A & Jfau}&” CuFe:0,9 4%, 27l &% Fe
gl A wgke] EalEth 1y, o]e H4 Cut Fe TWOlA carbided ¥4&
AetE AAY welth, o] d Ay =iE, R %13134 carbide®] AL Z7] A2ty
a1, Yzl graphite7l ddUGE 2ES UE + 2 T3 ¥ carbideo &
AL e w8 S 28-S FA

(3) Two-step methane reforming using CuFe204

CuFez049 FesOs5 ©&3 wigk 7Hd2 900Te A4S wbg7]dAM 3= A Fig.

h 8y
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6 A 7 AR G St WhEshA e we Tkt WwEEE A T gS

Azl Wstol] whel LEbRItE. CuFe O4(Fig. 3.6.10a)¢] 74-¢-, CHys2 Z7] He9b COfl
W&ol CO29 CuFep040] AR} 4ol o) #abstE lvh. 2048 Foll, Ha9F CO

7F2=9] k2 ¢F 0.85mmol/g¥ 0.45mmol/ge = Z+7F SHgstE Q). 508 $of Hy 7F~
o] ke FATA F71eteh o9k v E, CHy3 CO 7h2¢] ke 7Hadtdith. shgdd
| ofsl H2¢k oo} Mg Suf Esle 50 o 5ol
wolth 80 Fol= H29 %ol FAdMA #
FAE 55 G4 AlEARY ML FH e dE ZE o
Fe;04(Fig. 3.6.10b)9] 4%, CHs2 208 ojulol Zitstec) 20 ol Hoot
20 ol kAt AL, 110 o|=27|74A 8] S7kshth. Hy 7F29] 42 508
FA8A F71eth. a9ke Wi E, CHy3 CO 7hkxe 3 2
CuFe 0% RoAAXY, 283 d3E52 CuFe 048] AR} AbAo 9]
WA= 50kl kR HE T SFARE, Fes049] 4712 AA @AI= 110&-5<H A &HT
CuFez04= 1AIZEQbe] A== CO9F Hpol 4ol FesO4uth 953t}
Fig.3.6.11& 4 7t2AxGAS 7% CuFe2049 Fe3049] thdte] TEM #2418 A
s Axfoltt. 1”elA B = Ql%o] CuFe:0,9 A 5o 0¥ Fert Svzh&
S Fo] B xo WAL ZAAIA At AAE eBals F2A81ES encapsulating 3

Av =54 JARFE FhEe] A8t whiskere] FElE G EHAAH F ATelA
_t_I:_]_

Lo
o2
rlo
1
B~

01|
31
Id
A1)
o
r 1
0

ok
%
)
N
L
>
ox
ox rlo

F

g
2
@)
[eb)
=
o
@]
=)
5
o A
il
ot
oX,
ol
ol
X
i)

A == AS7F Atk 2 AFRelA

o= Az ErT FegO4«] 735

CuFez049] Y4kl Hl3] fYA7F Atk 21e & 5 Ak Ak 2717 S71E FeygA=

Y s e ES] vt ofd we] FuE A=, o= 9027 1102C |

A dgre] ditslel o9& w4 mHA graphite FEIZ AP BF At Avbe}
U 2] gtk

CuFe:045 o] &3 47t AR & &3l Alo)E2 A&KH R 535 HAAen. 3

FAE T 4611 gk Fuj S T3] HsiA=, CuFe04

St FAEojoF gt ole|g AP ORE 53] yHE

Table 3.6.2011 e AT CuFez042] 745, Ho/CO2 M7} A

= 9F 54~60%c°|t). FHE AElni= oF 4~23%0]a, B Eafo

o A4 WMAFLE 6.7~11.3mmololth. CO9 COZtxe & &3] dANA HEH A

oo

- 146 -



ool —@H (a)

—4A—CO
~¥-CO, o0 "%
—m-CH,
15} L
- N\
(@] ® / [ ]
= J - \
£ L "
e 10 o/ "

y v V-y v/'y\ \rL N
0.0 -4 | ERAAAASAS S 4=4=4-4
0 20 40 60 80 100 120
Time / min
T T T T T T T T
20} H, (b) |
' —A—CO
—W¥—CO,
—&—CH, f.ﬂ*
15¢ d ®ee 0,
"o
S I"\. .
E 10} . .......II ey i
\
am
l/ ° I ././\ nN
05} eereee®® .o—o—o' = .Il'" ]
(' LA AAAAA
KAAAAAAAAAAAAAA \
Ve VVVVVV-y Yy vy VVyV A
oofp " V" v T Tvvieeee 4444
0 40 80 120 160

Time / min

Fig. 3.6.10 The time variations of the evolved gas product
amounts and the unreacted methane gas during syngas
production step of (a) CuFe:O4 and (b) FesO..
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Fig. 3.6.11 TEM photographs of (a) CuFe;Os and (b) FesO, after the

reaction.

= ]
Fes;045 29tA] wgk 7fde)] 93t =& CO A E 71X 1 3t 7t~ AAS 93 Ala

SR 24 o] &H T

Table 3.6.2 The produced gas evolution amounts and selectivity in syngas

production step and water splitting step using CuFesO4

Total gas evolution

CH. — Selecjtivity
Run Process conz:;)r)sion (mmol/g) (o) H,/CO
H CO Co, C HO coO Co, C
. S-P 55.6 56 31 24 02 60 549 421 35 1.8
1 W-S° 10.7
y S-p 335 35 20 09 06 35 572 257 171 1.8
? W-S 7.0
B S-p 374 58 21 08 09 1.9 553 21.0 9237 27
’ W-S 6.7
n S-p 459 49 28 1.2 0.7 4.6 506 255 149 1.8
W-S 9.5
N S-P 54.5 60 33 15 08 53 589 268 143 1.8
’ W-S 11.3
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FAe oblgd. g9 RbE &£RE FHATIAL, TR HHS JAlEr] fsiA Curt

XRD 4 A2 5E, Fes0.0l Cull H7b= wigk £917]
oA Y WS HEE YA Y. EZE Cue CuFes0,7F €713 Cu®t FeZ 5%
S u, FFEo 2] g FIE Walsn, carbide S oqXﬂ?“ﬂ“ﬂr. Carbidegl Ao

2. ZrO22} CeO:2& AIX|A =28 CuFe204& O|Sst HE JHE A4

o] A5 Fste] FesOsol Hlal CuFe:007F ®I®F 7Hd 54 9 7HE XA oA
E40A S A3E 45 7 AAT ofd Aol ot FATFE A Aol A
w& AbskEe] @43 d4 IPAEE S7HATIZL flste]l SiOs, AlOs, ZrO.= FXH
AAAZ AFEE AA T, CeOr= o4 AFEH A &9kt).

CeOr= w53 2kl #(redox) AtelES Avd 4 & 53 wiol TWC(Three
Way Catalyst)ollA] OSC(Oxygen Storage Capacitor)®A] AF&5 A}t CeOrx= Hojdt
At 543 A AR LFIVIOmEY XA ZAAEA wwa)
AHEE T Otsuka 52 d33t dg JHdES 93 AsAZA CeO5 AH&ste L
A 15 3¢ ST

ol Aol A=, CuFe049F Hlaste] wh34d, CO AE =, <
flete] 2dA dstet wigk el ZrO.9k CeOq0l AA¥ CuFe047F A% At
Ce029] Atststel 549 a3E dolur] fste], CuFex04/ZrO2, CuFex04Ce0Oy LAl
CeO20l st TGA A3 Atelg Ado] FHHAY. ZrO.x= ®beAdI 43
G A CeOETt Holwkth, Lg]ar CeOz9] AFst & 5o 4 7= AA
AN FHE A S JASa CO ABEE FPANS B 5 AL
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(1) AR M=
CeOo= HAH & A|ZFH AT, Ce(NO3)3H:O (Aldrich, 99%)= 0.02 mol/Le]
1AE w2 "olZFd  fAHAT. HAHES HA 7] HAsted, 5 mol/L9
R UYolyE &MY pH7ZE oF 100 2 wi7bx] H7bsiith oM E EZ AHS H,
HAHAES 120ToA 24 AIZF s Ax3 F, 7] #4712 500CoA 3 A|zF Fot
2483 Y 2719 m-ZrOs(Aldrich, 99%)+= CuFe0,9] A A A= A& = ST},

CuFes04/Zr029} CuFez04/Ce029] AZE 9al4, Kodama -5, Shimizu -s°¢] o]
B3k HgolEd AXAZA ZrO,, CeO. YAE FHII=H ©]&3 aerial oxidation
HE AREsElTE ZrO; e CeOr A= Sw=dl mlig dgsidith. 2 A3bsst NoE
FAZL H CulNO3)23Hz:0Uunsei, 99%)¢F Fe(NO3)sH:O(unsei, 98%)°] #4dgt
Al &S ZrO; E= CeOr @& Nl &aAIZth o &ofel 0.15 mol/l NaOH &N&
A7Fste] pH 8.5% AASEATE. CuFes04/ZrOsv} CuFes04/Ce029] CuFe 048] TH&
20 wt%= AL 65T7HA 7k F, NaOH &99 H7bel 3] pH 8.5%
A8t @A) 7|5 FHFEF ST A ES 5000 rpmo = YAl 3|
Tt ofAELR AT H, 24 AZF 9 100CE AxEHAT EEe
2 A1ZF E<F 800T oA A skodt.
w2 X-4  FHEXRD) HAHE CuKeE #YS®  Rigakurl®] DMAX 2500
diffractometerE o] g3dte] A X1, HEEEH AR thete] 2°/ming A HEE
10014 80°7k4] S48kt

Al
=

(2) TGAE S¢&t HIS=2

ot
[0
oot

CuFe204/Zr0Oy, CuFez04/Ce0s2, Ce022] 3 A3 dFxxd HA7]/(SETARAM
TGA92)ol A F&EATE. 2%+ Fig. 3.6.12a°] Yebldch Fuld Al&(50 me)e
gZut} wrkle] AFETE TGAY 2 &&= Ae2dA 10C/ming +& &L=
900 C7HA] 7tgstitt. &=7F F7kske &<t CHy 7F22(99.99 vol.%)E 20 ml/min®]
FEHEoZ TGA WS A el FH3silth. g TGAS HAS REs7] sl
7F22(Ar, 99.9999 vol.%, 20 ml/min)E TGAY AH-2 TFaAtt. TGANA AA 7k~
42 40 ml/min(FH-&A 9 Ar 20 ml/min, F3 7}~ Ar 20 ml/min)= 3333t}

ok

=
=

(3) 1ES0ML HS

2ttA g fE2 900TCoA 7oz uAZT w-g7lolA 488 th(Fig.3.6.12b).
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Fig. 3.6.12 Schematic of the experimental set-up for (a) methane reduction in
TGA and (b) the two-step thermochemical methane reforming in a
fixed bed reactor.

A7k AR Gl BEE AA Theas A X8 el s £
A& GC(Agilent, 7890, carboxen 1004, TCD HAZE7])E o] &3dle] £
1 @A A" 7taes S71E AAS] Y8 dSES o]&35h
2= 249 4S5 f8 GC= aa ¥t olefdh AdolA, &4 7t G dAdA
CO, CO2¢ 7HE, graphite®} 2 FAAJE 7HE A 7129 Agxs= ofgY
A A met TS V1A R ste] AR EH AT

ML RN
ol

N

Si=M; / Mco + Mcoz + Mearbon),
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(1) Non-isothermal reduction on TGA

A A # CuFez042] 2Hd/del disto] Lolr 7]
TGAAA T At 3 CeO, U2 CeOy
(Fig. 3.6.13). CuFe204/ZrOs, CuFez04/Ce0s ¢} CeOs o o A = 27
8.0% 18]aL 3.0%°]t}. CuFes04/Zr029F CuFex04/Ce022] FAl= ¢F 400T oA Zjl
7] AT Ce022] 1S oF 730ColA A2t CuFez04/Ce029F CeOq
FHE Ao ok HEgl FA S kg 3 FHeol #AFEEHIAT aoke g,
CuFes04/ZrOo0l A= 7HE HZ o o3k =t~ FA 717 Yelgt. CuFe04/Zr0:
o} CuFez04/Ce0z o] el F& 7FE A 7IQ1sk A S7F ol Al @A Z2A
A28 AsS Btk A WA dAE 100wt%ol A oF 98wt%7tAl A7) FA7F A
stoh, 7 WA dANM = FA Zase] AV A9 98wt 7FAl YERE oW upx]dt
GAll A= FHE A H o] & w7hA] wE FA 3FA7F vEebse
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Fig. 3.6.13 Weight changes of (a) CuFe.O4/
7Zr0,;, (b) CeO: and (c) CuFex04/CeO: in

non-isothermal methane reduction condition.

CuFez04/Zr0z9F CuFez04/Ce022 AFSE el s HAFAAN Sk &9k 7}
AHAA F 79 & Ass BT CuFe04 CuFezO4/CeOZE‘jr = gk &
= HA.

Fig. 3.6.142 Alx¥ CuFe204/Zr0:2} CuFe204/Ce029] SEM &7 do]t}. CuFe04/Zr0O;
ol T& rE Aol 22 2719 JATE AHHAT. ZrOx= CeOz0ll H|slo] =5 0]
T, A o® & MR AAAR & dEA Ak o] AL CuFex04/ZrO29 © % it

rie

H
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2 gJAS A 4 ot WimmerS5 7 Go'VSe Aoz o 2 Ase ol %
3 Wk S E3etE EX AW ZA(topochemical) WA ¥ dwrd o7 vk -2 A 33}
= ik giste H sl

Fig. 3.6.13°14 BW, CeOs= 7HE A o] vbgo] AAHT. CeOy FHONM 4 HE=
A wgk Ea7F FASHA N, CeOos EW O 7HES AFstslr] 98] A} AbAE AlE
stal, COu COz 7FEE AR CeOre dRPA R W ©slga vhgolA AAA =
A o] &5 aL, CeOr AHAIQ] redox &/ &=ol olto] 7L Ao APAS Awdhs AL
2 294 Jd?. HA, Huang® 3% AT7REPL ceria 99 YA Zmj7} self

de-coking 9, = A AAERH BFE A Fo o3 7pxsE AX AW g
TEY At s8Hs BYds dFoith CuFex04/Ce0288] CeOz= #2 HIAUSE
of ofa 7HE AL AAletE AAH BT e 2EClA oF 98wta7bA HAdHE

A A wE FA W3lE CuFes04/Zr022F CuFez04/CeO2014 CuFe:047F Cu®t
FesO.2 ®3l¥ oz molrh ofd B CuFe0s= 600CoNA A )
FAES B Zgar XRD E4oA Cugt Fes0,2¢] CuFe.07) Hald ZAoz =9
Wk T A 5 A E S5 Fe® w@al¥ Fez049 fdAgthar o AT
CuFez04/Ce028] 4%, Ce029] UL 7+ HAY wE FA fholr] d&5Hoz A
GPE} CuFe:04/ZrOov= ®He &5 A A B oS Hds viiAd 2

b CuFez04/Ce0y &= #2 FAI9 wiZi Al o8] Add o B2 3 7128 Yujshe=
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Fig. 3.6.14 SEM images of (a) the prepared CuFe:O,/CeO: and (b)
CuFe;04/Zr0O;
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(2) Two step methane reforming with CuFe204/ZrO2 and CuFe204/CeO2

CuFe204/Zr0s, CuFez04/Ce027} CeO2E& o83t E3}st wg 7122 900TCe
W7ol = E AT Fig, 4= 4 7F2 A @A &b wkaHA 2 wg 7hx
o WrEr e A Tk e Aghe] ®Wstel] wel yER Sl

CuFe204/Zr0O, (Fig. 3.6.15a)9] 7%, CHs CuFe04/Zr0z2] AR} Abaof 93] #Hilhs)
A 271 COz 7F2%%E He9b CO ¥ET Atk 630 A 5, He¢t CO 7h29] &
< COz & et o] wEe] Fit Abstrl AujAoleb= AS ou| gt} 9 H ol
© CO 7h2%E #astal, Hy 7k S7hstH o= AR Abart nzd = v A3,
7hE AR Wy Zart AujHoldte Ae vt CuFe04/CeOs  (Fig.
3.6.16b)°] A9, CHy> Z7]el Y5 @Wol Atstdth 10% Fol, Hy9t CO 7t 4
A Abdsoll &gk CHyol F-2 Abstel] 7]Qlste] AAl S7kghd. 207 F-oll=, CO 7h2=%ko]
AR} AbAe] R Qlste] FHAshal, wWkg wg 7o) FUbE ghEd) AR dww
s ustE CO 7h=9 gl Hls] At} CeOqx(Fig. 3.6.150)9] A%, CO 7k

2]
BT FASH AaskA o, wgke] B Absks MA ] EAAR 32 Foll, E4

CuFe;0,/Zr0z= - whgAdel Hofubal, A Abais 123 ¢hol 238 AW, &
o} o= CuFes04/ZrOz0l
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Fig. 3.6.15 The time variations of the evolved gas product amounts and the
unreacted methane gas during syngas production step of (a)
CuFex04/7Zr0,, (b) CuFex04/CeO2 and (c) FesO..

Table 3.6.3-4& CuFez04/Zr022} CuFes04/Ce020l] thdle] Alo]Fo] g A

BE 7tE¥S Rojen

HHE
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Table 3.6.3 The produced gas evolution amounts and selectivity in syngas

production step and water splitting step using CuFesO4/ZrO-

Total gas evolution amounts(mmol/g) Selectivity(%)
Run Process CII_4 Hy/CO
conversion(%) co COs c Ha0 o COs c

Ist S-P 99.2 1.9 0.9 0.3 0.6 4.0 50.4 14.9 34.7 2.2
W-S 2.6

2nd S-pP 99.3 2.3 0.9 0.2 0.7 4.0 50.5 10.4 39.1 2.6
W-S 2.7

3rd S-pP 99.1 2.2 0.8 0.2 0.7 4.0 46.4 11.1 42.5 2.8
W-S 2.3

4th S-P 99.0 2.0 0.8 0.2 0.7 4.0 47.2 11.0 41.8 2.6
W-S 2.3

5th S-P 98.9 1.9 0.7 0.2 0.6 4.0 47.9 13.8 38.4 2.6
W-S 2.0

Table 3.6.4 The produced gas evolution amounts and selectivity in syngas

production step and water splitting step using CuFe:O4/CeO:

CH, Total gas evolution amounts(mmol/g) Selectivity(%)

Run Process conversion(%) o o o C — - - - H2/CO

1st S-p 58.7 0.9 0.6 0.2 0.4 1.6 46.0 17.2 36.8 1.5
W-S 1.0

2nd S-p 61.9 1.3 0.89 0.1 0.3 1.2 67.6 6.6 25.9 1.5
W-S 1.0

3rd S-P 79.1 2.5 1.3 0.1 0.2 0.8 81.9 4.8 13.3 1.9
Ww-S 1.8

4th S-P 84.5 2.8 1.5 0.1 0.2 0.7 85.6 4.2 10.2 1.9
Ww-S 1.9

5th S-P 88.0 2.9 1.6 0.1 0.2 0.7 86.2 4.9 8.9 1.9
W-S 2.1

Tableol A £ 4 9d5%o] CuFes04/ZrOsx= WE A3tgoA 53 AH5S Holn ER
A FaAEFo] W) A5 CO A EE CuFes0./CeQy7} $-581 FFE 9] = A o)

Mk CuFez04/Ce027t $& Aes st Advk. F5F AL CuFer04/CeOz= A
=o] wHEE FE wedgo] Frketal FANAHE Skt CONEERE vy A
FAEE EHS Bt o] CuFex04/Ce027} oW 3l o]-f 2 <135o] redox S4do]
gl el fFelstAl Wstea e debdTh

Fig. 5% CuFes04/Zr0.9} CuFes04/CeOz0ll thdt A7t~ A & Eajo] 5HA A
o] Whg %9 SEM A4S Hosu. 93 A g FAg A Av)e] A
CuFes04/ZrOy 7dellA Ztolm 4 gltk. 22jB 2, 42 A7 CuFex04/CeOy ol H] 3|
Atk 1 A3 ZrOg7b CeOgoll Hlal 4 b8 B &A1 A XA o] vEpt
=3

HE
o,

—_
=
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Fig. 3.6.16 SEM photographs of (a) CuFe:04/CeQ; and (b)
CuFex04/ZrO; after 5th cyclic reactions.

XRD #42 AtolE ¥hE Fbe] Aol w®Wstet AFAAS dotrr] s FaAEHAT
(Fig.3.6.17). A|Z¥ CuFe04/ZrO291 A tetragonal CuFe»042} monoclinic®] ZrO.%o]
Bojxivh, A WA gk A 5, ZrOoH 9 CuFex04= w5 Cust Fex ¥ QlaL, 7}
#o|u}t iron carbidex BAHA &dtt. 5HA = 3 GA $2 XRD HHS 5% Cu
¢} FesOud9] A4S HolFAth CuFe049F 4Hy 2 FA3H7] f1st 58 o] 83 Cust
2Fe®] ¥Hg Gibbs free energy W3}z 900TColA 78.134kJo|t}, o] AL A WHE-o]
H|ZPEA Q1 Hh-g-ol 1| &5 o] &3 Feot Cud WHEOEHH Fesz047 7}

© eSS ougth 5HAl AtelE whE § ZrOp9] A WshA|
CuFez04/Ce029] 75, Tetragonal CuFe2042} Cubic CeOy 7ol A= uFez04/Ce0y
oA HogZT A HA Y A & CeOr Y9 CuFe.04 E3H &% Cuot Fez 39
HAh a8y 55 Fe 939 AEr CuFe04/ZrO.9F el Cu® HlZzshH,
CuFez04/ZrOz0ll 9] CuXt}t =Ath oA A7t~ A dA 5 CeOr AARIOR
< Ferl &ald Zox AZEAY. =& o]&3 SWA Abst %9 XRD #FHHEA
CeFeOsto] HATE CuFeOsi AZ &1 #7470, 820~850T 9 2&olM %914
AEdee] el Ce0:9t Fe05 18]al F4 Feo ¥E2<Q EFES 71937
ofa wrEojd & vk o] AL FATFE A

LaH 3, B 13 TAA CeFeOs7F FAE Ao=m FE2Hu}
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Fig. 3.6.17 XRD patterns of (a) the prepared, after 1st reduction and after 5th
hydrolysis reaction of CuFe:O4/ZrO; and (b) the prepared, after 1st
reduction and after 5th hydrolysis reaction of CuFe2Os/CeO-

$4 s A4 @A Fo CeFeOysl BUE A4S Selas] A8, 6uA G4k 44
GAE s, stdE A g did] XRD 4S8 433} tHFig.3.6.18).

Fig. 3.6.189 4] CeFeOs<2 AlgtA T Feol ¥ A%+ CuXlth 2ot} =3k 3shat
b b7l SARA g 925 WASRED, 1 92 31079 355004 22
AR} 1 AR BHel Aw e 2019 e ol BE AE A 7
%2 MY o8 dmsElojd & uh. Fornasiero P. 577& CeosZros0: T3 4HslE

o ghelell o3 FAHE M 9AE Wit
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f

CeFe04/Ce02= CuFes04/ZrOo9t= g o2 ¥k A5 S H 3l CuFe04/Zr0.9 7
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Fig. 3.6.18 XRD patterns of CuFe:0,/CeQ, after 6th
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Abasel ojgk COoF Hpm ol Hgh it 4kstE AT 4 ok W= CuFez04/CeO2=
CuFeO4/ZrO.9F HluLsjA d4 kA wkhgAdE "o XA Tk CeFeOgg]r CeO27}
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Table 3.7.1 Redox reaction Gibb’s energy changes of the potential candidate materials

d
2 o A Gk
- 0z AN A G(k/mol) Hp 4373 H3(500 C) N
mo
<
G Ga.0 = 2Ga + 1/20.(g) 2000C 338.302 2Ga + HyO = Ga0O + Halg) -120.422
a 1/2Ga05 = 1/2Ga0 + 1/204(g) | 2000C 17.647 1/2Ga;0 + Hz0 = 1/2Gaz03 + Ha(g) | -104.989
GeO = Ge + 1/204(g) 2000C 201.458 Ge + Ho0 = GeO + Ha(g) 22.132
Ge B , 1500C | 62.702 B -
GeOz = GeO + 1/204(g) 5000C 250573 GeO + H.0 = GeOz + Ha(g) 112.008
Sn SnO = Sn +1/204(g) 2000C 81.785 Sn + H,O = SnO + Ha(g) -33.907
SnOz = SnO +1/204(g) 2000C 36.527 SnO + HyO = SnO; + Ha(g) -41.612
PbO = Pb +1/204(g) 2000°C 27.801 Pb + H:O = PbO +Ha(g) 27.961
B , 1500°C | -126.994 B )
PbOs; = PbO + 1/204(g) 2000°C 2186.566 PbO + HzO = PbO; + Halg) 189.256
Pb B 1500C | -90.460 . B
Pbs03 = 2PbO + 1/20:(g) 5000C | —128.289 2PbO + H20O = Pbs0s + Ha(g) 178.571
B 1500C | -123.990 B
PbsOy4 = 3PbO + 1/202(g) 5000C | =190.352 3PbO + Hz0 = PbsOs + Ha(g) 176.883
C 1/2Ce0y = 1/2Ce + 1/20s(g) 2000C 310.628 1/2Ce + H,O = 1/2Ce02 + Halg) -294.466
€ 1/3Ce203 = 2/3Ce + 1/204(g) 2000C 395.052 2/3Ce + H.O = 1/3Cez03 + Ha(g) -359.585
EuO = Eu + 1/204(g) 2000C 359.607 3EuO + HyO = EuzOs4 + Ha(g) -180.306
N Eu.O3 = 2Eu0 + 1/202(g) 2000C 246.982 2EuO + HyO = Eu.03 + Hz(g) -213.788
Eu 1500C | -32.385
EusOs = 3EuO + 1/20:(g) 2000C | =270.372 Eu + HzO = EuO + H(g) -343.310
FeO = Fe + 1/20:(g) 2000C 122.027 Fe + HyO = FeO + Ha(g) -43.960
Fe . ] 1500C | 111.723 . B A
Fes0s = 3FeO + 1/20:(g) 2000°C 66.674 3FeO + Hz0 = Fes04+ Ha(g) 49.130
7n 7Zn0O = Zn + 1/204(g) 2000C 113.910 Zn + HyO = ZnO + Hy(g) -102.461
NbO = Nb + 1/204(g) 2000C 223.802 Nb + HzO = NbO + Ha(g) -178.996
Nb NbOz = NbO + 1/202(g) 2000C 190.430 NbO + HzO = NbOgz + Halg) -134.027
Nb2Os = 2NbO2 + 1/202(g) 2000C 151.141 2NbO2 + HzO = Nb2Os + Halg) -83.180
Cd CdO = Cd + 1/20.(g) 2000C 29.176 Cd + H.O = CdO + Ha(g) -11.474
In 1/3In303 = 2/3In + 1/20(g) 2000C 70.425 2/3In + H,O = 1/3In203 + Ha(g) -54.150
1/2Cs02 = 1/2Cs + 1/204(g) 2000C 4.276 1/2Cs + Hz0 = 1/2CsOy + Halg) 82.866
Cs20 = 2Cs + 1/204(g) 2000C 91.239 2Cs + HoO = Cs30 + Hag) -73.147
1500C -21.650
e Cs202 = Cs20 + 1/202(g) 2000°C 247962 Cs20 + Hy0 = Cs202 + Hag) 128.897
1500C -8.444
Cs203 = Cs202 + 1/204(g) 2000C 97711 Cs202 + H20 = Cs203 + Ha(g) 125.972
1500C | -624.875
Cs204 = Cs:05 + 1/202(2) 5000C T —8go507 | Cs:0s + HO = Cs:04 + Hale) 364.636
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1/2W0; =1/2W + 1/20(g) 2000C 98.860 1/2W + H:0 = 1/2W0; + Ha(g) -53.915
W03 = WO, + 1/20:(g) 2000C 113.892 WOz + HzO0(g) = WO; + Ha(g) 10.637

. 1500C -48.959
W30 = 3W + 1/20:(g) 2000°C | -201.058

3W + Hx0 = W30 + Hu(g) -32.536

Table 3.7.19] ZA¥= 2000C oA Ealuk-g- (A NEE) o] wh-g-7 2o 2 ¥ 87} 200
kJ/mole]ste] ™ 500C oA &3] wh-gA] ¥kg-F 2ol XM 3l7F 15 k]/molol 311 7 -l
diete] 1t Adolrt, Ay 297 dstsrtelF FHF Cd, In, Ga, Pbe F=F o]
srol Eia] whE-A 7170" HEel A7 A& 3oz =W Nb, Eu, Cs2 3 &
Tt duides ujg =on W2 WO, =8 wk&o] dgsiA] s Aoz oA
o} wekbA Ge, Snol ﬂbmﬂ =22 Zlo® fdEm 53] Geo AF wWlg 7t =
ow HwAH A2l 1600 T <A =i 3 7tk A de dstgirtolF9
Aol 7hestel et debEeh o)E WkE F 71Eed B2 A7 A H FesOs CeO:0l

°

M= 1600 T Ao koA el B E&al vES Astglon Zno B¢ ghdnt
[e)
=

=
ol wistel B2 A7 JFgd nk o] 2R =k 3 dE

= o
Ak ek ThsAde] A o dAdE Geoll digte] dsidtatelF S TR o o
of U3 AEQE SR, ag, G4 BH, 91 39 ¥ 228 49 2983

207 FEAEE e F F FEWE ARBLROE FeiOyFeO, CeOy/CeO0

g B R B 540 sl ATsigch ¥ dashitel 2o AnAALEE 200
F WA og 71:@}@1 Apo) wAys
3 5

z QO
&
9
frt
E
i‘l
_o‘L
_>l:
N
Lot
o
s

o] Ao A 1600 TolA 1 kmol® Fes0s &2 CeOrE 100 kmole] &4
g 2O ZHEH FesOy — FeO, CeO; —Ce03E5 100% #3l& =2 HUAS U
3l &S AxeAt. A3 FesOs= 59.2%, CeOr= 25.8% % YWEIY FesOu7F S EA

=

Table 3.7.2 The degree of reduction calculated at 1600 °C, 1bar and N, atmosphere.

Reactant The degree of conversion (%)
Fe304 59.2
CeO, 25.8

- 161 -



T Ed EF A WA gddaAelA 1000To]stel Al thae] 4bAary @Alsh=d ol &
BW AR F A AbolF o] Fol et et
c 10 T T T T T T c 4 T T T T
o —i— 1strun o
% N --W—2nd run %
% 08l @ 3rdrun | %
5 ’ A 4th rud 5l . i
2 E of .\ i
o o
g s 5
g '\ 2 .l i
g 2w g g
g ""\C]B; g
S TNy ES
T \\¢>:::”§““" I
1 1 IV""I 0 1 1 1 1
30 40 50 60 70 0 1 2 3 4 5
Time / min Run number

~
o
g

(a)

Fig. 3.7.1 (a) Hydrogen production rates and (b) hydrogen production amounts of FesOj,

which was reduce at 1600°C, at each run during water decomposition at 1000 C.
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Fig. 3.7.2 (a) Hydrogen production rates and (b) hydrogen production amounts of CeOy,
which was reduce at 1600C, at each run during water decomposition at 1000 C.
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mebd 2 AE F Zincol = #E whe ((2)9 #A) oA, Zine dAFe] A7)
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[ r
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(2) M8 BH U wH

Fig. 3.7.3& TGA (Thermo gravimetric analyzer, SETARAM : TGA 92) A3 <
A Aotk A¥ A, 424 Zine AEE F 40 mg® TGAd A Ajstal, TGA A
dol M@y B2 4287 Al Ar Zha TGA URE oF 24x3 B
Purging 3}$ith.
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TGA ¢toll A Azl FA7F S713F AL & Ba) w3 5 Zinc7b AbAx¢} 348t A3HS
sof Qlolu Askz 2 4 ek webd e 2o A 3L olesl ZncolH 70zl Ha
T8 A 4 o
. Nawg
Conversion(%) = (1 — % 100 (3)
NZn,i

Ny @ W8 A Zineo] % (mol)

Nyt 8HE F Zince] F(mol)

9o W o g TGA ZHE dojA+= AAZE A 57 A5 (TG data) & A7k
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Fig. 3.7.3 A schematic diagram of experimental apparatus.

Table 3.7.3 Commercial Zinc reagents for the experiments

Zinc reagent

Sample name

ZINC NANOSIZE
ACTIVATED POWDER
(Aldrich Cat# 578002)

nano sample

ZINC, DUST,
<10 MICRON,
(Aldrich Cat# 209988)

10um sample

ZINC, POWDER,
-100 MESH, 99.998%
(Aldrich Cat# 324930)

150um sample

ZINC, GRANULES,
-30+100 MESH, 99.8+%
(Aldrich Cat# 243477)

150~600pm sample
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(3) PSA, SEM, XRD Analysis

A A, AFEE ARES YA Hit Alol=E V] fsiA PSA (particle size
analyzer, Fritsch : D-55743Idar-Oberstein) #2415 393 dso a6 YA F A
o|== destgltt.

Tjar A A% Zine YRR FEiE YokRr] flE whgE A=l s SEM (scanning
electron microscope, HITACHI : S-4700) #4415 3}3ltk

ko 2 ¥ T AAE JApe] el XRD (x-ray diffraction, Bruker : D8

advance) 415 3l & &3 ¥ks st AAHHE EAHS RISt

10.0kV 13.1mm x1.00k SE(M)

Fig. 3.7.4 SEM images of nano sample

o, Ay 9l 3%
PSA EXo]A 10, 150 pm sample2 217} 8.25, 52.387 ym= SAEHAY. 18y
nano sample YAHE Abolo] =214 &3 ad= Qs $HdE HEje =7 (0.717 n
m, Fig. 3.7.4) 7} A ¥ o] Ao H&AJo] wWolxk i, 150~600 pm sampled YA}
shuslue] A7) 7 U 23 FAY BAEA ko)
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Fig. 3.75 Hydrolysis of zinc samples with various
particle sizes in the TGA at 350C and 400TC
temperature (above : 350C, below : 400TC)

Fig. 3.7.5& (3)¢ 2% o] &3dle] ZincolAl ZnOR A3y HAsE&S Ak &a, o=

Al Zkel tiet ez e yeld Aoltk, Ad Ay 350, 400C F 7FA TGA A gA

=
nano sample®] F#&o]l 7 Uil HES2 10 um sample®] To]lem 150,
150~600 pm sample?] A3FEL A 0 %o 7M7) o= Qxe] 777} FS4=
A3kgo] =rhE o) AT At AR s

Oy B TGAA YA 447k & Baf wkg =t

Zinc7b ZnOZ s [3ke =] o
¥d 213} 2e], Hans H. Funke 5ol ¢at¥ H] T2 79 TGA A3A ol&

Z o
—]v_‘
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il & o] &4 Aol7] ol
ZF9 sampled sl AR & &% Ao A3d ZARES Hlws] Egkth o]
% A3RE YetArt: 10 uym sampled @8 2%
S L% (4007C) _%7401]/\1Q Aghgo] 12.30
C

doar el ol W] IS Asjsts ZnOs AA, Zine A Abole] 2= Tl
o] u
3

(350C) =X Aggo]l 4.11 %, =
0191‘3 HFH nano sampled =& 2%
% (3507C) 7oA dgEo] 5581 % olf}it} 013471 %ﬁx} A7) w}% %¢ rﬂ
Hl Aggo] g2 A vehes dd2 SEM #4918 &
& 5 AT

3t ¥ morphologyZ5F-E 3+ 5]

After reaction at After reaction at

Sample As received . .
350 T TGA 400 T TGA

Hang
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1501m

150~600um

Fig. 376 SEM images of the surface of the Zinc samples as received and
after TGA experiment.

Fig. 3.7.6%= A& A, 350C% 400C Z7o|Ae A3 & AAJE st S
Al & Zoltd. 28]l Table 3.7.4% TGA A3d Ao HF APES e
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Table 3.7.4 The conversions of

the samples from Zinc

to ZnO in TGA experiment.

Conversion(350 T)

Conversion(400 T)

Nano sample

55.81%

36.49%

10pm sample

4.11%

12.30%

150um sample

0.1%

1.82%

150~600pm sample

0.1%

0.37%

rlo

oA 1
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Fig. 3.7.7 XRD results after the hydrolysis of
zinc samples
(above : 350 C, below : 400 C)
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4. KIER 4 thermochemical cycle

7oA E

719 29A HEF dstetelER et B A7 Aol $Y ZnO/Zn,
Fes04/Fe0, Ce0y/Cez03 ES}strtol 9] 49 1 25 2%E7F 2000C 2 o e Fiks
71el -, 74, 78 oA Agho] wEtt. ¥hg 2E=E SE7] 93] MnzO0./MnO,
C0304/Co0O 18] 3L NbsOs/NbOy redox pairE o3t d3}strto]Fo] ne ¥ Yo} o
59 =38 o] HikstEo] vlE| "olA= EAVE ATk EE oleg =¥ U
o8 HibstEo dFE A $ste] Huh W R4 gkelo] ThsstAl sk A3FEAte]
Zo] MEEA o HFEA] wgo R ste] Wl Alo]Ed FAEATFo] AL Tl
Atk FH CdO/Cd AFelE Z SnOy/SnO°l didt A7F Adth CdO<]
Q1 °F 1400CelA #A7Fsstv Cdol =5 0] stol &l 3
He Axs Basta o™ Sn0,/Sn09] A9 AtelA 92 1600T o] ol A
Al dojd o R oSHT

B AFE Bk 3 FUIERATY a5t E digt AR A
Ge Atz diste] Gsteirtol &S A5kl ol& E A 1 4]

AotEl Aglst Alo| S th9 o] dAE FAHET
GeOqa(s) = GeO(g) + 1/202(g) (1)
GeO(s) + HoO(g) = GeOs + Ha(g) (2)
o] Alo]EE o] &3t EIY deEAtolEe FAH old mEE NEFAHQl AAHE Fig.
3.7.8° A AHetgltt. AlZvlE F3lstrtolE Al ~HlY goE

el vhES 98l A AT vl o gk Gibbs A oY
238 HSC Chemistry 5.1 AZEg ]S Algslo] Folzl z7stel] AAbE At

Table 3.7.5& GeOs, SnOs, Fes04, CeOp L#al ZnO SHol thdk u--8-9] Gibbs AHr
Aux Wats wolFEth GeOr 99 AGuns 1785TolA 0olw o]u}, SnO, 3]
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Aern E—q’ 27OC bih:]‘ H c—)—][: H]Oo}:oﬂ‘(ﬂ i’j‘é‘]' H]'O7]7}‘ H] _, 13”]’ /\]Z_:E‘“_O_.i /\]_

3 =] ol
o, Bl F 98719 cavity9} conduction lossZHE A WAL £24& ZFo]7] ¢354
we Y 2=V vﬁlaﬂﬁ Foltt, @ &4 Ahve AlolEY €4 588 T7HAE
Aotk A7t GeO9 & #dlE fgk vE3Y Gibbs At ol A= 1000T o] s}l A]

wolth oA & &al Whgo]l 1000T ofstell A Az ow WAZT= Ae YEd

at

Table 3.7.5 Reaction Gibbs free energy changes of GeOs SnO ZnO, FesO,,
CeO2 and CdO decomposition.

Reaction AGrn=0, Temperature (°C)
GeOz = GeO(g) + 1/20:(g) 1785
Zn0O = Zn(g) + 1/20.(g) 2070
SnOz = SnO(g) + 1/20:(g) 2055
CdO = Cd(g) + 1/20:(g) 1551
Fes04 = 3FeO +1/20, 2830
2Ce0; = Cez03 + 1/20, 2436

H 1 FH
exergy a9 FHE Y3 second-law ¥4 AF3}. Fig. 3.7.82 ¥4 a8
exergys 4H43l7] f&) A8 EAR] ¥4 SEEE HAErh 342 1500TCed A
Ge029] &4¢ WSS €4 3, 571 9gk GeO9 o el gake A T

- 172 -



Q) reradiation

Solar AH een,, 15—+ gen +120, 150 = = 609 KJ/mol
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