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Physico—chemical Studies on The Disposal of Miscellaneous Radioactive Waste

through A Single—step Process (IE)

Masanori lwase*

This study is aimed at controlling oxidation reaction of molten metal by ash in

incineration systems, and at positively utilizing the oxidation reaction for decontamination
of slag. In this vear, in order to investigate physico—chemical properties of mixed fused salt
containing alkali sulfates, with special focus on the behaviour of oxygen anion in the melts,
Cu**/Cu’ redox equilibrium experiments were carried out.
Among the effect of various parameters on Cu®/Cu’ ratio in binary and ternary alkali
sulfate melts, the effect of partial pressures of oxygen and SO, was mainly investigated in
the study. Variation in Cu*/Cu’ ratio were presented as the function of partial pressures of
oxygen and SO,, respectively. Possible thermodynamic interpretation were made on the
experimental results. ‘

In addition, the dissolution of Cr,O,in mixed alkali sulfates were also investigated as
a first step to elucidate the mechanism of hot corrosion. With this investigation, an
important finding was obtained that the solubility of Cr,0, for meits with same average ionic
radius, in other words, oxygen ion activity, were essentially identical under constant

temperature and atmosphere.

This work was performed by Kyoto University, under contract with Japan Nuclear Cycle
Development Institute
JNC Liaison: Waste Technology Development Group

Makoto Aoyama, Osamu Suto

*Kyoto University
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1. R

1.1 BRRRPOHRIEK
HEEEEDICIIT - BREEEY (KR, &, €. F5XFv . I
LE) LEBB (RFUVVRAR, LANRNSE) HeEhad, chor—F
ULCTARAETZSZ 0 XAREENTHE, C0X5ETutid. F—0
RISEBARIC, - BRPORATUDDE TRILESELZI &, £EBEOE
BTRbd THORETHEFERI] CLOFEREEL-RBELELT S,

- BREEEVORMCICIVERTI0bWYS MEHK] B, FoH
VEY (KCL NaCl %) &7 /0% Y HEiE (Na,S0,, K,S0,%) ORA
FRMEVBIEYTENMULIERBTHIEEIohE, TLHAVEE. £
Na RELZELTORGBELITAREMBIEEENTHED, K BKOa—F
4 VITHBELERINTHS, FBRERHEERELEACRBOTNAR
BEREBOTRETHIDOT, BEYIZ S 230l ELETHE, &
BEABELCBODTTINVHAVEBEOARTICENEECEEXIHL S,
HERREDO-BEMABICH- TR, 0 MNBHK] LERESE &
HEEEMT S EREE, LihtoT MK Q2R BicfimiE
EHU. BHEBEORARELZHATISNERS S, BRICH T 2SS
BN LI TEHEE] ORLRINIZ THEKE (Hot Corrosion) | &L
TASHTNEY, WBREENLE: TRESB] OBRIERIGICOTIH.
TERETIREAEDERNRIT L,

—F REZEAT, RBRATRSZ T&¢BHY AT h3UEORMILR
Bl ELTRET L, BHELAVTARABEL SOBE R E DR E N
HETHEIEILNE, REOREBRBZICHMIT IR, 2THEE
BZMMTUTHIETHTINEOSBELSTbh T, 2o TEH
ATR. TRERR] 2V UABBHCAALTRS VBRBEFS aiek
WKEHUE, |

UEDESITAHAETH. THIK] 2N LEABEBORLER %5
MU, S Zh2AATI3FRREES CLERKEANELTN 3, 28
T ZOLYOERT— I A2EB31-0ic, BAKROITRATHIERD
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TAHVEGEBRELZSUREBPBEOREYEAENEE., K THRMET
DEBEAF LV OPBAENEHLHONMNITI-HDDOEELET- .

1.2 #B7NVHAVRBRECHTIERHR

FIAHYELE%: RR=Li, Na, K, Rb, Cs)E R TS &, TIA Y FiEkE
RSO, BRRATRT LI iT. BEHRKFITH 5 R,0 &\ RERITH S S0,
hoKB,

R,S0,=R,0+50,(g) [1.1]

BHEKSTH D SO, DMERTF UV Vv VREHETFD 50, 7EHB LT 0,4
Fitk-THREENS, LEB>TT VA Y FilviEmAPoEEERKS R,0
OERIE. SHDPOD SO0,. 0, FERI-THEZNZ, 2BEHHNOREE
BB, TOTNVAVEBENEERLYEBECHAEL., KBEEBHETHE
HETHEZIEDOTERVRABTEBARENEBI S EENTNS,

RA.Rapp 5D 7N —7F 19 3| [BRER) 2EBETIIC3RLUBE
CBREORNZHRERICEET~ETHS &Lk, Cr,0, NIiO, ALO,
HEOBALBBRRIENEZIANENICRELBMAYWTDH 545, Na,SO, D&
SBUBBMEOFET CREMETICEMT 5, Figure 1 79 I 1200K iCH W
% [Na+Cr+S+01 R DX EHBE R T o 1200 Tid Na,50, DR EFEEIIZ
log(Pp /Pa) >-8+ {log(Pp, /atm) >-3}\ log a(Na,0) <0 DOfEATH S, T
aiTWE i OFBREE2ET. 2D Na,SO, DREFHHENT Cr,0, BHEFET B &,
Cr,0, i Pp, & a(Na,0)IC ##E L T Cr,(50,),, Na,Cr0,, NaCr0,, CrS & &%
EERT 2, choDEWiTVThd Na,SO, ~BET S, COBEBRIEK
BRATRTEIRPECED2BINEZ oS,

Cr,0,(s) + %Oz(g) +20% =2Cr0*” [1.2]

Cr,0;(s) = 2Cr** 4 3 O* [1.3]



Hil2]B L TR [LIIDORIER. €EHhE€H Na,Cro, (Cro,»)F it Cr,(S0,),
(CPYDERITHET 5. R[1.2]BLTR [1.3)10HMTOFEHERIZ.

2—+2
Kr.2) = —2€08) . [1.4]
a(0*):-F, %
K’(1.3) = a(Cr**)? . g0%)3 [1.5]

E# Do RLANBLICER[SINDS Po ~EDFTRROBFNRILYT 5,

dlog{a(CrO )} _
dlog{2(0*")}

+1 - [1.6]

dlog{a(Cr’")} 3 [1.7]

dlog{a(0?)} 2

DEY Crof B LU CrrOER (BE) B o0 hET 3, &2, B
SETHUCBEMAF VOBREVS SORBELZEMETEN L, DB,
a(O") DM EZHSZ EIXRETH S,

ot b Na,SO, DL LHMBFBMEDLAIZIE. Temkin EFNEHL
T a(OF) % BENERIEANERTH B a(N aZO)L’Eﬁﬁ’jlj"C?ﬂBﬂT% &N
T&E 5. BIAHM Na,SO, DBE. MEFICEETIHFA LHEIT Natl
BTHBDT, Temkin EFAHNS a(Na)=1 EB D KRAEB S,

a(Na,0)= a(Na*)* * a(0%) = a(0%) [1.8]

a(Na,0)ZUTDXIERETHIENTES, TbE, $ikk Na,SO,
PO a(Na,0) & 50, 0, E DFHRIRATEII B, |

Na,O +SOz(g)+-%Oz(g)= Na,SO, e [1.9]
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CORIGOFEEEEE KA9)ET B EL

1

K(1.9)= }/

...[1.10]

EEXND, HDIEEICHITE KLORXBISBEZ I ERNTEHDT,
.&%&P@%mifacamib\ﬂumW®ammw%R%?5:&ﬁ
T&%, FVHEERNLERFRELT, B-THIFNa*M AV ERE) =
BT Na,SO, BEF D aNe)2RE L. ARIKREAIIVI=T (O (1 F
VERE)VEROT P, ZMUE L. e(No,00E RET DL DARETH S,

Rapp 5 IZBEOBRLENFREICK > T Na,S0, BEF D a(Nae,0)% BIFE
L. FBIZ Na,SO,BEHAD Cr,0, BMEEHUE Ui, €L THHR Na,S0,
B D a(Na,0) & Cr,0, EREEDHBR%E Figure 2D X IR L7, Figure 2
CHEE TR log a(Na,0)i% log a(0*) EBEBRATEIDB I ENTE S,
log(Solubility of Cr) & log a(Na,0)DBIF XA E Hi+1 Hid 32 QER LN
T2, COEREIROE LTRNTICET a(Cro”), o(Cr)B LT
a(0)DBFRE—H LTI D,

BLE®DXSIZ Rapp HHiE Na,SO, AT ORMRAA VER 000 %
am%wmﬁ%&i%:&f\ﬁ¢¢®amﬂ&qu%ﬁE®%%%%6
Picl, BEBEOA XL ERBTIICRBETO a0”)DFMBA A
RTCHDBZEERLI,

1.3 ERFZNMHVRBECRTIHRE 1D
1.3.1 cCu?/CutDER{LiBRITEMN

LHALENRS, 2 TRULEDOT VA ) HBRIEICE W T Rapp DFEZH
NWTREAAF VERASETAZILRATARTH 5. MG SE, 2 BRI
Bod 3mHh BLUOESTRBRRIE P T Temkin EFNVIRIULET | a(07)
AM—RAOER oR,O)TEERISKhT VIS THD. T T BEH
CHRHEBEAA Y CHETS TNETELZMER] ELTHREMETO
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Cu/Cu* DRI B AR E AR ETEIEE2EITE Y, 2EOBLLER
MEBREAT VIER o0)ITHIETI2PEEELTRATII LR, 5%
PRI VFIDVTI 1950 ERHMSFhO TS “ 5, HERERTI
PAPE O BEFARTICHASIHTO3EBMAEETNIZ Fe¥/Fe?* TH 3 Ht.
FHEOFBERTCRET OIS UAMMABLIN L BRI MERILY
FhiE s, ' _

Figure 3 T T=1073K iZHB T B [R+S+01RDBF vV » VEAERT, EF
DERBPHERII, E2DOTINHYVERBOHRIE., MY, RiLYoRE
FHOERERT 2V,

HREPOWEBEA A >~ & S0,@)+0,@BREF X EDEOEHFIZIRATEX
hd,

SOZ (melt) = SO, (g) + %02 (@) + O (melt) | [1.11]

BRTHEN.EAMETHOEEATXELT Ar-50,-0,2BA LT3,
‘Figure 3 OEM A X, Pgo, #° 10%atm T—EDEED 1073K 21 3
(1/2)8,(2)+0,(2)=SO,(g) D FHBEFEERLTH Y, ORAIREAMETH VLA
ZERD—H(Po =107 ~1atm)EE LT 3, |

BB . Red-Ox WEMESRICLIVBELLEKDI - ENTE3
LI RBIRLEND D, Figure 3 iik Cu0/Cu,0, Fe,0,/Fe,0,, Sn0,/Sn0 O
FERRSECRBMICRATR UL 2, H&LY, AHETHIV Ar-50,-0,
BEHZAHFD Pp i3 Cu,0/Cu0 OFHMESE Po =107 i+ T & ¢
bhBo THITH L. Fe,0,/Fe,0,, Sn0,/Sn0 DEHMESE L Ar-50,-0,
BETZAPD Po ICHNTHIDEL ., Fe*/Fe*H 5 0T Sn*/Sn> A 1t
FAMRLIVBEISRDIORFEECEBTH S, LKN-oTTIAHY
RBEORERBICE LTI Cv®/Cu* Red-Ox A VO —F ELTH
WEDARRDIBEYTH B,

BEFOD Co*/Cu BT FHICRARRCRT2EONELSOhE, &P

24)



Cu* +102 —cu +1o% [1.12]
4 2
1 3 _

Cu* +30: +502- = Cu0,” [1.13]

R1.121B L TEAR[L13) DA OEHEH 2L LTH KD, K'(ID&ET 3
&L KD, K(IDik

(Cu2+)_a(02“)1/2

K') =
(Cu+) . P02 1/4

[1.14]

(Cu0,%")

K1) =
(Cu+)‘ POZ 1/4 ‘a(oz—)slz

[1.15]

EFERD, I T, (Cu'), (Cu®), (Cu0,M)IXENEH Cut, Cu*, Cu0,> D8
BEix&RdT, EEID Cu RHBNEBEETHIEHEASIICIR Cuz*, Cu*CD?E
BRHEOEN 1 THBEREL.

a(Cu®)fa(Cu*) = (Cu®*){(Cu*) [1.16]
a(Cu0,")/a(Cu*) = (Cu0,*)/(Cu’) [1.17]

El7ce RLMBELTCFARNISIEB RS &,

(Cu2+)/(cu+) - K’(I) POZIH a(OZ-)-HZ [1.18]
(Cu0,”)/(Cu*) = K*(II) Poz”"a(O")m [1.19]

EN B HMERMAD T Cu*E CuO BEFELTHEEEZZONBDT.
tR2ROEDOLZERICERT 578 5T {(Cu®*)+(Cu0,)H(Cu*)TH B,

BELBESEE-FICLAEEZHETO Cu OBILELFHILE a02)DH
BEBERMICHET E Figure 4 DXH KRB, BEEEOEBIMENBREMNH
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BTk, BEAA VERET3RANRIOEELZTRENICKE S, T4bb
(Cu™)ITHA(Cu0)NRREFNEIODT, COFRKRTIRRAUNICRN.181%F
BUIERANKKILTEEEZI OIS,

log (Cu®*)/(Cu*) = (1/4)log Po, = (1/2)log a(0*) + log K’(I) [1.20]

BLEEEOUBRNRVEESHMAER TR . BECA U EHEET 3R [1.12]
DEEHRXENITES, COEE, (C*) R CuOH)ILHRTRAREZ VD
T COEETREMNICRN119EER LERANRITEEEI SRS,

log ((CuO,%)/(Cu*) = (1/4)log Po, + (3/2)log a(0%) + log K’(II) [1.21]

BESFICBOT(Cu0,»)iF(C)ELTERDB SN B30T, R[.211E FTRD
IO BEDI B,

log (Cu®*)/(Cu*) = (1/4)log Po, + (3/2)log a(0*) + log K’(1I) {1.22]

BESLCBRRSEN—ED L XD log a(0*) 23T 3 log (Cu?*)/(Cu*) D
EEED, R[1.200TRA, RL2ITRETHZ I LN S Ce ORIEER
F# 1% Figure 4 O &k 5 i (Cu?)/(Cu) oD BR/ME A & 5 B A I, Ri1.12]
PORMBINBBETHEEIZEMTES,

1.3.2 BEAFVEROBROER

COT. MBREMETORBANAL VERLERTI DT, BIAYRE
LDOHBERS B,
RIEPBECEOT. REAAVERL U R MEEE 3. MAE
(wwmm%myﬂamﬁﬁmﬁﬁu;Dﬁﬁénfhaocmxiﬂﬁﬁ
KXY, H2EROMBEIBENTH A0 EERBTHI MOV TER
MiCmsZ EnTE3,
RENBHTSZATHETVAV V) r— MBI BWT. BEAA VE

7



Bz, TAHVEELBEOMOBERAC L TEREhTE . TWV
HYAFA LV EBET A v EOHKEEH IR, TROLXSCHEOAL
*%i:iofié‘ﬁ%o

232

Ioc 1.23]
{rR")+r(0*)¥ 1231

CITeRETEM. rRHBTNAVAFF L OALF VR, r(0)IZBR
AF v EEEFET, P, rLiY) = 0.063nm, r(Na*) =0.095nm, rK")=
0.133n0m, r(Rb*) = 0.143nm, r(Cs*) = 0.169nm TH 3 **,

CORICEBE.BERN T RTNVAVAFA L OAF VHENRERT S
REb L >TETT 3. EEANETTHE, TVAV ATV ERET
A VEORENBLAY., RET A VRAMCHEHLS, RET
hif. TAAYVAFA O F VEBORREEDIC. BRAGRET =X
CDOBTRDOERMEANAVERRIHRTAEEZAOSNS,

4+ bb. [R,04+8510,]2TBHRTHAHY VY r— bPREPIEOT, BE
71 1% Li,05Na,0>K,0>Rb,0>Cs,0 DEICBE T2 EEL 6N 5. Jhid,
BEAA4 VERZ EZOMIC Li,0<Na,0<K,0<Rb,0<Cs,0 OMRICHKT 3
T EAERT S, COZEEEET B E, [Li,0+R,0+8i0,]13 THRT I A Y
U r— FEERIC BT BR{X(Li,0)+X(R,0)}/X(Si0) T bHIEERK
R—FTE. TIHYBIFA YDAV EBOAE R,0 CLL,0 ZERT
Z2r. MEAAVERRIBATEIEZEIONDE, 2F D, BERRSFO
moo%w&\mmwmmmwmmﬂn\@k%hﬁg\E%4#7ﬁﬁ
ARENWI &I S, |

—H TAHVERECSOTIRREEPOREEEDKE . HIA T Na SO,
Gl base/acid=Na,0/S0, EEZ B ENTE B, COEEIBHTI iE D
LEZ5NBD. LEAH L > TEDERTEERET S LIIEARET
$%., LbEboT. HBRERENEMN TSI EEMLIES L Rapp
%%Lt;amNmmnm¢¢®ammwm1mﬁﬂ£%£mbﬁ6:&m§
ELRGhER SN,

Lo THBEARIBEAA VERCRITRELAETSICH,

g



FHAIGHE—BISTILELRD D, TDELEO T T base/acid Hit—F
THd. BTNV HYHEBEIEOTE, LE0 U r—- MNBBETOZE
ZFRTHhE., BRA A VERIT Li,50,<Na,50,<K,S0,<Rb,S0,<Cs,SO, O
R KT 2 EELONS,

LIAT, EEOBMUANMBRRTHII - LEIBHTRET, &4 EDH
BHREXRTH S, KEHFESRHBEBOT, SHRZTAHVERELK
D& FERIZDOUTHERTWE PR 2ERT N4 Y 5iBE Li,SO,-R,S0, |
FIEBNT, REEEDHIL base/acid=(Li,0+R,0)/S0, EE T = &N T
B, —ERHK[DS & TIT base/acid HIZT—FTH 3., LiHio TLEEZDO YV
Yo — bRETORBRESI AT HIE. X(R,SO)/{X(Li,SO)+X(R,S0 )H3 Btk
FTORRAA VERODANERBRT Z2EELI N3, DE b
X(R,SOJHX(Li,SO)+X(R,SONDIDRKENVIEE, MEAA LV ERBIBLE£3
5ND. ¥ I X(R,SOI{X(Li,SO)+X(R,SONM—ETHNIL, R,S0,
A% Li,S0,<Na,S0,<K,S0,<Rb,S0,<Cs,80, DIEIZ. BMEA A v ERIZB AT
3&EZ25053,

WMEH 5L Li,S0,-R,50, (R= Na, K, Rb, Cs) 2 TR 7V U il itk
O Cu ORALBTFH ORMBRIKEHEBWE L, Figure 5 1I0RT L5 i
X(RSOM{X(Li,SO)+X(R,SONDWR & & B iZ(Cu)/(Cu) RT3 - &
BbhB. . Na,SO,-R’,S0,(R’= Rb, Cs) 2 TR T Y HEEIZO
TH, AROBHERRE Lz, VThORIZBENTE. (Cu?)/(Cu) KD B
AHBTNVAVEBRICE>TRN > Tz,

1.3.3 ETRHEBEBEOEHSA AV ER

TOT ERRAWBREHFCEOTERE., bLRAIA L LBHIBEA
AVERCRETHBE—BOLRTEDIS, TAHYAFA L OFH A
F V¥ r(average) B R-E L, ChIIRATEZEIHL S,

r(average}=Y. X(R,804)-r(R*) [1.24]
R



CDEICEBLLFHA L VR EC)/(Cu) EOBRIT Figure 6 O
£33 THotco COHDG, BLAOHRIKBUIIERT—IN1FDHES
DEHBICL->TEBETEZZ E0bA 3,

BSIRAZH) I BHPLESTRTVAVEBREIZDHTH, — &
BREBIUFHIO ETC)/CuHEZRE L, BE* Figure 7 IR
U, SHERIEDWVWTH(Cu)/(Cu)LITEEAF V¥ B L RBIFEHEEIC
Hote, . ZRZRTOHEREITRTOERERIRACEAMUMRTET S
ENTEM,

THbb, FRRMBERMETORREAAVERE, —EREF IR
BRDbETR, FHAMA L EBEWIBECREZZIhLZTNVHY A F A
VERET A VOBBRNUHAEARKLXEIh3 I EhngIhi,

1.3.4 EmlOoRE

13.1HICE T, i /Ce P HRBETOREBEAAA VBRICE U T1.12]
LA BMLBIOWThIrORNTHRINBZ I EER L,
LEOMRICINIE, BADOER A L EROBRIZ., BETFOBESF
VEBRDPHAT S EEERT S, £ Figure TR LIEE S 1K, 2%
FELUBTRTNAAVHBEICEOT, FH/MA VEBOHRCEEE»
TC)I(Cu ) LI RT %o 2E D BEBIE Po, —EDORHT TH,
MEAA VERPBAT IS LN (C™)/(Cu) BIZBW KT B 2 E0NHM
hd, 2T 2RBRBLUTITRICENTHE., Cu?/CuB{LRTFEHICH
UCTHRUNBITEEINSIRENRIAL LTS ENZ S,

Cu’ -»%ct2 +%0’- =Cu0,” [1.13 F]

1.4 EHEXOEN
H#METOMRICIY, RBREMETOREAF VERE Cu®/C*R1L

BrLVrHEEBAWTEAETCEIAEEREHI L, AIROEREFHIZE
THBEMEPTENLTIEHEREN13IRTH -7 TORZRENMNTIDFE

10



HEEBErRWTEZRILZIERADEITH 3,
log (Cu™)/(Cu*) = (1/4)log Pg_ + (3/2)log a(0*) + log K’(1))  [1.22 ]

CHETOERTHR., —EHREBIC—ENXBBE B2 FEEGLHE
LT&%ko LALVERADS, (@*)/(Cu) EEBESEICKET S Z EHF
Bahs, sTHAREEOTCEENERhIT Cu®)/(Cu) bbb RE D 12T
ThHd, ToIT, RICREERILTLN, F¥XFD S0, H4FEICEET 3
THH). EXRTIBEREPOREI A VERORE L LTOD Cu?*/Cu*
BAEETCFHOBHYNERLZISCICESIEDI DR, choDB2 D
RUCEALZETERETOIOLENRD S, AHETR. ELRHBRIERE
HD(Cu*)(Cu ) MICRITTRE. BESE. SO,FEOEEEWH o i
plEEHMET S,
~%. FRERMEKTORRA TV OMET I WHALERASEL T, B0
LIERMETANORIYOURBRED D, ZORBILOVTER. WbW3 IH
BEARAR| ODAAXLEBATEIENS T u—F&, AHFEOHDY
ETBBMEP OB EYEOBBRELBRN T I EDOERF—F 25
HEREWIHMHEKENTEETHS, SERHRECSI3 LEZORR
DL LT, STRHEREPD Cr,0, BBEXMELZ, chbHeT
#ET3,

11



2. EB

2.1 Cu?/Cu'BR{LBTFWMER
2.1.1 EBEHM

AERICAWVERBRI 2RRBLUIERTNVMAVHBETH S,

R,S0,-R’,SO, (R= Li, Na, K, Rb, Cs, R’= Na, K, Rb, Cs, R#R’) 2 TRIAB
KO #%AH % Figure 8 ) IKR7T,. HPICRAMECL TS 2 nRHERED
AR E XHATR L,

R,SO,-R’,SO,~R’’,S0, (R= Li, Na, K, Rb, Cs; R’= Na, K, Rb, Cs; R”’=K, Rb,
Cs; R=R’#R”#R) 3 THRRER O 1073K iZ B 2 FEME F £ Figure 9 *°
KRTEY, EHICRAREICE TS 3 aREREOHEBEARE XHATRL
7o

2HAFZRBLITSERT VA YFHRBEZIUTOLSI R E LI, THADLDB,
Li,SO, N2,S0,. K,S0,» Rb,SO,. Cs,80, DETNA Y FERE (WFhd
FASATFR7@HEERAE) EEAL. ELIKEELL, S6IKA Y
Vh—FTHB Cu DD 4 EBULUTERS LI CusS0, (FAHFA
FR7AMEERE) EEMU. BB ELL, o

21.2 ERER |

EBREFEL Figure 10 KR, EERFAHERO. MAREF Q). B
FEUY—@ICLOHRL.

HRAHFABERBIHT AR R, TRAREAB (2 70y 7B BLXUHTRE
BENSE->TWD, FAHEBRERTAPOKERERETLILDDHO
THY, YVAFN, BBEZY vERELL,

MEEEFEOBRAR% Figure 11 IR T, MBI ERED Sic EILE#
BEABONRIEEICRTNVIFFa—T@=y % b—H SSA-S, A& 40mm,

#1) Li,SO,~Na,S0,~Rb,S0, %, Li,S0,~Rb,50,~Cs,50, 15 &£ TF Na,80,-K,S0,~Rb,SO0,
FITONTRIDBK EHT2SRNARNBLE ATV ELDO T, 2 cRRBEMS £
NEhOEEEEHRE L,
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A& 35mm, &S 00omm)EEALE. REE LSRR TARBIUERE T
HUo RBEIKII LR (Figure 11 FO®) EMH (Figure 11 FDG) ©
2ODHABAAZRY ., DBERELTEF I v 7 L0 XOBALEE
EREVIBRIAONDEIIC L, LEEAAIS HIBAODOEE
BAE emmEEAL, TORP(FHH»SH 20mm Fi)icHEMELE%
Al REERIEBABES SRV T 30122 X HBELTRALYT. 2
DECHBZRDLEHMET VI FHIB (Wowh b - SSA-S, A&
30mm, N 25mm, BE 150mm) £RE LA, AROADIT. RESEK
LY LSA MMREEICHYD Y P-PROI3 BBNEEA L, SO, FEDE
BEAR (Pso,>10%am) 2HATZEREEOTIR, TARDERHE
2Zhicid, FIo REEALE,

MEE Y —OBKAR % Figure 12 277, COBEL VY~ IEEER
HEUT Y,0, REAEVNVIZTERAVEREBRBHRTH D . EME D
JTH3,

m#izid sic ERERBEEAL, RIBBICRTA FFa—T(W=vH
b—% ssA-S, S 40mm, W 35mm, B 600mm)% 6 L, RIbE L
%mﬁzﬁw%\T%mﬁz%kﬂ%ﬂﬂ\%n%njA&?ﬁctoL
B o5—HHERD v,0, RECINIZTE (Wb b—1 Zr-8Y, 5t
E 13mm, NE Imm, £X 300mm)EEA L, VINADTEREBOANE
;Uﬂwmﬁaﬁ&“xbéﬁﬁb\éeuaﬁxvvnvaoto:@
HEA v Y2 TH- WA — FETHIHLBAERD M1 RIGEH
BN, VN T ERBICRAED R DICAS A FMREEZICHD - Pt
PtRh13 BN 2 EA L -,

:o&%ty#—mﬁhtm\9»::7%@%meﬁﬁ%®ﬁxﬁﬁ
. VINAZTENDRILDOBREAEDECIOVRBEHEREL S, 20
BRI TTH 3,

Pt/ O, (Air)/Zr0,(8%Y,0,)/ O, (Measure)/Pt [2.1]

CDBMDEESN EmV)iEy Nernst ORE VKDL It EEN B,
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RT =~ Po,(d4in)

E= n [2.2]
4F Py 5 (Measure)

SZTRIZGHEYE (=8314 J/mol/K) « TREE (K) . FER7755F—
EH (=96.49 J/mV/mol) ' Po (AINRRATFOBRELSE (=0.21atm)
Poz(Measure)GiﬁﬂEfﬁf%ﬁZ@@iﬁ}ﬂz (atm) TH 5, BohicBEL

Y—0RBEINS. LRKIYVFIAHOREFEEZRE L,

2.1.3 EBiRfE

FHET R ELTAr -0,-80, 5 L<I 0,-SO0, BEHTRAAHEE N, B
EAES LCBEREREOERIB VTR, 50, #ES LT 0, AEERD
FEEALRETRA (REEEBRERY) 2R UL, BEVTARBERIC
& D 100ce/min ELB XD L LI,

SO, AEEFHEOERICTE VTR, S0, FERAMDRERES 0,-50, BE
HRA (KEEREBREOR) &2 0, ¥y XEHXEEBTEREL. FEOD so,
AEQIBAEH AEEM LI, #AHD 50, FER. F K55y ZIKBE
LiciR%E. AR/ 757 (BERER GC-14B) 2RVTHET S
CERIDRELU, AWATLICREHEELTR, B AFv VT uES
ZMUNWERFLALDD (BAMLI®WH zo-1) Z2#EA LR,

AH (2B 202) 27 NI FHBIKEAL, FROBBFICHREL .
ZOK[EHLTERIBA LB, REARE2HMEBZE. iEBEZTHREL .
FHEER PID REEFRNBICL > T2k BRICHBA L. FANTER
BrAlA L. AEEL2EBL-ENPABEL. BEVREREAA
2o CHICXDFEHOREERR - 2,

SZRP, FEBICEABEZER L. &AM PO cur)/Cu ) BERIE Uiz, &
MORMIZ, REE LS, S ERFRAOLERE 10mm)EHEAT~BELT
HEMELEANEIEED, PBAVRAEEEE 20mEZHET~BEL.
FBEEARWETFRZEICIVITok. BB, ChoDBEMAEBEDOENIZ
LB ERANOERLEh-7c. ABBRIEIZIR, YXBAZEERIG
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ELBOEBEOME (Figure 11 FO@®) St fete, HIXB/A
HAOEREZKE, TAFBREBAERIEELES KL,

BRULCESRZASKICTRRIZL, B 3LESRICH LT, LES
FOHER, 2HDOY Y Y 7T B Cu®)/(Cu ) KD A OFHEHN +
SHORBICHOHOIERENFHCHZULELHEL, EBRERT LR, BHIC
BLLEFRIX 120~250 @ TH - 7=,

2.1.4 fEBSH |
LEZFRRBY L TNHO CwBRE. BLTEL2HC"HBEDERET-
to C“z‘.ﬁg‘i Cu“’“'ﬁﬁt Cu*%ﬁ@%:ﬁ D *bto

(a) CutiREES IR

Cu* BEDOEREBHELZUTIKRT,

(1) 500ml = 7 5 X 2 {ZHEBKERH 100ml FFH L. Fe(NO,),*9H,0 %%
0.6z« HCIZ# 15sm MABYBER LTS, Z0%. 75 XThDH
R Ar TRIZTNTY U 72 TF0ERT B3, Chickb, BEAOD
BEREZEVHT, FERICBW T, ¥ 30min DT Y ¥ 7 °+4
TEBEITSI ZENTEL, ,

2) YTV (ERH208) 2TV T V8PP TCLORICHREX
B 30m E-A— BT, BRPERARADORIENEICEF L. ¥
Y TIVEOD Cutit Cu*icBi{bxh 3,

Fe’* + Cu* = Fe** + Cu™ [2.3]

CORBIE>TELL P ERRAMMFTZ I &2k b BB D Cu
REEZERT S, F'OERSITH IR JIS M 8213 (Method for
Determination of Ferrous Oxide in Iron Ores)iC¥ U T - 7=,

(G) BRZ2mMA, &FEEXFKT20micL, V722073 U2
WEVBRF PV LR 0SmIME B,
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@USINZZ7uLBA ) Y LAEMBETHELZTI). RAOBRE-%
ThHd, cOEE, ROYSBEFBNEKY LD,

Cu' =V x (63.55/50) [2.4]

ST CiEEBPO cCu'B(mg)s VRBEREMNTH D, AFTOD Cu*
BEITRICXORDON S,

(Cu*) = Cu*/W x100 [2.5]

SZTWRANENEmMgTH . (Cu')DHMIBRER 1%2EATH»
7o

(b) 288 (Cu™) RESH

Co ' BEOERFEEZUTETRT, |

(1) ZEEKH 100ml % 300ml E—A—icAh, Chic¥ 7 (EEW
1.0g) ABMIE, IOCWBM2m M3, chicky, BEPO
Cu*it cvic®ibxh s,

(2) B¥EET - ol E NE,KIZTHAL, So/MBEICMA pH=S
ICHET 5, ‘
MX#ErREEHo0I1gMA, VIOOM ZF L P73 VBB _F MY
7 LEME K (EDTATHEERT ). REOBIZ, BR-FETH S,
ZDEE, ROLEBBENRKD LD,

Cu** = V x (63.55/ 100) ' [2.6]

SIT Cut FEBPOLFE R (g VIREEEMNTH S, A
D total-Cu BERTRICLD KD O 5,

(Cu') = Cu /W x100 _ [2.7]
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SITC ) IR FORERE (wi%) WERABENEmgTH 3,

(Cut™)DHMREZ 2%LATH - 71,

2.1.5 EBRE

214 KR UG H R L > TR ON D (Cu®)/(Cu) HDBREIIL T D3
BHBRICE > TRD. FRBIZOVT Cu'sH . 28 H%EZ2heh 3
HUEFTO FHREOFHEL LTEERELERD I, UT. TOFHE

% [Cll+], [Culotal]‘ Eﬁﬁ%% d[cui»l, d[Cllloml]&iTo
Cu*/Cu*lbiz. KA X-TKDSHh 3B,

[Cu®] _[Cu**]-[Cu*]
[Cu'] [Cu’]

[Cu'lB LV [Cu" | e MU ER ELTEMISELES &,

2+ total
FYALIE N L5 e PR

1 total
[Cu']  [Cu'T [car 2

EWRB, ST, MAOKENEEXED &,

d [Cu2+] < [CulotaI]

[Cu+] = [Cu+]2 d[C“tnta]]

. 1
‘d[Cu ] T

L1123,
BTFRRIZLT.

[Cu”] d [Cu']

[Cu2+] - [Culolzl] _ [Cu-l-]

17
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[Cu"™™]

- IC“+ ] total ]
~ ([Cu'']-[Cu*])?

- diC
c = —rcepr

d[Cu’]

[Cu'™] . [Cu] fotal
< d[C d[C
([Cu“‘"’]—[Cu*])z‘ [Cu ]+([Cu“'t°l]—{Cu+])z| [Cu™1
[2.11]
2+ total, +
dlog {Cu ]= dlog [Ca ]+[Cu ]
[Cu™] [Cu’]

1 1 + 1 total }
+ d[Cu™]+ d[Cu™™"]
[ [Cll+] [Cutotal] . [Cll+ ]] [C“total ] _ {Cu+]

}

[2.12}

d[Cu*]i + [ 1

total
CutuhI] - [Cll+] d[Cll ]

1 1, 1 ]
~ 10 |\ [Ca*] [Cu"™™]-[Cu*]
BROEBRERODLIS —-NRN—3,. COBREEXRLTWS,

2.2 Cr,0, BREER

2.2.1 &E#
TAUAVHBREIZOVTIE 211 KRALUTH 3, IEHICHER, BELEA

FIH Y FHERER 20mg IT\ L Cr,0, (F A4 727 BEKFREAR)

OMEREBM Uz ChEAHKTREL. A& L,

2.2.2 EBER .
FERIBWT, 212 KBR LD EAROEBRZER L

2.2.3 RERE
AERICBIAEREBAR, 213 KEBRLEDOERRTH » 7

2.2.4 Cr AREOAWF
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BIRTHRBMLUZZEB T, Cr,0, BREFREOW B2 EATINS, LIt
STHBEPICERLAY 0 LARERRTE5ICIE, Cr,0, BREBRET
BAEDDH B0 Cr0, 3K« B+ TAAY CFEOI0. BEEKICHEREL.
HSBTBHIET Cr,0, 23 MTE3, ARTICRFERE EHBRIED Iox
7nLRFEND, COABFD Cr BEEANETSZZ & T, ERBE I
BRLE-CrBEXRET I ENTES,

AU T DH W& TH - o |

(1) &8 (W 1g) EHRERCBERIER, ZOBKEHBL. Cr,0, Ot
BREgREL,

(@5%LK%M1T%&&LtO

(@E@tbfﬁ%%ﬁﬁfv?v%ﬁﬁﬁﬁﬁ(%ﬁ&ﬁmﬂImﬁ
7500) Ik B Cr BEDOAEICHM U, Bk, EXMERITIROD
1000ppmCr B (FHSATF X7 BUEFEREITA) » o HEL
L BEZBRTORRAAAVORSRMBEREABEITEE LS,
Na, 80, %M Z =,

(4) MTHHULIC Cr,0, %2, ARTELERL-HAEHIBICND. ASS
1000CT 30 FREMB L TARDSERR L. FLhr—p—tho
RALILEBEFEL, Cr,0,DBEHRFE LI,

(5) HBIEFOD Cr EMEL TATEE Lz,

(%Cr in sulfate)=(%Cr by ICP) x Vicp / (Wpelt - Wer,0,)  [2.13]

(%Cr in sulfate) : ¥ PO Cr BE (wt%)

(%Crby ICP) :ICPHIICLB2AMBEF DO Cr BE (wt%)
ViCP P ICP TR O AF B E B (m)

Wmnelt R LUHBORE (o)

Wcer,0, : 5BED Cr,0,DEE(g)
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3. ERERLER

FERBOER% Table 1.2 TR T . F N EH D Table il 7R T Cu* ¥ & T Cu™
EoBREIILESNICILIERRETEL

3.1 cu/CuwB{LELFHORESEHKFE
3.1.1 —EHBICBIIBESEEREH

X(Li,SO)/X(Na,S0,) = 50/50 D 2 LR T VA VEREOERER . H X
FOMBFSEEETAIET, (C®)/(Cut)lERAE LI, Ar-50,-0, BEXN
ZHOBESEE1035~1 atm DT 7KL/ I HBEIT 973, 1023, 1073
K & Ufco 735 S0, EH 10%atm T—& & Uk,

BEHZHFOD Pg, &(Cu™)/(Cu’) LDBFR%E Figure 13 ITRTE % LI h
DEREIBOTH log (Cu?)/(Cu*) & log Po, DRI RERBEBRARILLT
WBRERNTIENTED, BNEREEREC IV RO -ERARRNE. KO
EBYTH-T,

at 973 K, log{(Cu’*)/(Cu*)} = (0.60910.132) + (0.28710.070)_ IbgPoz [3.3]
at 1023K, log{(Cu®*}/(Cu*)} = (0.141£0.084) + (0.255+0.074) logPgp, [3.4]
at 1073 K, log{(Cu*")/(Cu*)} = (-0.037£0.047) + (0.330%0.034) logPgp, [3.5]

[3.3], [3.4],[3.5]RD r* i X EhTHh 0.85,0.86, 0.94 TH»71,
SIT. AEBOBEGRHICEOTR., (CuiCu ) LOBES EERFHE
3ETEHBOBEXI—ETH3LEL. TOHEERDI LT,
HHLEEICBITIIEREBRRAETROLICER S,

log{(Cu?**)/(Cu*)} =A +B logPo, [3.6]

CZTA. BREEBTHD, LREERTS L.

B = [log{(Cu®*)/(Cu*)} - Al/ logPp, [3.7]

B5 (073K, Pps10Satn iTisH BIBRBAT - At BHPO QPR EA ST Y CuRE =
Cutsl BREL AT D (Cu2')/ (Cut ) DBIEDKRE {5 Fododd, BICIEFE M -1,
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CCTRATOERERISCBOEERDLIELTE, logPp =0 D& &
BOMEBREKLTLE S, TLTIRTOERTF -2 B23L5104 32
1B, logPp, DEN G 1 2R U, BESEELBIEF— o ERE
BREBBZI LI LI, $4bb, ORESBUTOLScRxh 3,

log{(Cu®*)/(Cu*)} = A’ + B(logPoz -1) [3.8]

CITAREETHD, LRELHT S &
B = [log{(Cu®*)/(Cu*)} - A’]/ (logPg, -1) [3.9]

SOXICULTRDIZBOEEFEHT S &, B=0.295(=1/3.4)TH » 7z, T
Abb, FEBROBEEEICHE T, log (Cu?)/(Cu*) & log P, DRICIXEL
TOBEFRBEINLTEEEI OIS,

log{(Cu?*}/(Cu*)} = (1/3.4) logPoz +C [3.10]

CCTCCRREHETH S,

OE| A ROBMBREBE S TRIT S 12210 Cu*'/Cu* B b B 75 SE 45
RICEBES,

log (Cu®*)/(Cu*) = (1/4)l0g Po, + (3/2)log a(0*) + log K*(II) [1.22 B]

ARBE—EMK. —FEE. —F S0, 7ED b T, REFELE
FETN2, CORBDLET, BEAA VERIRBESEICEELE b
BoiE, LM S log (Cu?)i(Cut) & logPo, DRICIEE 1/4 OEKRBRE
BRILT DI EICRD, UhLERERICEINTIE, log (Cu?*)/(Cu*) & logPg,
DRICIIERBEFEIRILT I 0D, TOMEEIT 1/4 LV b KE L. 0205
(=1/3.4)TH -7z

N2,0+Ca0+8i0, % X 5 7 "% §i0,-B,0,-Li,0-Ca0-Al,0,-Zn0 6 TR 5
2 P & DBACH B T, log{(Cu?)/(Cu)} & log Po, DREIZITMEE 1/4
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PEHEBEMEENREDONBI I ENEREIRATNE, ZZ T, AEZROGHME
Rk EBiEBEICEITE OO BRILBCEHROEFHOERIIOVWTE

BT 5,
[1.22]R% logPg IOV TRHEFTHIETRADOLIILKL S,

dlogl(Cu’* )i(Cu™ )] _ 1 , 3 dlog a(0*")
alogPo 2 4 2 alogPoz

[3.11]

BRAHREFTCREBERS - BEERFIVESECREHETH Y. BLED
HENEETHIRY, BRAMAVERIBEFEORRERITINT L, &
5T BEAELECMLTCORETOREA A VERI—EEHBTIE
BT&B. TAbBL. BIRI BT 9 1oga(0”)/ 0 1ogPp,=0 & TE,
log(Cu?*)/(Cu*) & logPg, OMOBEEIT 14 £ 3,

—% ., MEBERAEICBOTIE, [UEPOD 0,. S0, LEBIEFOD 50,7, 07L&
OEIC, LINRO LS B EHEHNEET B EEI N5,

S§0,* = 80, + (1/2)0, + 0O* (111 B
LANRDOFEHER KILIDEROCTEREZFETIERREE S,
log PSOZ + (1/2)log PO, + log a(0%) = log a(SO,/7) + log K(1.11) [3.12]

FEBRICHEOVTR Pgo, E—EELTVWEOT, ER%E logPp, TEMSA T
5&. TREH S,

1, dloga(0?) _ tloga(504°")

[3.13]
2 BlogPO 2 alogPo 2

2—7 2-
B3R o, Hose(0” ) 8083504 )y mpg iz 0 12 i2 2 DB T & A
6logP02 6lagP02

bhd, LEd-T Po, OE{ICLY . BEFOBRET =4 ¥ B XUHE
T4 OBEROIB IR ED-FREMATIIEERLS. LLA, Py,
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DEREEDICHREAAVEER. m&4#/%§®ﬁﬁﬁ\£4bﬂ*a EEZ
SHENREREBDI S,
DEVBRBEICEOTIR, 120R0BREA AV EROEMRESEIC X
2 TRMALIIZDI, logPp, R 14 ICHALEh > EMRTE 3,
BEFAKBRRBIBEOShATF—F UMBHLTHRON, 2EETIEE.9R
A5 0loga(0*)/ 0 logPo, DEEHEIET D &, 0.029 LI EARBSHI,

31.2 RE3MRBIURESEDODLLTO CU/CU'BLETEHORSE

BIRICBWTE., BE. SO, 7E. BRF/E—TO0b L CHEBEERAZE
AMIFLEZDC)/(Cu )b DEALERE LTz, £2FBOD 3.1.1 HTIZA
E. S0, HE. HE—%Db ETRERAEEEMRZI G E XD (Cu?)/(Cut)
HOEAZRE L, ChoDTF—-F2ETSFTEIZ DI, BHD
KREBDS LOBREFEE 10%tm NS latm ICE D EOLRLTHERIE
MR EEMIELERET -,

TH&bB, 1073K. Pgp,=10"atm. Po =1 atm KEWT. TNA Y GikkiE
OHREENASIETEREIT 70 log (Cu®)/(Cu*) EEHA A LV LEBOBE
z Figure 14 iZ7 T, P TRETHD 1073K. Pgp,=10"atm. P62=10'zatm
KBITHHEROHBETRLL,

Bh 6. Po=1 atm KBV T log (Cu?)/(Cut) EFHA A L EEMRER
BIRicH 2 &Abh b, TEZOHBOBMEN, BB TEShHE L
Llve 2D, REIBESELENTH. (Cu®)/(Cuh i & FHRMIE S K O
RICEAROBEM/RERILT S LT,

SIT. BEASEOREEHBR LT, (C)/Cu) L ETHMEAKROBEE
ERTILERAD, Chicld, BIETE Shiz(Cu)i(Cu) LOBESE
BKEREERT 3, THbLE, BORNORESEDHEHEEDICBITTS &

log{(Cu2+)/(Cu*)P02”3"’)}= C [3.14]

LB BES LY 50, AEHN—EO b ETR. EROETLR Py OB
KBb5Y. MRSALTHNERUMEEEBRTTH S, Figure 14 IKF
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L2 TOERERE. log{[Cu™)/([Cu'IPp, "} EFHA 4 V£ B OB
& UT Figure 15 KR T, T—FKH 562513 HD DD, P =10"tm ¥
U tatm CHOMEEN, 1 FXOERTRRBZ EALTIENTES,
IDXII. BEFEDORTAXETHONIERTL, BRRTEOE
BEHER UL log{lCu™]/([Cu'lPp, " NEVI B TH-NICEBETELI L
. EREEBTMREEVA S, RETMY LT ZREAFERICOVTH,
FTCOBICE s TCu?H(Cu) L EBEDORBKRERSD I LIKT 5o

3.2 cCu¥/ CuB{LBTEHOBEKFE

ShECHRY ET7 1073k BADOREIIB TS, HBREMHREELS
HT Cu®/ Cu'B{L BT FHEFHE L, 98b 5, 973, 1023, 1123, 1200K
CBOWTERET o SO, FERTART 10fatm E—FiIT LR, BRES
ECu)(Cu ) ERBHICH R UADETLTHMBELRATRZ I L2 #
JAHI. AERAM L.

log{(Cu™)/(Cu")P 4} EFH A A VR BOBHE Figure 16 KFT . &
BEICEVT. 770622l I2b00, FEIRAUHESOBFENK
MUTWBERNES, ECCIhOOBEEOEHEARD S I EERS
o

973, 1023 1123 B X T 1200K iKW TR T — 7 OENP BB, 1073K
KOWTRTF—FOENREL ., EROHEESIEHEENR VL, £EITTF— %
OEAFHEOEHICIKBEIFTEINL, TRTOREEMICHEZD LT,
SLIEEARBRORBELR T -7z HEDOFHBEEUTOLIICLUTRD I,
HL5BECHUIEREARRETROLIICER 5,

| log{(Cu™)/(Cu*)Pp,"*")} = A + B log r(average) [3.15]

CITA. BIEETHS, LRAEEETS &,

B = {log{(Cu“)/(Cu*)Pozl”"')} - A)/ log r(average) [3.16]

ERABNTATDF— I SBOMABH Lize COBRBIZX Y RD
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bR BOFHMEIL 254 THolo DL, 973~1200K BT,
log{(Cuz‘”)/(Cu*)POz”“)}& log riaverage) DFICIRLE T OBBENKILT 2 &#

ish3s,
log{(Cuz*)/(Cu*)Pozm"‘)} = 2.54 log r(average) + C’ [3.17]

LR FEROBRESIVUBRESEDOHEBAICH VT, Cu*/Cu'BILE T
FHEOMAAES LUHBEAROBYMELTERL T3, THEAER -
KBEBOTRINZT—ELTSO,4HE% 10%tm E—FIC LT3, L=t
>Ty EATRAOEYR CREEOMEBELIZENFHEINE, 22T
EEREELEETI DL, LRXOATOFEH A4 L LRICETIEL
ELRCBET S,

log [(Cu“)/(Cu*)Pozm‘“r(average)z's“] =C’ [3.18]

—h\ EFHERIEOFHEEROBEHKERR van't Hor DX ot b FT=
DEITHEZIZoh 3,

A
+ t. 3.19
2303RT O - [3.19]

log K =-
CCTKRFHEH. 4H BRIEOLZ UV VE—J/mol) TH 3,
FERICBUIERVDIOFHEMIINI5IROE I cEZh, BESE.
SO, FHEH X UHMBREMEERS—EFEDORBET T, log (Cu™)/(Cu) & YT DB
fixrATcH5ELIo5h 3,

2+
(Cu”") == i . l + const. [3.20]
(Cu™) 2303R T

log

B200A &Y, EREEHEBRICENTIH B—FTHY. Cu*, C*DER
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FRENBEICEKELREOLESIE, log (Cu®)/(Cu)it YT ICHBATE I ERTF
Bahs, '

FHRBICEOT. BESEFLUHEREOHEERNERLIFHFLEFVTR
log (Cu®)/(Cu*)% log [(Cu“)/(C'u*)Pozm"r(Average)z‘“] ENWIRICEZHR
ABZET, UT EDOBFEEFEMLUI,

ChETCOETOHRERICDOINT, log [(Cu2*)/(Cu*)P021’3"r(Average)2'5"] &
1T D% % Figure 17 K7 T, MEORMICRBFLESRBENKILLTH
32 &bh 3, RADBRECLIDRD-ERABRRAIROELOTH S,

(Cu?*) _ 7.5x10°
13.4 25q - 434+
(Cu™) Py, " -r(average)™

log [3.211

[(3.21RD P GHEEE) 13098 ThHotoo ZD XSS log (Cu?*)/(Cu™)
i Po, OPWERBLIFFHMA Y EBOBEREAMT S LKL -T,
RUD Po, BLUVRUBHERTHONAHEREAOTHEERKFHEEZNRN
BZENTER, BRURNEBETTERRADOLIKE S,

log (Cu®*)/(Cu*) = logP . "** + 2.54 log r(average) + (7.5 X 10°)/T - 4.34
0,
| [3.22]

R[3.200 & 32210 5 RO TORIEDL UV N E—%RD S &\ JH=-144.2
kJ/mol TH -7z,

CITCHBOIHIC. BENTBEP COFEROI I NVE—-K%E
L5, MRAREBAFA VATHAPHRSFRATRIETRADOLIRE S,

(1/2)Cu,0(s) + (1/4)0,(g) = CuO(s) [3.23]

3.23|"DL Y IV E -, XBH 5-60.3 kJ/mol &I EREIN
%20, 2, [Na,0+Ca0+8i0,]R X1} 5[3.231RD 4H & L T-61.6 ki/mol
EVSERBREINTNS 27, X 5IZ. [Na,0+B,0;]1H L TF[Na,0+A1,0,+
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B,0,]% iC 51} 3 4H I2-61.0 k)/mol EHE X H T3 29,

FHRICE T BRI O 4H 12-144.2 KJ/mol ER W Sh izt LB D[3.23]
RO IH LERHFERBERBD OO, O &iE, FERO Cul/Cu*FlF
HANRITREZ o T, ERNEENLBET CIREHITR[1.13]0
EENRBRLLUTHWAE I EREAT TS,

3.3  Cu/ Cu'BR{LBTFEWHD S0, ¥ FikiFid

SNE TR Pgp, % 107atm T—E LT 24, co?/Cu* B HITRIFTT SO,
FEORBEZHETBZ-DHIC, 50,-0, REHFXFD Pgp, FLEIET
(Cu®)/(Cu*) b KT,

X(Li,SOJIX(Rb,S0,) = 60/40 D 2TLF/T VA Y HRBEER W HF XF 0 so,
FEEEMSET, (Cu*)/(Cu) e RAE LI, S0,-0, REH X HO S0, 4
E#% 10%atm. 10*atm. 10°33atm, 10%atm O 4 KB TEL X EEIR 1073
1123+ 1200K & UJzo BBEAHN XL Po,=latm THNS U R & #i,
P§0,=10"atm B LT 107atm ORMHICH L TEHEESOBEN 24 5
Uleo Pgp,=10"%atm B LT 10°%am OHF Ri3, ¥RRAEBEAWTEH
Th Psp,=10"atm H L 10%atm OEH Y X EMBESF I TER L THR
L7z,

Psp, & (Cu™)/(Cu*) e DBAR % Figure 18 IZR L7z M 5. log (Cu’)/(Cu*)
Elog Pso, DICEBRMEBRVPRIL TR LB BT IENTEZ, 22Ty
FEBREHTBOTC)(CuYED S0, FERER A ETHBEOBE 13—
ETHBEEL, ZOBMEARDBI EIT Lz,

HEIBEICBIIERARRETROLSEZ 3,

log (Cu?*)/(Cu*) = A + B log Pgp, [3.24]

CCZTA, BRE¥HTHZ, LREERT B L,

B = [log (Cu™)/(Cu’) - Al log Psp, [3.25]
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LA L > TELRBREPGBOEERD L, ThoDFHEERD S
&N B=0.435(=1/2.3) T Holco THDOBE, 1073~1200 K B WNT
log(Cu®*)/(Cu*) & log PSOZIDFEE KR TOMBMNKILTEEEZI OB,

log (Cu®*)/(Cu*) = (1/2.3) logPg(, + const. [3.26]

RIS\ BT Z2EROBBREREKIZCENT SO0, 7ERERERE L, T
hB. X(Na,S0,)/X(Cs,50)=75/25 D2ERTNHVHEBREEZRANT. &
ZHOD SO, FEEZZEALIETC)/I(Cu)EEZRE L, BEIX 1123K &L
oo '

Figure 19 I log (Cu™)/(Cu’) & log Pgo, DB %\ X(Li,SOJ/X(Rb,S0 )=
60/40 ICBITBHREHFETRT . WTHhOHEBKITEBWT . log (Cu?)/(Cu?)
& log Pso, PHICIXEOHBEBHBANRILL TS, X(NayS0)/X(Cs,80 )=
75125 ODHBETCHEOhAEEERLDVT, B/MAREK LY RH-EHZEE B
R, ROEFHTH B,

log (Cu®)/(Cu’) = (1.72310.061) + (0.425%0.016) log Pso, [3.27]

COLEXDrPEIZ 0998 TH oo EARDEE T X(Li,S0)/X(RD,SO )= 60/40
OHBREICEVTIKEOEETORHEEREGLTHEOEE LIZIZ—
Bl TIIBWVT, log (Cu®)/(Cu*) & log Pso, FOHBIRERKICKE
LIt I Emahis,

gy ZODOHROFHMETORERLEHEE TS E. AL S0, FETIR
X(Na,S0,)/X(Cs,80 )= 75/25 TD(Cu’)/(Cu ) DB BRIV ERB I ENTX
B, MEDFEHAA VEEIZ, E0EN X(Li, SO )/X(Rb,SO )= 60/40 D & &
0.095nm. X(Na,50)/X(Cs5,80,)= 75/25 DL & 0.114nm TH 3, TRbbH,
A A EBEDOKE X(Na,S50,)/X(Cs,50)= 75/25 DT IVAG U HEREIK
BOTCu*)/(Cu ) ERE P27 EICiN B, LER-T. 2EOH®BET
DHBICUIBEZLVN, FFZED S0, sEOHEBICEITAMEFOD
Cu/Cu'BALBEFH I, ChETERARKNBIRTEIND Z ERTE
ahi,
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CIT\ FERTEHEIIL Cu/Co' LB FEHD so, FEEER I
DOTERET D, LBOLIIE, BEFTRADOEFHNRRIL TS &2
23,

Cu* + %02 %02* - Cu0,* [1.13 F]

COFHITIZREIMIE SO, BVEELRVLDTHEHN. —H THEBRER K
FREOLTH S0 0*E&EHFD 0,50, DMICKRD X S B EHNEET
5,

S0,% =50, +-;-02 +0%- [1.11 F]

FRBRCTHRBESEEX—EELTHLZOT, RLBIER[LIHS 0, DE
eHETHIET. BRAEB 5,

Cut +0?% +%so42‘ = Cu0,%" Jr%so2 [3.28]

CORERDPTOFHEE KG.28)FAVTEEFTTERRDOLS I 3,

log (Cu’*)/(Cu*) |
= -(/2)log Pgp, + log a(0%) + (1/2)log 2(SO,*) + log K(3.28) [3.29]

ST a(0")B LT a(S07) B Pgo, ITRFE UL S| log (Cu™)/(Cu*)
& log Pgo, PEICREE-12 OBEBBEENKIELTZHTTHS, Lhl.
KBRHERITINE, log (Cu®)/(Cu*) & log Pso, DRI IXEBRBMRIKILT
2500, ZOHEERB+(112.3)Thoty CITEDERROVWTERT 3,

[3.291% log Pso, TRMAT 2 L TREB S,
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dlogf(Cu®* )/(Cu*)] _ 1 . dloga(0?™) L1 dloga(S0 >~ )
alogP 302 2 alagP SO 2 2 6IogP SOZ

[3.30]

2- 2-
T kR H08a(07 )  A0galS04" ) gk ey ¥ S ER B HAEER S
alagP S0, alogP S0,
72Dic. FEmLIRCEHBES,

S0,> = SO, + (1/2)0, + O* [1.11 §]

log Pgp, + (1/2)log P, + log a(0%) = log a(S0,7) + log K(1.11) [3.12 H)

ERE log Pso, TRMFTEE Po,—EDL L TRAER 5,

1, dloga(0*~) _ dloga(S0 4%~ )
2 alagP S0, 6logP S0,

[3.31]

2- 2-
Aoga(0” ) 5 H0s2C04” ) i3 iz 0 itz h BN T &
8IogP S0, alagP S0,

BbiBo LEdioTs Py NEMRLEE I, BERORES A ER
LHBAA L OBEROPULEL—FREMTEIEDEZZ NS,

3.311RX & O .

2- 2-
bbb R[E.30]Ic B T 208e07 ) 10083804~ )y g 4 111s p 1B,
OlogPsp, 2 dlogPgp,

~ log (Cu™)/(Cu*) & log Pso, DH OB S XHFEME-12 ITRAZ SR LA,

2- 2-
Ologa(0™ ) o 908a(S04" ) oy 5 i F i —FH RERDEE EZD T, FE
clogPgq, dlogPgq,

BOLSBWHEZ+23VWB ORI EREZNEEAREBRATIILENWENL S,

BED:D. FHEOLGRE R 5 A082(07) 1000ga(S077) 4 g vy
alogP S0, 2 BlogP S0,

094 TH-7,
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3.4 2HAMBEFTOCr,0, BME

HETB~I L 5 IZ. Rapp B Na,SO, MK IZHEY 3 Cr,0, OB
DEBRET>TH3, ~HERREBOTRETRARELTENSEL
THW3DT, ZARFERE~D Cr,0, DBRBEHICOVWTOARLEES =
EBEETH D,

FPRATEE LIS, 2TREME L U THE NaS0o, EFHAA L EED
F L X(Li,S0)/X(Rb,SO,)=60/40 DEKERBAY , ZOBKO 2 THFEM
BEMEEHAOT Cr0, DBERERET. BohABNRE LMY Na,S0, B
RitBFa3zhEBTEIEELE,

&EZ AT\ Rapp MM Na,SO, BEER VT »% Cr,0, BREROLE
R FIZAUELBERD a(Na,0) DB B ELTEZ TS, BXPICIH
KRFHIZEE 1200K. Pg,=latm T—RE & L. Pgo, 2 EALSETHERE
BLY aNa,0)2ENLZBAEOERND B, LH L. Pso, DEEWILIE
KONWTORBEIBD S LI -7, TITEANETR., BEBLURSE
FEBRUCEL, SO, FERDWTRINECOERTE SREMT Py,
D=10"atm THEREIT -7,

ETOHBRBERE Table 3 KRT, RPO/ 0 ABBREORZIL (CP 4
WiCB 2 BERBEETHLL,

X(Li;SOJ/X(Rb,S0)=60/40D 2 TR BB ICE I3 /7 n A BRREOREL
{L% Figure 20i2RF, 190K M B ORBBENLIE. 7 0 ABER— Tk -
DT, DA EBI0HHTIHEHFNRILTO3S EHMBT Lz, Ehlk
DIRDUEEREFHL. Bohktl3eawt%E2EARBIcBY 2 2 oA
BRELE LU,

—~ BERE Na,SO, B3/ o ARBEDOEEE (A Figure 21 IZ73
To 485 R OEBRMLE, 7 o ABER—FICHE 70T, P &b
485 M T FEARIUL LT B LMW Lz, ZhElED 3 SOAESEEL
FHU. BoNIE 2.15wt% EHM Na,SO, ICB T3 7 D ABREESE L,

AKBAER (Li,S0,-Rb,S0, 2 ERMEIES L Uik Na,S0, TO Y p Ak
BE) ORUMZMKT B2, Rapp DFT » A pli%k Na,SO, TO 7 10 LB
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E&@.ﬁbﬁ%ﬁ‘? -0
FTHRANET—72d I FEREEFICH T 588 Na,S0, F D a(Na,0)
ZEMHT B, $i¥ Na,SO, BEEFD 50,. 0, ERADEHICH S,

Na,0 + SO, + (1/2)0, = Na,SO, [4.1]
[AROBREBRTINF B 26°¢4.1)i3
4G°(4.1) = -RT Iula(Na,50)/{a(Na,0)Ps 0 Po,"*}] [4.2]

DEHIKFEIND, 46°UDEXRE PEDERFHETIE. 120K IKF
T-370.2 kI/mol EWV 3 EARFSND. &I T a(Na,S0)=1\ Pg =latm &

Thid.

log{a(Na,0)P50,} = 4G°(4.1)/{2.303 X RT}
= -370.2X10%/(8.314X1200X2.303) = -16.11 [4.3]

ENSHBREREL ENTES, LERN-T, EEROD P302=10"‘atm DH
& Tk, B Na,SO, H T log a(Na,0)=-12.11 £ 5,

ZDXSICLTEONT: aNa,0)DEE B ER, FERERBETOI OLE
BMELZ RS 5. Figure 22(a)il Rapp O Cr,0, BMERDHERE TR T,
Mo FEBROD Pgo =10"atm Db & T loga(Na,0)=-12.11 OREF T,
EREREAFEITIE 7 0 ABERERIH 45wtnil i3 TR Eh 3,

Figure 22(b)IC I3 FAERERFZ R T MR Na,SO, KB TERICE I
Y OLBEEIR 433wt% ThoTc, TOHBLELEOHREME VY IEETEL
N, FTOLBERBREBFNNBER - NVTCEB TSI EEEETHIE., FITRA
BEELTEINWEEZIONS, LN TI I TRAZRERIT Rapp OF
BEFELEBENWET S, A UEHT. Li,SO,-Rb,S0, 2 THRIHERIEICH
A7 0 LBRE B Na,SO, OEhEEFBRERTWEELILNS, &
B%. Li,SO,-Rb,SO, 2 TRMMETO/ o A BBEO SN LA LEEEME
WiEN - Tz,

B COERERLIS, BEL LU ASEN—EDORHRIE T,
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FHAA VEERALERZERORREBMET T, BEA 4 ERI
FLCBDZLEVA . FERTIEBE 1200 K, Pg =1 atm, Pgp,=10"atm &
U BBENETHIHRBREREDFH A A L LEIH Na,S0, & Li,SO,-
Rb,SO, 2THRHHMBELTELL, LN THEDORESAA VERINEZ
FLOVOT, BREDABELEFIFRALECEEVWZIE, COERIZ.
BRRFERIEBETICETS Cu/Co'BILBLEH D Cr,0, DEREDY
BLFRNEHN, FENBRCES(REAF VEBOA/MNMIH TRX
NEEXEBEMITITEY,. BOTRENTH B,
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4 X

HEICHE. SERTAY ) HRETO cuv/Cw BB FRELAE
Lo
1) (Ce*)/(Cu) KBRS EICRARDOLIICHEET S,

log{(Cu’*)/(Cu*)} = (1/3.4) logPp, + const.

2) (Cu®)/(Cu)LIFBECH LT, UTIKKEMT S,

3) Pgo,=10%atm DO &T (C*)(Cu)HKRIBZTRRSE - 8K - &
EogEIRoATESIh S,

log{(Cu®*)/(Cu*)} = logPozm“I + 2.54 log[r(average)l + (7.5 X10°)/T - 4.34

4) (Cu*)/(Cu)iX SO, FRICKRRDLHICEKET 3,
log{(Cu?*)/(Cu*)} = (1/2.3) logPg(, + const.
& 5T, BE 1200 K, Pg =1 atm, Pgp =10"atm IZB Ty 2R T I W
Y FRBRIE R A~D Cr,0, DBEMELZBE Uiz, #ik: Na,SO, D7 n LA BRE &,

P Na,SO, EFB\A A EBOFELV2ZRRTINVAVHERED S n LR
BiZ. BEELE -1
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Table 1 Experimental Results for Cu®*/Cu" redox equilibrium at a fixed partial pressure of SO, (10'4atm).

No.| T(K) |log P 0 ;| Motar rasio® 150 ,) (%) |rtaverage) | Duration| Cu* (wt%) | Cu'™ (wt%) | Cu’* (wt%) |(Cu® )/(Cu*) |log(Cu®* )i(Cu*)
(@m) |1; Na¢ K Rb Cs| (@m) | (hour)
1| 923 2 |80 20 0079 | 264 0384 = 0.002 [2.010 * 0.002 | 1.626 = 0.013 [4.24 = 001 | 063 = 0.00
2| 973 0 |50 50 0.079 161 |0.112 = 0.012 | 0.848 =% 0.009 | 0.736 + 0.022 | 6.57 = 092 | 082 =+ 0.06
31 973 0 |50 50 0079 | 170 |0.158 * 0.003 |0.813 * 0.010 | 0.655 = 0.013 [ 4.15 * 016 | 0.62 =+ 0.02
4 | 973 L |50 50 0.079 182 | 0431 * 0.006 | 0.899 =+ 0.003 | 0.468 = 0.009 | 1.09 + 0.04 | 0.04 =+ 0.01
51 973 2 |30 70 0.085 | 220 |0396 % 0.007 | 0.932 £ 0.005 | 0.536 = 0.012 | 1.35 = 0.05 | 013 =+ 0.02
6 | 973 2 |50 50 0079 | 192 |0.466 * 0.016 |0.943 + 0.014 | 0477 % 0.030 [ .02, + 0.10 | 001 =+ 0.04
71 973 2 |80 20 0.069 | 220 |0.467 + 0.015 |0.924 = 0.005 | 0457 + 0.020 098 = 007 | 001 =+ 0.03
8 | 973 2 |80 20 0.077 | 192 |0367 + 0.011 [ 0914 = 0.007 | 0.547 * 0.018 | 1.49 = 0.09 | 0.17 + 0.03
9 | 973 2 |80 20 0.079 | 204 10410 * 0007 0924 + 0010 | 0514 * 0017|125 + 0.06 | 0.10 = 0.02
10} 973 2 |80 20| 0.084 | 204 {0530 * 0012 (0902 + 0019 | 0372 * 0031)070 *+ 007 | 015 =+ 005
1] 973 2 75 25| 0.114 | 210 |0.317 * 0.004 | 1.734 * 0.002 | 1.417 * 0.006 | 447 * 0.08 | 0.65 = 0.01
12| 973 [ 36 |50 50 0.079 | 192 |0.612 * 0.009 | 0.899 # 0,009 | 0.287 = 0.018 | 0.47 =+ 0.04 | -0.33 =+ 0.03
13 | 1023 0 |50 50 0.079 | 171 |0.326 % 0.004 | 0.759 * 0.003 | 0.433 * 0.007 | 1.33 = 0.04 | 0.14 =+ 0.01
14 1023 -05 [50 50 0.079 | 255 |0.387 % 0.004 [0.876 = 0.009 [0.489 * 0.013]1.26 = 005 | 010 =+ 0.02
15| 1023 -1 [50 50 0.079 | 256 |0.466 * 0.006 | 0.738 * 0.019 | 0.272 % 0.025 | 0.58 % 0.06 | -0.23 =+ 0.05
16| 1023 2 [50 50 0.079 | 170 |0.619 * 0.610 | 0.909 = 0012 | 0.290 # 0.022 | 0.47 * 0.04 | -0.33 = 0.04
17| 1023| 2 |80 20 0.069 | -85 |0.661 % 0.023 |0.914 =* 0.007 | 0.253 =+ 0.030 | 0.38 % 006 | 042 =+ 0.07
18] 10231 2 |80 20 0.077 74 |0.643 = 0.004 | 0.875 * 0.004 | 0232 % 0.008 | 0.36 * 001 | -0.44 = 0.02
19| 1023 -2 |80 20 0.079 | 115 |0.665 % 0.006 |0.908 = 0.011 |0.243 % 0.017 | 037 % 0.03 | -0.44 =+ 0.03
20| 1023 -2 |80 20| 0084 | 163 [0.627 = 0.006 | 0900 = 0013 | 0273 * 0.019] 044 *+ 003 | 036 =+ 0.03
21 1023 2 75 25| 0.114 | 210 |0.694 = 0.017 | 1.746 % 0.001 | 1.052 #* 0.018 | 1.52 * 0.04 | 0.18 * 0.02
22 { 1073 0 |50 50 0.079 | 190 |0.502 % 0.004 | 0.978 = 0.011 | 0.476 % 0.015 | 0.95 =% 0.02 | -0.02 + 0.02
23 | 1073 0 |50 50 0079 | 223 [0482 % 0.002 0922 = 0.006 | 0.440 * 0.008 [ 0.91 + 0.01 | -0.04 =+ 0.01
24 | 1073 0 {80 20 0.069 160 [0.449 + 0.027 | 0.693 =+ 0.008 | 0.244 = 0.036 054 + 0.11 | 027 = 0.09
25 | 1073 0 |60 40 0.095 | 266 |0.402 * 0.007 | 0.842 * 0.003 | 0.440 % 0.010 [ .10 * 0.04 | 0.04 =+ 0.02
26| 1073 0 40 60] 0.139 161 [0.193 + 0.013 | 0.825 =+ 0.006 | 0.633 = 0.019 | 414 = 0.47 | 0.62 # 0.05
27| 1673 © 55 45| 0.128 166 [0.154 = 0011 {0.789 =+ 0.019 | 0.635 % 0.029 | 328 + 031 | 052 = 0.04
28 | 1073 0 |50 20 30 0.090 160 [0.331 = 0.009 | 0.825 =+ 0.011 | 0.494 # 0019149 = 0.10 [ 017 = 0.03
29} 1073 0 65 350 0.121 | 216 |{0.192 + 0.009 |0.847 =+ 0.005 | 0.655 + 0.014 | 341 x 023 | 053 =+ 0.03
30 | 1073 0 70 30 - 0.109 282 0240 = 0.005 | 0837 =+ 0.005 | 0598 + 0010|250 + 009 | 040 =+ 0.02
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Table 1 Experimental Results for Cu®*/Cu* redox equilibrium at a fixed partial pressure of SO, (10™*atm) (continued).
_LXp q P p

No. | T(K} |log P 0| Molar ratio(R ;50 .} (%) |r(average) |Duration| Cu* (wt%) | Cu'™ (wt%)| Cu?* (Wt %) |(Cu®* )/(Cu*) |log(Cu® )i(Cu*t)
(atm) 17; Na K Rb Cs| @m [ (hour)
31| 1073 0 50 10 40| 0129 | 281 |0.180 % 0.010]0.777 % 0.035[0.597 = 0.045[3.32 + 043 | 052 = 0.06
32| 1073 0 |20 60 20 0.096 194 10334 = 0.006]0.867 =+ 0.015]0.533 = 0021|160 =+ 009 | 020 =+ 003
33| 1073 -05 |50 S0 0.079 224 10471 + 0.003[0.699 =+ 0.011]0.228 * 0.014]| 048 =+ 0.03 | 032 = 0.03
34| 1073 -1 |50 50 0.079 161 [0.673 * 0.001]1.037 =* 0.006|0.364 = 0.007| 0.54 = 0.01 | -027 = 0.01
35| 1073 -1 [50 50 0.079 189 10.667 =+ 0.004[1.022 =+ 0.004]0.355 = 0.009] 053 + 001 | -027 = 0.01
36| 1073 | -1.5 [50 50 0.079 167 10.737 + 0.009 (0902 =+ 0.010]0.165 = 0.019[ 022 = 0.03 | -0.65 <+ 0.06
37| 1073 2 [30 70 0.085 45 [0.707 + 0.002]0.893 =* 0.006]0.186 =* 0.008| 026 =+ 0.01 | -0.58 <+ 0.02
38 | 1073 22 |50 50 0.079 192 [0.612 * 0.005]|0.740 = 0.010(0.128 = 0.015]{ 0.21 + 0.02 | -0.68 <+ 0.05
39 | 1073 2 |80 20 0.069 67 10721 + 0022|0815 = 0.027]|0.094 * 0.049) 013 + 0.06 | 089 + 024
40 | 1073 2 |35 65 0.109 97 [0.587 £ 0.026]0952 =+ 0.043[0.365 = 0.069|0.62 * 009 | 021 = 0.10
41 | 1073 2 |50 50 0.098 89 [0.670 * 0.010]0.896 =+ 0.007{0.226 + 0.017]0.34 =+ 002 | -047 + 0.04
42 | 1073 2 |80 20 0.077 67 |0.777 * 0.010]0.891 =+ 0.006]0.114 + 0016 0.15 =+ 002 | -0.83 <+ 0.07
43| 1073 2 |30 70 0.119 93 |0.499 =+ 0.004{0.869 =+ 0.009[0370 + 0.0I13f0.74 = 0.02 | -0.13 =+ 0.02
44 | 1073 2 |50 50 0.103 93 0.651 =+ 0.010(0.907 =+ 0.011/0.256 + 0.021|0.39 + 0.03 | -041 =+ 0.04
45 | 1073 2 |80 20 0.079 100 [0.672 + 0.010}0.797 =+ 0.015]0.125 * 0.025( 0.19 = 0.03 | -0.73 + 0.09
46 | 1073 2 |30 70| 0.137 105 [0.554 = 0.011[0.906 =+ 0.009[0.352 * 0.020] 0.64 = 0.02 | -0.20 <+ 0.03
47 | 1073 2 |50 50| 0.116 105 |0.664 = 0.007[0.903 = 0.005[0.239 % 0.012|036 + 0.01 | -0.44 =+ 0.03
48 | 1073 2 |80 20] 0.084 75 |0.711 + 0.003{0.847 * 0.010{0.136 * 0.013]| 0.19 + 0.02 | -0.72 =+ 0.04
49 | 1073 2 85 15 0.102 175 0498 + 0.002{0.694 +* 0.012]0.196 + 0.014] 039 =+ 0.03 | -0.40 = 0.03
50 | 1073 2 80 20 0.105 180 [0.486 = 0.003[0.674 =+ 0.001}0.188 + 0.004|0.39 =+ 0.01 | 041 =+ 0.01
51| 1073 -2 75 25 0.107 155 [0.506 =+ 0.004|0.703 + 0.003|0.198 * 0.007| 0.39 + 0.01 | -0.41 =+ 0.02
52 | 1073 2 70 30 0.109 156 (0491 =* 0.005)|0.688 = 0.009[0.197 + 0.014 (040 = 0.02 | -0.40 = 0.04
5311073 | -2 60 40 0.114 | 161 ]0.525 =+ 0.003{0.750 * 0.005]|0.225 + 0.008) 043 =+ 0.01 | -0.37 =+ 0.02
54 | 1073 2 80 20] 0.110 149 0487 = 0.011]0.686 =+ 0.000[0.199 + 0.011]0.41 = 001 | -039 =+ 0.03
5511073 -2 75 25| 0.114 144 |0.547 - = 0.007}0.790 = 0.005(0.243 =+ 0.012]|0.44 = 002 | -0.35 = 0.03
5611073 -2 65 35| 0.121 136 [0.645 =+ 0.002[0.953 =+ 0.052]0.308  0.054[ 0.48 =+ 0.08 | -0.32 =+ 0.08
57{ 1073} -2 55 45| 0.128 144 0571 * 0.037[0.882 + 0.003}0.312 * 0.046{ 055 + 0.03 | -026 =+ 0.08
S8 | 1073 2 40 601 0.139 145 40511 + 0.014[0.887 + 0.003[0.376 + 0.017]0.73 =+ 0.01 | 013 = 0.03
59 | 1073 2 |50 20 30 0.090 144 [0.71S * 0.006 [ 0.882 =+ 0.006[0.167 + 0.012] 023 =+ 0.02 | -0.63 = 003
6011073 -2 (20 60 20 0.096 217 10728 = 0.008[0.885 =+ 0.009[0.157 * 0.017]{ 022 =+ 003 | -0.67 =+ 0.05
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Table 1 Experimental Results for Cu™*/Cu" redox equilibrium at a fixed partial pressure of SO, (10™atm) (continued).

No. | T(K) |log P 0 ;| Molar ratio(R ;S0 4) (%) |r{average) |Duration Cu” (wt%) |Cu total (wt%)| Cu 2 (wt%) | (Cu 2)i(Cu*) |log(Cu* )i(Cu*)
@tm) \1;i Ne K Rb Cs| @m | (hour) |
61| 1073 -2 20 35 451 G.122 280 {0609 = 0.029]0.882 * 0.001}0.273 * 0.029| 045 < 0.03 -0.35 + 0.07
62 { 1073 -2 50 20 30| 0.101 156 |[0.448 == 0.005]0.580 * 0.003]0.132 =+ 0.008] 0.29 = 0.02 -0.53 =+ 0.03
63| 1073 -2 20 30 50| 0.126 222 10591 £ 0.008]0.875 = 0.00810.284 £ 0.016] 048 + 0.03 -0.32  + 0.03
64 | 1073 -2 30 20 50 0.117 168 (0.612 £ 0.001]0907 x 0.010]|0.295 = 0.011] 048 = 0.02 -0.32 = 0.02
65 | 1073 -2 20 30 501 0.137 198 0.535 £ 0.002{0858 = 0.02110.323 £ 0.023]| ¢.61 *= 0.05 -0.22 = 0.03
66 | 1073 -2 20 40 401 0.133 248 10.626 + 00010967 = 00040342 + 0.004{ 055 = 0.01 026 = 001
67 | 1073 -2 50 20 30 0.109 193 {0.661 = 0005|0864 * 00150203 £ 0,020 0.31 = 0.03 -0.51 == 0.05
68 | 1073 -2 40 20 401 0.132 168 |0.537 + 0.003(0.887 = 0.004]0.350 + 0.007] 065 =+ 0.02 -0.19 £ 0.01
69 | 1073 -2 70 20 1¢| 0.110 388 [0.567 = 0003 (0810 + 0.04110.243 = 0.044] 043 = 0.08 -0.37 & 0.08
70| 1073 -2 40 10 50 0.136 365 10537 = 0.004;0.855 = 0.009]0.318 = 0.013] 0.59 = 0.03 -0.23 = 0,02
71 { 1073 -2 65 10 25| 0.118 171 10623 = 00120889 = 0.028|0.266 = 0.040] 043 + 0.06 3.37 = 0.07
721 1073 -2 50 10 40| 0.129 168 |0.570 = 0.043)0.889 = 0.003]0.319 + 0.005]| 0.56 = 0.05 025 =+ 0.10
73] 1073 -2.6 50 50 0.079 164 |[0.877 + 0.003]|0986 % 0.006]0.109 « 0.009] 0.12 + 0.01 091 = 0.04
74 | 1123 0 60 40 0.095 218 10559 = 0.001]0.893 =+ 0,017]0.334 * 0.018] 0.60 x 0.03 022 + 0.02
75| 1123 -2 80 20 0.077 - 126 | 0.656 = 0.005]10.7701 = 0.002}0.045 + 0.007] 0.07 == 0.01 -1.16 = 0.07
76 | 1123 -2 80 20| 0.084 147 |0.655 + 0.006]0.703 = 0.005]0.048 * 0.011] 0.07 =+ 0.01 -1.14 =+ 0.11
771 1123 A 65 351 0.121 167 |1.507 = 0.00911.741 = 0.004}0.234 =+ 0.013] 0.16 = 0.01 -0.81 = 0.03
78 1 1200 0 60 40 0.095 165 [0.929 + 0.01211.121 * 0.040]10.192 + 0.052] 0.21 =+ 0.06 068 %= 0.12
79 | 1200 0 100 0.095 945 1734 = 0.038]2.223 * 0.015|0.489 = 0.053) 028 = 0.04 -0.55 =% 0.06
80 | 1200 -1 100 0.095 86 1.889 + 0.00712.213 % 0.00410.324 + 0.010] 0.17 * 0.01 077 £ 0.02
Bl | 1200 -1 90 10 0.099 90 2464 + 0.0092.920 = 0.008]|0.456 = 0.017]0.19 * 0.01 0,73+ 0.02
82 | 1200 -1 80 20 0.103 72 2.834 + 0.003]3.261 % 0.04770.427 + 0.050] 0.15 * 0.02 -0.82 + 0.05
83| 1200 -1 70 30 0.106 90 2.856 = 0.011]3.387 = 0.02070.531 =+ 0.031| 0.19 = 0.01 -0.73 + 0.03
84 | 1200 -1 5¢ 50 0.114 80 2946 + 0.006]|3.610 * 0.008]0.664 = 0.01430.23 %= 0.00 065 + 0.01
851 1200 -2 100 0.095 24 0.800 = 0.005]0.852 # 0.005(0.052 %= 0.010] 0.07 = 0.01 -1.19 + 0.09
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Table 2 Experimental Results for Cu**/Cu* redox equilibrium at a fixed partial pressure of O, (1atm).

No. | T(K) log P 50 ;| Molar ratio(R ;SO ;) (%) | r(average) | Duration| Cu * (wt%) |Cu total (wt% )| Cu 2 (wt%) | (Cu 2_+ MW(Cu™) log(Cu ** }/(Cu *)
@m) 17; Ng¢ KRb Cs| ®@m | (how)
86 1 1073 -3 60 40 0.095 261 0.133 + 0.001] 0929 #0.007 | 0.796 = 0.008 | 598 + 0.11] 0.78 + 0.03
25 1 1073 -4 60 40 0.095 266 0.402 = 0.007] 0.842 « 0.003 | 0,440 =+ 0.010 | 1.10 =+ 0.04 | 0.04 =+ 0.02
87 | 1073 -4.5 60 40 0.095 171 0390 + 0001|0973 +0.007 | 0583 +0008 | 1.50 + 0.02]| 017 =+ 0.01
88 | 1123 -3 60 40 0.095 153 0.674 + 0.011] 1.716 + 0.006 | 1.042 = 0.017 | 1.55 = 0.05[ 0.19 =+ 0.01
89 | 1123 -3.3 60 40 0.095 332 0.862 = 0.020| 1.730 * 0.023 | 0.868 = 0.043 | 1.01 =+ 0.07] 000 = 0.03
74 | 1123 -4 60 40 0.095 218 0.559 = 0.001]0.893 = 0.017 [ 0.334 + 0.018 | 0.60 =+ 0.03| -0.22 + (.02
90 | 1123 -4.5 60 40 0.095 192 0.465 + 0.005[ 0.560 = 0.016 [ 0.095 + 0.021 | 0.20 =+ 0.05] -0.69 = 0.10
91 | 1123 -4.5 60 40 0.095 264 0.957 + 0.011] 1.795 =+ 0.027 | 0.838 + 0.038 | 0.88 =+ 0.05[ -0.06 + 0.03
92 | 1123 -3 75 25 0.114 317 0.449 x 0.011] 1.723 + 0.016 | 1.274 + 0.027 | 284 = 0.13 | 0.45 =+ 0.02
93 | 1123 -4 15 25 0.114 287 1.252 + 0.012] 2522 + 0.008 | 1.270 = 0.020 | 1.01 =+ 0.03] 0.01 + 0.00
94 | 1123 -4.5 75 25 0.114 316 0.831 + 0.012} 1.380 * 0.0i4 | 0.549 x 0.026 | 0.66 =+ 0.04 | -0.18 = 0.03
95 | 1200 -3 a0 40 0.095 168 1.894 + 0.006] 3.007 * 0.013 | 1.113 £ 0.019 [ 0.59 =+ 0.01| -0.23 =+ 0.01
96 | 1200 -3.3 60 40 0.095 249 1.280 + 0.021| 1.648 + 0.032 | 0.368 + 0.053 § 0.29 + 0.05]| -0.54 =+ 0.07
78 | 1200 -4 60 40 0.095 165 0929 + 0.012]1.121 * 0,040 | 0.192 * 0.052 | 021 =+ 0.06 | -0.68 + 0.12
97 [ 12001 45 |60 20 0.095 | 190 | 0.508 % 06.015] 0.547 0,011 | 0.039 = 0.026 | 0.08 = 0.05 | .11 = 0.30
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Table 3 Experimental results for solubilities of Cr

Composition r(average)} Duration Solubility of Cr log [solubility of Remarks
{nm) (hour) (wt%) Cr (ppm)]
A X (Na,S0,)=100 _ 0.095 96 1.02 £ 0.01 4.01 = 0.01 equilibrium not attained
145 1.09 = 0.01 4.04 + 0.02 equilibrium not attained
169 1.10 £ 0.01 4.04 * 0.01 equilibrium not attained
195 1.30 = 0.01 411 £0.01 equilibrium not attained
220 1.32 £ 0.02 4.12 + 0.02 equilibrium not attained
315 1.76 = 001 4.25 + 0.01 equilibrium not attained
407 1.94 = 0.01 4.29 + 0.01 equilibrium not attained
* 486 2.13 = 0.02 4.33 £ 0.01 equilibrium attained
* 531 2.15 £ 0.01 433 + 0.01 equilibrium attained
* 555 2.16 = 0.01 4.33 + 0.01 equilibrium attained
Average for equilibrium value  2.15 = 0.02 4.33 + 0.01
B X (LiSO,4)/X (Rb,S50,)=60/40 0.095 98 2.80 = 0.01 4.45 = 0.02 equilibrium not attained
* 190 3.72 £ 0.01 4.57 = 0.00 equilibrium attained
* 266 3.57 £ 0.01 4.55 = 0.01 equilibrium attained
* 313 3.62 £0.02 4.56 £ 0.01 equilibrium attained
Average for equilibrium value  3.64 + 0.08 4.56 = 0.01
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Figure 2 Solubilities of Cr,0, in Na,SO, at Pp,=1 atm and 1200 K after Rapp!®
and Zhang®. For the acidic region, dissolution of Cr,0, into Na,SO, corresponds to
Cr,0, =Cr**+307%, while for the basic region, solution is formulated as Cr, 0O, +20%

+(3/2)0,=2Cr0 2.
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Figure 4 A schematic illustration of the relation between Jog{(Cu?*)/(Cu*)} and
log a(O%) within sulfate melts at a fixed temperature and partial pressures of
SO, and O,
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Figure 5 Relation between (Cu?*)/(Cu*) and X(R’,SO ) {X(R,SO ) + X(R’,SO )} in
binary sulfate melts, R,SO, + R’,S0,, (R = Li, Na; R=Na, K, Rb, Cs; R#R") at T =
1073 X, PO, = 10 atm and PSO, = 10 atm.
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Figure 6 Relation between (Cu?*)/(Cu*) and average ionic radius of alkali cations,
r(average), in binary sulfate melts, R,SO, + R’,SO,, (R = Li, Na; R= Na, K, Rb, Cs;
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Figure 11 A schematic illustration of reactor.
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Figure 12 A schematic illustration of oxygen sensor.
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Figure 13 Dependence of the (Cu?*)/(Cu*) ratio on partial pressure of oxygen
at 973 ,1023 and 1073 K for binary sulfate melts with X(Li,SO,)/X(Na,SO,)
=50/ 50.
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Figure 14 Relation between log{(Cu?*)/(Cu*)} and log[r(average)/nm],
in binary and ternary sulfate melts for Pp,=10-2 atm, compared with those
for Po,=1 atm, at 1073 K and Psp,=10"atm.
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Figure 15 Relation between log{(Cu?*)/[(Cu*)* Pp,"*#]} and log[r(average)/mm],
in binary and ternary sulfate melts for Pp,=10atm, compared with those for
Po,=1 atm at 1073 K and Psp,=10*atm.
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for binary and ternary sulfates melt. N denotes the number of experimental data
obtained at each temperature.
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Figure 19 Dependence of (Cu?*)/(Cu*) ratio on partial pressure of sulfur dioxide

at 1123 K for binary sulfate melts with X(Li,SO,)/X(Rb,S0,) =60/ 40 and

X(Na,S0,)/X(Cs,S0,) =75 / 25 .
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Figure 20 Variation of the Solubility of Cr with duration at 1200K, Po,=
latm and Ps0,=10-* atm for binary sulfate melt with X(Li,SO,) / X(Rb,SO,)
= 60/40.
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Red-Ox Equilibrium of Cuo**/Cu* Couple in Binary and Ternary

Sulfate Melts and Its Relevance to Hot Corrosion
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ABSTRACT
Oxidation-reduction equilibrium measurements for Cu®*/Cu" couple were
conducted for binary and ternary alkaline sulfate melts by equilibrating these melts
in gas mixtures of Ar + O, (10™* to 10° Pa) + SO, (10 Pa). |

The red-ox equilibrium would be expressed by a formula;
Cu* + (1/4) O, +(3/2) O* = CuO,*

At a fixed partial pressure of SO,, the ratio of Cu** and Cu* concentrations, |
(Cu**)/(Cu*), could be expressed as a function of average ionic radii, r(ave), partial

pressure of O, and temperature by a formula

log (Cu?*)/(Cut)
= 1.9 log {r(ave)/nm} + (1/3.4) log {Pg, /Pa} - 2.9 + 6,700/ (T/K)
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I. INTRODUCTION

The combustion product gas in refuse incinerators for disposal of garbage
contains inorganic impurities such as alkaline metals, sulphur and chlorine.
Because of such impurities, when the gases are cooled, fused salt film may
condense on the hardware to generate a highly cormrosive condition,
corresponding to accelerated degradation known as "hot corrosion”.

An important initial aspect of hot corrosion is the consideration of
thermodynamic stability of oxides and fused salts"l. Protective oxide, e.g.,
Cr,0,, exhibits limited stability under the presence of fused salt such as Na,SO,,
and reacts and dissolves into the salt, depending upon the partial pressures of .O2
and SO,, and the activity of oxygen anion a(0%).

In order to elucidate the effect of oxygen anion activities on the stabilities
of protective oxide, Rapp et al. 7! determined the solubilities of various oxides
in pure liquid Na,SO, as a function of a(Na,0). Although activities of oxygen
anions, a(O%), are, in principle, not measurable, Temkins model provided values

for a(O*) for pure Na,SO,;
a(Na,0) = a(Na*)? a(0%) = a(0O%) [1]

Consider binary sulfate melts, e.g., Li,SO, + Na,SO,. The activities of
oxygen anion depend upon mole ratios of Na,SO,/Li,SO,. However, neither
a{Na,0) nor a(Li,0) can be related to a(0%), since Temkin’s model is not
applicable.

As a qualitative or semiquantitative measure of oxygen anion activities, an
alternative approach is the use of red-ox equilibrial®, e.g., Cu**/Cu* couple®.
The present study is aimed at documenting an experimental approach for
expressing Cu®/Cu* ratio as a function of melt composition, oxygen partial

pressure and temperature.
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II. EXPERIMENTAL ASPECTS

The details of experimental apparatus and procedures were reported
elsewherel. Hence only a brief description is given here. A high purity alumina
crucible was charged with about 20 g of binary or ternary sulphate mixture, and
heated fo the experimental temperatures between 973K and 1200K. Copper was
added to the sulphate mixtures as CuSO, (Cu®*) at a concentration of 1 to 2
mass% total-Cu. At these concentrations, chemical analysis could be made for
both Cu* and total-Cu with satisfactory accuracy.

Gas mixture of Ar + 0,(10"* to 10* Pa) + SO,(10 Pa) or O, + SO,(10 Pa)
was injected at a flow rate of 0.1 L/min into the melt through a silica tube. At an
interval of 1 to 2 days, samples were withdrawn from the melt by dipping a
copper rod and submitted for chemical analysis of Cu* and total-Cu. Preliminary
experiments revealed that equilibrium could be obtained after a duration of 120
to 200 hrs. Temperatures were measured by a Pt-PtRh13 thermocouple placed
below the crucible and controlled to within =1 K by using a PID-type

temperature regulator. The overall errors in temperature measurements and

control were estimated to be less than £3 K.

III. RESULTS AND DISCUSSION
Formula to express Cu**/Cu* equilibrium

Red-ox equilibrium for Cu**/Cu* couple would be formulated as:

Cu* + (1/4) Oy(g) = Cu?*  + (1/2) O* 2]
or
Cu* + (1/4) O,(g) + (3/2) O* = Cu0,* [3]
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Following equation [2], (C#**)/(Cu*) ratio would decrease with an increase
in oxygen anion activity, while the reverse is for equation [3].

In the first place, one has to decide which equation, [2] or {3], would be
appropriate to express the red-ox equilibrium. Toward this end, the (i Cu?*)/(Cu*)
ratios were plotted against melt composition of binary alkaline sulfate melts,
R,SO, + R3S0,, (R = Li, Na; R= Na, K, Rb, Cs; R#R) at T = 1073 K, Pp, =
10° Pa and Pso, = 10 Pa. In figure 1, the melt composition is expressed by
X(R’,S0,) /{X(RZSO,,) + X(R’,50,)}; X(i) denotes mole fraction of i. As shown in
this figure, for these melts the (Cu?*)/(Cu*) ratios increased with an increase in
X(R>,80,) | {X(R,S0O,) + X(R’,S0,)}.

The activities of oxygen anion have been interpreted in terms of the
electrostatic force between alkaline metals and oxygen!'®. The bonding strength,
I, between alkaline cation and oxygen anion is related to the ionic radii of cation

and anion through the equation;
I=2e?/(rc+ry ) [4]

where e is the electronic charge and, r. and r, are the ionic radii of cation and
oxygen anion, respectively. Following equation [4], the bonding strength, I,
would increase with a decrease in the ionic radii of alkaline metals. Based upon
these considerations, it has been postulated that the activities of oxygen anion
would increase with an increase in the ionic radii of alkaline metals. Namely, the
activities of oxygen anion in pure alkaline sulfate would increase with an
increase in ionic radii of alkaline metals in the order, Li,SO, < Na,SO, < X,SO,
< Rb,SO, < Cs,S0,. Since r(R) < r(R)), an increase in X(R’,S0,) / {X(R,50,) +
X(R’,S0,)} corresponds to an increase in average ionic radius, r{ave), which is

given by
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r(ave) = X(R,S0,) r(R) + X(R’SO,) r(R) [5]

Hence oxygen anion activities would increase with an increase in
X(R,S0,) / {X(R,SO,) + X(R,50,}. In summary it can be concluded that
equation [3] rather than equation [2] would be appropriate to express Cu*/Cu*

equilibrium in this study.

Effect of melt composition and oxygen partial pressure

Based upon the above considerations in relation to average ionic radii,
attention is now focused on the relation between (Cu?*)/(Cu*) and r(ave). Such a
plot is given in figure 2, which is illustrated for binary and ternary alkaline
sulfate melts, R,SO, + R350, + RSO, (R=Li, Na; R’= Na, K, Rb; R”= K, Rb,
Cs; R#R’, R’#R” R”#R) at T'= 1073 K, Pg, = 10° Pa and Pso, =10 Pa. The

average ionic radii for ternary melts is given by
r(ave) = X(R,SO)r(R} + X(R,SO)r(R’) + X(R”,SO)r(R”) [6]

As shown in figure 2, the relation between log (Cu?*)/(Cu*) and log r(ave)
could be expressed by a single straight line drawn through the data points.

On the other hand, it follows from equation [3]
log (Cu?*)/(Cu*) = (3/2) log a(O%) - log K(3) + (1/4) log Po, [7]

The first, second and third terms in the right hand side of this equation
would be functions of composition, temperature and oxygen partial pressure,
respectively. Through the linear relation between log (Cu®*)/(Cu*) and log r(ave),
as shown in figure 2, log a(O*) in equation [7] would be substituted for by log

-69.



r{ave). One obtains
| log (Cu?*)/(Cu?) = [k log r(ave) +.C] -log K(3) + (1/4) log Po,  [8]

where k£ and C are constants. Following equation [8], if the values for log
(Cu?*)/(Cu*) were plotted against log PO,, then the relation should be linear
with a slope of 1/4. Such a plot is given in figure 3. Although linear relation is
observed at 973, 1023 and 1073 K, the slope was 1/3.4 rather than 1/4. It is
noted here at this point that for molten silicates, theoretical slope of 1/4 was
observed'***] Such differences between sulfates and silicates could be
interpreted as follows.

In molten silicates, the activities of oxygen anion would be independent
of oxygen partial pressure. The anticipated 1/4 power dependence of
(Cu?*)/{(Cu*) on oxygen partial pressures arise from such an independence. For
sulfate melts, on the contrary, the activities of oxygen anion are connected to the

chemical potentials of O, and SO, via reaction:
SO,(g) + (1/2) O,(g) + O*(melt) = SO,*(melt) [9]
(SO, + (1/2) (O,) + p(0*) = (SO ) [10]
By differentiating equation [10], one obtains
du(S0,) + (112) du(0;) + du(0*) = 0 [11]

Since the partial pressures of SO, were fixed in this study, du(SO,) = 0. It

follows
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du(0%) = - (1/2) dy(0,) [12]

Equation [12} indicates qualitatively that, in difference from silicate melts,
the oxygen anion activities in sulfate melts depend upon oxygen partial
pressures as well. The -observed slope of 1/3.4 in this study would be attributed

such an effect of Pg, on a(0%). |

By rewriting equation [8] with the observed slope of 1/3.4 rather than 1/4,

one obtains
log{(Cu**)/(Cu*) (Po/Pa)**} = [k log {r(ave)/nm} + C] - log K(3) [13]

At a fixed temperature, relation between log {(Cuz“)/(Cu*)(POZ/Pa)m"‘}

and log {r(ave)/nm} should be a straight line with a slope of k. Such plots was
made in figure 4: linear behaviour was observed with a slope of 1.9 %0.5 .

Eventually we obtained

log {(Cu?*)/(Cu*) (Po,/Pa)®*} = 1.9 log {r(ave)/nm}+ C - log K(3) [14]

Effect of temperature
Although K(3) are not measurable, temperature dependence of K(3) would

be expressed by a formula:
-logK(3) = A+ B/(T/K) [15]
where A and B are constants. By combining equation [14] with [15], we have

log {(Cu?)/(Cu*) (P0./Pa)"**} = 1.9 log {r(ave)/nm} + 4’ + B(T/K) [16]
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By rewriting equation [16], one obtains
log [(Cu?*)/(Cu*) (Po,/Pa)*{r(ave)/nm}*®] =4’ + B/(T/K) [17]

Relation between log [(Cuz")/(Cu*)(P02/Pa)w4{r(ave)/nm}19] and 1/T should

be linear with a slope of B and an intefcept of A°. Such plots are given in figure

5: linear behaviour is observed and an analytical formula was derived.

log [(Cu**)/{(Cu*) (P0,/Pa)**{r(ave)/nm}'“}] = -2.9 + 6, 700/(T/K) [18]

IV. SUMMARY
For better understanding of thermodynamic properties of binary and
ternary alkaline sulfate melts, an experimental approach was made for red-ox

equilibrium of Cu®*/Cu* :
Cu' + (1/4) O,(g) + (3/2) 0% = CuO,>

at Pso, =10 Pa, Pg, =10"* to 10° Pa, and temperatures between 973 to 1200K.

Under such conditions, the (Cu?*)/(Cu*) ratios could be expressed as a functjon

of melt composition, temperature and oxygen partial pressure.
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Figure 1  Relation between (Cu?*)/(Cu*) and X(R,SO,) /{X(R,SO, +
X(R’S0 )} in binary sulfate melts, R,SO, + R%SO,, (R = Li, Na; R*= Na, K, Rb,
Cs; R¥R%)at T = 1073 K, POz = 10° Pa and PSO2 = 10Pa.
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pressures of SO, of Pgp, = 10 Pa.
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(C2*)/[(Cu)(PO,/Pa)*{r(ave)/nm}*®] for sulfate melts, R,SO, + R3SO, + RS0,
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1073 K, and PSO, = 10 Pa. N denotes the number of the data obtained at each
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