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B npeANOAOKEHUU SAEKTDOXMMNYECKOM NPUPOAbI B3AUMOAENCTBUS ra3a-BOCCTAHOBUTEARN (CO) € OKCUAHBIM DACAAQBOM, CO-
ASDXALMM NOHW METAAAOR NEPEXOAHONW IPYNTLL, BHIBEASHO KMHETUYECKOE YDOBHEHUE AAS POCHETA CKOPOCTU BOCCTAHOBU-
TEABLHOTO Npouecca, y4uTtbiBarowee GUNKO-XMMUYECKNE CBOMCTBA KOHTAKTUPYIOWMX ¢a3. Ha npuMepe B3AUMOAESIACTBUS OK-
CUAHOro pacnaaea cuctemsl CaO-SiO~AlL O3, coaepxaliero Ao 6.0 mac.% Me,O,,, (NIO, CoO. Cu,0), 06ayBAEMOro rasosomn
$a30M € NAPUMAAbHBIM AQBASHUEM P = (0,4+5,0)-10% MMNa npu T= 1623 K NOKA3AHO YAOBASTROPUTEABHOE COIAQCUE PACHETHBIX
U 3KCNEPUMEHTAABHBIX AQHHbIX.

KaouyeBble CAORQ: pAcyeT CKOPOCTU, BOCCTAHOBAEHWE, OKCUAHDBI DACNAOB, KOTUOHLI METAAAOB, MOHOOKCHUA, yraepoaaq.

Supposing the electrochemical nature of the interaction of reducing gas (CO) with oxide meit containing transition metal
ions, a kinetic equation is derived for calculation of the reduction process rate taking physical and chemical properties of
the contacting phases. Satisfactory agreement between the calculated and experimental data is shown by the example of
inferaction of the CaO-5i0,-Al,O system melt. which contains up to 6.0 wt.% Me,,O,,, (NiO, CoO, Cu,0), blasted by gas phase

of partial pressure Peg = (0.4+5,0010° MPa af T= 1623 K.

Key word: rate calculation, reduction, oxide meit, metal cations, carbon monoxide.

BsauMoneiicTBue raza-soccranoButens (CO) ¢ ok-
CUIHBIM DaAcIIaBOM NPOTEKAET B PANle TEXHOJIOTHYEC-
KHX mporeccos. OLHAKO B JUTEPAType OTCYTCTBYeT
METOI pacyeTa CKOPOCTH BOCCTAHOBJIEHUS] METAJIJIOB
MOHOOKCHIOM YTJIEpoJia U3 XK UIKUX IIJIaKOB.

B Hacrosimeit paGoTe BEIBEHEHO KUHETHYECKOE
YDaBHEHUE AN pacdeTa CKOPOCTU BOCCTAHOBKUTEIBHO-
IO IPOoIECCa B KHHETHYECKOM PEXUME, YIUTHIBAIONIEE
BIIMSTHHE KOHLIEHTPALIMH pearupyom X KOMIIOHEHTOB
B KOHTaKTUpyIouux ¢a3zax.

KAYECTBEHHAY KAPTUHA
B3AUMOAENCTBUI OKCUAHOTO PACMAABA
C TA30OBOU ®A30OM

B3anMoneiicTBUE OKCHITHOTO pacIuiaBa, coaepXa-
LIET0 KaTUOHBI METANJIOB IIEPEXONHOM TPYNIEl (MEIE,

HUKENb, KODATBT U IIP.), C MOHOOKCHJIOM YIJIepoJa Mpo-
HCXOAUT, BEPOITHO, IIO 3JIEKTPOXMMHUIECKOMY MeXa-
Hu3My. Ha 5T0 yKa3piBaoT crienyonue noaoxeHns.

Bo-nepBrIX, COrIaCHO COBPEMEHHOM TOYKE 3peHHd
{1, 2] B TOBEpXHOCTHOM CJIO€ OKCUTHBIX PACILIABOB pac-
TI0JTaTaloTCs MPEUMYIIECTBEHHO HWOHHBI KHCAOPOJA, a
KATUOHBI METAJJIOB CABUHYTHL B TIIYOb XUIKOM (a3bl,
T.€. obpa3yeTca CBOCOOPA3HBIN 3MEKTPUUESCKUN MUK-
pOKoHIeHcaTop. B 3ToM ciyvae ckadyok NMOTeHIIMala
JIOKAJIU3YETCS He IO 06¢ CTOPOHBI PU3HYECKOM FpaHH-
1161 pa3fiena ¢a3z, Kak 310 HabiionaeTcs IIpH 0OMEHHOM
MexaHu3Me 06pa30oBaHUA ABOWHOTQ 3NEKTPUUECKOro
cros (JIDC) Ha rpaHMIIe METATIT — OKCUIHBIH PACIIIAB,
a BHYTPH OKCcUIHOM ¢a3pl. OTpuliaTensHas 00KJaaKa
BO3HMKawoIIero 3nech JDC pacnonoxeHa 6JIMXe K To-
BEPXHOCTHU pa3fieNia ¢ Ta3oBOU (a3oif, a NONOXKMUTEND-
Has — CMEIIEHA OT Hee B TIyOb paciiiasa.
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Bo-BTOPBIX, CO CTOPOHKI Ta30BOM (ha3bl MTPOUCXOIUT
arcopbIivsa MOJIEKYJ MOHOOKCHUIA yTiiepoaa. J(BoitHoi
MEKTPUUECKU I CNOit CITOCOBCTBYET MEPEXOAY SIEKTPO-
toB oT MoJiekysn CO Kk xkaTuoHaM MeTasia. Odpa3oBaB-
mecs worsl CO?Y pacrionaralotcs B6IM3M aHHOHOB
KHCJIOPOJa M 06pa3yIoT ¢ HUMU MPOYHBIE XMMHUYECKUE
cesi3u. Bosuuxalouiyue 3HEPreTHYCCKUE COOTHOIIEHU S
8 cHcTeMe TakoBHL (AG < 0), yto Kommeke (CO?T0)
npeBpaniaeTcs B aACOPOHPOBAHHYIO MOJIEKYNIY C 3aM-
KHYTBIMU XMMUYECKMMU CBA3SIMU, YICPXKUBACMYIO HA
TOBEPXHOCTH PACIINIaBA OTHOCUTENIBHO CIAa0BIMH MEX-
MOJIEKYIIIPHBIMY CHJIAMH.

BbIBOA KUHETUYECKOTIO YPABHEHUS

3anuieMm PC€aKIIMI0 BOCCTAHOBIICHNU A KATUOHOB MC-
Tallia B XUIKOM IIIJIaKe MOHOOKCHUIAOM yriacpolaa B 06-
MmeM BULE!

gqMe,0,, + mCO = ngMe + mCO ,, @
HaIIpUMep, THIIA
()]

IpennomoxuM, uto peakius (1) cocTouT U3 ABYX
NoNypeaxuuif — AaHOTHOM:

Cu,0+CO =2Cu +CO,.

CO - CO, +2e 3
1 KATONHOM, UIYILeH 1o MeTaJIIa:
Me™ +ne - Me. @

B paccMaTpuBaeMoM cllydae TIpUMMeM, YTO AaHOJIHOE
okHucIeHHe MoJiekynl CO BKITIOYAET CICAYIOIUE CTa-
Big70’

CO 1y = COae)> ®
CO(yyy =CO" +e, ®)
CO" =CO™ +e, (7)
CO™ +0% =CO0yae) ®)
COyangy = COsraay- €)

Craguu (5), (8) u (9) gBasIOTCI XMMMYECKUMH M,
TI0 HallleMy MHEHWIO, He TUMUTHUPYIOT oBIIWif ITponecc
pocctaHopiaeHus (1), a (6) u (7) — 3MEKTPOXUMUYIECKU-
Mu. ByaeM cuuTaTh, 9TO 3aMeJIICHHBIM 3TATiOM SBJISIETCSA
nonypeaxuwms (6), a cragws (7) IipoTeKaeT 06paTHMO.

TIpu BEIBOJIE KHHETHYECKOTO YPAaBHEHU S ISl pacye-
Ta CKOPOCTH IIpollecca UCTIONb3yeM AaHHBIE [3], a Takxke

u3oTepMy ancopouuu JleHrMIopa, KoTopas TO3BOJsieT
BKJIIOYUTh B YUCJIO PEATEHTOB, YIYACTBYIOUIUX B OKHUC-
JIMTEJIBHOM IIpoliecce, CBOBOTHEIE U 3aHSIThIE BAKAHCUU
Ha rpaHulle pasiena ¢as. Ix dopManbHbie aKTUBHOCTH
MOXHO BEIPa3HUTh Yepe3 CTEIEHB 3aT0NHCHM S (0).

[puMensst X obpaTuMoil ctaauu (9) ypaBHCHHUE
HepHcra, Hainem 8/6, u (1 —6)/(1 — 6)):

o RT 8
o+, (10)
¢=¢ F 1-6 .
o, RT. 6
=@ +——In—2—, (1n
Pp=9 F 1-6

P

rae ¢° u ¢, — CTaHIapTHHIA U PaBHOBECHBI MMOTCHIMA~
nel; F— nocrosuuag ®apanes.

Tlongpu3allMOHHAa aHOAHAs XapakTepuctuka (1),)
OTpeleiaeTCA pa3sHuLei Mexny 6 u 8,

RT, 6, 1-0
=Q —@p=—-I—2 .~ (12)
Ma =P F 1-6, ©
W3 BripaxeHus (12) nonydum
F
P RT *
0= (13)

7 .
1-8,+0,exp (ﬁ na]

B COOTBEeTCTBUM ¢ TEOpHUEH 3aMEAIEHHOTO pa3psaa
[4] u ¢c yueToM ypapHeHHs (13) A1 CKOPOCTH Mpollecca
(6) MOXHO 3a1HCaTh
i) % = ko, exp(%?(p) =k(1-6) exp[—QR;‘T‘)E(p] , (149)

= ¢«

rae o — ko3bGUIIUeHT rnepeHoca, K 1 Kk — KOHCTAaHTH
CKOPOCTH IIPSIMOTO M OOPATHOTO ITPOTIECCOB.

s yrpomeHus BeipaxeHus (14) B COCTOSTHUM paB-
HOBECH S BOCHOJIb3yeMcsl BETUYMHOM ToKa 0bMeHa (ip):

S oF
Loce) Fo k8, exp (—1‘37 ‘Pp) =

:E(l_ep)exp(_gﬂ%} (15)

RT

Paznenus ypasuenue (14) Ha (15), nonyaum

8 exp[ Hn |- 128 exp[- =DE N a6
GpeXp(RTna) 1—epexP( RT n)]

i6)=Toce)

HUcnionesya coornomenust (12) u (13), vcxmounm
BeIMYMHY O M3 ypaBHeHUA (16), a TaKKe yYTeM, 4TO B
CTAIIMOHAPHHIX YCIOBUSIX CTEIIEHD 3ANIOJIHEHU S TI0BEP-
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XHOCTH HE UBMEHAETCH CO BpEMeEHeEM, T.e. CKOPOCTh 06-
Pa30BaHUSA YaCTUL afcopbaTa paBHa CKOPOCTH WX pa3-
psna:

i(6) = i(7), i= i(6) + i(7) = 2i(5)' (17)

Kunetnueckoe ypaBHeHME 10CjIe TpeoOpa3oBaHMi
JacT B IBHOM BHJIC 3aBUCUMOCTS i OT M-

(18)

= lye) ’
1-68,+6, exp(%na]

rIe iy) — YABOCHHBIN TOK 0O6MeHa 1utst polecca (6).

s nocnenyiomero aHanusa peakuuu (1) Heobxo-
JOUMO BBEISICHUTB 3aBHCHMOCTB BEJIMYMHHI iy OT IapLUu-
aJILHOTO NaBJIEHWSI MOHOOKCHIA YIJIEPONA B Ta30BOM
daze. Ee nomyuynM, ucKirioqas ¢p 3 ypaBHeHud (15) u
BbIpa3us 6, yepe3 P ¥ KOHCTaHTY PaBHOBECHS CIIENY-
JOUIEH PeAKITUH:

CO gy +CO™ =2CO7, (19)
a UMEHHO
oo o % 20)
P P 1+8,)*
W3 ypapHeHus (20) uMeeM
0 (KP(19)Pco )1/2 1)

g (KP(IQ)PCO)I/Z

ITocne momcTaHOBKYU M npeoGpa30BaHm7I A1 BE-
JNUYUHB TOKa 0OMEHA TIOJIVIUM CIEOYIONEE BRIPAXE-
HHE:

2-0)/2
KP(19)P((ZO i

1+(K,z>(19)Pco)l/2 .

22

Iy

Biugnue napumansHoro nasjieHud CO B rasosoit
(dase Ha 3HaYECHHUE TApaAMETPa iy ONIPENENAETCS TeM, Ha-
CKOJIBKO HPOHU3BeACHUE (K};(19)PCO)1/2 OTIMYaeTCs OT
eAMHULBL ecnu oHO Gombwie 1, T0 iy ~ P&™'? ~ P2,
a Tpu o6paTHOM COOTHOUIEHWW i, ~Pé(2)’“)/ 2 ~PC°(’)75.
3nech k03O OUIIUECHT TIepeHoca o TS OIEHOYHBIX pac-
YETOB MPUHAT PaBHEIM 0,5.

IMonsgpuzanMoHHasd XapaKTepUCTHUKA IS KaTOIHO-

IO BOCCT2HOBJICHUS HOHOB MeTasa (1, ) pasHa

RT

F (23)

Mk = ln(l_i/in)a
rae i; — npeneabHbId TOK Auddy3un KaTUOHOB MeTall-
J1a X MexX(dazHo# IpaHMIC ra3—paciliaB, 7 — YUCIO
3MCKTPOHOB.

Autrebpanyeckas cyMMa MOJISIpU3aluit (1, v 1,) om-
penesisieT o6UIee OTKJIOHESHUE OT PABHOBECUSI CUCTEMBI

ra3—OKCUIHBIH pacIiias:

Ma — Mk =——=—h—"+, (24)
<

riae Ila — npon3BeeHUe aKTUBHOCTEMN.
U3 ypapHeHuii (18), (23) u (24) moaydum dopmyay
JUISI CKOPOCTH BOCCTAHOBJICHUS:
1+a

o o
. . K 2 . an
V= _l_ = ._12_ _ﬂi 1-— L —

| Keay (25)

TIpn 60onBIIMX KOHCTAHTAX DPABHOBECCUS TIpoliEcca
(1) MOXXHO He YYUTHIBATh O6paTHOM peakiWH, T.e. Ipe-
HeOpeyb BTOPHIM CIAracMbiM B ypaBHeHMU (25):

Ita L
. g P 2 .\
i e 0 1co i)2
v=L|| Kpyy —2m 1— — . (206)
ZF|| 70 pm i
co, n

+a

Ha HayanbHEIX CTagMsIX B3aUMOAcHCTBHS OKCHI-
HOTO PACIJIaBa € Ta30M-BOCCTAHOBUTEIEM PEXHM IIPO-
necca 6TU30K K KuHeTUYeckoMy. Torna Beipaxkenue (26)
6yIeT BRITJISACTH CHEAYIOUIUM 00pas3oM:

+a
iy arl{,fe,,om Fo | 2

v=—rI Kpq
zF ® Feo,

@7

PaccMOTpUM HEKOTOPHIE CIEACTBHS, BEITEKAIOLIME
u3 popmynst (27).

Jns mpoliecca B3aUMOACHCTBAS OTHOBAJIECHTHOIO
okcuga ¢ CO (nanpumep, Cu,0) MHIEKCH YpaBHEHMS
peakuuwu (1) pasaer: ¢ = 1, n =2, m = 1. Toraa ypasHe-
Hue (27) npuMeT BUJ

I+a

aMeZOP co |2
Pco

2

BrlIess 13 Hero KOHIEHTPAITHOHHYIO 3aBUCUMOCTh
CKOpOCTH BoccTaHoBieHUA 0T Me,O, BunuM, 4to
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KnneTnyeckue napamMeTpsl B3auMOoeiicTBUs OKcuaHoro paciiasa Ca0—Si0,—Al,0,—Me, 0,

crazom-BoccranosureieM (CO) mpa T= 1623 K

Tlopanox peakiupy 1o KOHLEHTpALIIY CKOPOCTS peaKiui
Me,0,,, Mac.% Peo.atm Me,O,, co v10'2, MoTtbye, 0,/ (7€)
OneiT Pacuer Onert l Pacuet Onurt J Pacyer

3,7 Cu,O 0,195 0,60 0,75 0,85 1,0 5,0 4,6
5,8 NiO 0,6 0,80 0,75 0,90 1,0 8,0 3,0
5,7 CoQ 0,6 0,80 0,75 0,90 1,0 6,5 43

_ w2 0,75 -

v CMeZO CMc_,O' HUE TCOPETUYECKUX U KCIICPAMCHTANBHBIX 3HAYCHU I

BausHue napuuaasHOTO HaBICHUS MOHOOKCHIA YT~
1epoa HA BEJIMUUHY U, C y4ETOM fg ~ PC%ZS, OKAa3bIBaCT-
¢4 B IEpBOI cTenieHN (L ~ Pcq).

Jna mnpouecca B3aUMOJCHCTBHS IBYXBaJeHTHO-
ro okcuna ¢ CO (Hanpumep, CoO, NiO u np.) HHACK-
CHl ypaBHeHUS peakuuu (1) paBHbl: g =1, n =1, m = 1.
B aToM cnygae BeIpaxenue (27) IpUMeT BT

(1+0)/2
Kp ameoPco
(1)

V=7, (29)

Peo,

T.€. 3aBUCHMOCTE U OT KOHUeHTpauuu MeO u P Takasg
Xe, KaK U JI71s1 OMHOBaJeHTHOro OKCHIa!

0,75
V~Chp B V~ Frg.

BOCCTAHOBAEHWE METAAAOB
B OKCUAHBIX PACOAABAX
MOHOOKCUAOM YITAEPOAA

s pacdeTa CKOPOCTH BOCCTAHOBJICHHUS METAJJIOB
B OKCMIHBIX pacljiaBax Mo MpenjiaracMEM YPaBHEHW-
AM HeoDXonMMO 3HAHUE TOKa o6MeHa (). OueHka 3Toi
BEIMYUHE IPUBeNieHa B paboTe [S] ¥ 11 TeMmepaTypsl
1573 K cocraBnser 7,2'10_13MOJ‘IL/(M2‘C).

B Tabnuue npencTaBNEHBI 3KCIEPUMEHTAIBHEIE
JaHHBIE, B3AThic U3 paboT [6—8), B KOTOPHIX METOIOM
UeaIEHOrO CMEIIeH s Ta30BOr0 IOTOKA B PeaKIIUOH~
HOM sg4yeifke UCCIefOBaachk KHHETUKA B3aUMOJACHCTBU S
raza-socctanoButens (CO) ¢ okcuaamu Meau (1), HU-
kenst (IT) w xobanwra (1T) mpw nx xontuenTpaumsx 1o 6,0
Mac.% B pacrnarax CaO—SiO,—Al,0;. Boisio yeratos-
JeHO, 4TO IPOIECC MPEeBpalleHH S OKCUJIOR 0 MeTallia
APOVICXOAWT B KWHETUYECKOM pexume. Cornocrasie-

nopsAJKa peakuui o konueHTpauusm CO n Me, 0,
CKOPOCTEI NPOoIeCcCOB BOCCTAHOBIEHHS IOKA3KIBAET MX
YAOBNETROPUTEIBHOE COTNIACHE.

3AKAKOYEHUE

Hcxons U3 aeKTpOXUMUUECKOH IPUPOAB B3aNMO-
JEACTBHS MOHOOKCHIIA YIJIEPOJa ¢ OKCHIHBIM paciyia-
BOM TIPEIJIOXEHO KUHETHYECKOE ypaBHcHUE (29) musa
pacdgeTa CKOPOCTH BOCCTAHOBMTEJIBHOTO TWpoIEecca B
KUHETHYCCKOM PEXHUME, YIUTHIBAOLICE BIUSTHUE KOH-
LIEHTPaUUM pearupyomux KOMIOHEHTOB B KOHTAKTH-
pytomux dasax.

Pabora BRIITOJTHEHA IPH NTOJQJdepXKe rpaHTa PODH
Nel1-08-12062.
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