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A CaO [EE AT S, HUK, B0 SRS RS SR (AR A 0 e, sy e Jm i
RIS 2T )RR, RGBS T 40 . TR S5 5 B A 2% (X ol 4 T A i 4 S 1
M AR R A 2T 107, THEREE(1200°C-1400°C), 3§ g% 2 0.7-1.0, W]
DAV 4 S S At ) A % . T e A Al AT, A58 SR T g e e L
43°A Cu-Fe-Pb-Sn VUM, 4HEEJEAALE Cu. Fe MiP. &), S0 &EAEIME, R T
G B A S AR RLAR . B RN A S R BN R R U R s, 2
WA AR A R SR RO E R E 300 o m, JATAZEE<I0Pa - s, A AT ARSI
T 1 L DAL ST S5 S A VR R AR A 790 55 12 1 L B AR P B ) A B 5 0 A AR A 2 S B
.

KEEE: WERMAT, HiRSIE, WA, KRR, s



MEEREEELFIHERERNIR. BETH

MIGRATION AND AGGREGATION BEHAVIOR OF
COPPER CAPTURE TO RECOVER PLATINUM GROUP
METALS FROM SPENT AUTOMOTIVE CATALYST

ABSTRACT

Platinum group metals is strategic resources, facing the problem of resource shortage and
conflicts between supply and demand. Automotive catalysts consume over 60% supply of
platinum group metals around the world. The recovery of spent automotive catalysts will greatly
alleviate the conflicts between supply and demand. Present recovery processes of platinum group
metals focus on hydrometallurgical and pyrometallurgy processes. Among different method, the
copper-capture method has the advantages of higher recovery rate, lower energy consumption,
environmental friendliness and recyclability. However, the lack of insightful understanding on the
transportation and accumulation behavior and mechanism for platinum group metals will hinder
the further development of this method. Thus, based on the co-treatment of spent automotive
catalysts and waste circuit boards, this study investigates from three crucial aspects—slag design,
equilibrium distribution, sedimentation and separation, respectively.

Firstly, by analyzing the phase graph, 40-60%Si0O2-10-20%Al1,03-20-40%Ca0 was
determined as main component of slag to achieve lower melting point and viscosity, and CaO can
remove brominated pollutants at high temperatures. Moreover, for thermodynamics analysis, the
equilibrium equation of metal dissolution reveals that decreasing partial oxygen pressure to lower
than 107, increasing the slag basicity to 0.7-1.0 and melting under 1200 °C to 1400 °C can
decrease the loss of platinum group metals into slag. Through the binary alloy phase graph, the
alloy would be divided into four phases Cu-Fe-Pb-Sn at room temperature, platinum group metals
would be distributed in Cu or Fe phase. Finally, for the sedimentation and separation, when the
size of metal drop is over 300 . m and slag viscosity is lower than 10Pa-s, the metal alloy will be
separated from slag and gain high recovery rate. This study reveals the migration and aggregation
behavior of copper capture platinum group metals and provides a theoretical basis for the
development of a new recovery approach of platinum group metals from spent automotive

catalysts by copper capture.

Key words: spent automotive catalyst, platinum group metals, capture of scrap copper, waste

circuit board, co-melting capture
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#=1-1 RERBANPHEERSE

RPN B Jm Pt. Pd, Rh 5
Wilner and Fornalczyk!?! 140ppm Pt-140ppm
Kirichenko %5 230ppm Pt-130ppm. Pd-76ppm. Rh-24ppm
Nogueira %! 572ppm Pd-441ppm. Rh131ppm
Chen 2510 1160ppm Pt-370ppm. Pd-630ppm. Rh-160ppm
Kim %57 1430ppm Pt-1280ppm. Rh-150ppm
Chen 2518 1940ppm Pd-1698ppm. Rh-242ppm
Kim %50 2830ppm Pt-2300ppm. Pd-530ppm
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il £ BT A R AU L

I ST AT B F MR 55 0, e 171 SR oT WA PR AR AR ) I g, OB A 391 1 3 iy 5
IRl G4, SR MR m Y R, [F, SEEPMRE BRI P R IR
TIHRB IR I I, A AT EFFEIE. KET 2001 FHE T CRERIRER
FmA ) B, BUE T 2020 AFHRIEIRAERY MDOM R R E) 95%0A 1. HAl, EHE
e BRI PR R E R, B S n R R A IR, B4R W IR IR A
AT e JE A 15 miZeAy, [l @A 45 Wiz A0,

FFE IR AR AL T Y A g JE S IR RT3 C 2 B TR, %K e 5 U 2
ASTECHRIELEA AT H ) b, QR T MR B IR) H [m] S e <5 e 1) s 3 3L
F T ] AL AR I DA SR AR A Il WS A G, o TR IR A RIARIEE . VB A
LB BIR RO W e b . 2012 ARFREMIAN (OUsh 4o bl R brrERLE ) |, BARA T
BRBNN R RBARIE, FHEORIRENLZ =30 4 HA R 3ol
£ 12 ERFEFHRAIREMELT] Pt F5oR-EIUE LR

R () R (%)

G 2016 2017 2018 2016 2017 2018

Hh ] 4.28 4.45 4.34 10.60 12.74 15.69

Yl 51.06 48.68 42.81 27.82 31.68 39.93

HA 10.18 9.92 9.75 18.38 20.86 20.06

e 9.75 9.13 9.21 136.63 166.15 178.15
HoAth =% 19.48 19.05 20.41 16.16 17.86 17.78

ATk 94.75 91.23 86.52 34.83 40.15 45.97

K 1-3 2RREEFHX AR Pd 7FK-[EEUE O B

R () IR (%)
G 2016 2017 2018 2016 2017 2018
Hh ] 57.78 61.77 60.02 3.68 4.59 6.14
Yl 46.55 48.20 53.38 25.82 28.76 29.16
HA 22.25 23.67 24.35 14.01 15.21 14.55
e 55.28 58.20 57.86 59.08 69.26 79.37
HAE%R 43.55 47.09 49.75 14.84 15.71 16.87
AR 225.41 238.93 245.37 25.02 28.46 31.43
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BLE, $REG, GaMMRE, RO EATA TR TR, ERIREET5 E bA R™ H
MBEIRIR 2. M 12, K 13 AR, FRERHR SR A R B (T e 157K
. LA 2018 4FSf, FERS Pt B IR AR 15%., X Pd BYRDICRAUN 6%, 14z Bk-F-1
Pt [R5y 45%. Pd [Ny 31%. AR ECHA AR E S ANE SE X RS Pt Y [l ficE i i
Xf Pt TR E . Pd B RICR A 79%.  d T E B IRDOK &S, s AR R R,
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W T8 E SRR ML . BRI S PR R . VR IR SURIRSE . IRk
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£ 1-4 BIEFBORE R AT PR SR TEHXR

4y (e EN T4 e SCHR
2003 H,S04-NaCl 125°C,2h Pt95%Pt,Pd85%,Rh85% Mahmoud Z016]
2006  NaClO-HCI -H,0;, 65°C,3h Pt88%,Pd99%, Rh77% Harjanto %010
2006 NaCN10g/L 160°C,2h, 2% Pt96%,Pd98%,Rh92% LA
JE 2.0 MPa ’ ’ o
2008 HCI-H,SO4-NaClO; 95°C,2h Pt99%,Pd97%,Rh85% sy A
2011  HCI-HNOs3-H,SOq4 90°C ,6h PGM95%A I Aberasturi 25019
2014 HCI-CuCl, 80°C,4h Pd95%,86%Rh Nogueira 205
2020  HCI-H,0,-NaCl 70°C,2h Pt100%,Pd92%,Rh61% Yakoumis %1201

1.2.1.1 s iRk

VR BUARTE T 2EE T A PEVA y -ALOs 2RI BEAEAL TR . b T AL R E A M P4 AL )
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ARG BE-KIZTE, AR BRI A BRRES, AR e B skiA h, IR S B A
A BERIEIR G, RIS AR IR IR 2 Pt95%, PA96%. Rh19%. X/ 4420
ARBRIR R ) Pd-ALOs (AL P HIAALSE G, Rl SRR ERE G, T KR A i,
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P, HTZRARE . R R Oya A, P A 3 5 B A 1 R AT, Xk

05 I 3t 51



@) ¥ widrs
e/ SHANGHAI JIAG TONG UNIVERSITY FHEREREATHEEENIR. BETH
RBREEE, A, HISRE A NaAIO W, BEER, B2, T HAEl
TR D R AR A, I E WA 3 A IR
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FEERRZ, TR, HRE R R T4 T2 PEE s i, HA R A8
104, R A 4 SR R DA S A VAR A, TR, ARV AR T B T
SIRHR .

BG4 JBAE T WL HCI-NaCIOs R A R, AR kg v

3Pt+16CI+2C105+12H—3PtCle> +6H,0 (1-1)
3Pd+11CI+ClO5+6H*— 3PdCl2+3H,0 (1-2)
2Rh+11CI+ClO5+6H*— 2RhCle+3H,0 (1-3)

K LR HCL- HoOo 2 R M1 Pd, A5 2 [FCEETE 97% A b, 22 8 gl A5 U8R
HCI-H2S04-NaClOs, 7E 95°C F M. 2 /INEF, AT DATSSI 4% 45 i i) e (12t 3240 3R Pt99%
Pd97%. Rh85%. Harjanto 1% f HCI-NaClO-H.0: 33 Wi, TE 65°C F W 3 /N, A DA
BB A B 13 2051k Pt88% . Pd99%. Rh77%. Yakoumis Z5200F | HCl-H,0,-NaCl
W, TE T0°CR IR 2 /N, WT DATS S B 4 8 193 3051 R Pt100%. Pd92% . Rh61%.

VEPR PR RIS TR VR0 T 2R B, R R, (R RS, R =
K, HXER PSR, B TFEREEN TAES R, miRIIEEA S (40 % a8 % i
TR PAO. RhoOs 55, SR AEBEMIA MG AU MBS, U5A 30 5% & B sk e
ISR, ERUR TR,

1.2.1.3 ¥Rk

VIR R AR TR S B RS PR R g5 6, A AR SURL T R A ik
ARG Sy, MM B iR a)s. S En R PR . RARAR, (Hlh T AR
T AT R AR ) AR AL R ME DAVE T IR B, AV JUE 1 T DAL B R VR R IR AL
A, [FEy, SEREREEHER, A RERE WRPE R, WREER,
e &R, R i 4.
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FALE R FAE 19 LM T, Kiaau #n AERIRFEE T, RAIUGULER
h, BEIG & Tll PSR E B E R O st &8 . BEEFREET, &
AL JokE S Pt Pd, BUGHE G TS IRE, $emE mdR, B2 e
TSRS, RIS R e &R BRI T2, SUbPiR SO 457 1) 3%
b 2E SOV s i, AR AR &R riEtE, BT A Pd. Pt Rh, B4 JEAH Y 1 S
APHER IR T RARE T A Rh~Pt>PdRe, b i i @ i Sy B X FRs anF

2Pt + 8NaCN +0,+ 2H,0—2Na,[Pt(CN)4]+ 4NaOH (1-4)
2Pd + 8NaCN +0,+ 2H,0—2Nas[Pd(CN)4]+ 4NaOH (1-5)
Rh + 24NaCN +30,+ 6H,0—4Nas[Pt(CN)s]+ 12NaOH (1-6)

B R AFUT 2R T OR I A R & R B, WiALEE . NaCN H& . IR, =i
W] B2 SR R 5, 15 3HE NaOH &84 10%, 160°C KU 2 /N, 414
JE I ENCR A4S K E] Pt96%. Pd98%. Rh92%.

KA EFAE R RS R, BAREEN S . TR R ARG, XA ol
AN ARSI S KRR TY, BAEGR, SRR, HFXt
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BT DAL 4 FhoriEz Ah, WA YR T2 BRI R AR AL B gl A ok [I0%: A Ak 57
TR A JE L AEYR D SRR A P s e A ) B B R e S A R Y
J& L, /\)\ﬁ‘ﬁ?}tm }% Saitoh %281 Pl Shewanella #EARBEIETE 60 4-8h N, RH4HES)E =
T (% av) . ) Figg (1) ) WEIFVIBNERACRERL. AWE S T2 EE R
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1.2.2 KA R R

KPR ZTE m R IE R AN, FUH @ niaem (g, g2k 8. 8. BiAbER.
@mﬂﬁ%ﬂgj‘ H5IRER MRS EIE NG S, LBk S &R '3%% K D

ZEBAFETREE . FETRIEEE A S BEESE. JOE PR A 4

(ﬁ}ﬁiﬁi‘ﬁﬂéﬁhﬁﬁ% 1-5 I,
2 1-5 KL FURTE RAEAH] PR S8 T2 A X5

A R T %M EEE SCHk
2000 FREE 550°C Pt 98.5%, Pd 98.0% Kim £
2011 CAETE S 1130°C Hiig 4 )E 98% EAHEEI
2014 RIES 1220°C Pt98.6%,Pd91.7%,Rh97.6% HE I ) 2550
2016 Rk 1500-1600°C Pt98%,Pd98%,Rh97% TR NEEE B
2017 RIES 1450°C HIG4 T8 97%0A 1 2%
2020 RS 1300-1400°C 148 99%A I Ding %33
2016 AR 1050°C Pt90%,Pd93%,Rh88% TiE ) <504
2018 b e 1100°C BB 428 90%LA 1 Peng %133
2020 R MIZR 950°C Pt99%,Pd99%,Rh97% Morcali Z£036]
2018 AL 1400°C Pt98.2%,Pd99.2%,Rh97.6% e Aal
2019 Ak 1350°C Pd97% Zhang %5381

1.2.2.1 TR &bk

T AR B 4 B AE il T RS MBI B R R Sk, A vl S B S 1
R 5. E4E. Kim Z0F AN — 8RB ASE, 1550 CHAUT, SRR
BEA A ISR 43R Pt95.9% . Rh92.9%. TG IA R i 32 B A A0 4 [ CR
WA D>, TZRRRE R, AT EL R, X Rh BYCERK R, FTRAEEH] 85%-90%.
EFREMEFEAE SR T EASR, MEREmmE, BAGAEAHEE OER) , &
MRS, BTG B RS AR IR =T, RAR T Tl 2B =,

1.2.2.2 T IRIE R

ST AR PR A S B TR AL 2000°C A AR, BRI R AL 2
&, HFAImEEHER, BHESTHESBENAE, RIEGS5KBENEEERISE.
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20 22 90 4E AR, 32E MascatIne 4828 H] 46 R FH 45 & 1 s IV AR PR R N iE 42 )

TR BB IAE 1500-1600°C . G T, ABCRHIHEN, S3E%EE)E FeRS 3R

Pt98%. Pd98%. Rh97%. Ding ZB3F|HHLHIL, 7E 1300-1400°C 51, 9 T8k ImICE

AR, . AR5 BIA R I E XS BRI m, AE AR AR E] 99% DA i
SR,

SR TIRRE TR, A= 8ekm . &BReRS . AP EER . B, EXF%
BB S TR A MELALEY . F B H B E R ARG A SR R
HA o SO fE i T 2R F o RERT, S84 Bm REIRER, IF 54 & JE A BB IR AR
SRORI G A, 5 SEE R B AT

1.2.2.3 &)@ sk

SRS B IR, (AT R R A R S B I A, SR
VR AT AN IR & SRR S SRR, AL IR i, I mT DA Bl 5] B AT
W, W, LIRE S A8 E. AR S EMEN SRR . ke &R M
K. WENSHESEST . SRS SMEN S EE . EHNEEMENGE. &
Tk, .

(1) gk

R SRR, (0 327.5°C, M 20 tH42 80 4E0TTHA, HYW i d:. 4. 4. %
TEE. TESA CH CO MidESE, At FihaEes, AmiErem. &
HHAEPVH AR AP, 1E 1130°CHEH 50-60 438, 15814015 48 1 %R 98%. {H i
THABEA TS, TFEMEEAAER T RVER, XTI, HIsm EICRRAL, hE
IKE] 70%-80%. HiHAE BARIEHIRBAL, (HIRIERIE R, BG4 PbO, &XfEHEA
Flr. Hisyerss, Huic R A RN,

(2) Ptk

BRI AICHE, 24 ARk DO i 42 a8 1 o DL SE0) . I I S PO DARERS 0 R il 4
A, IR JEF 5 AGES, 7E 1220°CHEHR 6 /N, T DAAS 2 E1E 4 8 R4y 1k Pt98.6%.
Pd91.7%1 Rh97.6%. 45 4EBIDL FesOa VE RN, TE 1450 CHIAHR 4 /N, 153 St @ nl
W 97%0A b, (HERIE AR, W AR ERAI I, RS B I, IR
REFER, HXMIAHRISZORERE . &M,

(3) Bifkiiis

WAL IS B AR . B BB R s TE A . NI B AL ERTE 1050°C
YA 30 24h, ASEIERIR S JE A ISR 2> 3R Pt90%. Pd93%. Rh88%. Peng Z5BSIDARAL4R
RAHERA, FE 1100°CHER 1.5 /NI, FRIET B BRIREN . DR MR a H I B2 N [ SR g 5%
W, AT 4 T Y I %A 5] 90% DA . Morcali 2558 F B AL 2 M4 7], HF 950°C 1l
75 43¢5, 153 Pt. Pd I Rh 9 IR B1R 99% . 99%F1 97%. Bk W EAE 7 HAG 15 5
% WEEFR UL, (Bl TR A, TRES ™ A K A5 Y b,

(4) HHi%E

Ve & mia kb a FAOHAER], DA . SRR SRR AR I AR AL ATl 4R
X GRB BT NN A AR, BRIT TSV TREE . ISR . il 70) 5 30 S 0 o ek
B R RS, 7E 1400°CIERR 5 /DA, (Pt Pd Fl Rh [R5y ik 5
98.2%. 99.2%7#1 97.6%. Zhang SECS IRV AIIAEN], HRIT TIEERCEE . IR IRE %)
IR, FE 1350°CHEARA 2 h, 138 Pd [HISCRN 97%, it TR Cu-Pd 54

TR

2E FAE, KRR AR EICR R, T2 MR, PSR, BT e R
A A 32 B, 0 B R B Umicore 24 5] SR A Isasmelt 4095 R4 46 . 6 H

8 T 3L 51T



@) X FRALF
s/ SHANGHAI JIAO TONG UNIVERSITY SR ERELTRRERNER. BETH
Multimetco 23 F)3E i FL HIP A RS A4 . H AR Vb 540 J 20 TR 1) 55 B8 Has Rl ol il B Y 5141
A1, R TR VA S0, — SR AR I v R ) PR TS e XU, <R AR T
HAW R T A, B, SffREMER 2, T M T8, BlE, H5
IR, BEFEMABAL HALHE, Aompla s, “AMmSEER, WAL .
FTUA RIS JOE I T 20 B DG S R, ACTTRE . FRORDA S R 4 T8 [ml
WeRRI A, & mA RS R MR . RIS . AP AR RR S g, BT
gk B, ATLAMEERAIN, 2 H BRI R AR AT A e SR R I ST B

1.3 RAERRHEFARAR

1.3.1 S8R

BB T R, IR A SRR, I, R R AR,
HEREIR R . TR AR KA B . B RS FYR, (1
FIERIEY 25 FRERBARG BRIy . FE, RERBAR T ESFHESRE, B
AHRFEEMME. EFkR, REXEES BN TFREZENN, SRR BN —
KE, HE NGRS BT TR fsk, SEEREXME S B IR O, sl
TR AL A R e R R R Rk o I

BT RERBEAAT TR SR S RN, 2R, H5#EK. RERRRNE, 3%
e RIS Ty ¥ EL A EDSCRAG . IO AS &, BRSO R PR E I R B T e R . A T
B P AR IR R MR AR AR, M AUT R AR A . S
EALE T, NEERENS EERATAY . YRR DS R B TR AR (PR
RS MEFAESE) FaGEReAR (TXE k. S&RmMEESE) | BEE
W ARAFAEENCRAR, BORERERE R . P2 A RE A R 55 ), A AR ) 6 s
TR E R SR e 5 T il BB sR B AIR, R A S DS, SRRy, S B A 5] rh
SEPBATERE. WHMESEMEN WA, 2. ma. Sh, B2k, mERKARIEE
BRI, BERER, XTRAELRE, SIEA Fe-Si &4, FEUNMCREAL: Mtk
G ARG Y SRR R . PREEACKE . RS . ELRTDASEERFIN, 2 H i
TR

JE 5T S R — AL B R ), R S R ER, T AR R AR &R Y e e AR 4R
., R E AR — AR S R ER G RE Y . AR, BEE T e &
i S POE R R, RS BRI B LT, R T AR A BRAL PR AL E 5
ORI AT R, BB S A REWIE. B84, 8%, HEEAESS
HELEGY, kg A g KN, S2EPOREEUEYR, 2016 MifHH (EXRE
IR 455 Y WHIR FEE RS NG R IEY . RN, RF BRI 48 RN T, &
FHoEg, W S RERE, ARURNCRH R SR B e T IRR 2%, I R &g,
I, BORRZ IIF I T oREAR . AR T AR A [ 5K
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SERECTIPHEEREEEETS

1FERB- e
RENT —— REREEH — FLEE —— . HELR

ERERRE, £, EFREENSHETS

AR -G KiEiEs KERBES%K

E@.%ﬁ_' %Eﬁ’ﬁgﬁ _"iﬁ}';ﬁ&igﬁ — iﬁ\ £. R,

@ R

VRS BrREY; SRS BHAE; H. KSR (BEN SR

B 1-4 BT Rk BERAETE

WP 1-4 PR, R 7B A b s 0y BT 2 AR -eh . OB . sy
S = IE— TR AL AR AR A R AL S i R R, AR B
WA RRR I T Z, FEAAEZ R 5K 2, RIDAR A B A B4 g e 8 1 o A e 4 T Al 471,
SRANE AR, AEeE o LRI T i, AR E AR A AR, TASEEE
PRAEAC )5 v B A ) £ T, DR A v B A 5 R AR AT AN R o D5 3%, e
MG . HH BT S IR R SR S I R b, SRR AR 2 R i A R AT AT
AEEE, BRI T AT R AR ARG RIS VA Y B . A SCNAITR Rt B TR AL R
Bi. BTt ST R, OISR R AERS . AT, N IR R A AL A
T JE AR LA,

1.3.2 RN

AR SCAER R R AR 5 AR A 59 WA ) o R B, M BT SR R 2 ) 2 20 e
PR BB 128 = A5, BEFTARR SR AER R A i 1A% REEAT AL S LA,
ERWITENET:

(1) adEEEARIE AT, A THERSEEIE. RERME A, (R BIT,
[F] Isf ] 7 A5 )

(2) SR 2 AT RS G AN AT, BFITRE AR &R AE A
VAR S A TR 285 BTG e R A SR A AR AL ) 2 T

(3) IS R R A SR Ry s T AR, BT R AR R h o BT AR
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2.1

1. Belt conveyor I

4. Belt conveyor I 5. Airflow sorting

RREBSWHRA X

2. Shearing machine 3. Activated carbon absorber
6. Magnetic separation

7. Belt conveyor 111 8. Eddy current separation 9. Bag-type dust collector

Magnetic
materials

B 2-1 BRI T EUR MR E - on B R

Aluminum Plastic

Scrap copper
concentrate

W 2-1 B RSB as A BT B S B AR P g Jm AR e T 24k, T
prf Ut asds . BESCHREAL. Bidkds . SRR, mEkbl. i egas. SFURTHLAEA
B, R 2 BBE-SL G R EARAL B S Bk e, ooy B IR A LA S A ok . DAY

X G E)E R EPIKE I I oYt i i aic il

W TR T

R T IE IR IR AL . PR H AR A AR, p SR R . BFER, T FBREEALEY
P15 3eh. st X BPPOIEHE (X-Ray Fluorescence, XRF) I HLJEGHE 5 45 88 11 1 A&
B%3%  (Inductively Coupled Plasma-Atomic Emission Spectrometry, ICP-AES) 447 il & J& {4
PR AR A e & TR AR A e JE B . b, BEC R S EIE A - OB A
Mg, HEERME 2-1 P,
£ 2-1 WERMEH] . RBERYEHER

it <51,

SR BRALIR A,

PEAT R4 [0l

R
% Si02  ALOs MgO ZrO; CeO; Fex0O3 BaO Pd Pt HAth
E8/% 35.79 36 9.12 398 3.87 2.39 1.54 0.09 0.065 7.144
J% AL B
e 30%4: )8 70%E4: )
Cu Hoth Si0,  CaO  ALO; TRALEREM IR HoAth
) 91.64 8.36 42.14 12.3 3.77 41.29 7.144

12 2-1 Al IR RG] B 2 A AR 32 2802 MgaALSisOus, BIIEET £7(2MgO 2A1L0s -

5Si02). HH SiOx F &K 35.79%. ALOs H &~ 36%, MgO & &K~ 9.12%, SiOx: ALOs

=]

HILHIZN 11, MRS E Pt. Pd, Rh F&E/DT 0.1%, BT Si02, ALOs, MgO Z4t,

%11 o3t 51w
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JRARALF R g n 1 /0 BB I, Zr0x &80 3.98% . CeOr &5 4 3.87% . FerOs &5 4 2.39%.
BaO & & 1.54%, SRHGiEHEA RS E N MHILaE ). Biik ki g,

W E R B T SR SIS B R, BESER S AN T, (HER
91.64%. FEAEKILA Si02. CaO. ALO; HE, SiOx & HH 42.14% . ALOs &K 3.77%,
SiOx: ALO; HEELBIZN 11:1, CaO FHE N 12.13%.

2.2 R B

JRARACTH -5 1 L B A P T A I M B e SR A 0 2%, R AR S A K& . Si0s.
ALOs, CaO. MgO EH MW VAL DB AL G BAN Fe. Pb. Sn 2. A TA VA e R e i ALl
Wi mAgEERs, T SiOa. ALOsERE, b VBEERE, felteIm S, JHFE
I AR DS TS Yy [ R, T PU BN IRl A A C U AR s RN E, A I e & 4
MEER IR RERSE. Rk, MReRSMMEARNG e, B S5 E
JERF U B, 53 E SR m LR, Hd, SRTeims h s o i E
B TR SR I A AR, AT B RAERE S R R R BRI R, AR
g e E RN B . SRR bR . RAE, SRR, M e)EAE
AR R IUE R B IR, O ORI R AR LR . s BRI ) B AR
SRAILER, TR NI, SRE e, e miaik s il R LS T LM,
F A R S R, B A RIS TE) DA S H A T E SRR IR

_>[ (REs ]

— (s | b E. mews

—  EEmT |

| ERER | mamhmansTn |

— EANSEFESE |

SRIGEABRRSE |

(e SHBERH ISR |

2.3ARF*E

2.3.1 ViRl s BRI s

BT IR R AEAGTVRIE e r B AR PR BT, 2 A 300 B2 Pl B Al PR 15 R Si0a.
ALOs, HE S THHER G S (1083.4°C) |, HABAEFEEMRAL, H bR E
55 FE A A A B . FLL, SRR Ir i Be, 45 29 ReRE I AR A R e s i K
R T BRI &R IR, 5T Si02-ALO3-Ca0, Si02-AL03-MgO. Si0-Al,03-NayO.,

%12 T3t 51w
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Si02-ALOs-FeO. SiO>-AL03-Fex0s. SiO2-ALO3-B20s =JuAHE 4T, HLRARNERIFELLL . 4
WA R, e B AT, BT R RS T S A LB, SRR 57 A2 HBr
FWRATE G, BB R AT Br BBk . [, @it HSC Chemistry R4S [F] A
PEEAY 5 HBr W PR HE R R 0 B B AEAE, DACA IR, BN R A AL 6T Br ) i
FEBETT, WE SRS BB A, RGBT, RERE.

2.3.2 w4 e ) LA AR A 4 C 40 M O YA

TEAR MRS REHE T, B2 RURE . &SR, SiO2. CaO. ALO3
FAE BB RS, WSMREsREIES AL, Hhas TR RS EIE R R
TN A 43 BE DA S e TR AR AR N 0 L . iR sl b i, DAY IE A E T
B, RS R R, A HSC Chemistry F4- 3T B ] 42 & U0 F v e 25 1l
HEHREAE, WA R TERE h s i e 2 B, i B & RIS I R, IR
FEIRE . EO ESER XS E B , BENS B LN FERLAEE, I DAL A 3 A i A5
4, W ERERTEE TR, SRS NCE, T SRERNZ e E N, E
St oo e E, HRraEd RS SR AEESSHEEN, Meg2&Em Bt
PRI ELAE .

2.3.3 w4 i AR A O3 B o A ik

TEREAR SRR T, e EInE S &R RIS LR, Wi ik
TS, BN E RS R AR BT R, TR A T &R TR R, e s
Wk . BB B IR R R BT R e, SR AR R 1L
PN 1) V05 S 7S e~ X

%13 W3t 51w
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ZE RRERARHEESEELTERHR

TEICARAMEAL TR B AR ) P R R v, e 2R e P [ WA B R < PO BE
BT R AR s B A h B0k A, ARl =SB, BB s L. ek
M L, AR R (RR AT Y, AR PRI . PRARRERE, (Rt &R St
B HT R A T A B SR OATAE, R AR RIS 5 T IS AL B . AR E DA
[l A AL 5 HBr SR 75 1130 ] F BB A FI9,  HUB A AL IR BE T, A R DI
BRI IRS, BTG A HER . PIAS B E Ad i, O b e [l B TR iR 41
HIERWIER . REFE.

3. R, RRMEBRIET

BT 2-1 JRABARIRIR B B AR b kLo A, AEE B RS DA Si02. ALOs A3, SiOs,
ALOs # AR, 3519 1610°CHI 2054°C, Lt i FHAEI YK A3 1083.4°C. Hik, TE)
(R SR 5 B U SRS ALy . TICEE, SRR IRIELE, 2UBERE . PRI MR £ i 2L
K. [FR, SRR RRE B TR, B 2 T DA I R B i sl v, A
BRI A S B, PR AR B R R, S T R RS I, SRR B AR AN
JEAEALHI 1) Si02, ALOs 44 U Y 4153, FH HOBHAW S WL TR E AL Pt CaO . MgO
Na;O . Fey03. B.03; & 5 SiO, . ALO; ff 2H % 1Y Si02-Al,03-CaO . Si0,-A1,03-MgO |
Si02-Al03-NayO . Si0;-ALO3-FeO . Si0:-Al,03-Fex03. SiO-AL03-B20Os = A&, 4rHrigs
FHRE AR S IS R FROR I, 0 Al A A 25 4

FERRALF SiO2: ALOs ST RELEIZIA 1:1, JEF B SiO2: ALO S EHEIZ)
V11, PRI RR 2R A 000 R 7 rEL B AR A R L BITR & 5 A58 Si02: ALOs &R EL ] b
e L1-1101 Z ), pEEREE R 3-1 Fos, S =5 Bl DA Sbn i i 2 4]
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Ca0 - Si0, - Al,0, , Projection (A-Slag-liq), 1 atm cristobalite

tridymite

Data from FToxid - FACT oxide databases

Fact.
;-;w.}:r;;m--‘n*'%'-— s’o? s".
i ke L
oy s |2
§ EoURT | oSt o s .
:;ﬁ .yem!z:z:ﬂg..._- ”
‘iw - g -
afiE gy e -
i IR N oo
B A
Vil e / =
uﬁ%mwm ki .
i 18 1 ] oo
il )

:‘ ==

(a
8i0, - Na,0 - AL,0, , Projection (ASlag-lig), 1 atm

Data from FToxid - FACT oxide databases

FactSage

Na,0 i ol Al,0,
(©)
Fe,0,-Al0Q, - 8i0, -0,
Liquidus Projection, p{O,) = 0.21 bar, 1 bar &dhp‘

Four Mase maersachn Pores win ACmg 5

| ST e

il

&l 3-1 (a)-(H)4r 314 Si02-AL03-Ca0, Si0:-AL,03-MgO . Si02-AL03-Na;0 ., Si0-AL0;-FeO,
Si02-AL03-Fe 03, Si02-Al,03-B203 =JTH &

T =IO E AT HL, Si02-ALOs-CaO FARIE SR 1184°C, HASBAR, I HD HLTE
Si0y: CaO: ALOs=6:3:1 Zcty, HIEFFH BT S A K Z CaO, RENS M et T 75 M I #E:
Si02-ALO3-NaxO i A% 45 S A% T 1000°C, 56 B NaxO X [ I 4 5 4 o5 19 01 2 35
Si02-ALO3-MgO ERUEAME L0 1355°C, I SRR R Si02-ALOs-FeO Hflia 200
1150°C, {H FeO RMER, HRHLBRIERIFEETHS T IATH, FeO nl Bk 7 A
FRER, SEUEE R B Si02-ALOs-Fe O3 H M 50 1663°C, AR, H FeOs
WS INEAEA 50%, WAFAE AR PR A SRR B R R T Si02-ALOs-B20s 15 5
I 1500°C, AR, H BOs iR, XEEAUE SHERAR. FI, MA CaO 5 Na,O
RS (A AR R AR

%15 7 3t 51
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& 3-1 ARG RS RS ER R
el BEEAY

oA B C) P SO & ALO: & & HAthy
Si0,-AL03-Ca0O 1200 20-40% 40%-60%  10%-20%
Si0,-AL03-MgO 1350 20% 20% 60%
Si0,-AL03-Na,0O <1000 10-40% 50-80% 10%
Si0,-A1L03-FeO 1200 50% 40% 10% C W HEXRF Fe03 ik
Si02-AlL03-Fe;03 1650 50% 40% 10% J524 Fe
Si02-Al,03-B203 1500 70-80% 10-20% 10% B.0; fEHA KR

NayO A BERS R AIURE A 1, 5 Na* 5yl APTER[AIOL], (e E 4514 %,
RS IR & NazO, Aﬁﬁkmé‘ﬁﬁ%ﬂ“ B HOR & Na,O B’Jﬂn)\ﬁl?jﬁiﬂii“'ﬂn %
BRI SR, 25 sy, Bk NaxO FAE N BERGI, BIURER . H, Zi6%
JEE R RSN DA K S B R R T REAFAERY IR, i€ DA Si02-A1,03-CaO Sy fa it
F4HIG, 40-60%Si02. 10-20%A1L0;. 20-40%CaO AIAEEC L, & HlkE R A S AE 1200°C A
.

FH Reid* 4 By pr il B2 A 2K 3-1, 715 Si02-ALOs-CaO SFiE BRIC R, 153 I iEl
3-2 PR,

lgn = 4.468 x (S/100)? + 1.265 x (10*/T) — 8.44 (3-1)

H T RHIEHEEK), S HEE (Si0:-AL0s-Ca0) 1 SiO: A& &.

250 o1\ O\ 4 —=—40% Si02
® - " +—45% Si02
_ AR ——50% Si02
200 + 540- T — 55% Si02
2 M T T +—60% SiO2
— =304 " Y *
n 23 . % o
S 1504 \ o] \A\
‘5_’ v X . v .
= & 101 NG __', e
%% 100 - ] P 47 .
A 11I00 11l50 12IDO 1250 1300 1350 14I00
N ; . E(C)
504 e
0- ‘lﬁ —jE— ;,I———- ——_—29
T ¥ 1 b ] b L
1100 1150 1200 1250 1300 1350 1400
imE(°c)

El 3-2 Si02-AL,03-Ca0 BB HEFHESHE XRE

EE@MTU\%&'. SiOr S BB, IAIEBL U, Si0: S B /INT 45%I), A id Al /)N
T 10Pa - s, [RIN}, WRFEEXHABER MR R, WHRIERE ST 1350°CH, AERERIKT
10Pa - s.

WAL, CaFy. NaxBiO7 8 RIS E . BT CaFa b, FETERE O F 12k

% 16 T 3t 51 T
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ML, &5 AU, HRERERAL, (AR CaF K5 k5. FERERR Eh NaO-SiO;
RET, 24 B0 SR/, B3I SiOs MU AL H, K BOL PUTHIR LS K, (%)
B YR B20s, 24 BOs F B KHS, B2 R 24K BOs 4514, MUE DUTHI{ARZEHE, 3
K BoOs i, W] AMEA AR BRI,

Ding 2533 F R 40 28%Si02. 42%AL0s. 10%MgO, HFFELA Si02-AL0s-CaO
MEHRZE, HT ALOs: Si0=1.5, ¥R 30%-50%Ca0 S AT 1400°C . B iR
j][] NaO. CaF,. NaxB4sO7 iﬁ—iﬁ%{ﬁﬁ%,ﬁ Ei‘i Factsage i—f’k{q:ﬁ“ﬁ, 7l,£ 1200°C W\J:Ed‘, %
IR AGEPEAG, AE 1300-1400°C B}, JEEZE/NT 1Pa - s, SZIGHE 1300-1400°C 45 MRl
T, W 5%CaFa. 8.5%NaxBaO7, BRI AR 48 IR ] LIS S 99%. Zheng 45414
& M Ak o R i 40%Ca0 13%Na0 . 5%CaF» 5%B0s 1
Si02-AL,03-CaO-NayO-CaF-BoOs JF MR 2R, A ST 1350°C, HANEALT 5Pa - s, fHEk
A FICR R T 90%. Peng ZPSARHEE AL H Si02-A1L0s-MgO i, HAH E I Wi i 1A
R 1600°C . A TREAIRIE S, INT 20%Ca0, flilE Ml 2 1250°C, [FEF, 7F 1455°C LA
T, CaO & 20-60%M}, MEEREIRZACT 1Pa - s. MU 57.5%NaxB4O7 I, & RENS
16 1243°C R fam, HEA RITMRshEE, 76 1150°C R ARSI SEE R 1.5 /N, 7T
PAIRIS AN 4 SR 547 90% DA LRI, FTDAEH, MEAR R DA Si02-ALO-MgO A+, AN
T CaO B}, FREIMAS IR 2 B R W AT . K A0S o 1 I A 1700 R 2 P 26 A L
5, AR A AR SR IRCE, I AR Si02-ALOs-Ca0 5 Si0>-ALO3-MgO =7t
AR B R, B2 PA Si02-AL03-CaO IR £ K4, i CaO &84 4 M ORI 5.
TE 1350°C 4545 30 204, 16.8%A105-28.2%Ca0-45%Si02-10%MgO #5185 14 & H & F 5 /b

(15.5%) CaO B R FICERTE R, BICRS 518 Au99% . Pt98.5%. Pd98%.
3.0 6.0 — —
e ®&— Ca0:Na,0=45:15 —a— Ca0:Na,0=55:10
2.5 1% ®  CaO:Na,0=40:20 5.0 —o— Ca0:Na,0=50:15
| ) —a— Ca0:Na,0=45:20
o 20F _ > 4.0 05
= L 3 1 [ |
e : Sl s F 3
2 15F Y Z 3.0F £,
‘@ b § 2 'g £ |
g 1o} . =" B 2 g o
; o . o P = 20} S il e,
| 2 ~ Temperature (°C) T 1400 I 1500
0.5 ~_, LO l Temperature (°C)
0.0} Tt 0.0
1200 1250 1300 1350 1400 1450 1500 1200 1250 1300 1350 1400 1450 1500
Temperature (°C) Temperature (°C)
(@) . (b)
12 5
——B,0,~0 i
10 '\ —8—B,0,~5 wt.% & _(..':-: .
\ e B,0,710 wi.% 4t e G
sk \ T B,0,~18 wi.% A CaF =10 wi.%
ﬁ « \ ——B,0,20 w1.% ® ¥ CaF=15wl%
o \ £ 3 —4— CaF,=20 w.%
-~ ¢
z 6 = e
3 g1\
!z 4F .g 2+
- -
2t I ow e
¥ .
0f 1 i 1 1 L I ME ..‘ -
“ L '
1200 1250 1300 1350 1400 1450 1500 1200 1250 1300 1350 1400 1450 1500
Tempreature/°C Tempreature~C

()

(d)

B 3-3 CaO/Na;0. B:0;3. CaF, X g B i 8 ss: 431

AT IR AL R A Si02. ALOs NGy, N T FRIRIEHRIRIE, HETMIBEZ LA
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) X EFALAE

G/ SHANGHAI JIAO TONG UNIVERSITY SR FERENTAEERBIIR. BETH
Si0,-A1L03-CaO N REREA EHAEW, FHIRM/DE NaxO . NaxBsO7 15k B E— 5 R AR A 5.
BT 523 IL Si0,-A103-CaO 73, filA 10%NaxB4O7, 1E 1350°C N HA T LASEEY Pd [1]
WA 97%. B SCEREA T DAE i, SRk B SORZE R AL, 232 BRTARF] H ALO3
5 SiOy s, TR IR BIAR A0 NayO . CaO SRR . TR R AL H
I L AR N ] T, DOV RT DA S R R P AR RC L, A T I A AT R Y, H
RATA T D,

ZEA LA EAHT, BiAL DA Si02-ALO3-CaO R i F 40, ML L 40-60%Si0; .
10-20%A103. 20-40%Ca0, WAWEIE S 24 1200°C, FHEEZN 10Pa - s. N 10-15%Nas0 .
NayB4O7 W] DASE— D BEARMS A s RN B, MR S JE TR At R AT () i f AL IR .

3.2 I3k RERIREE

BT R S S AR S A R BELRAGR] R A R AR 2 7= 4R HBr RIS 1Y), 7
AT S E . B AR Y S HBr SO RRRHE R T A RS, HRROR A 4
AEWAE SR R R Br i EDEVEM, a0 3-2 i,

7 3-2 E4by 5 HBr RV HES 70 B B AR

FrufE 57307 H B REAE(AG/keal)

B2 T/K CaO MgO NaO FeO Fe O3
1073 -11.539 18.159 -75.013 5916 23.662
1123 -10.17 19.367 -73.935 7.18 25.44
1173 -8.855 20.522 -72.905 8.392 27.174
1223 -7.59 21.627 -71.921 9.556 28.864
1273 -6.373 22.683 -70.912 10.674 30.512
1323 -5.202 23.694 -69.897 11.749 32.12
1373 -4.075 24.661 -68.921 12.782 33.69
1423 -2.989 25.586 -67.837 13.775 35.222
1473 -1.945 26.471 -66.527 14.73 36.718
1523 -0.939 27.318 -65.248 15.648 38.179
1573 0.03 28.128 -64.001 16.532 39.606
1623 0.964 28.902 -62.784 17.382 41.001
1673 1.862 29.641 -61.596 18.28 42.362

H12¢ 3-2 \LAFR H, fEMIRT, MgO. FeO. Fe:0s 5 HBr L (AR HE T il H i fEAEA
G>0; Tl CaO. NaO HHEAFFIAG<0, VLRHILEARATHERIEM . CaO X st Ik 4 s
93 P A o AR BRI AR AL BT TAE P E A BRI 5 0E. HBr, 4-50KE . 2-
TR 2,4- YRR} 2 I F B ARG AR = P 1) 2 K Y) . Gao 25 WOIFSY T Ca(OH): XA
MURALYI A LB R AL, A 3-4(a), SEEGASE] Ca(OH) X} 4-TRFEM . 2-TRAKH A 2,4-
TR B R R A A F 87.5 %. 74.6 % 54.5 %, Ca(OH): gtz HBr, DA
CaBr Y E,  [FIRACH REASLE Ca(OH): HIMEAL T, BRZARIE T, JEMRM . 7E 450
“CRA LIS, Ca(OH) 3k CaO 3 HA WA PRI R RE ), A2 CaBr/CaBra, Br 5 Ca
BLf e, [Ph-Br-Ca?* 5 [Ph-Br-Cauom]Jii, HL ¥ HI Br J ¥4 45 Ca?* 5 Ca J, X} C-Br
SR BRI SER, {f C-Br B2 5 Wi,

VOISR A B AEIRABE AT, P~ 32 22 HBr FlZD &5 K. Kumagai 55147)
WF5E Ca(OH) X 257 DU ALY A 1% F ARG 52, & B Ca(OH)2 % HBr FHYRA Y
ZBRAE S AT AR E) 94%F1 98%. Chen SFMUSIYE VR il B AR 8 S LA B, AT A
NayO. ALOs. Fex03 [ARIR, i 78.59% 754k il i 7k [l i sk v, HLl b4 RE, LUK NaxO,
ALOs. Fe:Os XHRAYEERE ), 53] NaxO>ALOs>Fe 03, Terakado ZEWIFE T 4 J@ A ALY
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@) X FLALY
e/ SHANGHAI JIAO TONG UNIVERSITY ﬁﬂﬁﬁiﬁiﬁﬁﬂﬁusﬁﬁﬁﬁﬁ H“’]ﬁiz‘ %%?fﬁ
ZnO, CuO. Fe;03, CaO. LaO3 XFPUIRAL A $Bfrs2m. i 3-4(d)fis, A CaO

J&, HBr &b, SiDUsN I A 78 800°CHY, 204 10%4: iR/, FEMA CaO.
La03 5, WIRAME TR, Wb T 90%A F, AT DA OB S IRAL AL HERT . 1
A ZnO. CuO. FeOs &HEINZEMIITEA, HILAE &4 TR LRI 9 s @iy, A CaO
RENS A M HBr AIRALA WL =4

100 100

7 4l )

5" £ w

E. | g.

Z i | g 60

€ :

" 40; > —ea— 2-bromophenol Tﬂ‘

- -

a y —e— 4-bromephenol S 40 —ea— 2-bromophenol

E —a— 1 4-dibromophenol E —e— d-bromophenol
é 20+ =4 —a— 2 4-dibromophenol

i i i zo i 'l i
1.0:0.2 1.0:0.6 1.0:1.0 1.0:14 375 450 525 600 675
Mass ratio of NMMs and Ca(OH), Temperature (C)
(@) b
100

Brin TBBA
~
o

Removal efficency (%)
g
VU A YR in HB

40+
== I-hromophenal
—a— 4-bramophinol = 204
20 + =i I d-ddibromophenn] 104
o F] Ll (i1} 80 100 0 100 200 300 400 500 600 700 800 900
Ar flow rate (mL/min) e (sea )

(c) (d)
& 3-4 (a)-(c)/E. Ca(OHnFME. EEMENT 4-IRER. 2-BEBM 2,4- —REBH %
B NT146;(d)ZnO. CuO, Fe;03. CaO, LaO; XYM A $f# =4 HBr g ns

T SCER AW, BB CaO. NaxO HA RIFAIRiR EREE T, Wb HBr ML A LYY
Heik. REA Si02-ALOs-CaO M HA (RE m . IRF ML s, B rein it f b [m
36 A2 [T R TR 2K

3.3 KXE/NE

AR RTE AT, WS R R B AR S PR AR AR R B R & TR B TS . R4
. &K #E Si0:-Al,05-CaO . Si0,-A1,03-MgO . Si02-A103-Na;O . Si02-Al0s-FeO |

Si02-Al03-Fex03. SiO2-Al,03-B203 —JCAHE T, WA RIE B A SIS . B, Wi
fIRE . GBI R SIC L. RIEA RS S HBr sV AR HE R T B hae4s, L

BRI EACYRETREE T, B TSR REE, FEEE8 -

(1) @ =JCHESMT, Si02-ALO3-MgO. SiO2-ALO3-FeO. SiO,-AL03-FerOs M8 14
s, HEAWERIME KR, SiO-ALO:-B0: J& s R, 1H B2Os A TR E R, A
NaBsO7 i B, FRIKEE. Si02-ALO3-NaxO RERIEFEARM &, BRI SR 728°C,
HR#E NaxO 2 HFEW K, AR T B SHE S, NEEENEE 4T,
Si02-ALO3-CaO FAIHA R 1184°C, HISEREEAL, [RIBFEH MR CaO A PARMFE ]
THFE. B, #EFELA Si02-AL03-CaO fERIEE F2HT0, SiO2 & H 40-60%. ALOs &
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) X FRAAY

S SHANGHALJIAO TONG UNIVERSITY ERESEERLANGRSRNTR. BETA
10-20%. CaO & 20-40%, MBI S 20 1200°C, IKERIELIN 10Pa - s, [FES, M

/D NaxO. NaBsOy iJ it — 4 [RARIE s A L.

(2) 1200°CPLAL, CaO. Na;O 5 HBr J v #i#illt H H fEAEAG<0, HA B b1 [l V5 g
1. GANETIARER TAECHIAE IR UE CaO X H 3 Al Al 4 A AV Aok v 38 0 BT R ) A
o SCERRBE, CaO WA IR vh 7 A2 i HBr FIAA HLIALYS Yed B A B T 18 o
NI ) s Ao R v PR A [ 5 T, BE— 257, T DA Si02-AL0s-CaO A4 A 7 3= 21 Jo ) £ #i
P, FECRIEARIE a5 AREE BRI, (RIS 1 PIr R S YR AT e v T A B oK

i
NS
S
=
\

P

()]
—_
=



) X FXAAE
%) Suanins 1o TonG UIERSITY RS E B REEROTE. BETH

FNE Bk RRELBEHEEESSEYLE

AR R R b, TR . RPN AR S e m A
SOVTIAR, WHASN . MR AE R BN S R AR - SR A A R - R SO, DR R
JRAERRE IR AR B R . REHRS, TR E RS m A AR, oS D& Fe,
Pb A JE, W e ESAHIE T, W DARIR IR N IR SRR, e st
frz&fmorsaife. Rk e mde ks,

4.1 SHEERERE-ERBEENANFZETEIE

TEAAR MRS BRI R T, R . SRR, PR R 470 A SiOs.
CaO. ALOs AT, &I LAAEN SHReRENG RN E. EP, /Fmdi
SRR T D, SEC IR SR AE N 1R R R

S JRAERE P P AR R T R 4-1:

M +205(g) + yO*~ = MO3Y-, (4-1)
SOV IESE N A B e AG=-RTInK (4-2)
E RS BRSOV A BRI B B AR B B B REAE, IR T 2 A B & SR AR
AR EP AR, BRI & JEAE e v s i o
# 41 HiREBSREBEMR MM SR h B

. A E B AEAEAG (keal)
HE T(K)

PdO PtO: Rh>0; Ag0 Au0;
1073 -0.382 9.964 -9.631 4.288 33.134
1123 0.858 11.562 -8.189 4.565 34.609
1173 2.091 13.148 -6.755 4.793 36.079
1223 3.318 14.723 -5.331 5.016 37.544
1273 4.537 16.288 -3.915 5.32 39.004
1323 5.748 17.843 -2.508 5.645 40.46
1373 6.953 19.389 -1.11 5.966 41.993
1423 8.149 20.926 0.28 6.284 43.554
1473 9.337 22.455 1.66 6.598 45.111
1523 10.516 23.976 3.032 6.91 46.663
1573 11.687 25.489 4.394 7.219 48.21
1623 12.849 26.996 5.748 7.525 49.753
1673 14.003 28.497 7.092 7.828 51.291

%21 T3t 51



MEEREEELFIHERERNIR. BETH

& 4-2 AR RELRH SR H iz

EAR AG(kcal
7E§T(K) AT E B AEAEAG(keal)

CaO Na,O MgO AlO3 V4(0}} CeO;
1073 -124.932 -32.021 -115.929 -159.74 -214.174 -207.372
1123 -123.662 -31.232 -114.549 -157.76 -211.97 -204.873
1173 -122.313 -30.448 -113.168 -155.78 -209.741 -202.378
1223 -120.963 -29.67 -111.788 -153.80 -207.506 -199.886
1273 -119.614 -28.931 -110.407 -151.83 -205.278 -197.398
1323 -118.263 -28.22 -109.026 -149.86 -203.057 -194.915
1373 -116.912 -27.514 -107.646 -147.89 -200.843 -192.435
1423 -115.561 -26.885 -106.265 -145.93 -198.635 -189.959
1473 -114.21 -26.391 -104.885 -143.96 -196.473 -187.487
1523 -112.859 -25.901 -103.505 -142.00 -194.345 -185.019
1573 -111.507 -25.416 -102.126 -140.05 -192.222 -182.554
1623 -110.155 -24.935 -100.747 -138.09 -190.104 -180.094
1673 -108.804 -24.458 -99.368 -136.14 -187.989 -177.638

% 4-3 FFE IR EALR SR 70 & H s

AT A A AG(keal)
Cu0O CwO  FeO  Fe:03 NiO  PbO  ZnO  SnO;

B T(K)

1073 -1437  -1080 -4643  -64.67 -3399 -26.77 -5730  -85.75
1123 -13.38  -1037  -45.64  -63.18 -3296  -25.61 -56.01 -83.32
1173 -12.39 -9.94 -4484  -61.70  -3193  -2452 -5473  -80.90
1223 -11.40 -9.52 -44.04  -60.21  -3090 -23.63 -53.44  -78.48
1273 -10.42 -9.10 -43.24  -58.72  -2987 -22.76  -52.16  -76.08
1323 -9.44 -8.68 -42.45  -57.23  -2885 -21.89 -50.88  -73.68
1373 -8.43 -8.22 -41.66  -55.775  -27.82  -21.02 -49.60  -71.30
1423 -7.34 -7.69 -40.87  -5427  -26.80 -20.17 -4833  -68.92
1473 -6.26 -7.16 -40.09  -52.79 25778  -19.32 -47.05  -66.55
1523 -5.36 -6.66 -39.31  -5132 -2477  -18.49 4578  -64.19
1573 -4.68 -6.39 -38.53  -49.85  -23.75  -17.65  -44.51 -61.84
1623 -4.00 -6.12 -37.76  -48.39  -22.74  -16.83  -43.25  -59.50
1673 -3.33 -5.86 -37.07 -4693  -21.72  -16.01 -4199 -57.16

HIZE 4-1 "I, A6 1150°CPALE, St&)@ Au. Ag K4 ) Pt. Pd. Rh#YAG>0, Jirf
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et sranar iao Tong UNvERSITY ARESEERUANRSBNTS. BETA
Au EI’JAG é;ﬁdﬁwt FOMETERT TP AR A R AR R P. Pd IAG AR, A
iR, R 42, £ 43, HAth4JEW Cu, Ni, Fe, Na, Mg, Ca, Zr. Ce %AG<0,
SR EEALY), VMR, Ca, Mg, Al. Ce. Zr HIAG BEAR/D, B F3ELAR
I RAFTE. Cu IIAG BUERK, TERGE PR D Fe MAG AR/, HA 5
FACT TR PR, EICR L.

WRYE R 4-1. 4-2 WA EOh X 4-3:

P aMoézzy

anf - 0027 Do, (4-3)
aM)=y M) * c(M) (4-4)
a(M02x+y2y_): Y (M02x+y2y_) ° C(M02x+y2y_) ( 4-5 )

H, aMOxny®). aM)D 5 & BAEIRE . RIS, MOy, c(M)4r 510
SIRIEIE . IR PRREE . y MO2xy™). v (M)NIEEREL, a(O)NEE TEE, p(02)
HEITE

FFAX 4-4. 4-5 AT 4-3 PFHTEOEX, 153X 4-6:

InK=In[ y (MO2x+y*) * c(MO2xsy™")]-In[ y (M) * ¢(M)]-yIn[a(O*)]-xIn[p(O2)] (4-6)

Hr, p(02). c(MOaxny®). o(M)RAJ AGE AT 230 I A5 3], B, AR$E T 22 P
AT ASH], 5o a R TERE H AR R R £ 2A p(02). T, a(0%),

(1) B850 HobF 4 J 43 e A 52 1)

RAE T FE 4-6, A4 JEIITEE aM)=1, FEANUERE . BEASBLHFELT, RiZHE
A3 FE Y BCAR X 36 B R BUR S i ] A Z AN, T p(02) 5 (MO ) i 21 2 &2, I
Inc(MO2x+y?¥")=xIn[p(02) ]+C=xIn[p(O2)]+InK+yIn[a(0*)]-In y (MO2x+y*¥").

TSI A E A T, £33 Inc(MO2xy®)-Inp(02) K F, A DATFSRE x. BT x>0, &
YRR, B S >, SRR EICRER T, DU RS S A AR A
S HE

Han Z£B%7E Ca0-Si0,-AL0s-MgO & H [m[ i 4, i CO/COL PH TR R WA/ FETE 3.2
X 1010% 1.0 x 108 Z [a], FE 1500°CHFER 12 /INSF, 1534050 BRI, Jevid b & i,
Nakamura EBUTE 1600°C T, CaO-ALOs f&F#E H1 [HIIL Pt, 153 Pt SR S5ANEM X R, Lk
ZE A 53] 2B m Lk 0.5, WA 4-1(a) 7, Wiraserance ZE P2 #E Ca0-Si0;  Na,O-Si0s
IR A% Rh 2 BRI, 78 1600°C #Hk CaO-Si02., 1200°C #Hk Na 0-SiO, # 15 £ A
Sy EBAIRET, J5# H Rh SR80, R#30m IR 0.75, BiHH Rh 4042 B RhaoOs, WA 4-1(b),
Shuva ZBHEST THE 1300°C FeOx-Ca0-Si0,-MgO 43 1, HildfidE Pd 1[I id, FF Pd 7E
IS SRR S R e SO L™, FRITE S SR AR Pd 52, 48000 HaBIE,
Pd FEMIEANF AR A BEHE LY BN, R P b, RIS E AR Cu g, iHE
RN /T 1008, Pd [EIEEERT 98%, UNE 4-1(c-e), Yamaguchi ZEBHRSY TP 4%
A Ca0-Si02-ALO0s-CuxO R R HY, S50 EXT AL L L™ (52 . FE A5 A 107 2 108 B,
U HEBAIG, L, MESTE/NT 1080, FiE e @ e e B A RS, @ 5
ZEHA A Pt P, Rh 250 m A046E 1/2. 172, 2/3, BiEIGESE 2R PtO. PO, RhoOs,
FRAE R 2R TRl AR N &, TR EIFE A /DT 10° B, Pt. Rh. Pd B [RICRERILE] 98%
PA L, WA 4-1(DF7s.

#
S
=
=
=



MEEREEELFIHERERNIR. BETH

10 =
ot 1 B
= - sm
§ Y B i : LGe
5 g 01 - —| s/m
B ] - - Pd
E E Q, E“
= ER d;—-—""";?
= " 5 0.01 %
2 /
B 150 /&35(mass pen)Na,0-655i0, at 1473 K 1eal ¥
® @ 50(mass pet)Na,0-508i0;at 1473 K ‘i’/
= ® O 50(mass pet)Ca0-508i0, at 1873 K
1.0 Dﬁ?(mss pf.t)CuO-"(vSlO; at‘1873 K 1E4 " i " N " " "
25 20 -15 -1.0 -05 0. -100 95 -90 -85 -80 75 -7.0
log po (atm) log pO, (atm)
(a) (b)
0.0100 T T T T v T ] T 7 0.0100 F T ) T Y T T T
— @-0.36 —+ =036 ]
-O- F0.52 1

3, 0.0010 | 3 00010
u-lh.lﬂ. I:A.JD. -
1/4 1/a
0.0001 P SRS SR T N 0.0001 — )
-10 -9 -8 ~7 ] -5 -10 -9 -8 = -6 ]
log po; 108 Po
(c) (d)
00100 F————F———————
w0 e —— .
_ 5 . g;
f— 4— Rh
B 99.0 f
98.5 -
R 8 7 5 5

F5} [ElogpO,(atm)

(f)

log po;
(e)

[ 4-1 (a) CaO-SiO>. Na:0-SiO: ¥ Rh & B-5 85 EH % R 15,
(b)FeO,-Ca0-Si0>-MgO ' Pd i) L™ HEHEHI R RS (c-f) Ca0-Si02-ALO3-Cuz0
 Pt, Pd, Rh i L™ [ERERSESERHRRM

(2) U T 45 43 BE B4 5%
e A VAT I P = e N A N o Ty GRS I 7 20 9 VAR 105354 o =TI o LA [ B
11, PEFFEEOE N Rz, ST, TR A RN I T, PR, M
F4-1 RRTAE R BT R, 48 SR Y BT R E B REASAG 3R, P AL K i,
SRR . B TR E A O T 4 T8 A A0 TG 3 R B S i T DAZZRE AN T, T e
T MOy )M/, &2 JRAERS - R IAIAY 20 BE E Lo /N, & @it v A4 2 /b
MWK 4-2(a)fF 7%, Shuva ZEB37E FeO,-CaO-Si02-MgO IE# 45140, FHE iR EE, Pd
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@Y Y FAAAYE

e sianonal o Toxa UNIversITY RN EERAABEERITR. BETH
() LY, R 1200°C Y, Pd A 90%, HREETEE 1350°C, Pd [HIREF] 97%.
W& 4-2(b), Han Z£597F CaO-Si02-ALOs-MgO #A T, FHE i, Au TE/AE iy &b,
W 4-2(c), Shuto ZFBHE Na)O-SiOx M5 T, FHRilEE, Ru 7RI & &,

10 100
FeO,-Ca0-Si0,-MgO —=—Pd
& e
1 E-"'""H-.___ ./u
- e 95 -
E- 01F - L;: ) g ./
E & w e | 5/m :: /_/‘/
® Xo0f ] Pd =
- ~x w]
1E-af
1E-4 2 i i I
1150 1200 1250 1300 1350 1400 i P 5 o e
Temperature (°C) RAE(C)
(@) (b)
T/K
1.6 . . ‘ ‘ 3.2 1550 1500 1450 1400
. _40SiO - i (PS] = i ' ) ' )
0 GOS0 UMOMPLT™ ||| S0lmassWNa,0-50810, 7 ]
T B e it b ] P, =0.0010atm Sk
2 X Ag;40Ba0-60B,0, slag _. 30} % 5 o1
= ]
'n: E 29t b b
£ oA 8 1 «*
a = 28f - 4
g & s 6.609
28 r 3 27+ E|/ U =_.d ]
26F-7 | | ]
-32 L L L 1 2.5 1 1 1 I
50 55 6.0 6.5 7.0 1.8
1041'T (K’) 6.2 6.4 6.6 6.8 7.0
100007 " /K
(c) (d)

& 4-2 (a. b)FeOx-CaO-SiO-MgO #H Pd (1) L EIR SR X RIS,
(¢)Ca0-Si0:-AL,03-MgO Bt Au B GEEH R RS, (d)Na0-SiO: B Ru S E5EEF
R R

(3) BTG N 4R A e A 5

AT a(OY) REEE R R A53, (H 5B RIREEAAE— M k. X otk
Ak, K41 gy BiE; MNTREEMMY, vy . Jang 55 BIHE 5T NaxO 7E
Ca0-Si02-ALO3-MgO-NaxO IF#E R R IVEM, K8 NaxO 1] ABRARMS 1A R B2 22/ B, {2
PEFF 4 BO 75 AP 4 NBO. & H H1E T 0%, Liu ZFHRTHJE XS Ca0-Si0,-AL03-MgO
DUCIE A% 4 R Y Bl CR B S 0, BREN 0.5-1.0 I, BRUEMOR, K4 Il il
BREER 0.7-1.0 B, 414 @ 0 ICEIA S 98%LA 15 BB INA Bl TR Si-O VU TH A L5,
B E AR ®E T 0>, fnE 4-3, Shuva % 53 (CaO+MgO)/SiO, 7 H 0 &, & #
FeOx-CaO-SiOx-MgO v, HfBE#k ), Pd 7RI Pk, 1 Ge Wit Z . IH4EH A
PR 25 O T R TR M SE A W B A, Pd B AL AR U EA 8 PAO, 1T Ge AR IR 1
A GeOo, Vi IR A ALY AE I 51 A P R o /b LY iSRS S B R 0.6-0.9
W, R R 97%0A L.
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TS s a0 Tone v RS E RS BAERS . BETH

100 | e
@ e “ 4
1 IR - b o
— @ o L | 5 sof & % Recovery
e
g o1 aLem | = < % Recovery,,
% Pd g 60
) =
E=
2 X 0.01} ]
’I:-c 40 |-
1E-3}
20 |
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ERE VA BT, XTAUIR PR S m A ILEAE, PRARAINE(<107), G848 Sk
i1 (1200°C-1400°C), FERRIEMRIE ARPET, MM EHUE 2 0.7-1.0, SIREN SRR
TEG BRI RYIL,  ANITHR e A R .

4.2 GERRANZFESH

TERARAMEAL T AR BB AR M LRI, R R @ mPA Cu i3, 15 90% DAL, BRT 4
HEEESS, AR PIEESA D& Fe, Pb, Zn, Ni, Sn. @14 E BPIFIE A —JC
MR, 75 Cu HH 90%LA B, R 25°CAE T, WLARIME A AL Al G A 2R e R
TR AR

T AL B It ME, WA BWACHEGHAES A-A #EE. B-B #EET-HEHZ
ZNe. Be=0, KW A, BWADLRA)S, W TZRIMESERERA KA, WA,
B ZBASCHARN, BRI AHm=0, AR, W T AR, TR A A% AHmi
#0, “ILRAGIRAHIERMNRER AL, MIBGIEAHN<0 I, A, BIRA NI, B
FIGTEFAIRE T, 1 b e, A R A e i B, A-B 255
RO, 24 A, B WM A IR T as AR AR, R R a A, MATAS
W R BT R R RS TEAE, FEAE AP, MR G/ AHN>0 IF, A, BiR
WA, REA G BB AR S WAV, AL BRI A H SRR
#, A-A BRI B-BREHNEZ, BHILREY.

MBATN P (AHmi=0) , EAR A A AHmS=0 I, “Ioa @ 4-4(a) B
N, WA TCERIEE A . SN B (AHmi™=0) , [EAHIR A AHMS>0 I, I
GANE 4-4)Frn, ERIEE. YR PAER (AHmix"=0) , [EFHIE A% AHmix3<0 M,
TIOUHEUE 4-4(c). (DR, TBIEIE AL G ECE A .
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RETE T IR EELE 4 (b)Cu-Sn HAT SR AR, FEE L&Y, A FHE,
Cu. SniRA /G BEAHE AR AHmS<0, GRS (c)Pb-Sn 2 S — it f A, Pb.
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1 bar Data from FScopp alloy databases (2019)
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Cu-Pt
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EHNETAEE T, PA Si02-ALO3-CaO A FLHIT, MIA CuO NN MIUAEE
AL H Pd, IEGRE R, 158 Cu-Pd A4, FIH SEM-EDS 435 Cu-Pd &4 HE 51
H4y, Cu. Pd BB A0 96.94%F1 2.21%, Pd 7E Cu i 4739%4), Pd 5 Cu BiEL:
El7EfR, H Pt. Rh il fh 4 fE i w425 Cu M,

4.3 RE NG

AEE A & WA A TR, BRI RS R SRR S SR
Fe AT 73 BE R SE I, DFTEAN ) 2505 T IR ARG I A AR, DA A R0 R DAD AR R 2 8,
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JERE R AR R S HAL S B TAAEER, MRSt T2 SR w et AR R S Jm R
P ELA . EREEAR:

(1) AHEE Cu.Fe S5 HA 4 )8, %S mAE R i N 2L S ROARETS 11 i A th BEZEAG>0,
A WAL ALY . AP BHRE RIS R, SEALTERR N

M +202(9) +yO*™ = MO, - SRSt SO T-Hr 40 K BOXTH0E ] 2678

InK=In[ y MO2:+y?¥) * ¢(MO2x+y®")]-In[ vy (M) * ¢(M)]-yln[a(O*)]-xIn[p(02)].

W FEALE S EE/NT 105, 7E 1200°C-1400°C J05 BB P38 445 a4 @7
S P AR D . BB & 0.7-1.0, WDARREE B B, Nk SRS R
SR AIL, AR SRR RS, AT AR i R

(2) VAL F 447 0.09%Pt. 0.065%Pd LA 0.011%Rh, JEHLEEHR &4 91%Cu

5/b& Fe. Pb. Zn. Ni, Sn. il “JoASAMEDT, WBHETHREER T A4 043
#H, BJ Cu-Fe-Pb-Sn PUAH. Hrh Cu #4345 Zn, Ni. Pd. Pt, Fe ftfu{ Rh. Pt, H1jE
&JENTFE Cu, Fe A,
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R —— TR E RS BT, BETH

FHE EHksRALBES BRNETR

B TR AE ARG B R R 2] 70 L, FES SRR RS R, SR
IR, KAMERE. RE BRESEER, HREEEERSIESEMES 5. SREET
WER, IR, Femmas R, CTeR R AR S, EH
TR R IR 2> B U, ESL Y BT RE, TR R R TR R L R, A
T U IR ), B D T 2 0 I S BRI B

5.1 EBIEER. EREESKREEZEITE

R, SRR S T BIRE ) Fe. 30 Fead Bl A5-10 52, &JR%
FERT AL, WILE D RTES, SRR m Uk, P Em SR, 7

o) MR R AE T, SRS R () AR AR RS, 28 ) ERRRI ) R ERRET,
H . FHEMEIREE, FEGE, AR R TIEER v,

s
Fy = —pygR*
g gppg (5-1)
Fr = —pgR’

K, pp. p AN BIRHGH . WEEE (kgm’) , g NEIFL (m/s?) , RAE
JEGREAE (m) .

e R AR, R UTIRE RN, BB AR, IR AT, 1525
Jihas-3. Hof, Con A RE CERY) |, v NEBITIESR (ms) . FHIRECo
SE R BONBR IR e 8, BRI AR R s 54, H, W oNIEERE (Pass) .

2
Fp = CprR2Z

2 (5-3)
20pR
Rep _ vp

(5-4)

BRAE RN 1m PR R & E, VELETE] 2 /N, D4 8 ik R 55 KT

1.39x10*m/s, B T4 BEAAEE /N Imm, DA Cu % Z 8.9x10%kg/m?, IKEZLEE 10Pa-s,

T B 4L Rep, 193] Rep A7 1.24x10%, 24 Re, =2 B}, GEzal TERRES, HOR

BETEE X F A 5-5, IR E&REE R =R 5-6. A 5-3, 155
BRI E AR 5-7.

24
Cpr = —
7" Re, (5-5)
Fp =6mvRu (5-6)
= 2M9R2
9 p (5-7)

i 5-7 IR SR T E R T R S RIS R L S s L.
(1) EJRIEREE
B BRI SRR T A K Cu A& Pt Pd. Rh, R4 Assael ZEPIRHFTE,
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£ 1356K 5 2500K JREEIE N, Cu 25

p=c1—co(T —Tpey)

Hrr ¢=7997kg/m?®, ¢=0.819kg/m*/K, Trwer=1357.77K 4l B4 5.

AR AR AR 5-8.

(5-8)

4% Mehmood ZFVRIFFE, #E 293K & 1586K JREETEFE N, Pt A% AL A A

5-9.

p = 21637.146 — 0.643 - T
MR A Arblaster SECURRE, I Pd AR T BB 230 5-10, HAH K R R*>0.999,

YA A A R 22 30 5-10 S AT {ERY.

p = 1225597596 — 0.5884 - T’

HRYE Arblaster ZEO2F R, 14 Rh fEE IR R AR AL 5-11, HAH %5 R2=0.999,

YA R 50 5-11 2 RTFE.
p = 12449.02867 — 0.16347 — 0.000178997">

(5-9)

(5-10)

(5-11)
2 5-1 Cu, Pt, Pd. Rh ¥ 1360K-1760K i HIEE
BET (K) B p, (kgm®)
Cu Pt Pd Rh
1360 7995.17 20762.67 11455.78 12008.71
1380 7978.79 20749.81 11444.01 11998.98
1400 7962.41 20736.95 11432.24 11989.16
1420 7946.03 20724.09 11420.47 11979.24
1440 7929.65 20711.23 11408.70 11969.23
1460 7913.27 20698.37 11396.94 11959.12
1480 7896.89 20685.51 11385.17 11948.92
1500 7880.51 20672.65 11373.40 11938.63
1520 7864.13 20659.79 11361.63 11928.24
1540 7847.75 20646.93 11349.86 11917.75
1560 7831.37 20634.07 11338.10 11907.17
1580 7814.99 20621.21 11326.33 11896.50
1600 7798.61 20608.35 11314.56 11885.74
1620 7782.23 20595.49 11302.79 11874.88
1640 7765.85 20582.63 11291.02 11863.92
1660 7749.47 20569.77 11279.26 11852.87
1680 7733.09 20556.91 11267.49 11841.73
1700 7716.71 20544.05 11255.72 11830.49
1720 7700.33 20531.19 11243.95 11819.16
1740 7683.95 20518.33 11232.18 11807.73
1760 7667.57 20505.47 11220.42 11796.21

M 5-1 "I, Cu B R/ NT AR, PR,
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B/ swanarn 10 oG o SR FERENTAEERBIIR. BETH
W%@Fﬂm EIRBWEBOR/D, 75 1360K-1760K ) 400K R AS (LR N, MRS
& 1) FE AR AR AN L 5%,
(2) Mt e

T4 =205 o R [R]J 08 21 40 1 A DA K B Br RE T LA, W E TR AR TR 4B A
Si02-AL0s-CaO Ny TT, FHARSEPIRNE F-9 1) PSR 181 73 i s 1 S DRI EE S
AN S U F P s s AL R AT Bl 2 e dr, B 44.75%8Si02. 11.29%A10s ., 22.47%Ca0 .
6.28%MgO. 15.22%Na0. F A% Xin 451 E’Jﬁ%, JIrFA ) Si02-A103-CaO-MgO YT
KRB R, IR NaxO IR LS /ERANR &Y, TR RE L.

5FE 5-9 54 AT B ARG 5 BRI RL 2 LUV B R I
> XiM;

n (5-9)

Hrp, o RIEEMEE, XiAHIGIWERESSE, MihHIT I WE/RTE, Vol
FA T B IR AR AR

Tk A ﬁﬁsmz&@AMhm LMD, R e R A, 9T
BIM—AMB IEAARBOR TS ST s ) % R, 153317 FE 5-10,

Vi =Y XiVi(T) + VEX

’O:

(5-10)
Horp, V(TR i XHEEERY R EE /R IRAH, VEX 2 1 18 I AR AR
V(D SHREE T Bk R 0] AR AT AR 5-11.
3V
(1) =
Vi(T) ) (5-11)

Hrp, ViR 8T Eﬁ%ﬁmf Tr PR REEZRPAR, VEOZIE AR IZ IR AR
VEXSISE S & B K, Fon NIE 5-12.

=D i XiX; (5-12)

Horp ay FRdioc i SS90 ) WAHEAEH 258,
W 5-2. 5-3 Pron A EEEE R BT S5, Hh 3 Si02, ALO;. CaO., MgO fy
Vir. OVi/OT. aj.
% 5-2Si0;, ALO;, CaO, MgO KJ Vir. OVi/oT!®]

Hot Vir(1773K)(m?/mol) OVi/0T(m*/mol/K)
Si0, 26.312 % 106 0.740 x 10
AlLO; 28.700 x 106 10.108 x 10
CaO 18.031 x 106 1.014 x 10°
MgO 12.076 x 106 0.683 x 10

2% 5-38i02. ALOs, CaO. MgO KB ;)

TIUGHFR  Si0-ALO;  Si0-CaO  Si0>-MgO  ALO;-CaO  AlLO-MgO  CaO-MgO

a2 ars a4 az3 az4 asz4

a;i(m3/mol
i( ) 564x10° 0.80x10° 200x10° 1845%10°% 6.53x10° -230x10°

BUAESER AN 59, 5-10. 5-11, 5-12 718, B33 5-4 P, AREEE
T Si02-AL03-CaO-MgO VU TTAAE 135
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# 54 REBET Si02-AL03-Ca0-MgO-NaxO #5H% B

R R p HiThsa W p T R p
T(K) (x10%kg/m?) T(K) (x10%kg/m?) T(K) (x10%kg/m?)
1360 2.534 1500 2.503 1640 2.472
1370 2.532 1510 2.500 1650 2.470
1380 2.530 1520 2.498 1660 2.467
1390 2.527 1530 2.496 1670 2.465
1400 2.525 1540 2.494 1680 2.463
1410 2.523 1550 2.491 1690 2.461
1420 2.521 1560 2.489 1700 2.459
1430 2.518 1570 2.487 1710 2.457
1440 2.516 1580 2.485 1720 2.454
1450 2.514 1590 2.483 1730 2.452
1460 2.512 1600 2.480 1740 2.450
1470 2.509 1610 2.478 1750 2.448
1480 2.507 1620 2.476 1760 2.446
1490 2.505 1630 2.474

M2 5-4 A 0L, IRBEXHIEE R AR, FEERET, WA RGN, fE
1360K-1760K Y 400K L EEASL LRI, W AR ASHE T 5%.

5.2 E BB BN ERINE RS

HRAE 5-7, 5000 01 4 J A AR R 43 B U 17 PR 36 1 A8 B SR AR R S I i % o 2

%@i&?ﬁiﬁﬁ%ﬂ%ﬁ{é‘%ﬁga
) BB RS e 22 R

*E%E‘ﬁ)%mﬁ%_iﬁ&_f’m SIBEE p o UK, IREEE o BN, S 5B
ZEHK, VIR, &8 50 BT, FESEPRAE e, R IR AR Sk
FEZEA/INT 1500kg/m’, SEARIE R EFAY M BIHCR . 76 1200°C, HE R 7.9x10°kg/m?, 1§
BN 2.5x10°%kg/m’, PIEEEERK, RRBSRIT5E.

M FEEHAT, BERNSE IR, AU 2T, SKErE, 5
FRE R ECE, Yamaguchi ZECIZERFSY Cu, CwO FFEFIFE Si0:-AL0s-CaO i H I 1E A
i, ZIAEEEE . MR IR . RIS, BT Pt KT Pd
% B, BIE Pt AR T Pd. Kolliopolous 25T 1450°C-1600°C Al 82 411 48
IV, T Pt KT Pd. Rh, Pt iR I44 5T Pd. Rh, H Pd. Rh ¥
[ICRAIAE, {HAE 1550°C-1600°C B, Pt Ay [l R T80

TEREE AN BYIE ], FTOARERIE B %, WK S SEwEE, ART4E
50684y 5 . Ding 53R Fe AR TR R ML) 14N 4 JE IS, A NaaBaO7 Sy Bl 71
B Y BUNR TR, WARA B % B SR, A PR S8 & RIB (K. Zheng SFHIIMA
Na;COs. NaBsO7 HIHAR], 5% NaxO. BoOs MG B . FHERISEN, & 5-1(b). (c)
FHEENE, WEFEHUN, H NaO, B.Os i, iy,
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40
—a— Pt
351+ —e—Pd
30 —a— Rh
- 30|
e
&
en 25+
3
= 20f
»
= 15+
o
~ 10t
Sk
0 L L i L 1 1
0 20 40 60 80
Na,B,0, dosage (g)
(@)
2r —8— Na,0/Ca0=0 ) - 8,0,¢
o =~ @ Na,0/Ca0=1/4 31 L & B,0,=5 l\l.'x:
N A Nu,0/Ca0=1/3 e S - :Rg-":: wt.%
- n 10+ - s & yO=15 wi.%
A3 - ¥ Na,0/Ca0~1/2 - L] = N &
< 3 2 - o nmocsomu| | E,00 4 -~ . - & B,0~20 W%
‘;.‘.D- v & - - s v e A - L2 -‘""_
= ° v e L 28| v ~—a " R
f * v =~ - z ? v - . ° -
S 29p * v = - - ® v A ° B
= ® v 2 - ®127} & o v A & .
- * ¥ b & £ O X g Tl *
281 * v 2 @ v A
* v -2 26} Y v A
% v ‘T
27} o 15t *—o
@
26 24
800 1000 1200 1400 1600 1800 K00 1000 1200 1400 1600 1800
Tempreature (K) Tempreature (K)

(©)

& 5-1 (a)Na:BsO7 M EIHEE HHRE R EEMNRSL  (b)Si0rALO:-CaO FEH NaxO,
EEHAR R E R, (0)Si02-AL0;-Ca0 EH B20s, 155N %8 B 1Y & i 1431

RBRIERGE S SPa -+ s, DA Cu 9fl, Zp5li55 100 20, 30 p m B4R BT R,
FTUAREI P 52, FERFERIEAZRINGOUT, S S RIS RN, O TR
BTk AS B, PR A 8 0 e A 5 PR AR o 4 R 1 e 5 A B Wi
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000008' MAAllAA‘.‘AAAAAAJAA‘AAAALAA‘&A‘iL‘LLLAL“

0.00007

0.00006 - —=— 10um
» ¢ 20um
£ 0.00005 - —a— 30um
>
B
] 0.00004 -
i 0.00003 -

0.00002

0.00001 1 2 U 0 0 0 A A0 200 52 2 W

1 I T T
1300 1400 1500 1600 1700 1800

BFET(K)
B 5-2 JREBEAER, BE-TIRERXRE

2) &R R AT

RS —FAm AT, Si02-ALOs-CaO F A ITE S =451~ 40-60%. 10-20%. 20-40%
i, SAE R 1187°C, m%%%*AﬁMﬂ)Aﬁm%@ﬁﬁ,ﬁM%m%tﬁﬁwﬁ
WM HPRR L, (RSB R SPa « s, MR 1200°C 4 J@ W %5 BF S I 25 B2, A DA
WS R EAFRERE T U %, m@53%r

60 0.0035
504 0.0030 4
0.0025 -
40 =, Cu
“» —Pt 0.0020 - Et
£ 30 Pd ® R(r11
“;’c_, Rh .g 0.0015
> 201
0.0010 4
104 0.0005 -
0.00013
0 0.0000 —
0.01 0.1 1 10 100 10 100 1000
R/um R/pm
(@) (b)

B 5-3 SBWERT SRR, @K 0.01um-100pm, (b))% 10 m-1000ym

ME5-3 (a) WTLAEH, WHRT<10 wm B, JUBEEFEGE 0 WiH>10wm J5, Ui
MR, R W R S SR D Tm, FEMVEIR) 2 /N, U 4 S Y TR I
v>1.389 x 10*m/s B, A REUCM BAAMICES, LI SEE 2. WK 5-3 (b) PR, CulyE
FENFHIESR, TIFEERE/N, KFAETFRIAE 200 wm DA, 7 B8 2R i UM 0%,
B S R RO R R T 180w m, i T & H1R & EA AR A Cu T, HIkE RS &
ARAG, DA 53 A T 4 S A AR S B0 43 B D% T R5 9 RS 200 wm DA L, mmm#W%
FE & B AR IS AR i 4 SR BT e, R G e A S BT 70mm TEAGHT R,
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WM TR AE 200 wm DA_EB, A BETE 10 2P s 20Tl B TV AT T i 4 @ i ks
RSB EGIR R, DIFRERAR/N, ARMELE B R A B 8] PN s 7 38 O 0 U0l AR & TR i
VU R EMGE S BAER N MER, WRYIRERE, YT 70mm HGHHE, TEMARARZ 500
wm DA Fe SRR, A BELEMS ST RI/INT 1 /AR, R 6 ISR i 90%.,
Kolliopolous ZE04M4 4> J@ UL IMALEL o IR AT, I8 2401 48 SR RIfE I T e
AT, TiFRERE R A 5 E Uik E RIS, BSmMENEREEr
R, GBS, XTEERAN P, 88%ilid H BT, Wik R /MY P, Rh, 4y
S 34% . 47%38 5 5 R T B R I 5 A 3L R N UT. S TGS A SR TR T SR
B TR B R RDCR, SIS R R A G 1 SR A A S R ARTE R, SRR &R S e
JEHERIIRERE LR, REETE ORAR SR AT, P T A T R

AT T B R 6 SR 5 DA 1-10nm (RARS S) o AR Ae A m Bt R m . (R9a it
Fih, SRISERHTRREZ KT 200 wm, A BEFERFL R RIS ) h A5 & i, R,
BINA B AHEES I, YEUASE RS B AN 200-300 wm DA E, A R TR #EAA % 48 45
TR PREEE . RE . MEAER, WKW, SLFEVIF, I 0T AGERE IR T 208 i a)
R SRR R,

(3) SRR

WE 5-4 B N ERBREZ 2 (1200°C) K, RERSHRY Cu MR TIREE;, Jaszh
FES TR KRR, X T EERHRT, EEEREN 0.1-10Pa - s B, 4RI H 5
R R E, ERERE w>10Pa - s B, UIEFREET 0. BUIE KBS, Mistilig
BREAEALT 10Pas JEFE P,

0.0025
0.14
0.12
0.0020 - s
" 0,08
£
0.0015 - 2 006
_'c,!n 0.04 4
E
- 0.02
> 0.0010 1 L
\D.OU-
—0.01 pm\, :
01 1 10,
S 0'1 um 1 w/Pa-s
0.0005 4 ———1 um \\‘
— 10 uym B S
100 pm
0.0000 4 ==
I I |
0.1 1 10
p/Pa-s

[ 5-4 Cu JTFE I B BEXT T EE R B B

SEEER I RTIT, AR L . SN BT R R R A R R 2 T
. R, AR THRRSRUIEER, feltem SEHEr e, e ROt R
R RAEIGL. BRI A Z PR . LS. IR, R, R
BN HERRGT, B AT E BT, Si-O M SiOs PUTH AR S5, FBURERERAL, 15
e R R E, WK R M TS H A e T OF, ABITITHIMIRE A, Rk
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& 5-5(b), Ding ZBIHERF 5T Si0,-A103-CaO-MgO-NaO #57#K 2 /1, il A 5%Na;BsO7,
TR, AR FI AL, E 1200°C AL, IRAREHERRAR, WEFE(LT SPa - s
TEGRSE AN 0.65-1.0 WS IE YIS, BREEHGE, JAERE UL, TERE R 0.8-1.0 JE N, B
s, ARTERIHEES R ECE, S8 BRI 95% A .

100%

—=— R=0.65|
—e—R=0.8 |
—a— R=0.85|
—v—R=1.0 |

95%

90%

= .

Viscosity (Pa-s)

viscosity (Pas)

® = w W
P a
/

85%

—&— Rh

Recovery efficiency of PGMs (%)

=R 100 u'nn‘-’—_:;—’_gnn
Temperature (°C)
80% 1 L L L B —
0.6 0.7 0.8 0.9 1.0 1.1 1000 1100 1200 1300 1400 1500
Basicity Temperature (°C)

B 5-5 (a)$HiGE B E R SRR R; (DIREE. BRBEXHAER: B R ma !

XF TR, R I A A R B/, MR AR — (R, AR SR F
Fh. MR R B RER T B, PN RN, A 5-5 DA 32 W PAE
Si02-AL03-CaO-MgO-NaxO 2 J& otk its, TEREZINE] 1200°C LA B, ZEER/N, 224k
REERE /N, BRI, B Y 3 L B 2 T 1200°C PR, 7 30 BT 1A L BB o 4740 28 o 5 e
N, Ak BRI

5.3 EHRE BB BiESIE

BT & AR & @A L A Pt. Rh, Pd &R, DA Cu HEERE & @I A% . Xt
T 44.75%Si02. 11.29%AL0;. 22.47%Ca0. 6.28%MgO. 15.22%Na,O i H Fpfa i A,
T EE XA 2 B RS/, DA 1200°C I 2 1 2508kg/m® FR AL 5-7 715, 45430 5-8.
A 3-1, 1520 & G R A R 3 sl )y =X 513,
lgv = 1g[2gR*(6601 — 0.819T")] — 4.468(S5/100)? — 1.265(10*/T) + 7.485 (5-13)
LA L, @MU ETE ¢ Fom ot 5-14,
I, . 104-468(5/100)*—1.265(10" /T)+8.778

t =
R2(6601 — 0.8197)

(5-14)
Hob, g NEHAL, H98m/s’, TONIREE/K, S OREHAH Siox F A,
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0.0005
—=— 10um
—+—20um |
0.00044 —*—30um /
—v— 50um /
& . /
£ 0.0003
E ! - &
= »— 300um
w] —e—400um
& 0.0002 4
= »
0.000139
0.0001 4 ¥ o
0.0000
Ll T T T
1100 1200 1300 1400 1500
i ET(C)

[ 5-6 44.75%Si0: B YPIEERE SHHER T, BEMXR

HiF 5-6 By, B, TIFESRBOR. XTRRNGEBGRN, TR X i E SR
SRR . RIS Tm, FE 1200°C AR 2 /N, RSN S-13 WI%, S mis (ki
FGFRT 300 wm i, FTFESHEAREE] 1.389 x 10*m/s, BJRBHTIIE ZEHIGH, B EH
T TR AR S A S B AT RO . I MR IR HIAE 1200°C-1400CHERIN, &R 2K
T 100 wm A RERISEBUAL LI 73 B T . XT/INT 100 wm BB, 75 SEretl e it i
FAET, ARERRIRGE TR R, SR, I EmiiR g R v & 4R R i
IR B UURR BRI KPR 2R, ARSI AT I R Ar@ R ARSI, 8 IR e ki
R TR IR, KF AR R A B SR A 2 BRI iR . LR, i 3 T o e MR T 2
PR R UTREEA, h TOEE A E AMER L, s TR MRS, ME R E
BER A ZE AR BE IR/, T B S v A R RE X 4 R B UL o B AT B, HLl ok EOR BB FE AL
A%, AT DA S 0 Bl R R e AR AL

0.0005
i,
=— 40% SiO, J 0.0005{ —=— 40% SiO, v *
0y i L]
ooos] . 45; S0, y = *— 45% SiO,
50% SiO, & 50% SiO,
: 0.0004 2
+— 55% SIOZ, 55% SiO. /
0 60% SiO. @ e J B
o003y ¢ 0 Si0, E +-B0%Si0, [ 4 > 4
z 200pm ioof > 000034 300um .
= [ » 5
- 0.0002 4 o
b= % 0.0002 4 £ ¥ 4
R ol ¥ = ]
0.000139 - PO o
el [ 0.000139
: . . 0.0001 i A
Ty A
- &
0.0000 .. ‘ .‘ ! . : 0.0000 i —3
1100 1200 1300 1400 1500 1100 1200 1300 1400 1500
#RE(c) i BE(°C )

A 5-7200pm, 300, m THHEERS SiO: &8, BERXR

e = BEIE R, G = e E AT, 24 SiO2 RN 40-60%IF, I AR,
HWHAES B PAREA 100 wm B, SiOx FE7E 40-60%71 FH ARk, TRV R 5-7
i, SiOx S, WEREME, SEEBUIEHERE/N, X 200 wm &JERH, R
MEZE 1200°C I 2 /NI SEERAr B Uil . AR IR EEREAE 1300°C-1450°C I, REMGA U 5S.
LIS R 300 e m B, AETE T Si02 B iR 40-60%5E N, #FREETE 1200°C-1400°C 44k
BT, SiO SR RE R K, Sio) SEME, BAFIMEIR B8R, &
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TR IR . AERf A B L, AR Si0: & BRI R L, MRAUSAERE, A
T&E S B Ui, FERTHE T, AR SiO/ALOs LR, [HL Pd, 155 Si02/Al0s
FLBN,  [ICRER, 24 Si0/ALOs bl 1.2-2.2 1, Pd [FISCRERIEF] 97%0A L.

TR AR I AL R P ] [l SO e 4 SR s R v, AR S P R R F P B HEL L,
TR FLOR L, 356 2 5 B A 0 o 1R DA B 8 88 B I R B L, R A =X 5-13 &40
i 4 JaB ) LA A A3 B TR Oy BT AR R A B U BT R MR ROST, BRRSHR = i g 1
W, gida [l T2 BT, AR I T 2 RERE.

5.4 RE NG

AEWESRIEER, MR SMEEEE. SRR, WHRE., BRI
XF 4 SRR TR AR 5 . T R I R A SRR R o BT R, THEOR R B
WL LE W0 ROT DA HRIRLBE N 6 TR T AR B 2, SR S [l W T 28 S0 1 R A
Wi, BEEBIT:

(1) & Fges B e ATE A i T TR AL T2 0IRAS, B Ui R R R,
BB ROT AT R R g i B, BRI, g S e B mE =B AR, %
MaRE/IN, RGBT, BB RTE 28T 10Pa-s, 4@ SHAIE £ 0.8-1.0, WA
BB B, CRE .

(2) TR B A e 1A 20 BT Oy R

lgv = lg[2gR?*(6601 — 0.819T")] — 4.468(5/100)% — 1.265(10*/T) + 7.485

ST 44.75%8i02. 11.29%A1,05, 22.47%Ca0. 6.28%MgO. 15.22%Na0 44, 7 Im
A, 1200°C MR 2 /N, TR R IR R TR T 300 wm, G JE S HE 5E A0
B TEEIREE, R TRRAIUABRIE, SRR AR R, HFREKERRRE, B
TR R P HIAE 1200°C-1400°CHEE N . THim SiOx &, SECGHEERIIN, HUTFE A1,
TERRUEREA AR KA FT (40-60%Si02) |, SiO & 5 BT B EAIL.
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BARE H&Hit

AR SRR ZE A AL 7R B 42 IR I R, et 7 R L B 5 P A A P [ A8 R P
B, BIDASE R BE AP A BV AR R, AR B A AL RE R . R R, RN A S
P AP EL A b, AIA IS BIAEST . SAR AR & AR SR AR S A - A lE . 4 BT
W AR =AW S R RS R T . REAT NI SHLE], BT

(1) BETIRARMEAT (B3 B 1 A (Mg2ALSisOrs), & 35.79%Si0z, 36%A1,0;.
9.12%MgO A 0.09%Pt. 0.065%Pd. 0.011%Rh) F1% HLEEHR (845 42.17%Si0,. 12.3%Ca0 .
3.77%AL0s, &JEMS T EA 91%Cu DA /D8 HADG)E Fe. Pb. Zn, Ni, Sn) ZHMK, #i5r
T Si02-ALO3-CaO M#F#E FHTC, AR N 40-60% SiO2. 10-20%AL0s, 20-40%Ca0,
TSR ZN 1200°C, ZEREZYH 10Pa « s, [AINF, CaO HA RUFAIEITRAE TS, e ™
AR5 Y PA CaBro I E E .

(2) /M ELED, MEs B A ERTHEENERT YT RRN
M +205(9) + 9O = MOLL, kg # e A, R RFAR R K (AR 2T DA
22N InK=In[ y (MO2x+y®") ©(MO2x+y*¥)]-In[ vy (M) ©(M)]-yIn[a(O*)]-xIn[p(O2)]. 7E 1200-1400
CRRIRIEIEE N, FRINES 2 10° AR, AT 2 0.7-1.0, (EE0G BT
VA LA R, BRARHRS v A i 4 S RS

B)VEI T, BEIEE B A R Cu-Fe-Pb-Sn PUAH, Frh Cu #4938 Cu-Ni-Zn-Pt-Pd,
Fe #1375 Fe-Pt-Rh, H1EEJE/31E Cu, Fe M,

(4) FHFBEREE/NT 10Pa-s, BEIIEETIE 2 0.8-1.0, K48 R 2 200-300
pm DAL, AT EES B i, @ A A IR R o B A

lgv = lg[2gR?*(6601 — 0.819T")] — 4.468(5/100)% — 1.265(10*/T) + 7.485

BB ROT s MR ) KB R 2, THR e . FRAIK Si0: & i i e AR i 2
JEMUE IR, T Im FAA L, 44.75%Si02. 11.29%A1,05, 22.47%Ca0 . 6.28%MgO .
15.22%Nax0 WAL, W RS R T 300 o m IS JEIER, 7E 1200°C-1400°C A5 iR EE
L, AR 2 /NEE, T DA SR SE A i, W DASE IR e v I

LA VA RS, ARBFHE TG R IRETE . BIECR AR EE R, T & s
WA 5 B 2R, s TaidE R, SR @R RETT R, NI
S BRI WSO R 4 1 I SCR AR IS BL A, I R 5 S0 T8 JE A AR 43 B Al AL S A1 E AR A,
SRR AEAR 5 152 P B AR PR ) A 355 BV A T Y I A R R AL L
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MIGRATION AND AGGREGATION BEHAVIOR OF
COPPER CAPTURE TO RECOVER PLATINUM GROUP
METALS FROM SPENT AUTOMOTIVE CATALYST

Catalytic converters in automobile are used to convert CO, unburned CHx and NOx in the
off-gas to non-toxic COz, H>O and N». The structure of the honeycomb catalyst includes cordierite
carrier as MgAl4Si501s, platinum group metals (mainly Pt, Pd and Rh) coated on the surface of
the carrier with highly active and other additive such as Al;Os, ZrO> and CeOs. Over 60% of
global platinum group metals consumption is used to produce automotive catalysts. With the rapid
development of automobile industry, the number of vehicles is rising every year, which leads to
the increasing demand for platinum group metals. While the resources of platinum group metals
are scarce. At the same time, the amount of scrapped vehicles is also increasing year by year, a
large amount of spent automotive catalysts containing platinum group metals and harmful
substances are produced. Those spent automotive catalysts are not only strategic resources but also
hazardous waste, which need efficient recovery and proper treatment. Recovering of platinum
group metals from spent automotive catalysts will greatly alleviate the contradiction between
supply and demand, and reduce environmental pollution as well. However, due to platinum group
metals’ low content and chemical inertness, the recycling of them is a great challenge.

Conventional recycling processes of platinum group metals mainly focus on the
hydrometallurgical processes to leach and extract platinum group metals from spent catalysts. But
hydrometallurgical processes always consume large amount of acids and solvents because of low
content of platinum group metals. Besides, hydrometallurgical processes have the disadvantage of
low recovery rate and producing pollutants during recovery process. Nowadays, pyrometallurgy
technology has attracted attention for its simplified process, less consumption of reagent and
environmentally friendliness. Especially, a capture process of copper is an effective technology for
the enrichment of platinum group metals low concentration. The platinum group metals are
concentrated and entered into the alloy phase over melting point. For the different density of the
smelting slag and alloy, the alloy sinks into the bottom of the furnace and separates from the slag.
Using copper as capture agent has the advantages of high recovery rate, environmental
friendliness and recyclability. Moreover, compared with other capture agent such as iron and
nickle, copper capture has lower melting point and consume less energy, which contributes to
lower cost and lower requirement for the equipment. In this study, a novel recovery method of
platinum group metals is given to achieve synergistic recovery of spent automotive catalysts and
waste printed circuit boards. The scrap copper from waste printed circuit boards is used as capture
agent, metal oxides are used to remove brominated pollutants, and non-metallic components from
both spent automotive catalysts and waste printed circuit boards are used to make slag. Based on
the co-treatment of two kinds of hazardous waste, this study investigates the migration and

aggregation behavior of copper trapping platinum group metals from three aspects: the slag design
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for better melting environment, thermodynamics and sedimentation Kinetics, respectively. The

research content is listed as follows:

1) The analyzed spent automotive catalyst sample contains 35.79%Si02, 36%A1,03, 9.12%
MgO and 0.09% Pt, 0.065% Pd, 0.011% Rh. The main components of waste printed circuit board
are SiO2, Al,O3, CaO and Cu. After comparing melting point of different oxides, SiO2-Al,03-CaO
was determined as the main component of slag for its lower melting point. The addition of CaO is
less because waste printed circuit boards contain 12.3%CaO, which provides the consumption of
Ca0. Besides, the Gibbs free energy of reaction metal oxides and HBr was calculated by the
software HSC Chemistry. CaO was proved to obtain the ability to remove brominated pollutants
such as HBr at high temperatures, which prevents the pollution. Na>O is also considered to be
added as a flux agent to reduce the melting point.

2) In the melting process, the platinum group metals mainly enter into the copper alloys
and separates from the slag. However, a small amount of platinum group metals is oxidized and
dissolved in the slag, resulting in lowering the recovery rate. Through establishing the
thermodynamic equilibrium equation of metal dissolution, the Gibbs free energy of metal oxidize
reaction was calculated by the software HSC Chemistry. The value of AG shows the feasibility of
a certain reaction. For platinum group metals and noble metals, AG>0 at high temperatures
ranging from 1000°C to 1400°C and the value of AG has the order of Au>Pt>Pd>Ag>Rh. This
means that platinum is more difficult to form oxides than palladium and rhodium, and platinum is

expected to loss less in the melting slag. The thermodynamic equilibrium equation can be

M +20,(g) +y0°~ = MO,

expressed as and the logarithmic form of the equilibrium

equation constant was obtained as follows:

InK=In[y(MO2x+y?"):¢(MO2x+y?)]-In[y(M)-c(M)]-yIn[a(O*)]-xIn[p(O2)]. Parameters such as the
oxygen partial pressure, melting point and the basicity of slag also influence the oxidize reaction.
When the oxygen partial pressure decreases, the recovery of platinum group metals increases.
Because the oxidize reaction is an exothermic reaction, it is less likely to form oxides and the
recovery rate of platinum group metals increases with the increase of temperature. Although O*
can’t be measured, the basicity is widely used as an index of O%. For basic oxides, the higher
basicity can lead to higher recovery of platinum group metals. Therefore, reducing the oxygen
partial pressure to below 10~atm, increasing the basicity of slag to 1.0 and controlling the melting
temperature ranging from 1200°C to 1400°C can improve the recovery of platinum group metals
reduce the loss of platinum group metals in slag.

3) After melting, the platinum group metals are concentrated and entered into the Cu-based
alloy. In addition to copper and platinum group metals, there also contains a small number of other
metals such as Fe, Ni, Zn, Pb, Sn from waste printed circuit boards. At room temperature, the
metal is divided into four phases as Cu-Fe-Pb-Sn, of which the Cu phase contains Cu-Ni-Zn-Pt-Pd
and the Fe phase contains Fe-Pt-Rh. The phase diagram analysis can provide a theory basis for
further process of separation and purification of alloys.

4) During the melting process, the metal melt and slag are separated from each other
because of their different density. The factors affecting the settling velocity include the density of
slag and metals, size of metal alloy droplet, and viscosity of slag at a certain temperature. Larger
particle size of metal, lower viscosity of slag and larger difference between slag and metal

contribute to more efficient recovery of platinum group metals. Among above factors, size of
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metal alloy droplet is the key factor influencing the settling velocity. When the size of metal alloy
droplet increases to over 10 . m, the settling velocity increases obviously. Assuming the furnace is
Im of height, the size of metal alloy droplet should be above 300um to achieve high recovery rate
within 2 hours. Besides, the settle velocity increase with the decrease of the viscosity of slag. The
viscosity of slag is influenced by the basicity and component of slag as well as temperature.
Higher temperature and increase of basicity to 1.0 lead to lower viscosity of slag with certain
components. Addition of some flux such as Na>O, NaxB4O7 is also conducive to reduce the
viscosity of slag and increase settle velocity. The density of slag and metal decrease slightly when
temperature is rising. Lower density of slag and higher density of metal leading to larger
difference of density are helpful to increase settle velocity and recovery rate as well. Through the
formula of metal alloy’s separation and settle, which can be expressed as
follows:1gv = lg[2g R* (6601 — 0.819T)] — 4.468(5/100)* — 1.265(10*/T) + 7.485 _the velocity
of metal alloy can be calculated by temperature, size of metal alloy droplet and content of SiO».
These parameters can be used in practical recovery of platinum group metals from spent
automobile catalyst to improve the recovery method for higher recovery rate.

Above analysis discusses the influence of different process parameters affecting the
copper-capture recovery of platinum group metals. Based on the co-treatment of spent automotive
catalysts and waste circuit boards, this study investigates the migration and aggregation behavior
of copper-capture recovery of platinum group metals from three aspects, slag design,
thermodynamics and sedimentation kinetics, respectively. And, it provides a theoretical basis for
the development of the new recovery way of platinum group metals from spent automotive

catalysts by copper-capture.
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