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Table 1  Multi-element analysis results of solution after

precipitating gold (mg/L)

Se Te Au Pt Pd Cu Fe

309.60 3011.0 3596 1.86 11.82 569 125

iRl EAE S TR S e R T PN
96.77%, Fii L5 Ky 98.09%, A1V e Ik .
2 IR S T AR I SR =R A R FA A il in 3R 2
Jr%1, XRD 1 SEM 73 #r 45 B3l i 1 FE 2 fros.

R2 WP
Table 2  Composition of the reduction product (mass

fraction, %)

Se Te Cu Au Si Pt Fe Pd Others
2490 4625 2.1 198 212 022 0.39 145 20.59
v v— Te
A— S¢

¥ v
ﬂ 74 v v v v
10 20 30 40 50 60 70 80
260/(°)
B 1 ks XRD i
Fig. 1 XRD pattern of reduction product

& 2
Fig.2 SEM image of reduction product

HE 2 A, = 5 24.90%, &l
46.25%, R ENE 71.15%; &4, AHFnAR
TEDNN 1.45%. 1.98%F1 0.22%, HEEK 3.65%,
BT B S AR A B A, R AR A AT,
HA MR B mSn . I 1l Sk 5 =4 i R
TS LR RS AAAE . I 2 w5, IR R s
W ACRAEIR AR o

1.2 WEKEWIR S BH AT hamas

F—EWBL ) NaOH % 100 mL I A =0,
¥ =H0mE e T, BaidE, A 200 g
PR (8 WA 2), HVOm#AR 85 °C, JFRSF
WEEAAR, I8 F U7 HOCk 30% 1K) HoO, W,
SV 2 h R pE Pe, 19 B05RER BRI S,
Wi Je v g . ARIUTT

1.3 S5

KH S E TR A A Intrepid 11 XSP R HL
SRS 5 4 B TR RS G (ICP) 73 B s R
X S ETEXRE) 2 HT [ A =R sy s KA H
AP D/max-TTR I B X AT A (XRD) 2 [
A=At R H A H R4t ISM-6300 244
Fi HUBE(SEM) M 2 [ A = P TE 50
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2.1 Se-H,0,-H,0 Kk & F0 Te-H,0,-H,0 K & #) p—pH

&

EER ST, e R NEA&MF T, opH
Pl it UL S N A5 PR s A7 1) DX 3R R R LAV
R R 2 EIAKHE . Se-H,0,-H,O 44 & F
Te-H,0,-H,0 & Z Hn] g & A 1 B S HEAE 298.15 K
TRRPE RN p—pH Fik P2, 5003 3 A
x4 o,

MR 3 FNER 4 1) P4l ) B X % o—pH RIAS,
21 298.15 K I Se-H,0,-H,0 1A Z& A Te-H,0,-H,0
AR o—pH K, 235l 3 FIEl 4 s,

K3 HELk av b ZIEA/KI I 22 R X, ¢
MK o—pH Mgk, PTLAE e 1) KA %R
Se 1 LIRUEAFAE . 255 Se Wik SR i, AN[H] pH 454F
T, EEPYIARE, pH<4.76 I, Se #4574 H,Se;
476<pH<14 I}, Se #i&J54 HSe » 5Lk Se #i%A
eIy, AN pH 441, A=A H, pH<2.57 I},
Se #AAAL A HySeOs: 2.57<<pH<<6.58 I, Se #&fk
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& 3 298.15 K M Se-Hy0,-H,O M & H 1) 3P4y S b X B
p—pH K&

Table 3 Equilibrium reactions of Se-H,0,-H,O system and
¢—pH equations at 298.15 K

No. Reaction Equation
a 2H'+2e=H, »=—0.0592pH
b O, +4H"+4e=2H,0 »=1.229-0.0592pH

H,0,+2H"+2e=2H,0
Se0;” +6H +4e=Se+3H,0

o

9=1.776-0.0592pH
¢=0.875-0.08875pH

Ju—

2 H,SeO;+4H +4e=Se+3H,0 ¢=0.74-0.0592pH
3 HSeO; +5H +4e=Se+3H,0 ¢=0.778-0.074pH
4 HSeO; +H'=H,Se0; pH=2.5676

5 Se0;” +H'=HSeO; pH=6.5763

6 Se+2H"+2e=H,Se ¢=—0.369-0.0592pH
7 Se+H"+2e=HSe~ ¢=—0.51-0.02958pH
8 HSe +H'=H,Se pH=4.7603

9  HSeO, +3H"+2e=H,Se05+H,0  ¢=1.09-0.08875pH
10 SeO +3H+2e=HSeO; +H,0  ¢=1.07-0.08875pH
11 SeO, +2H"+2e=Se0y> +H,0  ¢=0.88-0.0592pH
12 Se0, +H'=HSeO," pH=2

F 4 298.15 K B Te-H,0,-H,O 4 5 o (147 Jie 7 20 &
o—pH KL

Table 4 Equilibrium reactions of Te-H,0,-H,O system and
@—pH equations at 298.15

No. Reaction Equation
a 2H'+2e=H, ¢=—0.0592pH
b 0,+4H +4e=2H,0 ¢=1.229-0.0592pH

o

H,0,+2H"+2e=2H,0
TeO,+2H +2e=TeO;>+H,0

9=1.776-0.0592pH
¢=0.892-0.0592pH

[

2 HTeO4+3H'+2e=Te0,+2H,0  ¢=1.202-0.08875pH
3 H,TeO,+2H+2e=TeO,+2H,0  ¢=1.036-0.0592pH
4 H,TeOsq+6H+2e=Te*+4H,0  ¢=0.92—0.1775pH
5 TeO4* +H'=HTeO4 pH=10.49

6 HTeO, +H'=H,TeO, pH=5.62

7 TeOs> +6H'+4e=Te+3H,0  ¢=0.827-0.08875pH
8 TeO,+4H +4e=Te+2H,0 ¢=0.521-0.0592pH
9 Te*'+4e=Te E=0.568

10 TeO,” +2H'=Te0,+H,0 pH=10.36

11 TeO,+4H '=Te*"+2H,0 pH=-0.79

12 Tet2H'+2e=H,Te 9=—0.739-0.0592pH
13 Te+H'+2e=HTe ¢=—0.8174-0.0296pH
14 Tet2e=Te* p=1.143

15 HTe+H'=H,Te pH=2.82

16 Te? +H'=HTe pH=11.0

Note: Activity of all ions is 1; P(O,)=P(H,)=1X 10° Pa.

3 298.15 K I} Se-H,0,-H,0 155 p—pH K
Fig.3 ¢—pH diagram of Se-H,0,-H,0 system at 298.15 K

4 298.15 K It Te-H,0,-H,0 % ¢p—pH K
Fig. 4 ¢—pH diagram of Te-H,0,-H,0 system at 298.15 K

J HSeO5 5 6.58<<pH<\14 Iif, Se #%E AN SeO5” ,
AL, +4 MK Se SPEALA+6 M1 Se, —4<pH
<2 I, +4 411 Se B AN HSeO, s 2<pH<<14 I,
+4 1 Se BEEA R Se04F . 2) HHIEZE ¢ WA, XU
IR ARl pH T i i A . AE SRR TE S 1F T
AR TR A ARG, Se n] LA RUAE K AL K
H,SeO;, k4% 4k, H,SeO; AJ LA W4 /K 2 AL
HSeOy o 7EMMEAAT T, M IE R AT, Se
AR KB N SeOs™, 4kER4AL, SeOs” T LA
WAE KA A Se0,” -

K4 L ay b 2 KIS 2ERE X IR, ¢
HAEIKI) o—pH Mgk, MTLAE H: 1) ZKEB P 5
Te W] LABAEAZAE . 2450 5% Te HOA I, AN[H] pH 44
T, BN, pH<2.82 I, Te #id )i HoTes
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2.82<pH<I11 K}, Te #i& )54 HTe s 11<pH<14 I},
Te 3850 Te* o M5 Te LI, A[F pH 4 4F
N, FAPIANTE, pH<-0.79 I, Te #44LN Te*;
—0.79<pH<10.36 I}, Te #% 1t N TeO,; 10.36<pH
<14 I}, Te #%1L A TeOs> . k&% tk, +4 110 Te
SN +6 I Te, —4<<pH<<5.62 Itf, +4 M (f) Te
WAL HoTeOys 5.62<pH<10.49 I, +4 ¥ Te
WALl HTeO, : 10.49<pH<<14 I, +4 (K Te #%
AN TeOs o 2) TERRIRIESME T, AL J5 HL A
BRI, Te 0] LA AR K A Te' il TeO,, 4RELH
1k, Te* il TeO, 1 LI WA /K AL N HoTeOyo E 5,
PESAE T, M5 AGE S B AR, Te ] AR AUARK
AL TeO, F1 TeO5™ , 4REL%AL, TeO, Fil TeOs* 1 LA
PR KEA N HTeO, Fl TeO,” o

K F AR K S AR 7 B AR AR A b (R, AR
YU 3 IR 4 TR, 4 pH>T I, BUAKAT LU Se
Al SeO5” Fl Se0,”, ¥ Te %4k A TeO,. TeOs™ .
HTeO, Fl TeO,” , J- I ZEAHN IR N R AE7E . B2,
FERIE S R, SR KE B, ATLAK Se
A1 Te S840 K m i A B A S AR 8 AEAE TR

2.2  Au-H,0,-H,0 K & . Pt-H,0,-H,0 k& #n

Pd-H,0,-H,0 Kk Z##) o—pH

A5 Au-H,0,-H,0 & % . Pt-H,0,-H,O K& FI
Pd-H,0,-H,0 R & L P e VX, 7E 298.15 K
NRIFA RS N o—pH FRIAKXEE P, gk s
B3,

WL 5 P OV o—pH KIS, 2l
H Au-H,0--H,0 & & . Pt-H,0,-H,0 & & F
Pd-H,0,-H,0 A &R 1) o—pH K, 45l 5. Kl 6 FE
7 s

HE S vT%, MEZR av b Z WA 7K ) 2R X
W, ¢ AXEUKI o—pH gk, XEE/KI AL pH
(T i M FA . KA R BT Au n] LARRUE A7 AE
T Au BT, ANF] pH 44N, SAL AN,
pH<-2.31 It}, Au W[ AEUKEML Av’'s —2.31<
pH<14 I, Au A XU4E/KEAL L Au(OH);, Au’'.
Au(OH); NFasE, 6@ 4&MF F¥ImAkh AuO,,

HHIEL 6 mT A, ZK¥ i it Pt i) IAREAF(E. 4
BT Pt XK AR, B I8 S A K T
Pt KILKIESK N PtO. PtO,. PtOs, HJLLEAE
AR E AL

HHIE 7 W%, KD 5 P W] LARE A7 AL -
MR P ERUEK AT, B AL s A T
B, Pd RILIEEMIKCH PAO. PO, Al PAO;, LA

[ A A ) SRR B A2 A

K XA K S AR 7 B AR AR A b (R, AR
PR IK ) o—pH HIZEEI T, 24 pH>T I, Au 24
XA KEA S Au(OH)s, {H Au(OH); A, 4kak
b AuO,, Fi4bh, FESERR OVIIRET, Au (AT
2 AR T P A AR T, T BEAS T iR
HP; 2 pH>7 I, Pt S WK S A [T 5 1K) PO
PtO, fil PtO;, Pd & # WA /KA A [ 1) PAO. PdO,

Fz 5 298.15 K i} Au-H,0,-H,0. Pt-H,0,-H,0O F Pd-H,0,-
H,O A Z i P47 S WX o—pH KB

Table 5 Equilibrium reactions of Au-H,0,-H,O, Pt-H,O,-
H,O and Pd-H,0,-H,O system and ¢—pH equations at
298.15K

No. Reaction Equation
a 2H'+2e=H, »=—0.0592pH
b O,+4H " +4e=2H,0 »=1.229-0.0592pH

H,0,+2H"+2e=2H,0
Au(OH);+3H"+3e=Au+3H,0

9=1.776-0.0592pH
¢=1.36-0.0591pH

2 AuO,+H,0+H+e=Au(OH), 9=2.6-0.0591pH
3 Au(OH);+3H"=Au**+3H,0 pH=-2.31

4 Au*+H2e=Au =15

5 AuO,HH'+e=Au*+2H,0 ¢=2.29-0.2365pH
6 PtO+2H"+2e=Pt+H,0 9=0.98-0.0591pH
7 PtO,+2H "+2e=PtO+H,0 ¢=1.045-0.0591pH
8 PtOs+2H " +2e=PtO,+H,0 ¢=1.316-0.0591pH
9 PdO+2H" +e=Pd+H,0 ¢=0.897-0.0591pH
10 PdO,+2H+2e=PdO+H,0 ¢=1.283-0.0591pH

11

PdO;+2H"+2e=Pd0,+H,0

9=2.030-0.0591pH

Note: Activity of all ions is 1; P(O,)=P(H,)=1 X 10° Pa.

pH

Fig.5 ¢—pH diagram of Au-H,0,-H,O system at 298.15 K
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0.4}

-0.8F

-4 0 4 8 12
pH
6 298.15 K It Pt-H,0,-H,0 &% ¢—pH K&
Fig. 6 ¢—pH diagram of Pt-H,0,-H,0 system at 298.15 K

pH
7 298.15 K Iff Pd-H,0,-H,0 {5 % ¢—pH &
Fig. 7 ¢—pH diagram of Pd-H,0,-H,0 system at 298.15 K

MIPtO;, W, FEBPESAE R, RAXEKAE R EA
7, Au. Pt fl Pd ARea iz .

IR, SRR K AR 73 2 A
R Se F1 Te, # &AW R RY:

Se+2H,0,+20H =Se0;> +3H,0 (1)
Te+2H,0,+20H =TeO;> +3H,0 ()

£ 298.15 K i, Se-H,0,-H,0 1A & il Te-H,0,-H,0
P ZR B R R 3 A R e SR 6 BTl

IR 6 H B il LATHSC L 29815 K IEF, 2
T R (D) ANQ) RIARAE AT H e RE 0 A

AGO (1) = (Gs®eo§’ +3Gi,0) -
(G +2G8 o, +2G8, )=—119538 klfmol  (3)
AGO(2)=(G0y: +3GR o)~

(G +2G o, +2G2 ) =—139.131 kl/mol ~ (4)

F 6 298.15 K i Se-H,0,-H,0 Fll Te-H,0,-H,0 4 F& 1 3%
VBRI bRAE S A 0 A b g

Table 6 A:G® values of the main substances in Se-H,0,-H,O
and Te-H,0,-H,0 system at 298.15 K

Substance  AG®/(kJ'mol ") | Substance AG®/(kI'mol ")
Se -3.011 H,0, -52.712
Te -3.527 OH -55.716

Se0,> -125.676 H 1.491
TeO,” —145.785 H,0 —71.243

[N 7RO A, GO BI/NT 0, KW Se Al
Te WA KA A SeO5> I TeO5 HE AR 1T BE K
EHT,

23 WERKEUBEH BHEET PIHEELR

LR, R AR AR 7 B AR AR
PRI R 38 B4 a0 R . NaOH WKk B2 4 5 mol/L,
SNy 85 °C, I LE Ry 51, ONVITE A 2 he #E
2T, Se Fl Te 32 H #853 HIANh 83.86%H11 42.88% .
B AR SR DR AT e 2 U 85 CI IR AR B2
H 17.6 mL/L, RNV EESN, Kb %K. K
BRI, 5 Ml 2 26 1) 32 2 R 3 DU
JK B K NaOH ¥ %
231 RUA/K SRR H 2 1 5

SR 20.0 g FHAEURTET N 5 mol/L (1) NaOH %¥
Wb, YOV R 85 °C, WE LKy 5:1, NI ]
2 h B, AKXl R R s a1 8 B
TRe

iP5 8 W%, Se MR H e bt XU /K F =R 3 n
FeIE NG ORFEAAR, Te (1935 Hh 22 Bt 45 4R /K H 2 1) 1

90

X 170

&

s

2

= 50

Q

5

— 30 = — Se

v— Te

10 L

0 50 1(|)0 15|0 2(I)0 25IO 3(I)0
Dosage of H,O,/(mL-L™)
Bl 8 WU AK R Al L AR 1K
Fig. 8 Effect of amount of hydrogen peroxide on leaching

rates of selenium and tellurium
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T8 g A% . A UK I 0 3503 250 mL/L
i, Se MR HIZ H 50.06%34NE] 93.95%, Te iR H
K 16.76%8 N3] 94.34%, AREER I KT &N
300 mL/L I, Se [ HFIEARREFAA, Te KR H
IR 73.37%. 24 Hy0, i I, Na,TeO; #4800
Na,TeO;, H1T Na,TeO, A% T/KP, S8 Te 32 H1%
A%, VR
Na,SeO;+H,0,=Na,Se0,+H,0 (5)
Na,TeO;+H,0,=Na, TeO,|+H,0 (6)
Rk, HEPEE K2 250 mL/L, LA Se [
BN 93.95%. Te KRN 94.34%.
2.3.2 NaOH ¥R S0 i 152 26 1 52w
RIS S A A, XK 4 250 mL/L
i, NaOH V30 Rl i Hh 2R (R 2 ma i 1] 9 i

100

Leaching rate/%
[*)
(=]

= — Se
v— Te

2 3 4 5 6
NaOH concentration/(mol-L™")

9 NaOH ¥R FE XAl 52 L 28 1 5% )
Fig. 9 Effect of NaOH concentration on leaching rates of

20

selenium and tellurium

HHIE 9 Al %0, Se F Te M % KE4 NaOH ¥
BSOS I A3 0 J5 FEALRFEAAS, Y NaOH s
J& £ 2 mol/L 84 /m % 5 mol/L I, Se 3% H1 % H 25.89%
K In%1 93.95%, Te ¥1i5e Hi% Hi 82.78%4 N 94.34%,
ShLEH N NaOH ¥ KR)%, Se Fil Te [f1% R IEALR
FEAAS . D, & E Y NaOH ¥ E R 5 mol/L,
BEI Se IR N 93.95%. Te IR HF N 94.34%.

AR R S, XAEK A IR 73 B A RS
Se I Te MR B 45 A : X4 /K H 250 mL/L, NaOH
WA 5 mol/L, [N R 85 °C, MBI LL ok 5:1,
SNV IR 2 he fE EIRIEE AT, SEHH 2000 g
VRSN AT TBOR 250, Ptk 2 hil e 5% 2 L,
ICP 43 MR WA Se e & 4 20.54 g/L, Te ¥ S 42.76
g/L, L5150 Se (MR 200 82.49%, Te [ %

K 92.45%; PR G i 32.8 g, S
e 7 A, 4 XRD Fi1 SEM 4347, 45 545 5l tn 1]
10 #1811 A

RT ANBRBE Y
Table 7 Composition of oxidative alkaline leaching residue

(mass fraction, %)

Te Cu Se Au Pd Si Fe Pt  Others
15.30 10.35 25.55 12.57 9.21 1293 232 140 10.37

» = — SiO,
*—Te
A— Au
v— Pd
¢ — Se

10 20 30 40 50 60 70 80
20/(°)

B 10 SALBEE R XRD i
Fig. 10 XRD pattern of oxidative alkaline leaching residue

o &
B 11 ARG SEM
Fig. 11 SEM image of oxidative alkaline leaching residue

M 7 vl %0, BV S AR S AR )
Se Al Te &N 25.55%F1 15.30%, L&
40.85%, BrézJE Au. Pt Al Pd (& 5054 12.57%-
1.40%F1 9.21%, 8k 23.18%. SHIHEN (WL
XFLE AT, Se Al Te S H 71.15% K53 40.85%,
P4 JE A 3.65%38 nE] 23.18%, Au. Pt fl Pd 3
K, EHET 635 5. HE 10 WA, SAfbbmi
JEI= AT Si0,. Tes Au. Pd. Se. I 11 A4,
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1) A EUTE GBI RS T Se Al Te
SR 24.90%F1 46.25%, HRE L 71.15%;
Au. Pt 1 Pd 5543500 1.45%. 1.98%410.22%, I
BN 3.65%, HAMRE MR E. SR
Se Ml Te DL FUIRASAAAE, TES S ACRAFER A%

2) MRAEI 2T A, 2 pH>T B, RUEEK
i LLKF Se ZAk 2l SeO5” 1 Se0,% 5 ¥4 Te Ak A TeO,.
TeO;> . HTeO, I TeO, ;5 Au £ # MU K E AL 1%
Au(OH);, {H Au(OH); AE&GE, SRR AuO,,
AN, AESCbR N R, Au (R T4 B AL
FEAEBIAGVERT, M BEAG 4x i, Pt A1 Pd £ HXL
UK B S SR SPR B2,
PERRPE R, SRR AE A48k, AT LUK Se
Al Te M AN S SN EFHADPR T, Au. Pt
Pd AR .

3) RHIBAEK AT 7 B AHATRS B Se AT Te
(s g R, JOE B RV AR MEEK &
250 mL/L, NaOH %0 FE 5 mol/L, KV 85 °C,
WL 5:1, JONEFIA] 2 he ZEBLEAE R, Se Al Te 1)
BRI RN 82.49%A1 92.45%, Au. Pt £l Pd )R 4%
e SRS AL, SR SEHE Se B Te &R
71.15% FF5E] 40.85%, bi4)@m it 3.65%58 i #|
23.18%, R&BEET 635 1. EALIE s
SiO,. Te. Au. Pd Fl Se, F=#IE5H 2 2FERA
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Thermodynamic and experimental study on selenium and tellurium
separation from platinum and palladium concentrate by oxidative
alkaline leaching with hydrogen peroxide

PENG Ying-lin', MA Ya-yun®, ZHANG Fu-yuan®, ZHENG Ya-jie’

(1. School of Chemistry and Environmental Engineering, Hunan City University, Yiyang 413000, China;
2. School of Metallurgical and Environmental, Central South University, Changsha 410083, China;
3. Henan Province Key Laboratory of Gold Resource Utilization, Henan Zhongyuan Gold Smelter Co., Ltd.,
Sanmenxia 472000, China)

Abstract: Platinum and palladium concentrate is obtained from precipitated gold solution reduced by hydrazine hydrate
and hydroxylamine hydrochloride. The total content of selenium and tellurium reaches up to 71.15%, and that of gold,
platinum and palladium reaches 3.65% in platinum and palladium concentrate. Therefore, the separation of selenium and
tellurium from platinum and palladium concentrate is important for the enrichment and recovery of precious metals.
Thermodynamic analysis shows that in an alkaline environment, using hydrogen peroxide as oxidant, Se and Te can be
oxidized to soluble ionic compounds with a higher valence state, while Au, Pt and Pd stay in the solid phase stably.
Oxidative alkaline leaching experimental results show that the suitable conditions for the separation of selenium and
tellurium from platinum and palladium concentrate are as follows: the amount of hydrogen peroxide is 250 mL/L, NaOH
concentration is 5 mol/L, leaching temperature is 85 “C, liquid-solid ratio is 5:1(mL/g) and reaction time is 2 h. Under the
suitable conditions, the leaching rates of selenium and tellurium are 82.49% and 92.45%, respectively, while the gold,
platinum and palladium are not leached out. The precious metals are enriched, and its total content is 23.18% in oxidative
alkaline leaching residue, which is 6.35 times higher than that in the platinum and palladium concentrate.

Key words: precipitated gold solution; platinum concentrate; palladium concentrate; selenium; tellurium; oxidative

alkaline leaching; thermodynamic
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