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Abstract

In this paper, the tellurium oxide powder produced by the oxidation and acid leaching process of
copper anode slime is used as raw material to prepare refined tellurium (Te9999) via a series of
processes that hydrochloric acid leaching, catalytic reduction, washing and ingot casting, and in-
dustrial research. The experimental results show that the leaching rate of tellurium is 97.6% when
the optimal leaching conditions are temperature of 60°C, leaching time of 60 min, liquid-to-solid
ratio of 3:1 and hydrochloric acid concentration of 9.4 mol/L. Reduction rate of tellurium is 99.9%
when the catalytic reduction time is 4 h. When the catalytic reduction time is 4 h, the reduction
rate of tellurium is 99.9%, and the direct recovery rate of tellurium under this condition is 97.5%,
which is 27% - 37% higher than the electrolysis method. Washing experiments show that impuri-
ties such as sodium, iron and silicon in the reduced tellurium powder are adsorbed on the surface
of the tellurium and can be removed by washing with deionized water and ammonia water. The
reduced tellurium powder reaches the Te9999 standard after ingot casting. This technology shows
that the process is simple and the direct yield of tellurium is high, which is suitable for large-scale
production.
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1. 5l

fifi e —Fp P R AMRL, BT HEEE, 58 “IMRIT. H50miRm4EER, fhiEA
AN, “RUREEATAM B SR [1]. MU RIFMEEMERE 2 N H TR 4.
P2, BEESPRE . AT T UL BOH M WK BHBE . 2 SRR S iR S50, H oSN T HEME
W& BEUR[2] [3]e SRTHT, FHAEAF UM BHERT AR, P SRR PR B R TR R 4l 2, R
S B A E EIAE] ppm 9, WA REFE A AR I E R m R WA HL TR RE[4] [B]. PRI, EAR
K, MASIE]JEARL AR $ Al BRI 78R T

AR AR = (A 3 R E T AR IR BE AR e, A B EE S AE 2%~10%, 45K 2 H( Ll Ag,Te. Cu,Te.
Au,Te 2B RAFAE[6]; HoAth /b B RIETHVR A AL MBI . FAREn™ . BRIER MYk LA IR ANG
W) IOHAEE . H AT PY A BE AR 8 B RS (¥ 751k 32 B AR ev s BRI RS bevd . AR
AR . EAE . BEBUEASE[7] [8] [9]. SR bk ik R ae SRAF R S B AN, Db 00 12k 7 b gk
IThal. mai R & S G R E B R, Sk R BEAENEE. BTRE. B
T KNG B X RIS [8] [10]-[16]. AR, BRI #A H B G 1wk, #iltn, SARTTR A
FRMETTRE 2 SRR AR B A AR, KIS AR ME AT O A 7 . B R, R IRIAE R
. BN N 40 AIm? HASFER, 0% BEUCROUN 70% [7]. FEFARSARTITT[L7], N T e
(0 ISR S A P 0, BRI A R A 77 s, AR SCR A S SR T2, LSS TR L), ik
177 AT (AL SR ) 28 RS T (ORI 70 S Tk 2= o Tk S B WA R (1) ELUACRIA B 97.5% LA |, 5 eyt
FRAR L N AR k2> 80%, BT K AASAE 7=

il

DOI: 10.12677/meng.2020.74032 233 VER A


https://doi.org/10.12677/meng.2020.74032
http://creativecommons.org/licenses/by/4.0/

AR

2. SEER

2.1 SEIGER

ERER (T4l AR, 36%~38%) Hi Al i BHE AL 22 A BR A ml 34, ZK(Hrdll AR, 25%~28%) 1
T EI AT PR AR A A, LB (AEE A 99.99%) W B T r e Bk TR A IRA R, KB FKHA
HE K2 A

S P AR R R B A IRl L EEA R R 1 R, AR L ATEn, SRR T S A
62.66%, Z%Jii Na. S & &8s, 700 3.95%. 2.13%, HE TR EEL/NT 1%, AT ER#ET XRD
o, HERWE 1 PR, BE LR, BREARSN ARSI LB R S

Table 1. Chemical composition of tellurium oxide (wt.%)
= 1. SRR 4R R (Wt %)

JLR Te Na S Mg Si Cu Fe Se Al Pb Bi As

g s 62.66 3.95 2.13 <0.001 0.17 0.013 0.019 0.032  0.0035 0.017  <0.001 0.16
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Figure 1. XRD pattern of tellurium oxide sample
B 1. SHFERER XRD E&E

22. IR BSBRIZHRE
2.2.1. EhEERH

B E WS E RIS BN R RSB, 4% — B VR LT I N, ZESE RIS 300 r/min 24 TR,
L IETAS TeCl, WL, A BIHERRLIIRAE . A 6. I b D K% SRR B X s th SCR RO S [18]
2.2.2. EUITIE

HY—5E 8 TeCly VAW E T BRI M#AE 85°C, 1EHHEHEZE N 300 r/imin Z4F ¥4 SO, St A
WEN 1 Lmin BN _FIRVER, BFF0IE SR R S i 8 JR 2R (K B2
2.2.3. Rk

R R4 5 B T /K e 3 IRGRE B 3:1, BN 20 min/ik). /K ¥ea ik R &K ek, 2 Bk 5T
VBRI ] 5 DA R K IR 5 o 24 J5 25 Bk A 5
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2.2.4. 848
B JERE 2 PR R 24 5 T e e . 2 B bR, THE 100°C~120°C, /KRS
KRG REETHENR T, ERGAEIRE N 590°C, FHAERTIA] 1 h. a2 R 28 AL, BN AR RE.

2.2.5. SRS RER
DL AR A A R 1] A8 A A SIS TR AR an 1 2 BTz

SALRER
—1
th® | B
v
SO, | HEfLER
v
H,0 K ¥

Y

NH,-H,O | Z/K¥E&

¥ T

Figure 2. Test flow chart for tellurium ingot (Te 99.99%)
2. FHHE(Te 99.99%)H &R ISR E

2.3. Sirs5&m

FALTRDFE 2 BRVE R, R FBGR G 555 T R A6 (ICP-OES, IRIS Intrepid IT XSP) 3 H#¥: it
FBER S« KA H AR DImax-TTR I X SR ATSHAX(XRD) 73BT [ AP0 o [ A FF S 008 72 55 8
it H A TRk 44t ISM-6300 7447 % 5T HiL A4S (SEM) AR SE . A5 it B it o B0 42 FR [ Ay 47 b vt YSIT
222-2010 KH ZRIETE . BARSHT R, #kE ICP-MS M4« e &R & &, fioky S i E i 2 2
Jo s RN AR 57 B (1) 155

Wi re o) = (M =M )/ My

e Wt o BERIFUR,  my, BB SR, my, Bk p 11 Rl AT RO AR R
3. BZR511i8
3.1. FERRN
3.1.1. BRHBEXMNENZHBRANIND

THERIRIE N 9.4 mol/L. 3= i8] A 60 min FIVRE LE A 4:1 ISR, I3 H I TE) X A IR HH 2R 0 5 il 2
K 3 As.
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Figure 3. Influence of leaching temperature on leaching effect
E 3. RYREMNZHBRNEN

HT ) 3 T, 3 YL E AN 40°C T 21 60°C i R v, A HOOIR HH 0 2 B B 1 KOka 3, M 85.6% 711 42 97.6%.
BRI, AR BB AR AN, R MR R IR IR PR & 80°C, fiff(19R
HFEARRA R RAAZN . TR, ROV I H IR B, B, R ESE 60CNE.

3.1.2. BHFEXERHBROT M

2 60°C | W IE LE 4:1. ERERHRE 9.4 mol/L HIZAF T, 12t a6 HE R I s m i 1<) 4 Fios
FH ] 4 ] %, 32 T TE] 30 min ZEK % 60 min i FE A, B FIR H 2R R 86.7% =i A 97.6%, X HH 60 min
e A A EAGIR BT 06 T IR RS [R] o 3 — D AE K2 HH B[R] 22 150 min, i (1032 H 28 S IL/NIE FE S B,
97.6%P4 MK %2 97.0%. MBI H 2 KT RETT T 5 18, 132 H B [A]i% 4% 60 min A
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Figure 4. Influence of leaching time on leaching effect

Bl 4. R HEEX R H ARV E
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3.1.3. HEI L FRR H BRI

IR HEE 60°C. RIS IE] 60 min. ERERIKEE 9.4 mol/L IZE T, W EL AR B R B s fn 14 5
e El5 RoR, WEH L1 s 3:1 i fE v, iR H 2 i 70.5%3 =3 97.6%; 44 A [E
be, R B TR E . WE LG RGN, (R T AR A S O SRR AR R 7T, AR T RS IE ]
HEAT s ARV LGER, RN, Z5EH 8, WA IR 31 NE.
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Figure 5. Influence of liquid to solid ratio on leaching effect

5. MRELL 3R H AR AR

3.1.4. ERELRE 3R B BRI

RHRE 60°C . R HIAFE 60 min. WEREEL 3:1. TRERIKEEXHZ AR SN 6 FioR. I 6 AT
W, #hERMCEE HH 3 mol/L Fhimi %2 9.4 mol/L, i (f1iR th 38 H 84.6%42 i 21 97.6%; Bl thEIK L — DTt
F 12 mol/L, iR RBEARYEREAA, HFERZ SRRRIKE L &, HCI RN, HEHRER, A
P IR AR RS . 45 DRTIR, BRERIRIEE SR 9.4 mol/L AE .
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Figure 6. Influence of hydrochloric acid concentration on leaching effect

6. ERELRE IR HBURAIFZMN
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AR BRI HATWEAE L, B e A R BN il ARy, B e RR X ANEVEYI B . AL
55 R S N A J TV P DY AR A S AR () B, N5 R i AT T B Hh e SR R A 7 B

TeO, (s)+4HCI(g) = TeCl, (I)+ 2H,0(1) AG’ = ~70.956+0.469T kJ/mol @)

Hk, SR T RAMAERL0], L = AR BB . fERTRR R R A, Tl AR R Sk 14
AL CIT AR A T AR P B T AR, B RPARE TR, 3R R A

ZE U R AR4E[20]:
i
Te Cl
VAIRN Cr- |
O 0 O » C1—Te— Cl
NI/ |
S Cl

@)

CI™ FIAFAERR 1 Wi S DU ARG E T, TRV BR 1 BRR AR 18 1 O BELRR RN, AN TH ARG S 2 R AL E
AT T S (AT

3.2. EUEIR
FEERIR IR R, AT SR S N a5 A% (3) P [21]:
TeCl, (1)+2S0, (g) +4H,0(1) = 2H,S0, (1) + 4HCI(g)+ Te(s) AG’ =-29.43091+0.110T ki/mol  (3)

S RE(1) 5 s 2 (2) b e 5 A i F e SRR R W 7 Fron. HE 7 A, SR R DL R R
T i 450 5 A1 3T 1 EEREE N 4 S 2, T i AN T S I [ EAT S LA R0 Do e I B2 i E S K
DRl A S v e 3¢ R AR LR 'R D S R i ) [ i o
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Figure 7. Standard Gibbs free energy of reaction (1) and (2)
E7. RRER1)SERNRQ)MWIRES RIS

o1 BRI 2 AT ST A, 85°C TN S T AL BRI R B B ) SRR AT AT R . BRI, RO HEAL
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I JRSZIGAE Je SR FE 85°C, HtREE R 300 r/min 2414 TiE AN SO, it JR EhEeIE IR SE B . S236 SO,
AR

Y 1 Umin, F 78I BRI TRD0H I J5 R A R2 M i ) 8 o
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Figure 8. Influence of reaction time on tellurium reduction rate
B 8. i J B (8] X i i SR 2R A S 1

H I 8 TN, XS MNEIRA O h BEANE] 1 h B, i (1340 R 2R 0048 Jin 1) 88.56%. [ Ji i ¥ 14 Ji7 2 48
TNZENG, 75 4 h Bk E] 99.9%. PEAR LIS A R RS Te IR B a8 BRAR, AR S ALBR )
VAR AL T RT3k 2 5 B (1040 SR Td 2R S S PR, TR il — SRR B o 120 7R R = A 2R R
AR, EROEJFEE pH BEAK, I SR (19 34 S e 35 T v AR T R0 i, AT AR AR i P s Sk
o SRIMAR LI NI AL I SR R fE, IR FRIE SR (R 4 h, 8 R R R B A % 2 fis,  HOl R B
BRI 3 fin. EJERF XRD F1 SEM K@i 9 fis.

B 9(a)rI %N, KBRSk XRD AT i S5 bR R Fr (PDF#36-1452) 55 W) & Hik A He 2
W EH L, 0 B P AR A0 A PR [22] . ] 9() ik ) SEM L, HT RIS, BROK UKL T2 IR 3 4
219 5~10 pm, Z5mVELF, 1Z4ERE XRD WS R—80. T RHORRRL R RUEE U6 B I8 Ji 3 7%
(0300 S 45 e S R, 2 R DR N AR RIORE P9 350, AT 75 5 ot S A

(@) —— N
S
g J
% ] l I ,ll. o
C
E I PDF#36-1452
| I zaku  xEreEE Sem
| | I.' L

10 20 30 40 50 60 70 80
2-Theta SEM image of Te

Figure 9. (a) XRD pattern of refined tellurium powder; (b) SEM image of refined tellurium powder
B 9. (a) *EFEH XRD Eli; (b) ¥HEHFHIAY SEM B
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e 2 A, BRI, B IR, REZ TR SRS T YS/T222-2010 fifge H Te9999 AnifE,
TR <100 H, 2950 B S22 mihy R0, mlld ik 2. % 3 B, RIS R AR T
Wi, TR JF A F) 99.9%, ) EILE N 97.50%.

Table 2. Chemical composition of reductive tellurium powder

® 2. BRFEHE S DR

TLH Al As Bi Cu Fe Mg
NN <0.0005 <0.0005 <0.0005 0.00052 0.0057 0.00067
Teun bRtk 0.0009 0.0005 0.0009 0.002 0.0009 0.0009
LR Pb S Se Si Na -
& J by 0.0011 0.99 <0.001 0.0063 <0.12 -
Teun bt 0.002 0.001 0.002 0.001 0.003 -
Table 3. Reductive rate and recovery rate of tellurium
3. WMTREREWE
B R £ B (g/L) I L (g/L) Tilf 30 SR 221% ik ELCE 1%
169.53 0.0093 99.9 97.5

FEIRE R SR, R RN T, o—pH FIfE DU S NS AR R A7 ) DX fapl L Aoz,
IR MR B 22 B IS - Te-HoO MR R AT BE A ZE K SN J L AE 298.15 K AR R 4 [UBL Y o—pH 3£

B UEE 4 Fros[23].

Table 4. Thermodynamic relations of Te-H,O system

F+ 4. Te-H,0 RPANFXRERER

RS N R HLAZ-pH 5 T2
a 2H* +2e = H, @ =—0.0592pH
b 0, +4 H" +4e=2H,0 9 =1.229 — 0.0592pH
c SO +4H* +2e = SO, + 2H,0 ¢ =-0.126 — 0.1182pH
1 Te +2H" + 2e = H,Te ¢ =-0.739 — 0.0592pH
2 HTe + H*=H,Te pH = 2.82
3 Te> +H =HTe” pH=11.0
4 Te+H" +2e=HTe 9 = —0.8174-0.0296pH
5 Te +2e = Te* »=-1.143
6 Te" +4e=Te ¢ =0.568
7 TeO, + 4H" + 4e = Te + 2H,0 ¢ =0.521 — 0.0592pH
8 TeO: +6H" +4e=Te+3H,0 ¢ =0.827 — 0.08875pH
9 TeO +2H"=TeO, +2H,0 pH = 10.36
10 TeO, + 4H* = Te*" + 2H,0 pH =-0.79
1 H,TeO, + 6H" + 2e = Te* + 4H,0 »=0.92—-0.1775pH
12 H,TeO, + 2H" + 2e = TeO, + 2H,0 ¢ =1.020 — 0.0592pH
13 HTeO, +3H'+2e=TeO,+ 2H,0 ¢ =1.202 — 0.08875pH
14 TeO; +2H"+2e=TeO; +H,0 ¢ =0.892 - 0.0592pH
15 TeO +H'=HTeO; pH =10.49
16 HTeO, +H*=H,TeO, pH =5.62
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K] 10 bR KRR N 298.15 K B (AT AW iE FE3H 1) Te-H20 HR AL pH B, EHEZ a. b
Z A NIRRT 2R E X3 [24], ¢ N SO, [ o—pH #hZk. KT BR Te W LARREAEAE . AR Te 4%
R, ARE pH %484 F, EEM~YARE, pH<2.82 K, Te #ifFE N HoTe; 2.82<pH <11 1, Te #if
Jfh HTe; 11<pH <140, Te gudil Te* . BT AMIEM K Te S5 —EALBEIR, H Te™ ik
JE AL T+ BB, SRS AR R RS 2 AR R R A R R, R pH T . ZSE R FE A
Tk R AT S, +4 MIRE SRR, AR TR 1IE 5 .

1.5

1.0

05

0.0

Eh

-1.0

_1_5 = 3 Tea.‘ ~
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Figure 10. p-pH diagram of Te-H,O system (1 atm, 298.15 K, a = 1)
B 10. ¥REXSER 298.15 K B (FREHIREE A 1) Te-H,0 ZREBAL pH

3.3. EIEFE IR

SRR P AN BREE AR UV ER R ST A A, I ke iR FEWRE B 31, el
6] 20 min AN¥Edk 4 Uk, JKBLJERAR S RN 5 P, #5382 54 5 IR, /KGRl LA 20 Bt w2k AN
AR, AHZR B ATRE DS EAR -

H T3 SRR R 2 o T S DARE R Y AR B AE Rfb i PR UK AT B B ik o AR SEIRWE FE ek
IR LR SRR BERS 2 5 25 BRI, HLZUK IR e SE N 6 From .

Table 5. Influence of water washing and ammonia washing on tellurium quality
= 5. KRR EKFEEIT S FREAIFM

TBHR Al As Bi Cu Fe Mg
I TR 0.00079 <0.0005 <0.0005 <0.0005 0.00052 0.00079
KPR <0.0005 <0.0005 <0.0005 <0.0005 0.00048 0.00079
Teun bt 0.0009 0.0005 0.0009 0.002 0.0009 0.0009
TCH Pb S Se Si Na -
IK BRI <0.001 0.0031 <0.001 0.0048 <0.001 -
FUKBEG <0.001 0.0029 <0.001 0.0009 <0.001
TeunbritE 0.002 0.001 0.002 0.001 0.003 -
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9 6 IEAZSLIG AT AN, SR BREEJa okn 44 R 2 f M\ 0.0063% I F4 45 0.00012%, it 24257 T B4 % 98.1%,
FEFRARTT & Te9999 btk SAMZ/KIKRE KRG, BOEREES, GEHEEKREREFME N: Tk
IFEA 2 hy SR 45°C LAREUKIREEAN 1 mol/L. S /KB mib 45 a3 5 Fror. SE st Fik 1k S5 meA
Hh e S ek R DARERR T SR PR TE RN R IHT,  BRIE S 0F TR RERR VAR, SR AR IR DARE R AR 1 % 2N N BV

g

Table 6. Experiment results on impurities removal from reductive tellurium by ammonia washing

6. EIRFEHRKITTRRAIRIEEER

i VRERIELE/C UK E /mol L™ VL El/h i % (wt.%) Tk (wt.%)
1 25 1 1 0.013 0.0012
2 25 5 2 0.013 0.0005
3 25 10 4 0.015 0.0008
4 45 1 2 0.0081 0.0009
5 45 5 4 0.0107 0.0009
6 45 10 1 0.0091 0.00012
7 70 1 4 0.0077 0.00016
8 70 5 1 0.0071 0.00018
9 70 10 2 0.0068 0.00020

3.4. $5EE

IEE RS 600°C . fHIRESE] 60 min 24, Eed K5 I fisE it R & &,
YS/T222-2010 FifsebnitE g Te9999 Huik, 45 Rl 7 .

Table 7. Impurity content in refined tellurium

T OEHMARSE

%5

TLHE As Bi Fe Mg

it <0.0005 <0.0005 <0.0005 0.0005 <0.0005
Teunbrie 0.0005 0.0009 0.0009 0.0009

TLHR S Se Na -

fili g <0.001 <0.001 <0.001 -
Teun bk 0.001 0.002 0.003 -

M1 7 WIRA, BRBE R AR BE T AR IR AR A YR X, AU

YS/T222-2010 T EEbRi#EH Te9999 ZixK .,

4, Z5ig

#1<0.0009%, FiEZFm TR E

1) FFEERERIE 252k RINE IR S 60°C L & B 18] 4 60 min. W[ EE R 3:1. EhERMEE 4 9.4 mol/L

i, f IR 2N 97.6%.

2) $HEPEEZ A 300 r/min A1 SO, B E N 1 Limin 2445 F, 85°CJ i 4 h i i JF 2k 99.9% H A 1)

B 97.5%.
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3) IR R B FERTBR S8 A% 5 70 | 2K e s BUK BRI ANBEEE LR SRASAR R i 7T 5 Y S/T222-2010

ki Te9999 i 5 .
E&ImHE

IR A AR TR E (T 48K B R AN 2 A Ab B S SRR SR BRI T, T S 5
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