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Abstract

Tellurium(Te) is a main element used in thin-film solar cells(CdTe)
and thermoelectric materials (Bi;Tes), and the demand for tellurium is
rapidly increasing as renewable energy develops. Since tellurium
supply is expected to be insufficient compared to demand, a recycling
process must be developed from waste materials containing tellurium.
However, there have been a few studies on the tellurium recycling.
Therefore, in the present study, leaching the behaviors of tellurium in
granule and waste thermoelectric materials were investigated in
hydrochloric acid solution.

It has been found that tellurium is = difficult to leach in a
hydrochloric acid solution. Although it is possible to dissolve tellurium
in hydrochloric acid with oxygen, the reaction is slow. It was expected
the leaching rate could be accelerated by adding Te' ion and the
oxygen. Tellurium granule was ground to less than 75um and then
used in the leaching tests. The effect of gas type(nitrogen, air,
oxygen), hydrochloric acid concentration, temperature, agitation speed,
pulp density was investigated. The leaching efficiency of tellurium
increased with increasing air flow rate, agitation speed, Te* ion
concentration, hydrochloric acid concentration, temperature whereas it
decreased with increasing pulp density.

Optimum condition of tellurium leaching was that 5M HCl with
4000mg/L Te*, 90°C, 600rpm, 1% pulp density, air flow rate 200cc/min
where the leaching efficiency of tellurium was 99% within 240min.

In the case of the leaching test using thermoelectric materials,
when Te' was added, tellurium precipitated by cementation reaction.
Because Te' was first used to dissolve Sn, Sb, Cu, and Bi with lower
standard redox potential than Te. As a result, Sn, Sb, Cu, Bi were
leached over 99% whereas Te was not dissolved within Smin and was

_iX_
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leached after 15min under the leaching condition; 5M HCI with
4000mg/L  Te*, 90C, 600rpm, 1% pulp density, air flow rate
200cc/min. Therefore, by using oxidizing agents of oxygen and Te*,
tellurium was possible to separate from other elements contained
thermoelectric materials.

KEY WORDS: Tellurium = F%&; Oxygen 4tA; Te' ®HEF 47} o],

Thermoelectric material &% 24~=}; Hydrochloric acid &4F
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Fig. 1 Energy Harvesting world market(7Z&a 3 A4, 2014)
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1.2 Tellurium
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2.1.2. FAFolAX e Te FE

Teol @4ta HHgatAS W, AG'E 2@~ 2ok A(®) Hel <3 Te

AE WA, AGH B kgl AWA WYL FAT F vk

(3

Te Santh A% F&ol7) WE Faolewte JBoaE a8 o
B2 g7 ASA Fholent 4@ NSAE Mokt 4E WEAR
MaF oG AP, A@N HEC] AGK) OB Hurgo] AwH T WA
el AEol 7Hs@ e BAY S AUk Table 32 AH = w0l Elo] thBard,

et al., 1985).

Te +4H" = Te'" + 2H, A G" = 219.16kJ/mol ®

Te+4H" + 0, = Te'" +2H,0 A G" = —255.18k.J/mol ©)

Table 3 Standard gibbs free energy changes of formation(Bard, et al., 1985)

Substance Te Te* H* H, 0, H,0
A G"(k]/mol) 0 219.16 0 0 0 -237.17

T @Al AaToR 4 Ted oled AJbHE WeEEs} mom
2 4tk 9 4B TeCLE I FUTOEA FE 58S ¥Y 5 U e
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Jeon et al. (2017)& F4tolA Sn HE Al, 4HskAl SnClLE AFg&3ste] 21(10)3%
o] "kg3le] Sn*(F4] 27} ol )o® L H 7] HAYUA 5% Wl Sn AL
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99% oo 2 A=A
Sn + Sntt =22t 10)

Park et al. (2017)& SAtollA EFEF Cu'(Fg] 17F o)l o8l AXE =
& Cug AR das YolFozn FadoA A Cu (e 27 o)

o2 2FAIA 55%2 Cu HEE 9% o2 HEES FHAHFAD - 4
2.
20u" = Ou+ Ou*™" an
O
Cu+ Cu*"— ou** 12)

Te A=& S8l Fatel A= 4Ha9t TeCls: ¥Wols A5 553FH9
A A

Teo] TeCl,$} WA Wh3-S &HA Ho] Te*(AEF 27} o] 2)o] R S R
Havezon and Jordanov (1974)o w2 Te* & 48 Mor] Eolgsle] B}l Hb
S(disproportionate)ol] 2]3llAl 2(13)2} Zo] Y FHZ HEoMA o B+

=

3 We2 = ol §F W&ol Aol 4tE - wkgo] doju 4k}

Fejol s FEo YA ES RleE vhgS ot ol A" F

& Ted datlld § od JEHA RoBE HE S50 BoAAA dAoh. 19
T4 Teo & = Eopybr] & Te*o] @74 Wolj& 4t el

7 ol @atollA AR Te™(2EF 471 o] ) H)

& Feol S7kskA € Zolth

27TeCly— Te + TeCl, 13)
or
Tt — Tett 14)

2 AFoA e datollA Te JE A, A3Az a9 TeClhg 37 EoAE2

=
24 Ted A& W& £E5 FHA7]A St
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22 43 Oy 2 B4 9y

B AFolAE Fig. 49 2e 71718 ol8std IE HFL APyt s
7l E(Heating mentle)oll A%k w-&F(reactor)= 500ml pyrex Al&F& AH&34
, =55 FA%] Sl&) LEAME, &9 ARE ANAA F7] s
7](agitaton ¢} J A (impellenN S, &Aoo =S
(condensen) 2 A x5t uh. =3, A3 = AAHE s}
AE At APE WY

=

e

=
e NgE PgHoR TaE 4 YRS 243 F FUALE FUD L5}
MR ewd SRS U ARE FYs] 6ML B 2T ASHA HolFH

FAYHEE 9A A AR §As AUAR AFHst IM HClo®E 3%
# ICP-OES(Inductively Coupled Plasma-Optical Emission Spectrometer; Optima

8300, Perkin elmen=® £ = ZL£ETE BAE Y]

Heating mantle
Reactor
Condenser
Agitator
Thermometer

S O W

Gas purging

Air

8 1
Dooo

Fig.4 Schematic diagram of leaching experimental equipment
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Table 4 Leaching condition

Leaching condition

Leaching solution

IM ~ 5M HCI

Oppm ~ 10000ppm Te*

Aigtation speed

200rpm ~ 700rpm

Temperature

20T ~ 90C

Pulp density

2g/200ml(1%) ~ 6g/200ml(3%)

Leaching time

360 min

Gas purging

with Ny / 0 ~ 400cc/min Air

Collection @ kmou
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Fig. 5 The XRD pattern of virgin sample

1800 i
0 Te metal

1200 v Te0,

n

£ 1000 -

4]

£,

2 800 -

S 600

-

=

e

Fig. 6 The XRD pattern of partly oxidized sample
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24 49 A3

241 &4 ¥ A s(virgin sample)

2411 aft& o) o3 FIF

wHe DALAE BANA AEA%e] FEL folaA dmE BesrE
ZAAARY. AREE 7o me WMeEEs} ZrleT AT wugEd] =Y
18]

T
A HE gEE w3 AFHAL. ot AEAFY DAYAT FEF
244

SFo}mofol Fhe.

Fig. 7 wylEso] 2 48 Axg, d4%5% 5M, €% 90C, Fd9s =
10g/L, Air =4 200cc/min Z7A3}oll A 1Rk &£ =& 200rpmol| A 700rpm7hA] %
sty AN W2 HEES LolRTh 200rpme] ¢ 360E oA <F 40%2]

28-S BYor}t 400rpmo] ERE] Teo] AE8o] 99% o] 4EE AL T
%= 9T} 600rpme] 7S 400rpmol HIE| 2A17Fo] @E® 24051 o Teo| 99%o]
2

AEHE 2E AT F Aok ole aNEEst FUHgel wel 84149
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%
o

s
bt

_’|7_

Collection @ kmou



100

80
=2 00rpm
e 4007 pm
60 = 500rpm
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Leaching efficiency (%)
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Fig. 7 The Effect of agitation speed on the leaching of Te
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i == without purging
E" —#=— Nitrogen
= - Air
5 60 = Oy Z EN
5
£ 4
=
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m
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0 b, il .
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Time{min)

Fig. 8 The effect of Ny, Air, O, purging on the leaching of Te
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En a0 e 2 00cC, MiiN
< = 400 MiN
[i-]
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Time({min)

Fig. 9 The effect of air flow rate on the leaching of Te
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2413 Te" F= o3 IF

Gatol] A3tA] Te" & FUst] FES IPsA Tk Fig. 10L& F4ts= 5M, 2
% 90C, FdF% 10g/L, wwrE= 600rpm, Air YU 200cc/min 2718}l A]
Te"o] EQoFo] wWe HE Axp T zo|th Te"& FU3A &%e 39,
360E ol oF 99%2] AE&E& Holx Whd F<& Teo] Te's 11Z wHg
7}4 3sholl 10000ppme] Te™& FAsFAS 3%, 2408Uol 99% o)< A
= HAT ol Al 2% olEFEA TR0 AFARZ LTS Yol E
(Te" & 7“7}‘3}1] B2 FH) 5% Teol o2 dHz EA st Atol
Aele WA 4ksol Te'o] WA AstAl o] 7)5o] FgE o] o] 3t
&=7F wElx = ZoZ ALRE Zth

fo o
oo = Ho o rr

2

o1& = Atk Fig. 11= Te! v %o W& A= Az a2 g, Te" =7}
Zbetel wel JE ol FHE AL AU £ U, Tere FE7} 4000ppm

oY AL HAZ=&9 Zolrt wH| ST

o]% %3 Te"o] 4 Te A& AsARA AE&=E I/ e &
=
o
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2 - =l with Ted+

0

0 60 120 180 240 300 360

Time{min)

Fig. 10 The effect of Te' addition on the leaching of Te
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Fig. 11 The effect of Te*" concentration on the leaching of Te
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2414 @its=dd g I9F

Fig. 12& &% 90C, 9% % 10g/L, w¥+& % 600rpm, Air 7% 200cc/min
ZA8 A FGateEe W AE Ay azolt. ditsEE IMolA SME ¥
= A 735 3602 holl Al 2zt oF 4%, °F 10%

of AEES B, 5MY A 2408l 99%¢14e] AEE HATh ol 4

o] ol F&3 dojoF skARE IMF M2

HEo] A8 o] FofAA F2 Aow ALRE .

Te + 4HCl = Te(l, 15)

100
— B0
g
E —— 11V
o B0
o ——3M
% g 5 P
£ %
E
[%]
o
o

20

0 b

0 60 120 180 240 300 360
Time(min)

Fig. 12 The effect of HCI concentration on the leaching of Te
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2415 &9 OE IF

Fig. 135 g4t = 5M, wukES 600rpm, Air U 200cc/min, F s =
10g/L 273tolA =0 WE HE Ay Ty Zolg. 2%+ 50CA 90C=
ZH35l AgS 7Y A3, 50C 9 AS 60EUANME 27 HE&7 o]z}
RE AR HEFo] o] FAAA &E S FIT F A 70CY AHS oF

40%%] F=E&LS, 0ColA 240% ol 99%°l3e] IE=&S Holv As FUT

b

100
— B0
£
g
o 60
g
£
&
[%]
o
o
20
0 i L 2 . 2 - e oy
0 60 120 180 240 300 360
Time(min)

Fig. 13 The effect of temperature on the leaching of Te
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2416 FYs=d & IF

Fig. 14 94t = 5M, 2% 90C, ¥k = 600rpm, Air 54 & 200cc/min, =
At Fdeze w2 FAEF A7 ayzott. FAFE=+ 10g/L, 20g/L,
30g/LE AAste] APE Pt FYF = 20g/L2%), 30g/L(B3%)2 749 360
ool A ZHzE oF 65%, oF 80%Y HE&S HAA, 10g/LA% -5 2408
99%°17¢e] I=&S BATH ol FUHE AR o] ¥hgate & g %=

FEo] o) 23tH A Rk A FL5IHE A AESHE Aoz AR EH U

100
— 80
g
g
2 60
g
£ a0
£
= ——1%
LYl
= 59 ——2%
—_r—3%
0
0 60 120 180 240 300 360

Time(min)

Fig. 14 The effect of pulp density on the leaching of Te
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242 B & Azte] A3 A S(partly oxidized sample)

A

Rhavb EASA e A5 AEl A9 o] FARAA fska gtart EAlEE &
ol A= 1202l 99% ©1’de] AE&S Btk W, Fig 16914 B %o] %7]
AEES 24 AF AE Aol Hls) oF 30% o1de ¥ AEE&S B ]
+ XRD A3 Z=Fig. 1NE F;A AT = Aok Aarh EAEA &

%
Aox w5 Tedt TeO, 4Hst==2 FAEHUT A&7 IEF F TeO, A&
& Yol AEHIL 55 Ted AR EA8E 21E 08 + Atk ol
2 ZA 3= TeO, AkdlEo] Z7]d 3000ppm ©] 49

2]

A% A Ze) HIsi A 27] HE&0

ol

100
— 80
g
)
(=
.g 60 == without purging
% N itrogen
Eﬂ a0 —— i
£ e e i _=
g v - v
o
b

20

om

0 60 120 180 240 300 360
Time({min)

Fig. 15 The effect of N,, Air purging on the leaching of Te
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i 3 rtly oxidized Te

Leaching efficiency (%)
B 8 8 8 8

il virgin Te
10
0
0 60 120 180 240 300 360
Time({min)
Fig. 16 The effect of sample condition
= (1) e @ Te metal
1200 -
w TeO,

Intensity / eps

1500 - (2)

Fig. 17 The XRD results of Te residue

(1) Before leaching (2) After leaching with N, purging at 360min

_27_

Collection @ kmou



2422 Te* F=9 & IF

Fig. 18 ¥4bs= 5M, &% 90C, nRk&EE 600rpm, FAs= 10g/L, Airr 5
A 200cc/min 273} A Te™ sxo e HAE Ax Iy zojtt 239
N7 Azetes 2, Ted v571 Z7hgSd s E3sta I=89 zo|7t n
et Rth ol AirFdol o7k FFoA Fxel, x7]o TeO, 2+st=o] &3
o] 3000ppm o]t Teto =z o3} Ho], F7tE YolE Te''e %% Oppm,
2000ppm, 4000ppme] ¢ Z71o] &a1® 3000ppme] Te'o] ©alA 3000ppm,
5000ppm, 7000ppme] T} o]& F& Teo| AstA] Te' s} Wkg3l7|o] 223 %
o] Te'o] EAst7] W&ol Te'o] F7tgol= EFsta 9 o) JAE&o] 7t
HA ¢= ASZ AR F oI

Leaching efficiency (%)

0 60 120 180 240 300 360
Time(min)

Fig. 18 The effect of Te* concentration on the leaching of Te
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A3 AAELA JEAFT R AHH-IA

31 3ol

A = g o] A (Cementation)

Aag ol ¥hE2 vl F&d 93] 8 Fo fdE ¢S AT FE5S T
ste] HEAIT7IE FAHL 3T 2162 Zns dAZ M E ool A=
H2S HolFE Aolt) ol #E AF WY(E"Standard Electrode Potential)x}
5 TEEHoE 3 AR Ao ZN HUEAH o2 TFE AT AU+
FE5S Bt 522 AT HAYE M F& o] o] faFHo A= &M spgte
E2H & o]2g Y3l HEA7E AL B3Ik Bl o] +2 AR-SFE <
HAAola, -2 AZSFE BELIAA 43FH7] AL AZS 7HAA Hoh

M** "+ Zn=2n""+ M"° (16)

Table 5 dAAizte] FAAYUAS Te, Bi, Sb, Cu, Sn¢ E'%+< UERA 3ot

HaAE A 9425 AdEoold it o3 &9 F Sn>Sb>Bi>CudTe
=02 457t o] Fo| XA "ok F, E'%e]l g A& Snol WA o] 23t o]
ol i ¢ F Sn oy o E'Rte] e daEe] SAUR o3y} o] Fojx
ppA Rt 2 Teo] o] 237} o] Fofx= A& vt

Table 5 Electrochemical reaction of the thermoelement

Electrochemical reaction E(V)
Te' + 4e” = Te +0.568
Cu2+ +2e = Cu +0.337

%+ 3e” = Bi +0.215
Sb3+ + 3¢ =Sb +0.152
Sn'* + 4e” = Sn +0.01
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A AR E2AEE Tel HEHoz Telm o]L3) 5
AH et 2o FHAA LS B3 Teds SS5FHE HHTY
A Teto 2 At AE A AAEE & gl AAHA FH

Aow ArE AT,

el B dAFoAE HIALRE o] 83l dakd Yo Tet §Fo w=
AE2A% 2L Aol FS dolruA o)
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et

Bi:T'ES
L . Tedt
15t HCl Leaching <———---—— :
|
i
lCementation i
!
S/L Separation :
| !
Solution -L 1].- Solid :&REI]SE

Te 2| Ea T @
(Sn.Bi,Cu,Sb...) 28 |
Ted+ :
L 4 |
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He. 19 The thermoelectric material’s overal flow chart expected from this study
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32 49 WA 2 W

Al 2780l A Te granules ©]-&st HatolM e 54 Te &7 &0 A 44

dotE 7] wEel olH T AL nEor HIMaAt H st dP2A
HO

B 9F A BHoR g AUAR A Adae] TR
& F 9 1% ol E EAGte d4AaE FTHSE FAMFAUT Te, Sb, Sne
IM HCle2 314393, Bi, Cue 2% HNOsZ 3|Adstit. 343 84
ICP-OES(Inductively Coupled . Plasma-Optical =~ Emission Spectrometer; Optima

8300, Perkin elmenE& TsiA &4 F F& #=& 43U
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33 A8 &4

331 €@4A

2 AFoAE AFE FA/ed FHA AE ASHAYE HIAALAE NER
o] &3ttt FAAAE HAS, HEA, RMIEAZR FAET F5E5S A=A}
Ao EAstE® dAFS A=A BEARREH EEsted g&%E0] EA
3t FETE -200mesh®  #3f8te] o] &3] FUthFig. 20). EHAAE FA3}
darE9] 383 =42 ICP ¥4 Z¥ Table 69 2tk GxaA F Teo| oF
31%, Bzt °F 21%, Sb7k oF 8%= Al & 60%E AAsta AMgT 2 foll=
Cu, Sn, Fe o] m# ZA ¥t Fig. 21& @ 4xe] XRD #4432, Bigt
Teol Bi;Tes 8 %=+ Sb7t E§H o] Ql& BigsShisTe;d] & FelE &3t
I AT iAo g2 Ted Yol 471 Te o] & FE= EASHA T, dd44
o o] g 5= IFEFHE EAT A5, -27F Te Fe| = EA5HA @
o},

a
;

rlr

Tochnod)

(1) r— o ~—— HAB (AT

- WU (M)

Fig. 20 (1) The design of the thermoelectric material

(2) Separation of the thermoelectric material

a. Insulator b. conductor and semiconductor

_32_

Collection @ kmou



Table 6 Chemical composition of the thermoelectric material

Element Te Bi Sb Cu Sn Fe Se Pb Ets

Content
31.03|21.31 | 7.79 | 2.79 1.2 0.77 | 0.59 | 0.53 | 33.99
(wt.%)
e ® BiysSh, . Te,
1200 A A BiTe;
B Cu

Intencity / cps

Fig. 21 The XRD result of thermoelectric material

322 EAME

draAe] HEAANA TAst= AlHE o] (Cementation) d/-& A8 &

2 gobns] YsIM F2 QLB FHOE FHAAY B TA WER FE
Y EAES WEel FAUCh BANES Gdad THYL F 1% o4 A
3= 1 Te, Bi, S, Cu 47b4 Y4E FHO2 WENUTK Snel A% o] o}
5% olufel §3i=7] Wi e UaEe] FE AF FFL FA W Zo

2 #dEo] Sng ALAZHY. BAMEEZ AFEE AleFe Te granule(99.99%), Bi
granule(99.99%, JUNSED, Cu powder(99.85%, KANTO), Sb power(99.5%, Alfa
Aesan)olal AL} Ze AVIE A7 -200mesh=  E#iet] A FATh
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34 49 A5

341 A& EXAF W Te* 7o o3 IF
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Leaching efficiency(%])

L8] B0 120 180 240 300 380
Time(min)

Fe 2 The keaching efficency of the thermoskedtric materid with air pureing and T addtion

Leaching efficiency (%)

0 50 120 180 240 300 360
Time(min)

Fe B The keaching efficency of the thermodedtric materid with air pureing and without Te*
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Leaching efficiency (%]

o 60 120 130 240 300 360
Time({min)

Fe 24 The kating efficengy of Qu, Shy B from the themmodedtric meterial with ar purging

(A) Black color ; adding Te* (B) White color ; no adding Te*
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Fig 25 The leaching effidency of the copy sample with air pureing and Te™ addition
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Fg 26 The leaching effidency of the copy sample with air purging and without Te®
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Leaching efficiency(%)
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Fe 2 The leathing efficency o the themodlednic materidl without purging and Te* addtion

Leaching efficiency(%])
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Re I The keadhing effidency o the thermodiedtric materil without pureing and withaut Te*
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