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Magnetic separation for recovery of unreacted Zn
from cementation precipitate containing Co

Choi, Sang Hyeon

Department of Ocean Energy & Resources Engineering
Graduate School of Korea Maritime and Ocean University

Abstract

In the Zn metallurgy process, the purification process uses a cementation
with Zn metal powder to precipitate the impurity metals such as Co ions.
Before Co cementation, Cu and Sb were added as activators for complete
removal of Co. After cementation, the precipitate is composed of unreacted
/Zn and reduced Cu, Co and Sb in the form of an intermetallic compounds.
Most of these precipitates remain stored because there is no proper
recovery method. Therefore magnetic separation was applied to recover
unreacted Zn from the precipitate.

First, Ni was added to simulated Zn leach solution and precipitates
containing Ni, Cu, Co, Sb and unreacted Zn were obtained by adding Zn
metal powder to the solution. After the initial concentrations of the
simulated solution were adjusted to 150g/L. Zn, 200mg/L. Cu, 10mg/L Co,
240mg/L Ni, respectively, the cementation experiment was performed at 8
5C, pH 3.3-3.7, 200rpm, 1% of Zn metal powder and the result shows that
more than 99% of Cu, Sb, Co, Ni were precipitated within 30min. The

_ix_
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precipitates were separated with 10,000 Gauss magnetic bar for 180min. As
a magnetic fraction, 53.4% Ni, 56.7% Cu, 48.2% Co, 57.0% Sb and 11.9% Zn
were concentrated, whereas 88.1% Zn was recovered as a non-magnetic
fraction.

Second, considering copper ore leach solution, simulated solution of
copper ore leachate was prepared with initial concentration of 370mg/L Zn,
70mg/L. Co, 4360mg/L. Mn. The concentration of Co was high enough to
ensure magnetism of the precipitate. The cementation experiment was
performed at 85C, pH 3.3-3.7, and 200rpm, and 200mg/L Cu and 140mg/L
Sb as activators as well as 1% Zn powder were added to the solution. The
result shows that more than 99% of Co, Cu, Sb were precipitated within
30min, and all Mn remained in the solution because it has higher solubility
than Zn. As a result of magnetic separation of the precipitate with
magnetic bar of 2,000 Gauss for 10min, it was found to concentrate 10.5%
Zn, 57.7% Cu, 60.1% Co, 59.9% Sb into magnetic fraction and 89.5% Zn
42.3% Cu, 39.9% Co, 40.1% Sb into non-magnetic fraction.

In order to confirm that the non-magnetic fraction is reusable as
cementation agent instead of Zn powder, the powder was added to the
simulated solution of copper ore leachate. Cementation was performed with
initial  concentration of Co containing the amount of Co of the
non-magnetic fraction under the following conditions : 370mg/L Zn, 40mg/L
Co, 80mg/L Sb, 4360mg/L Mn and 200mg/L Cu, 85C, pH 3.3-3.7, 200rpm,
1% of adding non-magnetic fraction. The result shows that more than 99%
of Co was precipitated over 5Smin-15min, after that Co was redissolved and
precipitated 92.5% at 30min.

Therefore, the results suggest that the non-magnetic fraction containing
unreacted Zn, which was obtained from cementation precipitate by
magnetic separation, can be reused as cementation reagents. This means
that not only can the cementation precipitate be reused economically, but

also the amount of waste can be reduced.
KEY WORDS: Zn powder ©}d £%; Cementation A 9H o]H; Co precipitate =

U E A E; Unreacted Zn V|HEE ©}H; Magnetic separation &34
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Fig. 1 Schematic diagram of purification process
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A2 ofd 22 FYF, dEEZ 27 5&, /Hl?ﬂEﬂ lL Al
ol et JgPston APdH= AHE] AHAE AFS AR A
7

™
e B3 vlukg ol e MAIEE BEHA7T o}o# I9e) T 34 8
%o = Z

2 Magnetic ]
Zn Iealchate ! separation
'y
- Purification - N
i | UnreactedZn} | i
[ S/L separation ] = o |
| r—< S EBRR ° B |
i Zn** Co*! |_Cu, Sh.added E i : ;
A A G\ I as addrtwea ! ! |
! o g 7 A !
l € —————— =+ .Zn metal i !
| i——- |
[ Cementation ]L-?E“FEE-E-J : |
— Co, Cu, Sb Co i
| S/L separation =====---- *| Precipitate | |
L ___________ Z';z+ T, A

Fig. 3 Schematic diagram of purification process and the objective
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A 27 ol&F H7

2.1 AjdE| o]

211 ZZES YA Aol

ZAATE e A5 & o] ZTES YAo] ofd o s
2 SdrbsAol deA Lotr A st Table 12 ofdd IUE, YA

91 BAAE FU QPR Tele] mEATAARES Leh AckHaynes,
201D).

o] &40

I

Table 1 Electrochemical series of metals(Haynes, 2011)

Cu*™ + 2 -> Cu E’=+0.3419V
SbO* + 2H" + 3e™ -> Sh+H,O E%=+0.204V
2H' + 2" => H, E%=+0.000V
Ni** + 2 => Ni E’=-0.257V
Co™ + 2" > Co E%=-0.28V

Zn* + 2" -> 7Zn E%=-0.7618V

Aol wak 2 (Do} o] YEpd & 9lom ®FE
oska Fzeo] AZHLew, 1994; Krause, 2014).
cell E(Szthode Ez?node (4)
S ZREY YAy e F40
A e AT 7 W WEe s AAT THed A
o g AEAHQl whgo] dojuh=A] FRlstr] sl Aol
Arel A thLew, 1994; Krause, 2014).

s
X
N
N
=
pld
N,
ot
odtt
o
>
i
)
2

WA 2 G)oh 2e o] dojukrha 7Y,

M, —I—M2+ MH—I—M 5)
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72~ Ao A (Gibbs free energy) 4] (6)3 o] Yebd 4 At}
AG=AG'+RTInQ (6)
NG’ & 72 Afro A (Standard gibbs free energy)
R : 71A41744=(8.314 J/K - mol)

T: dd2x= K

b & glem AG = 00128 2] (8)o] AHF

g3kl ool 2 (e Zo] Vel 4 Tk
AG=0=AG"+RTInQ= AG"+ RTInK (7
AG"=— RTInK (8)
AG’=—nFE" 9
K: 383

F . sf2fde] 74496485 C/mol)
2 ®F 7F 2org 2 103 Zo] Yebd + Utk
AG"=—nFE'=— RTnK (10)
2l A0¢] FHE nFE UrolFd 2 (1D Z2on AARTe] WEs F3f

BPY5 KE 2 129 go] 7% 4 Utk

o

=

= (RT/nF)InK (1D

K=exp(nFE"/RT) (12)
Table 19| oAy} & F&HE9 4kshskd A Zolo wet 2 (Dol o 43k
o]

4=
W oo AT AL F don oF 4 (9] Y EE P2 Af

|

_9_
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AUAE 7T & Aot =3I FallE Ao AFHAE A (12 st BH
A5 KE T 4 Atk ofdat 2 F&gte) A, XE A2 A oA,
B 4E Table 20| YeFHtHLew, 1994; Haynes, 2011; Krause, 2014).

Table 2 Standard cell potentials and gibbs free energy changes with

equilibrium constant of zinc cementation at 25C

Elem. EO(V) E’e(V) AGY(J/mol) K
Cu +0.3419 1.1037 -212981 2.16 <10
Sb +0.204 0.9658 -186370 4.67 % 10%
Ni -0.257 0.5048 -97411 1.19x 10"
Co -0.28 0.4818 -92973 1.98x 10
/n -0.7618
dostz el Il A Table 2 NAstH 23 22 oA 9] gho] 25
()9 #HE TIAERZR old g o] 83l AHHAS FPT H ZLES}
UAa nx JddsAol BYos RS 3o 7158 Ao Holn HIPA
T E giA AR 2 G VAV W& e 9utge oy ¢S HoE R’
¢eItH(Nelson et al., 2000a; A1 =, 2000). kA9 AA 2 FIHEQ} YA A
dgolHde %5 AH(Kinetic barriers)e] FFo = HEZo] ¢ g o=
ofd el AHg d98d FEE FAG grFe] Hukgo] dojdr= AL 9

v gk cH(Lew, 1994; Nelson et al., 2000a; Krause, 2014; Gutknecht et al., 2017).

Aelo)d sHgolA okl Rukmk £URAL A IEES} AlRE oMol
S % 90 AR e & Utk WA 2 193 2o] ofd BHE o]
|3 AlHE o] A A ofdo] 4kt wet H'Y g o g Qs FaTk
b I BAC a8k ol 9] s} Fvhste] gee] pHIL Z7bsHAl 9
tHLew, 1994; Singh, 1996; Nelson et al., 2000a).

2H,0+ Zn— H,+ Zn°" +20H (13)

o] BA AgASE He 84
HoldA FUE ofd B2 o|F3

2 g7 ogsly Zn* FEE ofd B WA § & A

_'IO_
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g ®HO ®& Zn” =9 pHY dFo
wHo) 3

T U =5 BHAE FAaAA FIEE AdHool ol AAAHLew, 1994;
Nelson et al., 2000a; Dreher et al., 2001; Zeng et al.,, 2006). Fig. 4 & EF=x7
3lol A HSC chemistry 6.0 T2 7132 o]&3}e] Zn-H,02] Eh-pH tho]o] 13
S Yebdt Zn*7F el A9 E AS ofd FAEE B d4 #
b oS AAEE AL ¢ F U 2YEE 9o ¥ X9 Zn*o
AT 735 pHO STl wEt V1A otdd e Ader s FEES] AW
golAdo] oA & 4 dtHTozawa et al, 1992; Lew, 1994).

Eh (Volts) Zn - S - H20 - System at 25.00 ¢
2.0 ; ; ; ‘ ; ; g ; ;
15 |
1.0 |
ZnG2a2) | 20z
05 | )
ZnS04*7H20
0.0 |----
05| { OF TY\ «
-1.0 |
1.5 | Zn
H20 Limits
-2.0 - . - - . - . .
0 2 4 6 8 10 12 14
C:\Users\Desktop\ZnS25.iep pH
ELEMENTS Molality Pressure
Zn 1.000E+00 1.000E+00
] 1.000E+00 1.000E+00

Fig. 4 Eh-pH diagram of Zn-S-H,O system

_'I'I_
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T AR IRETE A =S AASHA XA & Wl st
© AR Qs A" ZLEV} 4bskd A ZLETE AL Ho ﬂﬁ
s AASA e

4 tH(Van der Pas, 1995; Xu et al., 2006). YA 2] A% <t
SOAT A 559 {3 T4 w&ol Q‘rtﬁﬁl =
(A$- 5, 2000; Boyanov et al., 2004).

A = FAUY AF 8o FEES YA Hg ATl
gloldo] E7Hs3str] wiiel ZLES} UAS AAGY] fste] FHAE FY
sl AlWlE o)A M3 tHTozawa et al., 1992; Lew, 1994; Van der Pas,
1995; Nelson et al., 2000a; Boyanov et al., 2004).

_12_
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212 IEES YA AdE ol AN FAHA S AT

R A ZLES}L YA AMdHolHdE sl SAAE T, ¢

I oemn =0 g AgstE A Hoe HHE-TEy B
A-7Eo 2o E FAAAE FYste Aol o aRFQ AogE dHAUT
(Tozawa et al., 1992; Nelson et al.,, 2000a; Van der Pas, 1995; Boyanov et al.,
2004; Zeng et al., 2006; Xu et al., 2006; Gutknecht et al., 2017). HlAE o}
o &vE HAst & F dve ZAfol o F53 7txrt #AEy] o
o & AL83kA] ¢k=th(Van der Pas, 1995; Boyanov et al., 2004).

Fig. 5= &A4Ad 72t tElZo] SAE 35 ofd & ®HoA Lo

e sRE Avdelde) BAEE vedck el Fastel Amelold u
gol Yold & Y& &F XAHE F/AJD QERLS ojd BT EHof
S &

%0
£V

(Blander & Winand, 1975;
Tozawa et al.,, 1992; Lew, 1994; Nelson et al., 2000b; Boyanov et al., 2004;
Dib & Makhloufi, 2006). ®E3t ILES] FAHHALS SVHAA ofd &4 %49
o Al FARAS AAAIZ G UHlew, 1994; Boyanov et al., 2004).

_13_
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Impurity shell Co?*
I

step 2
\
Zn?* \ Cu/ Sh as
activation
Zinc step 1
powder = ~

2H*

H,

Fig. 5 Schematic diagram of zinc powder during Co cementation(Lew, 1994)
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QE]EL F& oM HSbO,, SbO* 2] Fej2 EA3tH ofd o] EQ5d
21149 (15HAH ofd e &) =] ILEQ} F43H355E<] CoSbe
P2 dedsA HH UAY A= mIUA 2 QHE &3 At NiShe| &
Bl 2 Ag3tHTozawa et al., 1992; Xu et al., 2006).

O +DO* +AH + Zn+3e” = CoSh+ Zn*" +2H,0 (14)
Co* + HSO, +3H +(5/2) Zn= CoSbh+2H,0+ (5/2) Zn* ™" (15)

Fig. 69 M-Sb-H;0¢] Eh-pH tholola#S B pH 3~59] WA CoSbhe
sigtEo]l FLE S&EY ¢ Ay IYEHRT 200mV A= A7 =71
ol AT EAEE A9 ofd ol o3 ILE AdH ol dH3E}
Z FE o] ZFr}3tHTozawa et al, 1992; Xu et al, 2006). =3 YA ] 75
G4A 7 EAtE ¥ A FEQJ NiShE 4T 4 AdthTozawa et
al., 1992).

bt
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0.6

0.4

Eh (V)

-1.0

Fig. 6 Eh-pH diagram of M-Sb-H,O system(Tozawa et al., 1992)

AgAow gopfe] HESG UAS AAR] A5 BAAR el oy
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2.1.3 ILE AHHA JHES EA

Tozawa et al. (1992)= U#A e A IFES} nmzrix 2 A4 AQ1 Qe E3
A ¢HAHT AAES FAIT P22 Nelson et al. (2000b)7F A A &
Fig. 73+ 7o) yepd 4 Qo). AdH o)A 23 AAPE+=
RAE9l o] yA, IWE, Fg, ¢ElE F ofdS {3

oh(Jha et al., 2001; Gouvea & Morais, 2007; Safarzadeh et al., 2008).

c°2+

Ni2+

Zr‘z'l-
Fig. 7 Schematic of Co, Ni cementation with Cu and Sb as a additives
(Tozawa et al., 1992; Nelson et al., 2000b)

Casaroli et al. (2005)o] w=w ez A7l oA 40%7F A A
HES-3k JelE =A%ty 519 e o]= Fig. 8¢ FE-SEM Z3}

o
ot £
=2
R
=

$ obdlo] EA3E Ae & & k.

.
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Fig. 8 By-product of SEM image of Zn, Cu and As after cementation

(Krause, 2014)
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2.2 AYAE

221 Astgol B AHAe BF

FhEES AFE PW F U IEFTHS IE T BASE A9
Bag ol olf A BA wEe] Aulgel FHBTh AT A4
Me IRT 4 A% w4 g AAE A Aol o8 £
oAy BAEe FU, 44Y 5o acld weh ReuHs ey dEzge
2 22k FAkEo] HAagom WAt Aol AtHAvens et al., 1993;
%1, 2004; #87]E5, 2004; ol&4d, 2016).

FE 5o 249 AR B2 A2 B3 AYHEY SFsodRE BY
g 5 Atk WA F A IS el ¥ A AsAE AU Hee

2 (15)¢F #Zol A7 F3E w, Ao = m,

Eld 4= A HCoey, 2009).
oo L, mum
I d’

A7179] A7l B
Zo] yephd 4 gltHCoey, 2009).

B=H+4nM

A7) E3g e A

N7 ol Yera 4

B
h=
AsHgole 4714 Ao e Ashssl g
R % 9ITHCoey, 2009)
M
Y

_19_
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A717ke] A7) Hep A-gt= Mol &4

(15)

ol

Foheel 4 (16)3)

¢

(16)

A THCoey, 2009).

an

Dakm 4 (1899 y 9 o]

(18)



4 (163 4 (D, 198 B3l A7) Fes dehid o 4 1902 4
9% & sk,

_ H+4nM

M
T —1+47rﬁ—1+47rx (19

4 A9E 4 150 A8 B A% 27lol whe Ay He Ko &
o wek ZANAY AP Aol FD e AT A 199 A F
Bgol g EH FOO e 4AY] WEe 2 A5)elN Aol g v
AL A5 20O ge M A% WRe] AnHoE HYo] At

Ag B 5tk aYEE F2e] ni 54 g 276 H 1Y
2 e

Agtg o] A7)0l webA FAAA, ERAEA, WAAALA, FAAA, A
AZ Us 5 AHHATF, 2004, #str]<=H, 2004). Fig. 9= F7]&3x9 ¥4
A, AR, A, iR Y A4S Uil Aor FAdAEE 4,
FEE, Yol it T} ME ] A mEAAA Y dd e AYa e A
o% HolEH® FV|ERE B3 1dsiAl A4 A7H HHo] o} shesitt

(Harris & Williams, 2009).

H Ferromagnetic Antiferromagnetic

Diamagnetic Paramagnetic
Li | Be B|C|N |O|F |Ne
Na| Mg Al|{Si [P |S |CI|Ar

K |CalSc|Ti|V |Cr|Mn BIEREENE Cu| Zn| Ga| Ge| As | Se | Br | Kr

Rb|Sr|Y |Zr | Nb|Mo| Tc [Ru |Rh|Pd|Ag|Cd|In |Sn|Sb |Te|l | Xe
Cs|Ba|La|Hf | Ta| W |Re |Os |[Ir |Pt|Au|Hg|Ti|Pb|Bi |Po|At|Rn
Fr | Ra| Ac

| Ce| Pr|Nd|Pm | Sm | Eu| Gd| Tb| Dy| Ho| Er | Tm | Yb| Lu|

Fig. 9 Four different kinds of magnetism in periodic table at room

temperature(Harris and Williams, 2009)
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Table 3= o2 F=s59 Ast&
A Astgo] =1 WAEAY A
Axo] Ashgo] wek d¥R A
1994; #st7)<=5, 2004).

Table 3 Magnetic susceptibility of minerals(Dearing, 1994)

I Mass specific

ron

Mineral/Material Formula @ magnetic susceptibility
’ (10°m’Kg™)

Ferromagnetic metals

[ron a Fe 100 276000
Cobalt Co 204000
Nickel Ni 68850
Ferrimagnetic
Magnetite Fes0q4 72 513-1116
Maghemite y Fe,03 70 410,440
(Canted)Antiferromagnetic
Hematite a Fey0O3 70 1.19-1.69
Goethite a FeOOH 63 0.35, 0.38, 0.7, <1.26
Paramagnetic(20°C)
[Imenite FeTiOq 37 17,2
Olivine 4[(Mg,Fe),Si04] <55 0.01-1.3
Siderite FeCOs 48 1.0
Biotite Mg,Fe,Al silicate 31 0.05-0.95
Pyroxene (Mg,Fe),Siz0p <12 0.04-0.94
Pyrite FeS, 47 0.3
Lepidocrocite y FeOOH 63 0.5-0.75, 0.69
Chalcopyrite CuFeS; 30 0.03
Diamagnetic
Calcite CaCOs -0.0048
Alkali-feldspar Ca,Na,K,Al silicate -0.005
Plastic -0.005
Quartz SiO, -0.0058
Organic matter -0.009
Water H.O -0.009
Halite NaCl -0.009
Kaolinite A]4Si401()(OH)8 -0.19

- 2'] -
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Table 4= Ast&o] mWE AAFY FTFHY A7) EWES HjdS YET
(Harris & Williams, 2009).

A3 (Ferromagnetism)2 427 Ax= vjd s A7 EREES 7HA& o=
QR kgt AT AslE o] FFAA Y AAS VA= AL Tk dEF
o2 H, YA agly IZHRES} o] FH5E9 FFol AtkDearing, 1994; 7317

<X 2004; Harris & Williams, 2009; o], 2016).

=7+ A3 (Ferrimagnetism)2 <=4 d4KXt B33 244 F2& 2= 33 &E
ANARE AZHW HFAGA L A7H AT FASHAT L3 257 ¥ wn
(Harris & Williams, 2009).

W72 (Antiferromagnetism)2 . 2424 B =3 fFASHY A7 g2 H)
g8 A7) RAMES 7P EE AA Ask= 00]ARE Neeld o] de] 2=oA &
A= Holsty tixAe=m HAF, 4kstd, MnF, Fol AHFHIL7I&F,
2004; Harris & Williams, 2009; ©]&4d, 2016).

&7} (Paramagnetism)-2 427} F29z2 wjd® 7] EHES 7FA A7)
ol Agd A dAY HEE T AV 55 WFoRE e AFE UL
A 7] wZol] °f3k AAo] ofd 3 AMoe=w Eerl rbsstthHarris &
Williams, 2009; ol&4d, 2016). diEHOE dFvlg, 4 W5 Sl o
(Harris & Williams, 2009).

"2 (Diamagnetism)-2 9] -0 Ao 28 7% witieko s 7] 2yl
EV} #Z-&e HHo] Arie =dolH txzor T4y, ¢EE, &, 5 T A

oHHs 7 =5, 2004; o]&4, 2016).
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Table 4 Magnetic behavior and susceptibility of minerals(Harris and Williams, 2009)

Type Atomic / Magnetic Behaviour Susceptibility Example
OO0 00O0 !
O O Au
Diamagnetism 8 5 8 8 8 Small and negative cu
ORORORONG T
N\ M
TREL
Paramagnetism % o N ® N Small and positive Pt
agNNR e - : Mn
™M
q CD / CD O Large and positive,
Ferromagnetism > @ b % ¢ / function of applied field, Fe
p % ) @ D RN 194¢ microstructure dependent
< % ORONO, !
Antiferro- ( ( )
. p b @ Small and positive Cr
magnetism ) $ Q) (g 4 —
N e ( ® — ?
y ™
CD Y (D ) Large and positive, B
{ a
Ferrimagnetism % % < function of applied field, ,
( . Ferrite
p @ N ® — microstructure dependent
Y |/ H

|
N
w
|
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222 AHAE g

=7, F=, AsE T B 38 804 wEh 2do] dEpA = AHAE
< ARgu ] mel AARH A FAAHA
al., 2005; Dobbins et al., 2007; o]<4d, 2016). 1
o] A el 2o I JgEHo A¥ F&o] Z4AsEERE dmm ol ¢
A2 qo s HLRTHHET &R, 2004 H9-, 2004 o] &4, 2016). 5217}
A8 A mEAAY FHAEA At 3mm o]k dAfel] thai A A
& 7}?6}5}(3‘4 71, 2004; o4, 2016). EI FAHzT7|o FAAHHAES
AL A5 AxstAY AAstE HES 29 7 7] Wil HE&ZHd F9

o]

oA AAAE A E BT HAA-EAE o] 948tk Dobbisn et al., 2007).

AHE AL Gaussel whek RS 4= ok 3,000 Gauss wlWHY A oFAHA)

& 244, 3,000~8000 GaussE Z#HA1®, 8,000 Gauss ©] 42 7&%}74163 Ao
ERE F doH 7‘1}“iﬂ FETE EEstr] fsiA= 4,000~7000 Gauss©]
] 1:!

{o
Mo
o
ol

}7]1 9slal 20,000 Gausse] AAE o]
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Table 5 Magnetic separation in various processes(¥-$-%1, 2004)

Waste ) Metal separation
Metals Special features .
system efficiency (%)
Electrolysis with steel cathode
Wastewater | Fe, Cu . 80-90Cu/Fe
and magnetic anode
Electrochem- L
) Cu Electrolysis with eddy promoters
ical reactor
) Cu, Sn, Ni, . . .
Electronic Magnetic - hydrostatic separation
Pb, W, Mo
Cu, Cr, Cd, . . '
Wastewater Ho F Magnetic - separation metal sulfides
g, re
Applicable to kyanite and
Mine waste | Co, Cr, Ni chromite . combination Co recovery
gravity/magnetic separation
Municipal
Cu, Pb Eddy current separator 98Cu, 94Pb
/autoscrap
Electrical
Al, Cu, Pb Eddy current separator <90 as Al alloy
scrap

) Combination gravity
Electronic Al, Cu : ; )
segregation/magnetic separation

Cable scrap | Cu, Pb Eddy current separator for Cu/Pb
Cu dust Cu, Pb, Cd, H;SO4 leach followed by 50-60Zn,
u dus
As, Co, In, Bi | magnetic separation 60Cd, 80Pb/As/Sn
Involves heating 500 to 1,100C
Fe, Mn, Zn, . .
Battery and magnetic separation
Cu, Ag
of Fe/Cu/Ag/Mn/Zn
Shredded Cu, bronze, Magnetic + float sink in heavy
. 50-80Cu+Zn, 78Al
scrap Sn medium

- 25 -
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2.2.3 ZAARA Y AHd

AR 70 Brlelx] AAEe o AAAN UAD TLES AREE
welsis Aol sbesin A #Bd MAATE AstATHI 94,
2004).

Veit, HM. et al. (2005 #H 7] HAAF(WEEE)S] A o] F7to] uwhet
WEEE % diHoz 5%53 = @] =& PCBs} ECE A &8s}
71 98 B4, 4=, AY AdEa ZAAEES AASAT. 1A AREES
B8 A2 Imm o5tE Biste = 2 YrolzE & A1 6,500
Gauss®| Az AE7] o] F{lete] A& BARHER ZElstth o] % H
Z2-Eo] did] AAAES B A=A EFY ¥R EFE BT
PCBe] AHAE Az dA| A F 370A BHHSE 43%5 AHLEZ 34
stlal ECO] A+ 46%E 3lgatrt. YA A% PCBolA & 373t H+
15.2%, ECS 79 15.6%E 3+ 7Fsotidnh. H3y UAS A e, F4,
g2 HARER 3gEo] AdAE S B A=A EFE 34Ut /s
1 5 (2007 o#® =z ES PCBAA ZAHEE TAHLS E3 47}
< 3|gsta At shh MA 8= U(Stamp mil)S 53] ¥ PCBE 10mm
olste] IAV|E BEHE ¥ A2FEUeE YEE Ui T 700 Gausse £ A4
7 3,000 Gauss®] =8 AHME7|2 FAH 204 FAHOE AHAHS &)

ATk +5mme| EHES 29A AEdE S Tl BHsds A ALAA H
I YA 99% oS ARER FFsidon 7Y 65%E RIARER I
AT -5mm o]ste] Y= vEAM7)|E &3] under/foverflow AFEE 2g]s
#3L underflow 4b=ol tial 29A A=€4E-E 83 A} 99% o]deo A

UAS ARER Lt on NARE F YU FFS 0% LE0F) G
e 25uor A UMl FEe 004% FEAT. ATAT APAue 5
B ARAN FEARES MAHA MFSHECOERE Belsl 5T HoE

Helth

AAZE T (20012 AZ Hr =S &4 e A5 DA 244 F 90%l
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Fate= vtgAjel] migo] obd AFE Ao FeAS AFstAnh vigA=
9%e] Ae7tet ZE il tREQ SAPES 38%9 H AHE, 0.9%<
& AR, 74%° 94 EFS 238t ok AA vigAE Az &
E U5 3,800 Gauss®2 AHAE S Pty om 1 Ay YA 25
Aoz B3t H, YA, 252 AAEES 8 EHonE AHAEER
Jall dA EeEvta o YAS A5 oF 45~50%7F &8 THset e
w Tt Fo AEES & Aolv fdTh

Mishra et al. (2009)= =9 AFS o 4t H3F FHo=RY F7ha£5<
w3, ZLRE T& Istr] Hste 1A AEAEe A8ttt WA A3
Ae T FHE 2 3 F A AHHES T8 600%E ALEE ISt
R 47%°] BE FFAZE 7 AU o] FA A BIEe] Az W &)
L FuEY) AEMAEY g8 =3 AAOH FILE}L 7= vl 4H] o)A
5 A gl
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A3 otAAdFYY FEE AdEold % AHH

31 4% 2 B4y

311 BEAY Az g A=A

2 A7+ Fig 109 22 =d o}t =gk x(eio-tech, CW-10G)¢} n gt
71, 571, AEAMH 2 Hd4& FAL @, pH A=o] HH
(Double layer jacket beaker)E o]&3le] Awlgold AgS P 2
of Alg® &2 Dip and Makhloufi(2006)%+ B ckman and @stvold(2000) 1
232 Boyanov et al (20002 A7 IRAETEE Faste AxIFoH
ZnSO4 + TH,O(Junsei  Chemical  Co., Ltd, 99.0%), CgHsK2012Sb, « xH,O(Aldrich
Chemistry,  99.0%), CoSOy - THoO(Junsei ~ Chemical Co., Ltd, 98.0%),
NiSOy - 6H,O(Junsei Chemical Co., Ltd, 98.0%), CuSOy - 5H,O(Junsei Chemical
Co., Ltd, 99.0%)EF ol &alstq ok 150g/L, T2+ 200mg/L, MFE|=&
10mg/L, IWEE= IOmg/L/] TEANA YA 7] 55 120-240mg/LZ =4
stttk YA A dFFHoA dFstdxel oldAdEA A= AR A
)l FALRES] F&7} ‘%0} AAE ARAES] AHAH] BrbsstEE AE A
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Rk} A AAE 300cc/ming FYStH =& 8T E 7tEsit. diae
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Fstg o EAxAHDIp & Makhloufi, 2006)o 4 wH<EEWHEE FILE A
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FASHA ofd B 2.5g-10g(0.5%-2%)S F3tal &9 pHE 3.3-3.72 #XA

4 b2

A7171 Y3l 0.5M 34k 8 FAstHtt AwH ol Ho] RPHE= Fob
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Fig. 10 Schematic diagram of cementation experiment
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Table 6 Parameters and their levels in the cobalt and nickel cementation

experiments

Parameter Range of parameter
Zn 150g/L
Co 10mg/L

Initial concentration of metals Ni 120-240mg/L
Cu 200mg/L
Sb 10mg/L

Temperature(°C) 85

Ny introduction(cc/min) 300

Agitation speed(rpm) 200

Zn powder(%) 05 -2

pH(adjusting by 0.5M H;S0,) 3.3 - 3.7

Time(min) 30, 60

A ARt AlEY 89S AFEA e 34 Aetste] F 3mlE AF
st &9 3ml 5 Imle ofd, ILE, YA, 78 & SAH7] 8l 2% 24t
oz 3Mstglon UmA Imle QB2 A4S 9l IM dito =z A3
% ICP-OES(Inductively Coupled Plasma Optical Emission Spectrometer; Optima
8300, Perkin elmen= Z+ Ao T = =A37 Z7] 59 AdgH oA o

F 58 BHstel 2uE, Y, 7o, GEEe) A7 e AN

AiEel A F 045me] YAE BE|E AgSe] meReE AN g om
AREL AGNE oldo] FHTE olgste] F 53 AH3ATh
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e
Reduces nickel [ Magnetic fraction
and other metals
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L
______4

Fig. 11 Schematic of magnetic separation of precipitate of cementation experiments
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Fig. 12 The precipitation behavior of Co, Ni, Sb, and Cu during the
cementation performed under the following conditions: [Zn]=150g/L,
[Sbl=[Col=10mg/L, [Cul=200mg/L, [Nil]=120mg/L, pH=3.3-3.7, Temp.=85C,
60min, Zn powder 5g/500ml

—— 0
= 0.3 —a— Ni
=
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Fig. 13 The precipitation behavior of Co, Ni, Sb, and Cu during the
cementation performed under the following conditions: [Zn]=150g/L,
[Sbl=[Col=10mg/L, [Cul=200mg/L, [Nil=180mg/L, pH=3.3-3.7, Temp.=85C,
60min, Zn powder 5g/500ml
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Fig. 14 The precipitation behavior of Co, Ni, Sb, and Cu during the
cementation performed under the following conditions: [Zn]=150g/L,
[Sbl=[Col=10mg/L, [Cul=200mg/L, [Nil]=240mg/L, pH=3.3-3.7, Temp.=85C,
60min, Zn powder 5g/500ml
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Fig. 15 The precipitation behavior of Co, Ni, Sb, and Cu during the
cementation performed under the following conditions: [Zn]=150g/L,
[Sbl=[Col=10mg/L, [Cul=200mg/L, [Nil=240mg/L, pH=3.3-3.7, Temp.=85C,
30min, Zn powder 5g/500ml
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Fig. 16 The precipitation behavior of Co during the cementation performed
under the following conditions: [Zn]=150g/L, [Sbl=[Col=10mg/L, [Cul=200mg/L,
[Ni]=240mg/L, pH=3.3-3.7, Temp.=85C, Zn powder 2.5-10g/500ml
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Fig. 17 The precipitation behavior of Ni during the cementation performed
under the following conditions: [Zn]=150g/L, [Sb]=[Col=10mg/L, [Cul=200mg/L,
[Nil=240mg/L, pH=3.3-3.7, Temp.=85C, Zn powder 2.5-10g/500ml
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Fig. 18 The distribution of magnetic and non-magnetic fractions of the
precipitate, obtained from the precipitate of Fig. 14, with 10,000G of magnet bar
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Fig. 19 The distribution of magnetic and non-magnetic fractions of the
precipitate, obtained from the precipitate of Fig. 15, with 10,000G of magnet bar
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Fig. 20 The distribution of magnetic and non-magnetic fractions of the
precipitate, obtained from the precipitate of Fig. 15, with 10,000G of magnet bar
for 3h
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Fig. 21 The distribution of magnetic and non-magnetic fractions of the
precipitate, obtained from the precipitate of Fig. 15, with 15,000G of magnet bar
for 1h
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Fig. 22 The distribution of magnetic and non-magnetic fractions of the
precipitate, obtained from the precipitate of Fig. 15, with 15,000G of magnet bar
for 3h
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SEM HV: 150 KV wo: iEgamm || 1 wiRA3 TESCANI  SEMHV: 150KV wo: 17,
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(c) Non-magnetic

(b) Magnetic fraction

e q

SEMHV 150K WD:16TAmm | }
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fx_‘ @*@ "\»\ f Fig. 18 fraction of Fig. 18
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SEM MAG: 500 x m KMURl  SEW MAG: 500 x Det: SE

(d) Magnetic fraction (e) Non-magnetic
of Fig. 20 fraction of Fig. 20

Fig. 23 SEM images of zinc powder, magnetic and non-magnetic fractions
of Fig. 18 and 20
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Fig. 25 Schematic of precipitate in which of Co and Ni are not redissolution
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(a) Zinc powder (b) Non-magnetic fraction

Fig. 26 SEM images of zinc powder and non-magnetic fractions of Fig. 20
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Table 7 Parameters and their levels in the cobalt cementation experiments

Parameter Range of parameter
Zn 370mg/L
Co 70mg/L

Initial concentration of metals Mn 4360mg/L
Cu 200mg/L
Sb 70-140mg/L

Temperature(°C) 85

N, introduction(cc/min) 300

Agitation speed(rpm) 200

Zn powder(%) 05 -1

pH(adjusting by 0.5M H,S0,) 3.3-3.7

Time(min) 15, 30, 60

412 A€ AHHE

A A8t o™ 2,000

el

Gausse] A4 E(2]7 8cm, Zo] 15cm)S o] &3l th AdAWHLS A 379 A
el
=

A48 P FUSE WA BAYE YAE AT T LS o] gkl
BAEo] RAT AR Wi AATEA ALAEe At H5E A
83 uAEEe FE-SEM 42 B3] 9e) 2718 serstgon o F
FEslE Bi 4 4R BAAG
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Fig. 27 The precipitation behavior of Co, Sb, Cu and Mn during the
cementation performed under the following conditions: [Zn]=370mg/L,
[Sbl=[Col=70mg/L, [Cul=200mg/L, [Mnl=4360mg/L, pH=3.3-3.7, Temp.=85C, Zn
powder 2.5g/500ml

100%
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Fig. 28 The precipitation behavior of Co, Sb, Cu and Mn during the
cementation performed under the following conditions: [Zn]=370mg/L,
[Sb]=[Co]=70mg/L, [Cul=200mg/L, [Mn]=4360mg/L, pH=3.3-3.7, Temp.=85C, Zn
powder 5g/500ml
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Fig. 29 The precipitation behavior of Co, Sb, Cu and Mn during the

cementation performed under the following conditions: [Zn]=370mg/L,

[Sb]=140mg/L, [Col=70mg/L, [Cul=200mg/L, [Mn]=4360mg/L, pH=3.3-3.7,
Temp.=85°C, 60min, Zn powder 5g/500ml
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Fig. 30 The precipitation behavior of Co, Sb, Cu and Mn during the

cementation performed under the following conditions: [Zn]=370mg/L,

[Sb]=140mg/L, [Col=70mg/L, [Cul=200mg/L, [Mn]=4360mg/L, pH=3.3-3.7,
Temp.=85C, 30min, Zn powder 5g/500ml
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Fig. 31 The precipitation behavior of Co, Sb, Cu and Mn during the

cementation performed under the following conditions: [Zn]=370mg/L,

[Sb]=140mg/L, [Col=70mg/L, [Cul=200mg/L, [Mn]=4360mg/L, pH=3.3-3.7,
Temp.=85C, 15min, Zn powder 5g/500ml
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Fig. 32 Mass of precipitate with cementation time(15, 30, 60min)
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Fig. 33 The distribution of magnetic and non-magnetic fractions of the
precipitate, obtained from the precipitate of Fig. 29, with 2,000G of

magnet bar
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22.3% Sh

a) Consists of magnetic fraction of 60min precipitate

1.2% Co

3.8% Sh

88.5% Zn

b) Consists of non-magnetic fraction of 60min precipitate

Fig. 34 The consist of magnetic and non-magnetic fractions of the 60min

precipitate
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Fig. 35 The distribution of magnetic and non-magnetic fractions of the
precipitate, obtained from the precipitate of Fig. 30, with 2,000G of magnet

bar
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a) Consists of magnetic fraction of 30min precipitate

5.8% Cu _l I 1.6% Co
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b) Consists of non-magnetic fraction of 30min precipitate

Fig. 36 The consist of magnetic and non-magnetic fractions of the 30min

precipitate
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Fig. 37 The distribution of magnetic and non-magnetic fractions of the
precipitate, obtained from the precipitate of Fig. 31, with 2,000G of magnet

bar
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a) Consists of magnetic fraction of 15min precipitate
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b) Consists of non-magnetic fraction of 15min precipitate

Fig. 38 The consist of magnetic and non-magnetic fractions of the 15min

precipitate

_58_

“ollection @ kmou



Aol d Az} zhaol wieh ARHE AR T, 4GB w4
ol Fepst =AE, T, ShE|Re] FaFe Table 8ol At AHE o)A
Aol wet AAHE FARY FFL AAHoR Fasigon w

o4 okl Fapel gastgith mAES) P, e A% Aol A
2t Aol meh Aol ol HrhsaAch

-

>
o~

Table 8 Changes of consists ratio and weight with cementation time

15min 30min 60min
weight(g) 2.5783g 0.8303g 0.3917g
Mag. Non-mag. Mag. Non-mag. Mag. Non-mag.

weight(%) 13.9% 86.1% 31.2% 68.8% 39.4% 60.6%
Zn(%) 70.2% 96.6% 59.3% 88.7% 36.0% 88.8%
Co(%) 4.5% 0.5% 6.1% 1.6% 8.3% 1.2%
Cu(%) 15.6% 1.8% 20.7% 5.8% 33.4% 6.6%
Sb(%) 9.7% 1.0% 13.9% 3.8% 22.3% 3.8%

a8 EF o} 370mg/L, FE]E 140mg/L, ZHE 70mg/L, T2 200mg/L, &
ZF 4360mg/Lo] -frElol e &9 ARHeld Alkbs 15702 TAAZ
%‘31 1H°ﬂ W3k ofd S Al L7 ITBES} T, HEES &3] s

S8 5 oglon AAEA ofdle] FHaFo] 96.6%2l WA

S
= 2B

3
=
)

=}

A=
2L O =] A~ =
Z-ILEE'_‘ T F AR

Y
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(c) Non-magnetic

(a) Zinc powder (b) Magnetic fraction .
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Fig. 39 SEM images of zinc powder, magnetic and non-magnetic fractions of
Fig. 37
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(a) Zinc powder (b) Non-magnetic fraction

Fig. 40 SEM images of zinc powder and non-magnetic fractions of Fig. 39

_6']_

Collection @ kmou



425 MAEY AL

A o8] 5E wAEol
A9 old BEe g & QA st Fig 41 ofdl 370mglL, %
2 140mg/L, ZWHE 70mg/L, T 200mg/L w7k 4360mg/Le] F-aEo] 9l
oo Fig. 379 WAZES EYalAL w AuEold Are Yet. 72
StEIE o] A5 ATEo]d 1080 99% o4 WAsAon] wirel A9 pH
AAQ ko] ola] sE7h gad Aow wlth IwEe] A% AuEo|
108 975%7F AASRA oY o F A gaistel AlRMEo]A 3080 83.1%9]
AAES AU TREV dAHow AAHA Fae AHE Qe

ol WA= mH FHHE FATETL ALz el dAAR] A= B

FE AuEgold HANA AL =

ol

2
_\1

A

rr

SE

0.6

0.4

[M]total/[M]initial

0.2

Ew

0 5 10 15 20 25
Time/min

Fig. 41 The precipitation behavior of Co, Sb, Cu and Mn during the

cementation performed under the following conditions: [Zn]=370mg/L,

[Sb]=140mg/L, [Col=70mg/L, [Cul=200mg/L, [Mn]=4360mg/L, pH=3.3-3.7,
Temp.=85C, 30min, Non-magnetic fraction 5g/500ml
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Fig. 42 The precipitation behavior of Co, Sb, Cu and Mn during the

cementation performed under the following conditions: [Zn]=370mg/L,

[Sb]=80mg/L, [Col=40mg/L, [Cul=200mg/L, [Mn]=4360mg/L, pH=3.3-3.7,
Temp.=85C, 30min, Non-magnetic fraction 5g/500ml
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