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Sulfuric Acid Leaching of Cuprous Oxide Powder

Recovered from Waste PCBs Recycling Process

Park, I Hwan

Department of Ocean Energy & Resources Engineering

Graduate School of Korea Maritime and Ocean University

Abstract

This study was aimed at investigating the leaching behavior of CuyO
(cuprite) powder, in sulfuric acid solution, obtained in waste printed circuit
boards (WPCBs) recycling process. Some conventional studies about Cu,O
leaching reported that cuprous ions changed into metallic copper and
cupric ion by disproportionation reaction during Cu,O leaching in oxyacid
solution without oxidant such as oxygen and ferric ion. Therefore, leaching
tests using Cu,O reagent were carried out with air introduction to prevent
the suppression of further leaching by metallic copper formed on the CuyO
particle.

The effects of Ny/air/O, introduction, air flow rate, pulp density, agitation
speed, sulfuric acid concentration, and temperature were investigated in
details. Consequently, leaching efficiency of Cu increased with increasing

air flow rate and agitation speed whereas it decreased with increasing pulp
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density. The precipitates of CuSO, - 3Cu(OH), were observed in 0.5M H,SO4
solution due to increase of pH value over 4.0. The leaching rate decreased
with increase concentration of H,SO, from 1 M to 5 M, and the
precipitates of CuSOj + 5H,O was observed in 5.0M H,;SO; because Cu?* ion
reacted with high concentration of HSO,  and SOs#. The effect of
temperature was found that leaching rate was proportional to temperature.

A Kkinetics study was conducted based on shrinking particle model about
leaching of CuyO, the rate determining step was determined to be film
diffusion than chemical reaction and the activation energy (E,) was
calculated to be 2.7kJ/mol.

KEY WORDS: Sulfuric acid leaching 34+3l<%; Waste printed circuit boards %l
s3] 27]%; Cuprite 4Fs}72](l); Disproportionation =3} %H-g; Kinetics study
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HT Ao AFoZ NEE 7S AT AEF A7} 758 EH
A7 AAAFL] FHo] @FHa, o2 s FH 7| HAAEF (waste electric

and electronic equipments, WEEEs)®] #A&o] Z7lstar Qo Fig. 12

o o

UNU-IAS (United Nations University Institute for the Advanced Study of
Sustainability)oll 51 ZA}g+ E-waste (electronic waste) @A FolZ 20104 o
3,3807H=2] E-waste’} AR om 201839l 47% “F53te] 4,980%HE <)
E-waste7} @& Ao 2 o g} (Baldé et al., 2015; StEP Initiative, 2015).
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H A7 A A Fol= Au, Ag, Pd, Pt 5 8553 &4 Pb, Cr, Cd, Hg &
o frall TEEol FEol o] 55 AY FH} AARD FSHAA AEE
o] 79t HAV|AAAEFS vtE vy (andfilDolvt 4
o e AT Ay, FFHo e Fall TEHol o BEdedH &7
Al ¥rAsl= PBDDs  (polybrominated dibenzo-p-dioxins)¢} PBDFs  (polybro-
minated dibenzo furans)el] &%k thr]ed 5 Tt A== 3H0HAS Jol
o} (o] &, 2000; Hong et al., 2015; Li et al., 2014; Xu et al., 2014). EU= 3|
A71-A A FA o7 @Fede WAsky] s 2003 @] WEEE (Waste

Electrical and Electronic Equipment) & RoHS (Restriction of Hazardous

Z} (incineration) &

Substances in Electrical and Electronic Equipment) A% & Ald)sle] #H A 7]-A
AAF o FAEEH A7 HAAAF W = AMES ATt Ao, =
Yoz 20033 Ak dA &A% (Extended Producer Responsibility,
EPRIE &3l HA7|-AAAF] AZE&S FAA7130 dot (Table D).

AE FBHolgbs o “‘ZA|FA (urban ore)’ o2 AFold wEF AHAZ 7HA|
b & Adeg Hrista vk (AT F, 2012 4 5, 2009). 4B =4

97 7]7 (National Institute for Materials Science, NIMS)ol| ¢}t dE
o] v =ARA L mAEo] AlA F5o wiAdEd Hlaste] Au 16%,

Ag 22%, In 61%, Sn 11%, Ta 10% =2FaL g} (NIMS, 2008).

Table 1 Legislations relating to electronic waste (3F=37 3, 2003; European
commission, 2003)

A | ARt T
QA AR AAAEN e 5ok FRE ABE
2RE oRFete #7E Ael A3
ANARAEAN &, AEF, FE, 2F, B
o FaBA AL ATSE A

ABE e AR DAY oS ABEAHEZ A
EPR BT | A GFE RS, ARG TE oA I

h s =
A5 AA Aol 225 vE olde AFste A=

WEEE EU

it
R

ShtA A

oj

RoHS EU




SABA 7hedl Au, Ag, Pt, Pd 59 AwEol 7 Wol RE e A
& HFEHEZo|t} (Lee et al, 1998 cited in ¥4 5, 2014; Hageliiken, 2006).
Table 2& E-waste %% =% qFH 4 559 7HAE UEda Jlon,
E-waste & FdZo] ¢F 2,000mg/L 7}&Fe] AFSEo] &7 Aes AS &
ATH F A= AzZE 1,0005 o o]Ato] #HFrhEo]
2,000~4,500%F ) o]/Fo] 7ol BHaEo Qe AoE FAHHI o] HFHE
7455 35 A oF 150~-3709 ¥ A=< H
Aoew FAHIL AT (AT 5, 2014). WA HFHES

[e)
ABgFoH FEFEY wgFol ARG el F

Table 2 Weight versus value distribution in E-wastes (Hagelitken, 2006)

weight Fe Al Cu plastic Ag Au Pd
[mg/L] [mg/L] (mg/L]
TV-board 28% 10% 10% 28% 280 20 10
PC-board % 5% 20% 23% 1000 250 110
mobile phone 5% 1% 13% 56% 1380 350 210
portable audio 23% 1% 21% 47% 150 10 4
DVD-player 62% 2% 5% 24% 115 15 4
calculator 4% 5% 3% 61% 260 50
sum
value share Fe Al Cu Ag Au Pd
PM*
TV-board 4% 11% 42% 43% 8% 27% 8%
PC-board 0% 1% 14% 85% 5% 65% 15%
mobile phone 0% 0% 7% 93% 5% 67% 21%
portable audio 3% 1% 7% 20% 4% 13% 3%
DVD-player 13% 4% 38% 48% 5% 37% 5%
calculator 0% 5% 11% 84% 7% 73% 4%




HRAZ|AAAFY AZE dA7= tiFE A =Z7]H  (printed circuit
boards, PCBs)& ti’do= FaHo] gtk 2o H7]-AAAFol WA= o
A= QIR FE AxA D AxAxd wel Aol tEAT dukHow
Table 33} Zo] F&5AE] 30~40% A= =AM 1 F Au, Ag, Pd, Pt 5¢
AL =3 HiEo A (PHA 5, 2012; Cui & Zhang, 2008; Hoffmann,
1992; Kumar et al., 2010; Sum, 1991). A &d 3} 7] (2013)el] W= AF7}
AAFol WA= = PCB7F AA7 A ] 98%E A whE AA 2 7HA] 7}

ADZHH FHAATHOR TEAAT O
u

&l o]FoA 1 Aot (AT F, 2003; F %, 2012; Cui & Zhang, 2008;
_]

[e)
Hageliiken, 2006; Sum, 1991). AAAH-EHS& 1222 HPCBsE &8AIA <
st a5d=S Bk, frteHe] s59 e AASH 1ex9
&< st ot AAAEERY AS a5 Sg2E, Ay

o7 Q3 oA AXEo| 3 Sn, Pbe I
&9 357 whsste gxol dn @A 5 2012 429 5, 2008,

d &, 2010; Cui et al., 2008).

Table 3 General printed circuit boards composition (Sum, 1991)

max max i max
Metal Refractory Organic

40% 30% 30%
Cu 20 | SiO 15 | Polyethylene (PE) 9.9
Fe 8 AlO; 6 Polypropylene (PP) 4.8
Sn 4 Alkaline & Alkaline Polyesters 4.8
Ni 2 earth oxides 6 Expoxies 4.8
Pb 2 Titanates, mica, etc. 3 Polyvinilchloride (PVC) 2.4
Al 2 Polytetrafluorethane 2.4
Zn 1 (PTFE)
Sb 0.4 Nylon 0.9
Ag 0.2
Au 0.1
Pd 0.005




ol g HAAER S EAHCR 3] AR FAEIl JHsstal R

sAAEo] Hete® AAH A57F S
sl JYPH Y. HPCBs o FE&=& TE A% 449 A= AAd
(HNOg), @4t (HCD, 34t HSOps &viE AH&3t= 4F F= (acid leaching)
ARt (NaCN), ¥=4Yol (NHy)sS EZ AMgst= 4ZE HZE (alkaline
leaching)'sol F3Fo sith. AF7kA tixz o= 3P5 HPCBse F44€
ATE Table 40 293ttt (742 5, 2012; Birloaga et al., 2013; Ficeriova
et al.,, 2011; Fogarasi et al., 2015; Havlik et al., 2010; Jha et al.,, 2011, Jha et
al.,, 2012; Koyama et al., 2006, Le et al., 2008; Lim et al., 2013; Montero et
al.,, 2012; Oishi et al., 2007; Rudnik et al., 2014; Yazici & Deveci, 2014;).
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Aoz &gA7)a, HPCBsol &% Cu, Fe, Sn, Niz} #n)d &ej1ol g+
Fe7} %%ﬂoi AdE 8T S AFEY THFHELE ARSI Ay,
Ag, Pt, Pd, Rh 59 AF4ES 402 35t 149 o AFEH =F

Jo o
e OH

H &3S HsiA A (electro-refining)sle] ¥H-g-Ao] AL AFSE AEELS &
= &2} (anode slime)C. 2 %33435t1, 1 99 vE% (base meta)e &

o AE o] &= AFE (cathode electrodeposit)® 3] 3T,

o AIES EE CuxE FAEY 1 9o %E AARA 717 = Snd Ni
TS v FFEO AT Iga 55 ARAES ELYEHE 7] Wi
7] FolA Ask7} RdE o] RES TASE Cux CwO (cuprite) 2 Abshw
JH 2 EA ST

5 AFE T eSS - A, o5 AHE
of 47 (sintering), =& (briquetting), B#HEFo]A
TAol Ao JOL—TLQU% nF EASE Sn3t Nie
=] == A

o
= T
Aol 27 MEol BER B A - x, ol LA

2, B AFolAE G442 AR Agstel AU
I, ]

RS FASHE Cu09
=

ez &L Fasgon,
7% o2 AFEL YPOZ Cu Ni Fe Snel F4AE ASE S9lstuz



Table 4 Summary of previous studies on the leaching of PCBs

Medium Summary Reference
Leaching efficiency of Cu was increased
. . | AN 5, 2012
with increasing of temperature and acid
HNO;4 , Jha et al., 2012
concentration.
- . Le et al., 2008
Sn was precipitated as H,SnOs in HNOs,
98% of Cu was dissolved by converting Cu .
) ) Havlik et al., 2010
to CuO with pyrolysis at 900C.
HCI Increasing the initial concentrations of
Cu* to >79mM improved the extraction of . .
. _ | Yazici and Deveci, 2014
metals such as Cu, Ag, Ni over 98% in
cupric chloride system.
Fern? sulphate or hydrogen peroxide as AeA = 2012
an oxidant  was necessary to enhance o .
) . Yazici and Deveci, 2014
leaching efficiency of Cu.
H,SO, 97% of copper recovery was obtained at
150°C with 2M H,SO, containing 15% H;0,
Jha et al., 2011
under oxygen pressure of 20 bars and pulp
density 30g/L.
Only 48% of Au, 52% of Ag was leached
during 1bdays due to the consumption of
NaCN CN™ to dissolve Cu. Cui and Zhang, 2008
a
95% of gold was recovered by cyanidation | Montero et al., 2012
after H,SO4 leaching with H;O, to remove
base metals.
Cu was leached by Cu(l) ammine to | #7423 AdZF, 2012
NH; produce a Cu() ammine solution without | Koyama et al., 2006

dissolution of Fe, Al

Qishi et al., 2007




Table 5 Impact of a 20% metal loss in WPCBs recycling process

(Hageliiken, 2006)

gross intrinsic

value share per metal

value [USS$/ton] | Ag/Au/Pd Cu Al Fe
TV-board 1100 43% 42% 11% 4%
PC-board 6700 85% 14% 1% 0%
mobile phone 8000 93% 7% 0% 0%
metal loss total loss loss per metal in US$/ton
20% [US$/ton] Ag/Au/Pd Cu Al Fe
TV-board 220 95 92 24
PC-board 1340 1139 188 13
mobile phone 1600 1488 112 0

*Metal prices of Feb. 2006 (rounded):

in US$/Troz: Ag 9.8; Au 550; Pd 290

in US$/ton: Cu 4800; Al 1300; Fe 150

Non ferrous slag

BCE Auto-catalyst
| |
l
[ Smelting reduction }
| l
Alloy Slag

l

[ Electro-refining ]

) Cathode
Ancde slime electrodeposit

Fig. 2 Flow sheet of waste PCBs recycling process developed in Korea



12 A% A7

Cu0 HZol #A3 HAPATE= F2 OxyacidE o) &3t A& WAUESES
H3at7] 93 A7 3 Eo] g} Sullivan and Oldright (1929 34+ & 3}
ik (ferric sulfate) 895 HAEAZ ARESI HA Cu0 B4
Bl ATy, AEA BE, i A R w2 HE Ay
o dAZ7I AETFE, IEA v 545 I 25 9 &
= Zog IAFYA, AHA7F zd"E Al (systemolME B3I WHS
(disproportionation)o] €oju} ¢ 50% A= Cu0 o] A=Hcota st (4
(D). B3} W&o o3 AAHE Cue Ftog FZo] £V}

& QA ey Fe ooy g
(3.

Cuy O+ 2H" — Cu*™ + Cu’ + H,O o
Cu+2H" +1/20,— Cu*" + H,0 @)
Ou+ 2Fe*t — oWt + 2Fe® ™ 3

Wadsworth and Wadia (1956)+= plate dEje] Cu,0 &S Udo=z 4AE
g AHOA A wEe &5 WE HE ATE FH5 Cu09 H=
Lo tia] AT AFAE XSS AEjol A Akl % Cu09 3
T2 2 DF Zo] E+3F §kgo] dojuta, AHHE Cue CuO FHo|
BEo] Cu Hus P} olme] ¥hg £+ AF &% H{F (linear rate
law o2 A==, © Evst wkgel o8 AAdE= Cuwb oA
A A& X] v Aoz sfddn. Cu09 M=

hydrolysis), Cu,0 ¥} H' o] &

L (
o W T F A FA EE WSl sw JPHoz TR A

Bt
e

|
)
2
ool
Dl
i, oo
=
i
o
1o
N
_,_,
[‘—{E
o,

A+ (HCIO,, perchloric acid) &< o2 4k
AE AT AEel A Cu0 4 B3} g thal AT Cu09 A=
& SRS A BAE BRI oY Ate] A3

& ol
et e S50 dastes As AT oz B3t vl 98 Cu0



#FH AdEE Cu 550 I&=E A
0C7HA 255 2d3 & 235 53l
T3k A, 0.003M 4 2 FE AL S A A= 14.7~24.9k]/mol, 0.1IM A&
29.7~52.0kJ/molZ Y Elytt}. o] =3 Majima et al. (1989)= Aw% 4F &4
o= E& o]l% (mass transfer)o], 1¥E 4 LABox= 318 HFS
(chemical reaction)e] Cu0¢ & ®HEE AWt 3T Fig. 3
Wadsworth and Wadia (1956)2} Magima et al. (1989)7} A3 Cu,09 = Hk
= YE AL

(a)

Cu?* + Cu’+ H,0

H,50,

Cu?" + Cu’ + H,0
H,S0;

(b)

Cu?* + Cu’ +H,0

H,80,

Cu** + Cu’ + H,0

H,S0,

Fig. 3 Schematic diagram of leaching reaction of Cu,O in oxyacid solution (a)
Wadsworth and Wadia (1956), (b) Magima et al. (1989)

Oxyacid o]9jel t+& HEAE AH83 A7+ Youzbashi and Dixit (1993)7}
TP ATE SO, FE&Ae IESARE AHEst Cu09 A= Ass A
ot SO, F&qe A9 73 SdE€H oAy Fo o4k (sulfite complex)=
FAske 3y EAQo = s HAEAEMN Wol ATFEHo vk (Hansen et



al., 1985; Elizabeth & Clifford, 2007; Senanayake et al., 2015; Sun et al., 2013;
Naik et al., 2000). SO, +&HN A2 Cu,0 =& w2 4 D} Zo] Cu' o]
7} SO5% o] o] =o]& (complex ion)S A sl L3]HT)

Cu, O+ 2850, + H,O—2CuSO; + 2H" 4)

SO, F&dol 23 Cu02 A& A, wHtETol 23 Yt nnsiyon
EM 011}9] A7I17F 4Tl gt JAE S50t Aesidnh 2ga 25 o
2 HE 23E vig oz 843} olyXxE 3 A3 21.61 kJ/molZ Youzbashi
and Dixit (1993)= A& &=7F &¥ ¥EE (surface reaction)ol] <]s A=tk
1A 3 4=

SO, 8N 9 pH7l T83 AFE FHEH CuSO; o] pH 1.8 o4
o A1 Chevreul’ s salt (CuSOj; + CusSOs + 2H,0) FEI 2 HAAHEH= Aoz 2l
Atk pH, SO, ¥ %, €%, Cu* ¥ %7} Z7F442 Chevreul” s salto] '5‘“3 o]
SR EG oY, sulfate F=7F F71H8lS W& CuSOo =2 &l =& <) %
5 Aol AAHUTE o]FHT SO, F8He] EXOZ HAZ T EAstE o
o5 Z CuE Hexo=z HHAA Cu«l wel-3 57 7hs st

i
£

HAA7MA] FHE Cu0 FZol oz A5=2 Table 69 2°F3FA T}



Table 6 Summary of previous studies on the cuprite leaching

Material | Medium Results Reference
Natural 1,50 The disproportionation reaction was | Sullivan and
crushed . occurred in HySO4 solution when oxygen or | Oldright
. Fex(SO; .
cuprite ferric ion was absence. (1929)
Synthetic The disproportionation - dissolution was | Wadsworth
cuprite HySO4 described  quantitatively by = H* and | and Wadia
sample hydrolytic adsorption of HySO,. (1955)
Synthetic Metallic copper formed by dispropor- .
. HzS04 A\ : Majima et
cuprite tionation - reaction  suppressed  further
HCIO, ; . al. (1989)
sample leaching reaction.
The dissolution of cuprite is controlled
, by surface reaction. Youzbashi
Cuprite Aqueous L .
) The  precipitation of  copper  as | and Dixit
reagent | SO, solution
Chevreul” s salt was generated at pH | (1993)

value higher than 1.8.
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Youzbashi and Dixit (1993)7} 43§t AFolA & 4 %] SO, F&HES F
ZA 2 A8 A9 Cu o]Lo] SO o]L3} Sulfite complex® & A3t Cu0
o] &3Z0 FHZFo] sty I By ofygt pH 1.8 o]iolA Chevreul” s

saltE A= EXES o]835e IFFAHN AL 4 9t a2y SO, &
Ao AxE Y& ALHE SO, 7t2E QA F4E AL ALS ATt
NBAGE YosT AT A% AGel o2 B Al FaAT FEzol

o 1 ERE oty SO; 7k~ NOx 7h2=9b 34 4Hdnl o] ] Ed 24 o
7le B8 EYH FHEEGHA 2U9E & Ao

Sullivan and Oldright (1929)¢} Wadsworth and Wadia (1955), Majima, et al.
(1989) 52 4F &doAe CwO HE AFE FdsAT AH I=A 71+

ol G2 AAAE LA FEFs AHEd o RAER JgEHo g 4
Hlwste] 7hAo]l Adsta, = & Asslg sAdA oz vEA M3}
He 54T A4 A4 59 & Fr)4be] vls| BAAdo] Ao we AE&F
AoA J=A= AHRHI AT (4 5, 2008; Tuncuk, et al, 2012; Yazici,
2014). 12y Cu, 08 FAte = I =8HAl HH E43) 3o o8] dAEHE=

Cu 559 =0 EVlsste] F&o] "ojAAl ®En+ (Sullivan and Oldright,
1929; Wadsworth & Wadia, 1955; Majima, et al, 1989). AA7FA] A it
< o83 CwO HEo Uitk A= EFS g9 fAYSEE #9357 H3)
2t E A GEdA 3 E o] g



Cu, Fe, Ni, Sn¢] = AS7tA FelstAach

€ )Collection |



Al 2 7 o]&F WA

B3 v B oo 55 ukgEo] FAld] s - shnk-go] Yo} 4t
e = Hhgolth (Mittal, 2011). of# 2
G)= Ash - ddwbgol o dojue Ikl BdE whse] Feha e UE

=

2A— AT+ 47" ©)

o072 goly EFsl uh2o 1788W9| Johan Gadoline] 2]5] Sn? o] 9]
of A3} . FUEo] Sptt ojleo R AZlHT SnoE FJAHE B3 HlL

250 T — ottt + on? ®)

1 gt 43} - Sdukge ofgk B3 RS d& 4 (D - ADel YEr
o+ (Dorozhkin, 2001; Los Alamos National Laboratory, 1998; Mittal, 2011).

3Cl,+ 60H —5Cl + ClO; + 3H,0 )
2H,0y,—2H,0 + O, (8)
3MnO,*” +4AH" —>2MnO; + MnO, + 2H,0 9
2NO, + H,O— HNO; + HNO, (10)
200, + 4H" - U + UO}" + 2H,0 (11

O

.

R Evd wh-g2 4ks) - ghdubgo] 93] dojuA|gl, I & 4k
7] B#3} ¥k$ (acid-base disproportionation)¥} zo] 4+3} - F-uH-E- 2o
B33} Hkgo] dojgd 4 Ao 24 12+ E9 A%F o]23} (autoionization)

o
=
=
-
=
=



137 2 (14) =3+ 247 E+43} B&%Bl 01] olth
2H,0— H,0" + OH~ (12)
2HCO; — CO;~ + H,CO;, (13)
2H,PO; — HPO;  + H,PO, (14)
Aks) - S, A7) REG ol Qo guZ B3t Wkl o8] B3} §kg-ol
dold & AT (Lazar et al, 1989). &tz XAt A=l Be o FA &
< AAE VHAE AAE Ve ASE, S o|FA ¥ AARE Qs &
Hgsta REEAe]l & AHE EAEH. ol Q& Uz AR FHE
A8 $18) Fig. 49} 2] B8 w80 dojyA "ot (Gibian and Corley,

1973; Kelley and Klein, 1974).

Bond being broken
*A—A—H + WBERA T Roar” TCAGA H - A—A—H

Bond being formed

|

A=A + H—A—A—H

Fig. 4 Mechanism of radical disproportionation (Kelley and Klein, 1974)

Fig. 5= ¢#Z7] (akyl radicaDe] =z &3} whgo= shuef 47|+
T4 84 (hydrogen acceptor), T+ st G4 FoJA (hydrogen donor)=
2+ g3he] ZhzE 4A|Q) (alkane), €7l (alkene)2 At} (Gibian and Corley,
1973).



H H HNOB
| N
H—C —C & s H2GFCe = B8 C<H + C=C
| | | 4
H H H H M H H
Alkyl radicals Alkane Alkene

Fig. 5 Disproportionation of alkyl radical (Gibian and Corley, 1973)



2.2 £ &3 34 (Kinetic study)

% (leaching) 4tely &gl 59 A & (solvent)E AF&3te] 34
(ore) == A3 (concentrate) o Zzxd F&&

2 9y (ailinge FHAE GA BAFENG BN Felss 242 TR (o]

A dojus HE WS4 % (leaching kinetic)e] o] s
N-% L

otk
AE MEEEE 1 9SS I B W AL ASAA 1 mde
$EENLS B 72 & Ak JlEe EACE HgHo] gW mUEE &

AN
e
(o
)

shrinking core model, SCM)¥} = <A =¥ (shrinking particle
model, SPM) 5©o] At} (o]-8-=, 1985; Burkin, 2001). == & =EL& 314 -H A
Adel Aol wkgo] 1A FHA Ldojr} mRFS-3 (unreacted core)e] HH =
Adte Al 1A whE AR EC] BAEH JA AV FAHE Rt
(Fig. 6).

Product layer (Ash)

Fluid film ) Unreacted core

Fig. 6 Schematic diagram of shrinking core model (¢]-§-Z, 1985)



o] mele Yagi and Kunii (1955)] <&l 7dd md=z 2 (159}

o] 5&tA A PHt (Fig. 8).

(15)

Ay 0B = Ry + 85

o
T

2 %3 v

(ash layer)

=

o

A7F A

: AAE #A Rol A

@ 4<A
© S&Al

WAE HA) Ro) $4 5t

L gt B YA

1;_]-

£}

oF
mL

mj
—_

)

0
blo

A 37 et

_ﬁ_
AL we] HkeEHEA 2 ol e} 2ot (4 (16) - (18)).

&

S

determining step)2}al

A u ek BHako] E5TAY o,

kt=X

(16)

a7

M=1-301—X)+201-X)

(18)

B=1-(1-x)"°



Jy EE A-AA vEgelA nAE =] AAEE AL ot (4
(19). <183 Aol 9 S8A T A= S Ao B3 284, 4dA= A
FAZE ot BE R g3 o] 39Ad s ®Ego] IFHT (Fig. 9).

Apy + 0B = rRy) (19)

O 194 : g4k (diffusion layer)e] 4] ¥HgE A7 ZAUYAE E2H
3 e FA4 FE (fluid filme S8 24 EH7A 34t

@ 3%A - AHE FA Rol A Fee B3 9w
oM wrgol WYHol wek WHE Fol A7 L wukg o] A

02 %3
UA o

o2 77}

FAA e gato] g&uAY o,

=1- (1-Xx)° (20)

2D

aememm Fluid film Unreacted core

Fig. 7 Schematic diagram of shrinking particle model (¢]-§-Z, 1985)
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Fig. 8 Schematic diagram of shrinking core model on the concentration
gradient of reactants and products (©]--=, 1985)
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Fig. 9 Schematic diagram of shrinking particle model on the concentration

gradient of reactants and products (°]-&-Z, 1985)
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Table 7 Rate equations of shrinking core model and shrinking particle model according to rate determining step

Kinetic model Rate determining step Rate equation
Film diffusion X =kt
Shrinking core model Ash diffusion 1-30-X)+20—-X) = kt
Chemical reaction 1— (1—X)"3 =kt
Film diffusion 1— (1—X)*% =kt
Shrinking particle model
Chemical reaction 1— (1—X)"3 =kt
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2 AT AER 25 HFAE AEE FAEALAT Ao ERE Tl
< Zeg, 47y APt E 4 % 200mesh A S AHESt FHI AR
5 B AdA Agstdn. A=A $4H Cu0 Aok Junsei chemical®]
AFoE BT Alekg AofS AMESIAT. A& FEsHE 54 HI7HE
XA 3HEA7] (XRD, X-Ray Diffractometer, Smartlab, Rigakw)e} ZHAFALE
73 (SEM, Scanning Electron Microscope, MIRA-3, Tescan)©. & #4-& 33}
Atk 283 5 AFAEY FExds 4] Hs & (aqua regia)® 834
2l H, 5 A Z==vt @3 47 (CP-OES, Inductively Coupled
Plasma-Optical Emission Spectrometer, OPTIMA 8300, Perkin ElmenZ = <o]
=9 55 E4s8dH. &5 A= 3x4d e Table 83 o™ °F 90%
A7t FEE FAEHJL I 8ol A, F4, YA, i, ofd Fol " F EA435t
Aot Fig. 102 &= AFEY XRD 2342 90%°] T2+ FE CiO= 4ks)
H FHE EAst o dF F5FHE SASt Ak

op

HAEAF o= 500mle] 57 pyrex ¥Fg-7] (reacton)ES AFE3FS L, L2 A

S-S A7) Yal 357 (condensen)S HEste] FH3PUTE LE=
&M E (heating mantle)S AH83te] AR o™, 7|A4 wx7] (overhead
stirren)ell @2 (impellen)E st A5 WA H. JASAZE F4Hs
AR 34 % 0.5~5.0M, ¥H§% 30~90C, w®FE% 100~1000rpm, 33

ey
Y &5 10~100g/L7HA 2=dste dPe FhsAT. HOA s&=7F =49 )
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&9 200mlE ®EE7]ol FJ7E H 7bEH uwk
AR =23S W ARE o
AN A0 w gAS AF St =
Al (AAS, Atomic Absorption Spectrometer, AA-7000, Shimazu Co.)¢} ICPZ &
A T FFHol FEE EHSITE Fig 1l 8 AFoA A8 I&2AY

2 ZAEE Yepdla 9la, Table 9o A& =71S Ao

Table 8 Chemical composition of cathode electrodeposit

Element Cu Fe Sn Ni 7n Pb Co
Content (wWt.%) 89.40 2.32 0.90 0.77 0.51 1.82 <0.004
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Fig. 10 XRD pattern of the cathode electrodeposit



1. Heating mantle
2. Reactor

3. Stirrer

4. Condenser

0ooo 1 H 5. Thermometer

Fig. 11 Schematic diagram of leaching experimental apparatus

Table 9 Experimental conditions

Leaching conditions

Introduced gas Ny, Air, Oy
Air flow rate 10-1000cc/min
Temperature 30-90C
H,SO, concentration 0.5-5.0M
Agitation speed 100-1000rpm
Pulp density 10-100g/L
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Table 119] AEH] dolEiE clgaiel Aa Ao AG @
Hhgo] owpgko 2 AW e o £ vk Ty 4 (297 2

s FAT AP AC FE& 4 AFol b

Cu+2H — ou*t + H, AG° = 65.7kJ/mol (22)
Cu+2H" +1/20,— Cu*" + H,O AG’ = —171.5kJ/mol (23)

Table 10 Spontaneity of reaction by value of AG"

AG Reaction under standard state conditions
Negative Proceeds spontaneously in the forward direction
0 Equilibrium with no change of reactants and products
Positive Proceeds spontaneously in reverse
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Table 11 Standard gibbs free energy changes of formation for the species
involved in eq. (22) and (23) (Bard et al., 2007)

Substance Cu Cu® H* H, O, H,0O
AG° (kJ/mol) 0 65.7 0 0 0 -237.2
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Fig. 12 Effect of N, Air, O, introduction on the leaching of Cu from Cu,O
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Fig. 13 XRD patterns of CuyO reagent and leach residue introduced N, gas
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Fig. 14 SEM images of Cu,O reagent and leach residue introduced N, gas
(a) CuyO reagent, (b) leach residue introduced N, gas
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Fig. 15 Effect of air flow rate on the leaching of Cu from Cu,O
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Fig. 17 Variation of Cu?" concentration and pH with time
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Table 12 Standard gibbs free energy changes of formation for the species
involved in eq. (27) (Bard et al., 2007)

Substance Cu(OH), Cu®* OH"
AG (kJ/mol) -359.4 65.7 -157.3
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Table 13 Coefficient of determination on the shrinking particle model at various temperature

Temperature ()

Shrinking particle model

Film diffusion controlled

Chemical reaction controlled

30 0.9963 0.9827
40 0.9979 0.9852
50 0.9983 0.9849
60 0.9870 0.9425
70 0.9881 0.9329
90 0.9864 0.8770
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