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Selective Separation of Gold
in Leachate of Wasted Printed Circuit Board

Oh, Ju Mi

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

Abstract

There is an increasing importance of recycling technology as the printed
circuit boards (PCB) of computers or cell phones among e-waste has been
found to have as much as 250 times more gold than gold ore. The
recycling of such e-waste usually employs hydrometallurgical processes, and
the research on the separation and purification process of valuable metals
has been developed for higher efficiency. This study aims to separate the
gold from the PCB leachate through adsorption and precipitation from
leaching tests with chloride and cyanide, which are representative leaching
reagents.

First, gold was adsorbed and separated using magnetite in the chloride
leachate. Since magnetite is a semiconductor, it plays the role of
transferring electrons between the solid-liquid interface and has strong
magnetic properties that is advantageous for simple separation between gold
and slurry, which is the reason why it can be used as an absorbent. The
simulated chloride leaching solution containing 100mg/L of gold was

= Vil -
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prepared to investigate the influence of the amount of magnetite (0.3-3.69),
NaCl (0.01-1M), pH (2-12), temperature (25-90°C), agitation speed (0-150
rpm), and other impurities (Cu, Ni) upon the adsorption behavior of gold.
As a result, gold was fully adsorbed in 6hours under the conditions of 0.1M
NaCl, 3.6g magnetite, temperature of 90°C, and 150 rpm.

Second, In the cyanide leachate, sodium hypochlorite was used to
precipitate and separate copper ion. The addition of sodium hypochlorite
decomposed the cyanide ions by the hypochlorite ions. Hydroxide ions
precipitated the copper ion as copper hydroxide during the decomposition
process. Using the waste PCB leaching solution leached by the cyanide
solution, the influence of the amount of sodium hypochlorite (0.3-0.7%),
agitation speed (0-150rpm), temperature (25-90C), and cyanide
concentration (0.1-0.4%) was investigated. The results showed that all
copper ion was precipitated under conditions of 0.7% sodium hypochlorite,
temperature of 90C, and 150rpm.

Gold was successfully separated through adsorption on magnetite and the
precipitation with sodium hypochlorite. Therefore, these processes could
contribute to solve the current issues such as clogging and additional
addition of cyanide in gold hydrometallurgical processes, which could
enhance economic efficiency of the processes.

KEY WORDS: gold, adsorption, magnetite, precipitation, sodium hypochlorite
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Table 1 Gold demand trends full year 2017 (World Gold Council, 2017)
(unit : tonne)

Diagnosis 2013 2014 2015 2016 2017
Jewelry 2,701 2,498 2,411 2,053 2,135
Electronics 279 277 262 255 265
Other industry 53 51 51 49 50
Dental 23 19 18 18 16
Investment 810 867 949 1,595 1,231
Bar 1,352 767 775 1,048 770
Coin 269 204 224 776 186
Medal 101 79 75 207 71
Exchange traded fund -912 -184 -125 65 202
Net purchased amount 623 583 576 546 371
Total demand 4,492 4,299 4,269 389 4,071

Table 2 Minerals associated with gold (3F=%}174 B A 8] 2~ 2018)

. Specific
Mineral Component  Content Crystal Hardness _
gravity
Auriferous Cubic
_ FeS;+=Au  Unknown 6-6.5 4.9-5.2
pyrite system
Auriferous Tetragonal
} CuFeS,+=Au Unknown 3.5-4 4.1-4.3
chalcopyrite system
Auriferous Orthorhombic
o Sb2S3+Au  Unknown 2 4.6-4.7
stibnite system
Native gold Au 40-99 2.5-3 15.6-19.6
Sylvanite (Au, Ag)Te, 24.2 1.5-2 7.9-8.3
_ Orthorhombic
Petzite (Au, Ag)2Te 25.4 2.5-3 9
system
- 3 -
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Table 3 World reserves of gold (USGS, 2018)

(unit : tonne)

Country Reserves (A) Share (A/B, %)
Australia 9,800 18.1
Republic of South Africa 6,000 11.1
Russia 5,500 10.2
USA 3,000 5.6
Indonesia 2,500 4.6
Brazil 2,400 4.4
Peru 2,300 4.3
Canada 2,200 4.1
China 2,000 3.7
Uzbekistan 1,800 3.3
Mexico 1,400 2.6
Papua New Guinea 1,300 2.4
Ghana 1,000 1.9
Etc. 12,000 22.2
Tatal 54,000 (B) 100

-4 -
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212 A2 el 9% 39 FF AAUZ

B oATelA FAAZ AEE APLS 4 @t 2o 48 Y F wAY
8 3-9 AN HAE ALHAY BT Yy fEA SRS FEHES
A T2 4 QrHWhite et al., 1994; White & Peterson, 1996). %l o}u]
g, AEAL A AAdE MR 7] WEd §32 3 AEHAE TS FI
Fol 49 Ad43 BB YAt THE $AS 44 BT 5 Jomg
e BEAVE BAEE A FHe A% F does FHel o

2[Fe2+F623+]O4(magnetite)+HZO & 3 Y [F623+]O3(maghemite)+2H++Ze_ (4)

_. 20 1
= i Ll NN
S 1'5 I II i__“- AY * -_%_...., i
E 1.0 + AN ._...WT_ LA L ]
= : : i
S ! ! a LH | |
8 1= [N NN
o T e | |
0‘0 ull. S — P - N i —

L N - mam
E _0_5 - i ..___.: - P Em ~! YT A H , :
B o | bt =
c 104 2" == =
S e =
8 15 — =
? PRI T eSS

?-_3 3 d-\ ‘g}v S Q_}a O{i 03 -:'E:‘ CJO Q% 45" ‘S;:‘

v & & &
Halfcell reactions
Fig. 5 Standard potentials of Au and other base
metal’ s half-cell reactions and Fe,Os/FesO, redox
pair (Alorro et al., 2010)
I o &7 ¥ 4318 A 9 (standard redox potential, E)¢] kol E42 3

dol & YojyA ==d Alorro et al. (20109 oJstd AHA BT FF4HS]
SR E 22 Y UA Hls] AEH mwe A SdE ¢ Ao
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(Fig. 5. webs AdAo] AsHdM Use AAE F o]-2o] Wol A
Wol 2% AHE B0 YojuA Hvl, Fig. 6] AW EwelH ofu}
2 F2e RAEEs Jehpic

YA
ar
-
L

AuCl,

\ Cl 1on

N, S

(Fe2* > Te¥f + &)

3
|

\\“Magnetite particle

Fig. 6 Schematic representation of gold adsorption on a magnetite particle
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2.2.2 AR AAUEF 7 % F4A4EE Y A WAYE

Aot AV E RS A4 Y stuE A4St o] wle- Aal F= A,
A, ASA T = ol &HH, At AA T4 F <
AMEET 8 ERE S FEE e Ak IEd 5
Aot Apotd Asbel A 43l Hb-go 93] & F AE AAT 5 Aok
(2] (20), 2D). =EZF, o] oA F4k3} o] 29 P& Wol FE7} F4kE T
gE A 7bsd AR Ho 49

2 79 JA dbgE dSskan

HA 712~ 2AH o4 R (gibbs free energy)= 2] (12)¢} 2t}

AG = AGRTInK (12)

o 7] A,

AG . & 712 A ol A (standard gibbs free energy)

R : 71A &< (8.314 J/K:mol)

T:dd &% K

o] FFPolM AG=0°]2 ¥EAFQv BIFFTK} Z& &
S Zteth oluf A2 A AUAE A (1) Zo] Uekd F domn, AG=0
o= g 2] (14)7} A A3}

AG = AGRTInQ=A G*+RTInK=0 13)
AG” = -RTInK (14)
7t Bho BF g2 AR AUAE Table 40] JeRIQUT AEA F g
ol &(Cuzo] 4 (15)9} o] AAHTG T A o] whgol T3 25C A9 F&E

Az Af oo BRSE 242 4 (16), 4 (D3 2
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Table 4 Standard gibbs free energy of each materials

Cu® OH" Cu(OH),

AG 64.98 -157.3 -359.5
Cu*4+20H" = Cu(OH)y) (15)
AGY = 64.98-(2x -157.3)+359.5=109.88kJ/mol (16)
logK = (~109.88 x 1000)/(8.314 x 298 x 2.3)=-19.28 .".K = 1071%% (1n

oLt

2 (NE ol&ste] ¢ wtgol it BFdrae 4 (183 #Zo] 2#d <«
o, of7)e] OH=10"[HIE didstd 2 A= Yepd 5 Utk o5 g
© = pH Wigld] @2 HEd F Cu™'o T=E ALt A3 Algke] AAEWA

TS} o] 2o g ol FEZE AAE + dwe FAsHATHFg 7).

K = 1/ [CU*IIOHF = 1071928 (18)
[Cu®] = [H | 107 (19)
1.E+09
1.E+07
1E+05
1.E+03
1E+01
1E-01
1.E-03
o LEDS
-
Ny LE07
2 1.E09
1E-11
1E13 Cu(OH),
LE-15
1E17
1.E-19
1E-21
0 1 2 3 4 5 [ 7 8 9 10
pH

Fig. 7 The Cu-pH diagram for cupric solubility at which
pH-values and concentrations
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2.3 Ntk A

AIRFetE2 AW A &5 H AEFE C 4+t 8 4(cytochrome-c oxidase)oll
Lo Qe A ol&Fe™ At A WDE Yo} §49 7|5 uvin
ANA A 5o A4 ZAE oF7lske el =242 AH3 A 2 Ayt
275 (Donato et al., 2007), £3] Fig. 83 #o] pH 10 o]3}o| 4] CN™ o] &o]
H o] 23 Agstas w-¢ F53 A 4AMHCN) 7F27F A= 7] w o
ZbEsk Fol7F Hastth. mo A AHEH BEE Ale flou 1978
|Qtst=o] AAFBRAHE & g

=y wE #e e, &4 JlE& Ag 0.0Img/l, FESA
0.0Img/LZ A= ATEEH =

S
ol
Jo
of
.
i
fru
A
N
i)
favs
k1
Do
S
—_
ol
ri
=2
>,
O?It:i
it
ot
Q&

& B mi PR 43} e o)gste] AnES S4o YT Y
g2 A3 28 89 mE SeeniE AAD

Akcil et al., 2003), 72| WRjol W& 542 Table 50l & °Fstoitt.

o] T EHAOE ALHE WHS XotHAAUEF, slo|zotd it d s
(calcium hypochlorite), ¥4A < 4(iquid chlorine)E o] &3F F4 AHgHo=Z W
A Aljbs AFslEte] A4S R sk HES-S 1A wEg-olgtal sk (2] (20), 1}
HEg-oll A 4kslE AlQMAES O WEEAIA HA g}
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23 chlorine?] ©o]&#<Ql ALg3FS CN™ 1g3 chlorine 2.73go] |9t A A Al&
2 CN™ 1g% chlorine 3-8gelth. X7, &3 wh&S sl 10 ©]4<¢] pHell A

Zashs Aol uhg s,
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12} ¥F-2 . NaCN+NaOCl == NaCNO+NaCl (20)

2NaOCN+3NaOCl+H;0 = 3NaCl+Ny+2NaOH+2CO; 2D

A4 AHEHE o] &3] Giant yellowknife 334F #H Ao &5 0] A= CNipw

7.8mg/Loll A 0.02mg/L7kA] A 2lshH 2™, Mosquito creek 34+ = <o

ShrEol A= CNyap FEF 226mg/Loll A 0.5mg/L7FA] A ettt Rae

vl QITHEPA, 1994; Kuyucak & Akcil, 2013).

27} WS

2
2.0 | |

AYA]

En

HCN

[CN]= 10°M
5 | | |

0 4 8 12 16
pH

Fig. 8 Eh-pH diagram of CN-H,O
system (Osseo-Asare, 1984)
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Table 5 Cyanide removal processes

Method

Reaction

Reference

SO,/air process

SO,+0,+H,0+CN™ — OCN™+SO,*+2H*

Devuyst et al. (1989)

Hydrogen peroxide process

H>O,+CN™ — OCN™+H,O

Mathre and DeVries (1981)

Caro’ s acid process

H,SOs+CN™ — OCN+S0* +2H*

Griffiths et al. (1990)

Alkaline chlorination

Cl+CN™ — CNCI+CI”
CNCI+H,0 — OCN +Cl™+2H"

Botz (2001)

Ferrous sulphate complexation

9Fe®*+18CN +0Q,+4H*
— Fe [Fe(CN)gl; | +2Fe®*+2H,0

Adams (1992)

Biological process

(bacteria)

SCN_+5/202+2H20 — 5042_+HC03_+NH3

Akcil et al. (2003)

Stripping and recovery

2CN"+H,S0, — HCN@y+2S0,* (acidification)
HCN(aq) S HCN(g) (Stripping)
HCN+NaOH — NaCN+H,O (absorption)

Botz (2001)

Ozonation

CN™+O3 — CNO™+0O,
CNO™+0O3+2H,O = NH3+HCO3+1.50,

Carrillo-Pedroza et al. (2000)

Electrochemical oxidation

CN+20H  — CNO +H,O+2¢e”
2CNO™+40H™ — 2CO.+N,+2H,0+6e”

Xu et al. (2012)
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A3 AFE =Y T 79 &4

31 49 3 B4

A3E A=A F 52 A F2AA7IL 78 2 YA §Y Fo IR/
ANA EYst7] 93 APSs T 4F A4 7 FFE&(Kanto
Chemical Co., Inc)& o]&3l 100mg/Le] v%2 H3E HEF EAFYS A %3

o, FAARE 5m old}, 95% =9 & AHA AlkSigma-Aldrich) e A}

Fig. 9+ &2 2439 =5 Yepdg. F3 AddAe &99 25 {4
2 wHkS 93] 2 EHeke-<=%(Shaking water bath, BS-31, Jeiotech Co.)7} A&
HRa Ad 271 Table 63 Zth WA NaOH<} HCl &0 2 pHE 2-127}
A Z-3 AR 100mLe} 0.01-1M NaCleS 42z S8t~ F9 Y AEAS
0.3-3.6g FYdte] A&FLFZxo] 25-90C, 0-150rpmo.z wwetgh =3,
22 Hy o =Eetr|7hR] B2 AlRto] 48 ¥ 7] wjiEe] ¥hEo] R Y

7
= AHe stetaly] ols) 2447 ok AWS WA
2ol F2 A%L sy & A A HAo2 2mLe] fAL A

o

o=z 34 % ICP-OES(nductively Coupled Plasma Optical
Emission Spectrometer- Optima 8300, Perkin elmen= #43}lo] A& o] o]t
PAEEY &3 58S AAMIFTHY (22). =3, E2 &942 0.45ume] nylon
membrane filter(Chmlab group)S Ab&3te] n&Eg & 2o A e 9
of &2dE F9o =AE sty $sted FE-SEM(Field Emission Scanning
Electron Microscope; MIRA-3, Tescan) ¥4 A A&},
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Metal adsorption efficiency (umol/g) = (C; - C) XV [ W (22)

G =27 3% %%

C = T8 5 &0l o} sl=

r

-
o 4

.~--+ Magnetite powder

Fig. 9 Schematic diagram of adsorption
experiments using magnetite powder

Table 6 The parameters and their range in adsorption experiments

Parameter Range of parameter
Initial concentration of metals Au 80, 100
Cu 37580
(mg/L) Ni 3560
Amount of magnetite (g) 0.3, 0.9, 1.8, 2.7, 3.6
Agitation speed (rpm) 0, 75, 150
pH 2, 4, 6, 8, 10, 12
Concentration of NaCl (M) 0.01, 0.1, 1
Time (min) 180, 360, 540, 720, 1440
Temperature (C) 25, 50, 70, 90
- 23 -
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32 4% A% & 1#

32.1 pHell W& =9 &3 A%

2-12% Hﬂﬁ]-/\]i']ﬂﬂ/ﬂ S_OHOEHH =N TI:FJOW] o3 %l} é_l?fj% 251519

o2 g9 pHE AuCly o292 FAd a3 %f:%»% %JE}.
TE a7 ARG F32, oA Fo 7k HJA FH
As 9 &2 58S votstuA pHE 2, 4, 6, 8, 10, 128 93 3 A S
gstdom, pH 2HA 2= IM NaOH ¥ 1M HCl §94-& A&3tAt. olwf =
= BHAA 39 AAL dojubA] kst
w9 F&E2 pH 2-4 HSolA oF 4% "R pH 6-8 B NA oF 31%A 2
v pHZF 10 o3 B¢ 3ol A dojuAl LUt drrH o g AHA <
AR Hol] gald = 9Jom, AuCly olLe Lz
SN A =o)L Aol wl$ FErt(Jainae et al, 2010; Nesbitt et al., 1990).
= | dojux] 2 Aow AGdHY, F%5
A= pHE 59 F2E°] 7/ $3 2Ho| fold 6-8 HAR A3}

A
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100

-X-pH2
-O-pH4
~<-pHé6
-4-pH8
60 [ |-O-pHI0
~=pHI2

80 +

40

Al recovery (%)

20 +

0 180 360 540 720 900 1080 1260 1440
Time / min

Fig. 10 The effect of pH on the adsorption behavior
of Au ([Aul=100mg/L, 0.IM NaCl, 0.3g magnetite,
Agitation speed=150rpm, Temperature=25°C, 1440min)
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3.2.2 NaCl &= @& =9 &2 AF
= 100mg/L, pH 6-8, A-E4 0.3g, 150rpm, 1440%&, 25T EZﬂ‘ﬂ]’ﬂ FdEHE=
NaCle] =& 0.01-1IMZ HIA|Z|HA Ao 2HEH F& EIsH7] 3 &
2 A Fdslen, 59 F& 7E< Fig 119 UrEMlME‘r. 1714 NaCl
2 3 HAZR &9 o d4 ol FEE 2HFH, T HAE FY=+= pH
ZAA F Aol oJF &9 o] 2R E YA FAHMFE A4S )
=9 F&FES 0.IM NaClE Fdstsdls A5 31%=E 7 =33l 0.01M3%
A 22t 1%, 6%S eI et 35 A F oA

N e
L B5E NaCle] FEE Fo FHEC 713 £ 0.IME THHAC

100

-0-0.01M NacCl
80 - | <-0.1M NaCl

-A-1M NacCl

60 -

40 -

Au recovery (%)

20 r

-
—
0 =y - : 1
0 180 360 540 720 900 1080 1260 1440
Time / min

Fig. 11 The effect of NaCl concentration on the
adsorption behavior of Au ([Aul=100mg/L, pH 6-8, 0.3g
magnetite, Agitation speed=150rpm, Temperature=25C,

1440min)
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323 RS BE Fo I AS

2 100mg/L, NaCl 0.IM, pH 6-8, &4 0.3g, 14405, 25C Z7o|A wuks
=2 0, 75, 150rpmo.2 WMBiA 7| HA S0 RE 28 BEdls] 9§ F3F
AdS A3P3P oy, Fo F2 #A5S Fig 129 1/}5}14% 21 th. Karthikeyan et
al. 2010)9] =W F2F FAHoA £ U F& o]0 T4 THOZ o]
st A g4k AE(diffusion barrier)o] A== ol H 3 4k AH e Hhg &

of ¥FE

nx)7] W& &2 FAHo &£ oF F4kexternal diffusion),
Sskinternal diffusion) =+ F F38 2] &4kl o3 AujdEt). dulyg o=

sk 25 2 R F4 mae] o s £= As A= wik

Mo ol £
ol -lII
of

0

=3 24T 4 AtHAghaei et al., 2017).

79 &F3ES wRtEErE 150rpmeY o) 31%=2 UM =g wwke SHA ¢
St wWek 75rpmY W A7 5%, 1%E UERITE ol €A rpm o] m
HPEEoA gk o] g HEA JF2A mH MY &2 HEo] §olA
F&e] & dojus oz dddn mHA 5 Ao es uWEEE
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-O0-0rpm

80 - | <=75rpm

=&-150rpm

[=2]
(=]
T

Au recavery (%)

[
(=]
T

—

0 180 360 540 720 S00 1080 1260 1440
Time / min

Fig. 12 The effect of agitation speed on the
adsorption behavior of Au ([Aul=100mg/L, 0.IM NaCl,
pH 6-8, 0.3g magnetite, Temperature=25C, 1440min)
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324 &5 @& 39 FF AF
= 100mg/L, NaCl 0.1M, pH 6-8, A4 0.3g, 150rpm, 1440% Z7oA &
£ 50-90C E W3lA7|HA Ao 2RY & EHst7] A3 53 A9
Patgon, Fo 3 AL Fig 130 Yehisic dwtr oz 53}
kg0l dojuest B A3} dUAE HAE SIEE I 254 =

REREgo]l dojuAl Ho, o] Hel we}t £= 5 g8 SR

Dl
fo v

b
utl n:]olt
%
)

50C e & =3oA 2447 F Fo FHEL %A 70T =&

trt
N

ANAE 56%= 2] o] Z71etg o, 90T 2% ZAdA 100%°] ol
FHHE A FgdeAdh Y FF SAHAAE 227 SHEEE FF
g&o] fgastAt AdHE FAAR AT Ffodle 257F Sl wet
FHdA e &4 o]Fo] FEs|A L WH HAL o]Fo] A FH E&0]
7 AR HRlth olg|d AH{ERE 90T oY 2 254 F2 bl
5ol FEstA dojdrta FEste] F5 YoM 255 W0CE g5t
sk ot
100

80 -

(=)
o

Au recovery (%)

~
o
T

0 180 360 540 720 900 1080 1260 1440
Time / min

Fig. 13 The effect of temperature on the adsorption
behavior of Au ([Aul=100mg/L, 0.1M NaCl, pH 6-8, 0.3g
magnetite, Agitation speed=150rpm, 1440min)
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325 AdY gl BE =4 ¥ AS

= 100mg/L, NaCl 0.1M, pH 6-8, 150rpm, 14403, 90C }_Zioﬂ A FdE= A
A9 F& 0.3-3.6g02 WA 7|HA SHOZHE s17] %k &2
AFE FYPstdor, 9 F& AT S Fig. 149 Hediddn. 99 g 23
o EUE 22 23044 AHAY &2 =36 A7 3BANTE =9 F 9
=A] dolrR a1z g o, 7]E 0.3g9 3-12w<1 0.9, 1.8, 2.7, 3.6g9 A& S
FAdstAth

o] F&HAUL 0.9 FAIA= =l 6A1ZE el 98%, 9AIZE ol 100%2e = ©l
FHHUG 53 AUHS 18-36g FUT AT 247 347 ol 84%, 94%,
96%, el 647 ol T 100%e] Fol FEAHUL. EUHE 4B o
of B4 FI PPl EDsHe Azke] Webd TS A BEY
S oglon A4 ARAE AALL Lelst] AAT WrE AR B
Aoz nelth 1.8g o] E9JAl 6A17F Wol 100% &=o] 7Hsqr] wo] 3
F APoIE EYHE AN 3 18508 NAFA
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(3]
o
T

-@-0.3g magnetite
-10.9g magnetite

Au recovery (%)

~0-1.8g magnetite

L
o
T

-I-2.7g magnetite
~0-3.6g magnetite

0 180 360 540 720 900 1080 1260 1440
Time / min

Fig. 14 The effect on amount of magnetite on the

adsorption behavior of Au ([Aul=100mg/L, 0.IM NaCl,

pH 6-8, Agitation speed=150rpm, Temperature=90C,
1440min)
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=

AEdol= = Yols et g5l 2FE A7) & AEHAo] &
= AgHor FAY F YA FAEH] A8 =, T, UHo] gd A
1 0.IM, pH 3-4, A2 4] 1.8g, 150rpm, 1440%, 90C =4 HEY
= Y] 9 3 AdES FHSATHEE. 15). Aol AHEH
A& BEAFNS Kim et al. (2011); Zalupski and McDowell (2014); Kim et al
(2018)0] 33k ATolA HPCB A= =4S Fastd 5 FF&H(Kanto
Chemical Co., Inc) %2 CuCly2H,O(Junsei Chemical Co., Ltd, 97.0%), NiCly
6H,O(Junsei Chemical Co., Ltd, 97.0%)& ZSHF<ol &3l & = 80mg/L, &
37580mg/L, U7 3560mg/Le] == A|Z3}%H .

e

T8¢ U ZE& F55E pH 3 ol FHE A3 Aol dojrtr] il
3 o]st®E ZAsfoF st A AFeA AdFF ol A
oA EAet =g Fotyter= pH 3 o]t
e A3Es YT F gISle. 1HEE F559 IAS AU sty 9
st &olo] pHE 3-4 HSE XA oH, o oA HHd dAES
0.45ume] nylon membrane filterg Al&3ste] Eg & AdS FYPst . oo
AR Fa &Y Foll F2 5559 5 78 1950mg/L, UZ 293mg/L
ol, =9 AL AR ZUT
o] 3AIZE Well 95%, 24A1%F Wl 96% &2HE Ae=
E S2FEY Aolv mvEATh olw A ARH EE Fol
100% F&EHA &2 olfr= 842 pH7F 3-4 Alol2 o] AdHo] Ui
23| WhEekA] 7] wjEolet #aEn. Jeuv e 2 YA 32
oBE Fo] EEEd M AT B AHAS ol &

sl st o,

=
deldow st BT 5 e

filo
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3
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A b T T R
540 720 900 1080 1260 1440
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Fig. 15 The effect of impurities on the adsorption
behavior of Au ([Aul=80mg/L, [Cul=37580mg/L,
[Ni]=3560mg/L, 0.1M NaCl, pH 3-4, Agitation
speed=150rpm, Temperature=90C, 1440min)
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Fig. 16 SEM and EDS elemental mapping of the magnetite: (a) SEM image,
(b) Elemental mapping of Au
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A 47 ALFE J=Y T 7o &

41 A9 9 A

AlEtE HEd T 32 &9 o IRAVIL FE= FAANA EYsH
A AFe FIsAT. AP A" 84S HPCBE FYs= 1kgl/L,
NaCN 1.1g/L, a¥r&ES 200rpm o2 2o A 2A17F &9k R Este] A 23159 S
H, & * 5559 5+ 44 = 40mg/L, 2] 430mg/LAt

Fig. 172 A 439 EAEE Uitk A Ad@dAAe &9 25 &
AR anks e I”FFERIE AREHAL AF =12 Table 73 2o
AQtstEe]l A$ pH7F 10 ©)8t2 oA A|Qsks4a 7F2(HCN)7F A8 5)7)
wEo NaOH &2 o]g3dfe] pHE 10-112 =AF A9 100mLE 37 =

3-

gf239 ¥a 0.3-0.7% 2ol AU EFNaCIO)S FYUSH & IgYg24x0
25-90C, 30-240%, 0-150rpm e & w Wk} T},

Te] A AZL sy Y8 AR A7F A oZ 2mLe £9L A

FHotod IM g4te® 314 & [CP-OESE #4138t Apotd At EF &3 3

Sk E2 g4 0.45ume nylon membrane filterE A}

% o 3= =A3lr7] 93 A A(titration)

AdS sttt p-dimethylaminobenzalrhodanin(Sigma-Aldrich)S A A 2FS

2 3t AgNOs(Junsei Chemical Co., Ltd, 99.8%) &S o] &3] HAAHoH,
TEHAA Fshes AlRke] F2 2 @233 o] ALtskAt.

CN ™ (mg/mL)= %XS 2 (23)

a=Al& B HAo AEH AgNO; A He] <F (mL)

f=AgNO; &2 47}
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-
,----=* Cu precipitate

Fig. 17 Schematic diagram of precipitation
experiments using sodium hypochlorite

Table 7 The parameter and range of parameter in precipitation experiments

Parameter Range of parameter
Initial concentration of metals Au 40
Cu 430
(mg/L) Ni -
Sodium Hypochlorite (%)
?/p . 0.3, 0.5, 0.7
conc. of available chlorine=8%
Agitation speed (rpm) 0, 75, 150
pH 10-11
Time (min) 30, 60, 90, 120, 180, 240
Temperature (C) 25, 50, 70, 90
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Removal efficiency (%}

-0-0.5% NaClO

-4-0.7% NaClO

on . T . T T . :
0 30 60 90 120 150 180 210 240
Time / min
Fig. 18 The effect on the amount of sodium
hypochlorite on the precipitation behavior of Cu
([Aul=40mg/L, [Cul=430mg/L, pH 10-11, Agitation
speed=150rpm, Temperature=25C, 240min)

500

-3-0.3% NaClO
-0-0.5% NaClO
-4-0.7% NaClO

400 +

300 +

200

Cu?* solubility (ppm)

100 +

T T T T T T
105 104 103 102 104 10 9.9 9.8 9.7 9.6 9.5
pH

Fig. 19 Change in solubility of copper with decreasing
pH under different amounts of sodium hypochlorite
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Removal efficiency (%)

0 30 60 90 120 150 180 210 240
Time / min

Fig. 20 The effect of agitation speed on the
precipitation behavior of Cu ([Aul=40mg/L,
[Cul=430mg/L, 0.3% sodium hypochlorite, pH 10-11,
Temperature=25C, 240min)

500 |

-0rpm

a0 |

300

200 ¢

Cu?* solubility {ppm)

100 ;

o ! . ; ; ; ; .
10.5 10.4 10.3 10.2 101 10 9.9 9.8 9.7
pH

Fig. 21 Change in solubility of copper with decreasing
pH under different agitation speed conditions
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Fig. 22 The effect of temperature on the precipitation
behavior of Cu ([Aul=40mg/L, [Cul=430mg/L, 0.3%
sodium hypochlorite, pH 10-11, Agitation speed=150rpm,
240min)
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Fig. 23 Change in solubility of copper with decreasing
pH under different temperature conditions
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Table 8 The concentration of free cyanide
remaining in the leachate

A¢t E= (mg/L)
0.1% CN +0.3% NaClO 27
0.2% CN+0.3% NaClO 33
0.3% CN+0.3% NaClO 33
0.4% CN+0.3% NaClO 61
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Fig. 24 The effect of cyanide concentration on the
precipitation behavior of Cu ([Aul=40mg/L,
[Cul=430mg/L, 0.3% sodium hypochlorite, pH 10-11,
Agitation speed=150rpm, 240min)

500

~0-0.1% CN
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Cu?* solubility {ppm)

Fig. 25 Change in solubility of copper with decreasing
pH under different cyanide concentration conditions
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Fig. 26 The effect of the particle size of activated
carbon on the adsorption behavior of Au ([Aul=40mg/L,
Agitation speed=150rpm, Temperature=257C, 72hr)
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