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NATTICHA MA-UD : RECYCLING OF GALVANIC SLUDGE CONTAINING COPPER TO
PRODUCE COPPER METAL. THESIS ADVISOR : ASST. PROF. SAKHOB KHUMKOA,
Ph. D., 149 PP.

Keyword: Recycling of Metal/Galvanic Sludge/Hydrometallurgy/Electrowinning of Copper

This research investigated recycling of galvanic sludge to produce copper metal
via hydrometallurgy and electrowinning process. The procedure has initiated on
investigating effects of parameters in the leaching of non-calcined galvanic sludge and
calcined galvanic sludge on dissolution of copper into leachate. Leaching parameters
included concentration of sulfuric acid solution as leachant and solid/liquid ratio (ratio
of weight of galvanic sludge to volume of sulfuric acid solution). The leachate was
subsequently treated for use as an electrolyte. For electrowinning process, effects of
electrowinning parameters on amount and purity of deposited copper at cathode were
investigated, which are pH of electrolyte, cell voltage and anode materials. The results
showed that the non-calcined galvanic sludge was leached significantly better than
the calcined one. Leaching of non-calcined galvanic sludge using 2 M sulfuric acid,
150 ¢/l solid/liquid ratio, and 1 hour leaching time resulted in the highest dissolution
of copper into leachate with minimal impurities. The leachate was adjusted to pH 2
and further used as electrolyte. For electrowinning process, the results showed that
utilizing titanium coated with iridium oxide as an anode provided copper deposited at
the cathode significantly better than that obtained by using titanium coated with
platinum. Electrowinning of copper from leached solution using cell voltage of 2.5V,
electrolysis time for 12 hours, resulted in highly deposited copper at the cathode with
a purity of 99% and the recovery of copper from galvanic sludge of 93.5% can be

achieved.
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uni 1

UNUI

1.1 anuddguaziunvasitigm

mqwsﬁ,?uffﬁ’ﬂ Lavvlavevesunaunldaudans 9,000 IneunsadAngiy
(J. Desjardins, 2012) 92vauisiiagtuuyvugldiinosuaunlduagrunivate vl
dosnaudinsilniuaziianu el nunusien1sinniouLazUIUlaNey ewuns
fgnihanldanulutaguldunnnundauslusssumfuazdiumisldunannsimnesuns
ndunldlmlnensiloia Smeansdildannsslundaioduunadanzdrsewadandilad
nsTiAud A anduniuuuaAaasugianyuiisu (crcular economy) langnasuasdl
unumdRgyeg1andegnannssusielilednng 9 1Wu enavnssudidnnsednd litfiuas
nsdoans granvnssuetusud winseisgunsalindedliluniaieunaziniosseiu 1Hud
wonand Win1ssreanulilud a.a. 2020 Ine International Copper Study Group (ICSG)
IlugnavnssuerusudaielniildnisduindeusioluifivieiSonin Electric Vehicles
(EVs) 1y I8finnsldveunddutSunaiiunnni 3.6 wh deeuiuusununisidveunsdy
sosusuuudumunmely Fedndruldnansldlansnewnadudulsznevulusasusunas
UssLmianadasuil 1.1 nisfuualtiuveamsldsasud EVs ifiusnniutufvrdmasieysina
nsuslnanesusdildidudiulsenevuassasus EVs liiuannTugae uenaini ICSG Sld
aamsalliannisuslaaneuaddul3ina 32% v0:n5UsTaAnesunsimuaiaInmns
Slofaviauvamasin il Imaﬁl,mdwawaqLLméfménmﬂmmﬂi'aqﬁm@mqmﬂ%’
undetgn ievendefiinduainnsruiunisnanlunineRaInnssL 1Y NMARENEY

9 9

(sludge) MAnTuUINNTEUIWMSHANTUEU LN LAz Bldnnsetind (Dusdu



Conventional cars

23kg

Hybrld electric PLug—in hybrld
vehicl (HEV)
40kg

electric vehicl

(PHEV) 60kg

Battery-powered electric

bus (Ebus BEV) 224-369kg

Battery electric

vehicl (BEVs) 83kg

Hybrid electric bus
(Ebus HEV) 89kg

JUT 1.1 dnduvsinanslflansneswnsdudinlsznoulusosusunaz sz

(International Copper Study Group: ICSG, 2020)

mMnseneuiiinannszUIumMskanddllanentniussddsznoutiu FTodenlaludn
Fonilein mnazneudanin (galvanic sludge, GS) FeUSinunsiinmanznoutaiiines
wstununisiivlnvesgnamnssunisnantudiuliiwezdidnnseind wed wuiy
gravnssudidnnsedindviliinveadeisllansuinidussduszneulutiinagadududy
#u o dlewfleufuveadesindu (F. Veglio, R. Quaresima, P. Fornari and S. Ubadini, 2003)
NMsEITILazTIuNUTuusudssunTelulszinelngsnined wea. 2559-2561
wuinamesdsangnamnssumakanuduliiuas iinvselindiiundusudu 3 T
Andudnduusyana 12% lnstinvesUSnamendefinuimae Iﬂsﬁgﬂﬁ 1.2 uay
1.3 uanslfiudsdndruusnavondesunseiiaduanunasiniavondesig 9 Ay
Fadvendeiiintuanunastiinvoadesis q Faduanadelusening wa. 2559-2561
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guNmUzLAzgUnTal

& nanasedddlniuazaunsal

nanlavizduyagiu

[ msudndug

] wandausilany

[ ndnasesinsuaziniona

[ wandadiantinsiden

2559

2560

2561

[ e uazndnsiaeieons

Eduq

a [ | 2 = v = a &{ ! o a =) 1 1
E‘U‘V] 1.2 deaiuUsuuYLAYdUATIENLNATUIINLAAINLUATDLFEA f ITNIN

W.A. 2559-2561 (ﬂiaﬂsmuqmamﬂssm, 2562)
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Jo8ay 4.7 LAy 5.0 MUAAU (N58N5190AFUNTIH d1nuLATEENaAaIuNTSY, 2564)

[ 7
v A v a1

191 NS 12IlAUABINISNISITIUTUdAIuBAnnsatndiuTuilaiUSsusudulney was
NNSAManlAinsaLIwarn1stseuUmaLlulad 5G, Data Center WaskaR aE1NSU
lassasnanugunleiiued1aninewing Jsdmaliiinanusenisldauainsasddlniiuag
Siannsaindielunazm1UsEsNAMUTY L 9ANNABINITNITITIUT UAIUBIANNTOUNE
WuTufazdalaensasausuiunsuaaiminutu fentdunaiaanlad1usununinaznay
(Y] a a d’( [~ Y]
NAMUNNALLNNYULUULIINIUA

NUayan19adfsenined 2558-2564 (lnsuna 1/64) lnpAudmalulagaisauine
WALN5ERENT A1UNINUUSANTENTINIMYINUINUSENA N LAUITINAR D U NDILAITIND
LAYNBILALN DR UANDIAUABINISAETUUSEwmAmedsTazUssunas 1.0-1.1 a1udU wazdl

| A a Y] ' - Y a v I I
yarnadeUay 2 wauduum agelsinny srdnsndanewndlaniglulssma Aagiluns
BanUSUNAUNTET M BILARINAIUsEWA LR lisnnAtey Fenisuaaneawnanielulssine
Wuanusavilalaenisgaulaneneuainvandeussnndne 9 lnensiaunasauniain
wasvandsuianinaznaunaindnidugdeiunaula fedu 9l Jotidagfutufnwnslefa
Y] A oo < I3 a & a £ = \

nnaznauiaNntnillanenewnuduaidusznaulaenisuan \UunawasuIgns d9a1ain
NAR AU NDIAIT b aza1usaun luldUselevdlatunistaniania Wiy nsuimeswaslunau
Auerqilillon nIaiTenin useudevgiiden (Aluminium bronze) @4lgviwuia (bearing)
Aes (gear) WWewiivuau (worm wheel) uwazgnin (impellers) 1Jusiu

mﬂmzﬂauﬁa’mﬁﬂimEJﬁaliJQﬂﬁﬁfmimamﬁlqﬂa‘u (landfill) (C. Vilarinho, F. Castro,
F. Carneiro and A. Ribeiro, 2012; F. Veglio et al., 2003; G. Rossini and A. M. Bernardes,
2006; J. Jandova, T. A. Stefanova and R. Niemczykova, 2000; P. T. Huyen, T. D. Dang,
M. T. Tung, N. T. T. Huyen, T. A. Green and S. Roy, 2016) Fsn1silsnautiudiodnduisnis
o a c{' [~ a 1 a' ¥ 1 = 1 < d{' [~
Adnvanden luidulnssedwindou wazdardslussezend agralsinny viverdunis

= dl < o = %) %4 ] a a

panagan1senaukagiun1sinvendsnavunlauselemilvg nseuiunissieianinaznau
fandnlagnisanaemauaanduunlduselosulmidaduluianuAeiuuizay nsanaLen
7NAILAIINNINAENBUN AT Na UV bananeds Tawn nssuAslanineimusou
(pyrometallurgy) nssuislawinenasazany (hydrometallurgy) wagnssuadlawingLadilni
(electrometallurgy) #30n15ldwanenssuissauAu (C. Vilarinho et al., 2012; F. Veglio et
al,, 2003; G. Rossini et al., 2006; J. Jandova et al., 2000; P. P. Li, C. S. Peng, F. M. Li,
S. X. Song and A. O. Juan, 2011; P. Fornari and C. Abbruzzese, 1999; P. T. Huyen et al,,



2016) nssaslavinenanuioutudedldndnuadunisann uazdlalaneniianuusansld
gann dunssntlavivetasasanefaUsenaunign1svrazang (leaching) MeaNsazanensn
W30A"9 UazMIiTiuIans (purification) fae38n15en4 9 Wu Bidntasulla (electrowinning)
.. . A . & adaa A a
nsANAgNaU (precipitation) waznsazanglavieunuil (cementation) LUWISNHUsEANS A NS
warlindsnu waganunsaainlanenilanuuianslareudigs
F. Veglio et al. (2003) lannaedluszauresufjiRnisiioadnnesuasiaziniiasin
nnagnauninansruvtvadndelunszuiunisnantuaiudidannseting (galvanic
industrial waste) lnglanaassszavarelansogluninavnaumensadailisniielilansi
i P < N & A &
aglunznauduiuvesdavdsuanmidulanefiegluaninvesarsazaieveanad 310y
Soauvadlaneiavarvegluvasnainzgnuasuanmlbiluieulaveimenssuisdidnlasiuia
(electrowinning) uena1nil P. T. Huyen et al. (2016) la@Anwin1saiavauaAsaInAInnznau
Aaniinale35iaedny Inenduneulunisuenlangaenil i dulaldvaualnawuy
¢ S v o - N v ° & A
NIINTEUBNAITUBUNYAIBANTAIA (carbon felt cathode) b BINUAUN UALASWUN

v

Raduiiadiga P. P. Li et al. (2011) ld@nwimsadanesuasuazinifiaannnazneuiitinen
maﬂwﬁ’ﬂﬁwLﬁsﬂumiﬂizmumﬁ;uLﬂﬁauﬁaﬁwiam (electroplating sludge) Aa835n1%
PraraeINAuNTEUIUNIBANIATINES C. Vilarinho et al. (2012) livnasafjau (recovery)
nesunsndualdlyinnmnagnoudanin nemstrazaenznousensadaiinin a1nty
tharsazarluyilinesuniuiqns daeisnisazanslangunudl (cementation) wagld
wanfausiunosuasu3qns J. Jandova et al. (2000) ldmaassdAulangnesundlusuves
NoAIANNITNTUgIRINAENBUNBILAdlagNSYEazaen JensadailnTnIdutY 0.5 M uay
yhmannagneudsladeulansonled andunznouiildazgninluimniigumad 800 °C fa
900°C funaan 2 $lus udaFuhmzneudinanlussavanedensndnads lutumeutiasin
Tildansazaronasunsiifiannuuiqniqe el ilesanniswingnauazyilisinuaii
g9y wian evgliflen dinzd uazddneunmeilumsUszneusenles Wosmuatiusis o
naneiduansuszneveenlydudifzanunsaazanslunsalatosasuazuenasenuiogluguves
pznou faiu Msvzazarenznouiiiiumnuaudansyiliauuianivemosuasly
ansaans (leachate) sy Fedioyadingm sAdel3ddAnudmofnsumsurazanemoaung
nnnagnoutanindiiuntsmwagldinunisendiudae 9ntu Srlddnuieiuusi
derasianuansalunsyzaraeneuad iid Anududurensadailiin dnsdiuves
Y044 BYDNNAT (S/L ratio) 21NNTEITIMALTIVTINTOYANIEITINITNUINNTIHITAS

[
=) v a

Yrara1umenIadaTiiIniu dded fail 1) Tauansalunisazaienaunsiigs 2) s1angn



wazndne 3) Wudszansamlunisuenatamsnszuiunsdidniasiudslusinateiiiu
ansavanedamin uay 4) @ansathnsafildudindunndusvinazatglasn (N, K Sahu,
B. Dash, S. Sahu, I. N. Bhattacharya, and T. Subbaiah, 2012) uaﬂmﬂ‘ﬁ P. T. Huyen et al.
(2016) lFmesinsadafiindadunsafilsagniuiiuszansamlunisseavansdia udd
anuansalunisidenvzazaislanglas dudewsoudiouivarsazarsweulude
(ammoniacal) Fsflmuannselunmsidenszazaigldnngt uaduszAnsamnsszazanss
doaududuiudy il 1 E Silva et al. (2005) Ténaaesdssuiisungfnssuns

YLATAYVIDILAIAITAITALANYNTATANIS NAUAITAZA8LaNlULLY WUIINSALAN S Nl

ANNENNSAtUNTYEaEanevatadlaRnitasazansuenlillenelinisaiuaniiuuslunis

£
a v A

nasoaenfiu fa cAtedidfmjuiufnsnmsslafannaznoutaninidlavenawung
Hussdusznoulasnswdnidunosuasuians ngldnssuisnsvsavansngnauvond odae
nsndaiinin uaznmsvaedlddnuisannedimnzaslumsvzazarenneuneunaiiolils
asaraeviesunsiiazhluviliuiguimensyuaunmsdidniasiuds
drudumeunisilvinesasuians denszuiunisdidnlasiudaiu venain
usaulwihidusud sifnadetiinauagamnuuigrsvemesuasiimeiiuelnaud wiaves
HuelunvessadiadliihAidusndudmilsiunaulalunsinuderiutu Tuofinldleuh

Taveaynininduuelualunszuiunisdianingiuids (W. Zhang, E. Ghali and G. Houlachi,

'
LY A

2017) WWiesansimgnidlaisunuianay q 8nviagadaudiinlninia dauadeslusening

q

=2

nevindidnlnslada wasmudtunisdnuseldd egnslsfinny nislidaueluasanaidadld
WﬁINWUVLWﬂWQGLLazﬁﬂ’J’]uﬁ’mW’mﬂ’]iﬁlﬂﬂi'@uﬁ@f’]gﬁﬂﬁﬂﬂﬁjﬂ’]iﬂuﬁ@u%@ﬂiaﬂzﬁLﬂ’]zﬁ%ﬁ
uelva namide dssalaesssermnuuiavsvadlavgiifosnisatafonszuiunisdibnlnsiuds
fodu eudlatlymmand Sauslunlsldlanslnmiiendandovindiearsussnevesnles
(oxide coated catalystic anode: OCAs) Iaglanedana1ilagniwmuilag L. Cifuentes, R.
Glasner, and J. M. Casas. (2004) iiaiU3suiisunsldfanarsmiatududuelun Idud
uriuLwanAtiy wiungAa nelwinsanszuen wiunglmimidoundeuunanddy (Ti/PY)
wiuarglnnideuaieugiideulueenled (TVRUO,) uavusunirglnnideuaiou
s5ienluaanled (Tir0,) nuirdauslunelaunanfduiissansningaan uisiinpgiadl
UszAnsnmmnan Tuvasiidaueluneiindy q Sussansamduiiimelouarldnailngifes
fu fady dueluaiigniedeudisarsusenovesnled Juduiudsiaulalunmsdnudaeg

bYUNU



Y] -4 a v
1.2 'Jﬁlq‘ljigﬁ\‘iﬂq]a\ﬁ']uqf\]ﬁl

MAplidigadsvasd Wefnwidmuusniinasdonsananesunsainninazneuiainiin
eslaninetansazate (Nsvzazans) wazlavminenwedliiy BLanlasiuile) laen1suas

s
a

& a
Lﬂu‘Vl@ﬁLLﬂﬂUiEleﬁ

1.3 U2ULUATBIIUIY
nsafaneaIaInnInaznauiaIdng 2 funeuie nsvravaneninaznauiaIdn
waznsvilimesunaianisenszuaunsdidniasiudedfudsnsinudedl
1.3.1  NSTUIUNISTTAZAY
FrauUsau D ANMUTNTUYRINIATANISA 1, 1.5 Uag 2 M Lagensidiu
TnethwineeaudsdadunznouneswnireUsinnsveaman
Faduasazanensn 3o S/L ratio 100 waz 200 g/l
Fadsey Usinameawnsiiazansasiuluasvzavans (Anuaiusaly
NNIVLALANY)
AklsnIuny Fethmznauveadeildlunsmeaswieda 1) nnaznau
fardinfilanaunisiwn (Dried Galvanic Sludge: DGS) wax
2) masgnoufandniiiuniswnfigamal 900°C iurian
2 #3139 (Calcined Galvanic Sludge: CGS) A5 25auTy
A3 600 rpm gaumgIvies At 1 Tk
1.3.2  nszulumsaLanlasiuis
FruUsau - wssnulldh (2.0, 2.2 way 2.5 V) Lazadinvestauelun (T
M08 Ti/Pt Lag WHUA191e Ti/Ir0,)
FruUsAu :U'%mmuazmmu%qw%féuawaqLLmﬁLmzﬁﬁﬁg’JLmim

fwUsmuan : ANE35eUlUN1SNIL 200 rpm gaumgiiied kAl 12 alug

¢aly yo
1.4 Uselowinlasu
Uszlevdilaa1nn1sItedfes Ns1URIanN N IMUNLEL UDINISTLALANUNDILAILAY

Y095z UIUMIBantnsiuildunisainneunuigns



uni 2

USNAd2955unIsuRazIuIeNne1994

1 ﬂl
2.1 WAINUIYDSlANZNDIUAS
lanznadlad (copper) ddgyanwalniaal As Cu 891131nA197 Cuprum Tun1Y
azfudaunefanzlausa (Cyprus) Wumzvuialuaflainisarunuiasdlangnedun i
Tgusglen Insuyudisuidnuaziilanenesunslduseloninaus 9,000 Unounsandnsy
(J. Desjardins, 2012) 23uaudagtuuywdgensilavenoawnsunldusslogduasldam
pgunsnaney il Weosanvesasdlaui@nisurlwiinaziiauseuns nuniusenis
AanseusazulssUlandy
langnasuasgniunldanuludagdulauanunasuslusssunid wagdiunislan
NNITANANDIAININUNAIVDINDIUAWALN L8NS bfia
2.1.1  WAAILINDIAY
| a aa A a
LI NBILAINUNINT galuUseinadd sesawndells Ju Aedln uas
% a A 1 el' ld' g.J; ld' A aa o 1
ansgowisni wilsausnesunsiilvgingalulandegiilesyneaunnt Ussinadd lagdunia

Y

nsvemilodnsneawasdfgene o lulanuwanaddlugun 2.1

wsnasuasaulngjeglusuvesusenoudalia sesawnaznuusnadwasiugy

vodganlyn ATUBLUR Fawn uazddng uenaind dwmunsauninUsUueyfuduusyin

4' 1 | ra a la o [ v/ ! U 3 [%
B 9 WU uInad usliniia wazustaiv Wudu lneusnewadlusuansuseneudalia loun

aalalnlsd (CuFes,) malalas (Cu,S) Uaslud (CusFeS,) wazlanalad (Cus) uswaniod

Y
Tusssundludnvaeiduaeusiinnnnisiudvesiuniafionmgiseiu @y Seu
Miwuulang wazidimuadimegs diunsnewnsfiegluslaisuseneveanlen laun
wralas (CuCO,.CulOH),) aeglse (2CuCO5.CUOH),) ATLNTH (Cu0) hazwouifialse

(CusSOL(OH),) h3nasumanaudoranuluiunlsusoiusadd wduiuniin1sdadudlinuagi
3>20Ug\UM)g ]

< 1 a [y d' [ Yo & a & 1 =
LUIINTSNINGIRBBNTLAUNUTINBU ) WWIMLL?@@ﬂI‘G@L‘U'L!LLTI/ILL‘ZNQJWﬂ bayynunodaIItAl



WORLD

MAJOR PRODUCERS OF COPPER

Pacific

MEXICO

ALP

llln'u" :.4'! /

Ocea

n I

Ar ct ) €

»50

Ocean

&

Pacific
Ocean

Ocean K /‘}
% : ot
Feonco, moon:sn)‘ﬁ. o e
i zamein Y -
rop Iindian
Ocean
CHILE N
COUNTRIES PRODUCTION | COUNTRIES PRODUCTION v 7
(in ‘000 metric tonnes)| (In ‘000 metric tonnes)
Chile 5,420 Indonesia 625
Peru 1,220 Canada 550
China 8 1,190 (F“;glng% 44g
United States 1,120 an 42
Australia 940 Mexico 365 Southern Ocean 0,_._,_.3000 et L
Zambia 715 Kazakhstan 360 » g 000 hkes
Rusfg,;,i 710 Ot?er f:ountnes 2,000 _ Copyright © 2011-12 www. com
SOURCE: USGS: Mineral Commodity ! wu‘ Updated on 15th Februgry, 2012)
d‘ 1 1 dl o U a 1
UM 2.1 UNaILINDILAINET mﬂugumﬁma 5 ¥odlan (Maps of World. www, 2012)

Tnealuusnesuasdi oy lugvuesarsdsznoudaludindnosunady
osfUsznoveglutisienas 0.5-2.0 lneua dauusnesuasiieglusUvesansuszneusenludiin
Usznaumenodlatlszuiusosas 0.5 laeula (M. E. Schlesinger, M. J. King, K. C. Sole
and W. G. Davenport, 2011) felginduusmaniiinesunsduosddszneuiinoudneuie

a a

AEnd

Y

WiguiuUTinameuwasnag luwvaueamesun

2.1.2  UNAIURMBILAIREY]

a

HEY

U

M. E. Schlesinger et al. (2011) lad1uunUsslAnuasuna masamnfe
gonlu 3 Uszian lown 1) wwweinyeauaafiinTulugnainssunglshasnaouLAuouad
(home scrap) LU LAwEINLEULELUA (anode scrap) WweInUaUIS (busbar scrap) Wagiey
FINUNINBIUAL (rods scrap) 1wy 2) Lawrnnaswasfiindulugpannssunalsiiuay
Ua181 (new scrap) LUu viou 1dU a1a Wiy wavous 1UAL way 3) LAYINNeILAH

a 119{ % 2 a % 6 o I3 1 PR &) L3
AT unaINITIdnuREndaaidia3unng o Ndnesasduesdusenau (old scrap) Ing

waafivemwrInvendeuseian old scrap @nnsawueandu 6 ngu fell



10

(1) srummugAnuaengnsldnunietngn (end-of-life vehicles: ELV) T
soeus s0uTIYN WawsaUsEImng enuiu wnTesdu e uarsalnl Suvdsomowundlunduil
wnaelmdundn sesaunfeusimesiiiazynanslniudaudeusosenindlwiiafy
ueinef dengu ELV fudmameuadlneyszanuegluiasiosay 1.0-2.1 lagana

(2) voudefAnannisneadianazsenan (construction and demolition:
C&D) leiun neaunsiildlunsifuanslnveseians vieuazgunsalvievzun gndausey uaz
Nnuiivhanmenies nufedudiudu q fideades feeudslunguilusenousenauns
Jowar 0.3 lavna

3) vazarngUnsalliiruazdiannsednd (waste from electrical and
electronic equipment: WEEE) a@snsawuseenidu 3 nguday Usznausie 1) Auidvnd

(white goods) fio wasadldlninelutu wu wesdnd i waziesosdneau WWudu

v
a ¥ 4 o

2) uAdunnia (brown goods) e LaSeslaluiln wu nsviad uasinIonaudn Wudu uas
3) @uf1dmn7 (gray goods) Ao gUnseldLaANTERNdLaZN15E 01T 19U ABUTIADT uaz
wsedlodoans Juiu Jwezlunguiiiolnduurawesavenneauasuuatng Mell sz
landaudesnisnisldaugunsallwiiuazdidnnsedndlulsuaminuaziindusgng
oA e v a ¢ a a ¢ a X A a
patlloadsdanaliiusunavezanaunsalliiiuasdidnnseindiindu WeoUSuinvezan
gunsallniluazdidnuselndiinduiazdwmalaonsriausuianisiinauenneuwa i
a é’ 1 @ a agljt:l [ '3 [ 1 2
A ae19lsna veadeUssinniliinewnadusausenavaglutieiesay 2-20 lagwa

(@) vevaunsailniinluanaivnssy (Industrial electrical equipment waste:
IEW) lawn anglyl (dduuazuuiu) nieudasluil wazgunsallindu q lngvezussian
EW dnilureznivewnaduesiusznouniawn (fosaz 5-80 lasuia) Waliisuduliuau
nosasludulsiazvoudeUszinndu 9

(5) voudenluladgunsalluinlugnainnssu (industrial non-electrical

. =) L3 1 ] ¥ U d‘ a = =

equipment waste: INEW) v3agunsainsvudsvuinlvg laud wiesdu 5o wassalil sauds
nsvaukarosenlsUnsalnlduas uavasesdnsdu q widtliiinsseufslsnamansluy
nau INEW i fiifissnisesanineraineswsalusdusznouiineuden

(6) vezyanosyuvU (municipal solid waste: MSW) 1l uvegn3oveuded
ganunnslutidn veddivsinanewaadussruseneuiianeudnetesuin (Sesas 0.05-
0.2 lneuaa) 9nnae

a

9e19l5AR woNINUMEIVDIVBIAMAETTS 3 Usenniludd Silveaded

Y

NATuINNTTUIUATNERLUAIARAAIMNTTY WU NMNAgnau (sludge) MARTUIINNTEUIUNNS
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nanTudgUnsalliiluazdidnnsedind wisnnaznauiiinannsiidmidelunszuiuns
YULARBURIA189I4AY Favandemaiindoiluwrasvemeswnimisgdalgguieiiu

= & N Ao & I3 )
Wasnnluvaadgninaanudussnusenaunan

2.2 NSNAALANINDINAY
anvumanLazinannawislszimalneg (2557) Tauusisnsuanlangnoing
pandu 235 TauA 1) NMINARNDILAIANLIAILS WaE 2) NSHARNEILAIAINLAYEINlaNY
IS4 U &J
Iyl
2.2.1  MTNAANDILAIINLAAILLT
1neN 2N INANNOILAIINNLNE S I U TTUTIREIUITAUUINTZUIUNITNER
AuTliavesduLIaIas Felsunawemendludndiuiosay 80 gnuanunnusdalndviin
Aalalwlsd (CuFeS,) wioAalaled (Cu,S) Menssuislanineianuieu (pyrometallurgy)
suAunssIslamine el vl (electrometallurgy) #9H9UABUNTHARUTENDUAILNITUAILS
(concentration) NM305943 (smelting and converting) LLazmﬁﬁﬂﬁﬁqw'ﬁ (refining) AEAM
Founavialliil druusneunsiedlusUveseenlanavgnannaienssuislanineraisazaty
(hydrometallurgy) Taufunssaislaninenadlnil (electrometallurgy) dTunounisuaniiau
n11 lauA n1svzavaie (leaching) Msafinaludavinazale (solvent extraction) Waznsiaion
anmlavizanansazangmglnin (electrowinning)
2.2.1.1 n159qmewndlaeldnssudslaningrninussusuiunssuds
TaIneuad i
nysuTsliivuneunuandlusun 2.2 dedurenedauudladadl
3 1 [} A " 3 dydo.l s A
(1) DUADUAITLAILS (Comminution) TunBULIIROUIZEIALNBLEN
QI A dl (4 1 o Y o 1 g o o 1 dl
AU ulilApIN1500nA1NLINBILAY VIlRITILTaz1TU @150V lalagdlIoanned
unazlden (VunUszanas 50 luaseu) ddndnssuiunisaseus (froth flotation) lagussy
wsadluds Wudnng Uy wezarsanussiiadnasly vinnisniunasaanisliilinneseinie
P 79 Wlesnusdaliafinaeantfidu hydrophobic Faflauuliilenti Fssausaiuinbu
= I Y 1 o 4 1 dy 1a ] a d%’ dy 3 v !
waziineseniadudigievinliusasstugiivesarsavaty diuiiaegdunniasiluiiug
V1BALAT Yi58 copper concentrate AIUMALTUALABAUDY 9 FaNBgAUA1 BN TY

matiuaududuvemesndunausiiau nefinesuwnaluesdusznovlulsunnsevay

20-30 laguia
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Sulfide ores (0.5 - 2.0% Cu)

@ Comminution
(1)

I
Conc;entrates (20 - 30% Cu)

]
Drymg Drylng
(2) Other sm ejtmg
processes J \:i L J g L
Submerged tuyere
smgeIUng g Flash smelting Vertical lance Direct-to-copper
| )l smelting smelting
ol |

Matte (50-70% Cu)

Anode refining
and casting

lT:/_l_I Anodes (99.5% Cu)

‘ ‘ ‘ Electrorefining

—~
Ul
S~—

Cathodes (99.99% Cu)

Melting

i&:ntmmus casting

Fabrication and use

Molten copper

U 2.2 Funoumananlaneyounaniniiviewns (M. E. Schlesinger et al, 2011, p. 2)
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(2) Funoun1309 (smelting) LlutuneunsuasungiiuINoILAg
WiIAUEaLNe Saudun1snueInIanseeandaudlunigluminany (flash smelter) lng
peandlauazyhuiiserfudamesuasmdninduniatamneflnoenleduazivineonladi
JUA? ”‘u%ﬁmmﬂmﬂLﬁumﬂmzn%’uma:]aaa%ugié’muuﬁwmfﬂamL%EJm'ﬁ auan (slag)
druund (matte) videneaunadalnsvasumarfifinnamuiniuinnninauanauogsuang
Jauumdiildoglusuvasaotives () dalwidfidenssunsoguszanaiesay 50-70 Tnsuaa

(3) Funounisuenlansnouns (converting) F il laenissu
LENARANBBNANANMAY dduuundazgnidaminaeninenisiuddnandoudunuaudn
Tlummaeuesines (converter furnace) Lielroendiauiusaiulessumdnnaeduman

= v U v a

aaﬂlszjﬁua”ammwmﬂwémmﬂmaLﬁuaLLaﬂaaaﬁuﬁﬁaﬁmuuﬁuawmmeaaumm du
gendudsduiiulessudalidanaauives () daluddszdsmaiiilinesunmasivan
waziinufadameslasonled nosunsnasumaiiildazgnirluvasdulansuvislaeisonda
y3awmes (blister) Faslinnuuiavsvemesunsegiosar 99 lngina

(@) msvhluiamesuians (fire refining) Tasnsirusamasluimn
Tuwmnelun (anode refining) Ll afmsndaiasiazeanduaulaenuenifkazuia
lelasmsveuadly Wethnesunsiildanduneuillungeudianiionin aedieduelun
(copper anode) ?jqﬁﬂamﬁqmémawaﬂLLquﬁu%uLﬁu%faaaz 99.5 lngana

(5) foumaumiﬁﬂﬁmaqLLﬂqﬁﬂaqu§qw§qﬂ (high purified copper)
ddaanisvilinesunsuians ind udndeseeuivesuelund ldluusnatadeadae
nszuIunsBidnlasTluds (electrorefining) taksnsanuiiansdiseananniionaiung &
nanfasldaInnsyuaunsiiendt aetiesualng (copper cathode) ﬁﬁmmﬁqwémaa
naswnslaitfosnin¥esay 99.99 lasua uazilsnquaiuidevuliiiu 20 ppm Tnonaniaeid
¥ anunsodeneludagnd uietlunasulundnads il sudsgulanznesuasdae
NSTUIUNIINE BLUUS 84183 (continuous casting) wazkUsgUilundndusinoswnaniy

AMNdoInITNsiuludnwazag 9 seoly
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2.2.1.2 msananaswaslnelinssuislaningraisazaresiuiunssuds

Tavaina Al

nssuiBiddunouduandusul 2.3 Seasurweduvdldsd

(1) FumounsTTaTany (leaching) @1u1savlalagnsguiIuns
heap leaching #aagnsunsndafla3n30913 (Uszana 10 kg H,50,/m?) a4ULNBILITNDILAS
fik1un13un (crushing) siflvunnsendng 1.0-1.5 4 Tnevosunsarnusasgnuzazasli
nanewduansazansneUilesdainionsdaiunin pregnant leach solution ifmesuaudy
09FUsENaU 25 ke Cu/m® wazansazaneiazlnaasiunuiuludofivsiusiuaisavas
agslsfiny arsavaedinandainsuulouvesasuaiiung 9 Aazarels Wy mdn
wazuaamila sy fedu Feilvansasaneilimnzudnnilumsataneunsusandde
sl uviudg

(%
9

(2) TunounIIanAnRIazaty (solvent extraction) laan1sin
asvrarangluiingnsruiunsatndediazaeileliasazanevesunsiinuuigns
qasﬁuﬁwmn@ué’hﬁwazma@u‘v{%sj"«j’wwaﬁmmﬁaﬁ’uﬁuiaaaumawaqLmaié’ﬁ fouen
losauvoatoanaINsInLaiULAZA1IAZA Y PniuLenlosaunounInaITBUNIERe
nsadaisnlnduansazarsneuiesdamlnisiusinanswaaduduiuain 2-5 kg Cu/m3
i 45-55 kg Cu/m3 Tagansazanediliazgnihluiduansazanedidninslad (electrolyte
solution) lunszuiunisuenainneunsnleisanlngiuds

(3) FumaunsuenlansnewnInasaratedieissidnlnsiui
(electro-winning of copper) nszuIuNsBLEntaTIndnduisAldudnnsmaadiniilunns
wonanalavy ansavilalaenisaenseudlviianunasivianssuansslviumaaindlni
awhlansazansaeuilosdamminufizenidntu duasiansunndlididnasouuas
losaunaunteanyn warleoaunauniaziad oufilususidnnsoufivaualnanaieidu
voauds edugansruiun1sdidnlnsiuiuds vewdsildazgnasnoonduusunasFendy
AaUleasLAlna (copper cathode) %ﬂﬁmmﬁqw%‘mamaqLmﬂaiﬁasm’jﬁaaax 99.99 lngana
Tnevesunsuigqridanannavannsadsslugni vielunaey (melting) Tuwndnads e

wUssudundnsoeinesunwnunnussinismsldnuludnuaesing q sely
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H,S0O, leach solution, recycle from
solvent extraction, ~0.4 kg Cu/m®

Make-up H,SO,

~10 kg H,S0,4/m?, ~0.4 kg Cu/m?

‘Ir‘\f&\fl'

(1) / Ore'heap' \
W Collection dam

pregnant leach solution, 2 to 5 kg Cu/m?

Solvent
extraction

‘I Electrowinning

2 1l

Stripped cathode plates, 99.99% Cu

e

2]

molten copper ¢

Continuous casting

Fabrication and use

JUN 2.3 Tussumsaianewnsiegluglveteanlen arsusiun dauln vseddne
MENIEUIUNMITZAZANE Nsanamefvinaraly wasdianinsiuil

(M. E. Schlesinger et al., 2011, p. 3)
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222  MSHANNDILAIIINLABIANENDILAY

anumanuazinannatwisszimalnglasisaulilud we. 2557 31 113
waanosiasnawlanzutsoonidu 2 ngumdn 1iun nguil 1 Ae ewlavgnesundl 1y
wwlavgfiAntunielulssnugnaianssu (retumed scrap) wiawmslangfAndululssany
wUs3UNeINag 19U Tsandaans la uaglsvae Wudu nquil 2 Ao iawlanznesuasiin
(obsolete scrap) uavlansfilganlssnuiudoinulans wio ndnfaualansdinunisly
uud? 1wy aavesuns gl vieviesuas Sudrugunsalliiuagdidnnselindfivunony
msldnunsetigadame Wusu

ASYUIUNITHANNDILAIANNLABIANE USENaUmY 4 TURDU M4

e D

(1) MmawspuingAuAssuraInIsanneunsniavlane luileossudunis
LenLAYNaLAIn1NUTIus I NaNT UsUuaglulaunaauns 9ntduiviaiiuaseiniay
Tavznawatiiomdndsludousonainavlanevowns og13lsinnu nswseningaumiy

HaNAIE1U1509ERa1835 LU NSKeNeI8ilD NNSweNlaeldlATEIINT TS BLIILANITWEN

(%
v

memusau 1wy nsevaeliiieidpauruiulavenaawnsoen \usu wenaind &l
N1SUENNBILAIAILEATITAL LTU NITHENNDILAIIINAZNTUMIEENTIAN FaITLmuzdmsy
v oA da & a
nenFuvseawaniiiilensauwnsluuTuaes
(2) nmaveeunaad Wunisldanuiouiionasuirunaiuaainiunisasey
daduingAudsduluen lnealuldeamgdlunisvasnyszuia 1,2000C w3elian

1,084°C geo1aldinnuau iy wiueu niem bl YusgiuslauasuTuiuues

U

s
a

Tavignoauns dmsunosuasiignuasunelulwuasaziiniuuiagndsesas 80-90 lneuna
Tuvaugivesunsiignuaenserueuaziamnuuianiasisiesay 99 lnewna

(3) FumeunisUFundsnmAIn Feaevinisuiuussdunaumiand Taenis
U§usianansng 9 veeneduaiasuvadluinivasui elidrunaumiaivemeduag
VABUMAINTINUANIUABINITNITLETLYBIGNAT

@) mﬁsﬁugﬂﬁaﬁ%% FmpaunmasumaikumIUiUUTIAMANLA AN
ilUndesenszuiunisuaenuuseiies (continuous casting) fadIENsTUIUNTIANSORA
Weussudunansnsimosunmumugieanisvesgndn vidsoraazilumadluwuuvaeiiy

lavguviaiedmingliiugnasiely
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2.3 msﬁ%mnﬂszmmwmma
Tudagdulaiinisldvumesunnazlanznaawasnaudssuna 400 1n3a ae1alsiniu
Copper Development Association (CDA) leiduunlansnesunsuaylanenouninaueanidu
2 Usginn lauA
2.3.1 Ia‘ViSVIENLLGNLLa3‘[61&:%6\‘1LLﬂﬁNﬁ&J‘[ﬂﬁlﬂﬁi;ﬁugﬂ (wrought copper alloys)
'IawﬁnaqLLmLLazT,am‘maqLLmwamﬁmums%ugﬂgﬂLLUaaamﬂumimm g
TneldsiWa & 9mua897u The Unified Numbering Systern (UNS) et 4 ucg;”ﬂ"mumfu il
swazBeaduandlumei 2.1 fansavedlansnesuniazlansnounmauiistaiesous
C10000 fia C79999 Tnalanznesunsssaniannsananldainnsyuaunisivarnvans Wy

n3auseu (annealed) N1syuKderIansaufulyl (hardened by heat treatments) N158U

ARTEAIINLAU (stress relieved) uarn13ugUidu (cold worked) s

AN 2.1 MTILUNUTELANE8LAENISAYUATHAYBlarE o 9LAdLaElane NDIUAIHEL

Imaﬂﬁ“ﬁugﬂ (Copper Development Association: CDA, 2014)

Useum Foasiny a9AUsTNOUNAN sWe
" Coppers >=99.3% Cu C10100...C15999
7NouALazlane NoUAIHANTL
N > 96% Cu but <99.3%
Uuaumeaasgs (Coppers) High-Copper Alloys C16000...C19999
Cu
Yellow Brasses Cu-Zn C21000...C28999
VD4ADY (Brasses) Leaded Red Brasses Cu-Zn-Pb C30000...C39999
Tin Brasses Cu- Zn- Sn-Pb C40000...C49999
Phosphor Bronzes Cu-Sn-P C50000...C52999
Leaded Phosphor Bronzes — Cu-Sn-Pb-P C53000...C54999
Copper- Phosphorous
Cu-P / Cu-P-Ag (C55000...C55299
Alloys
UTOUT %30 53J€]‘V1§ (Bronzes) Copper-Silver-Zinc Alloys ~ Cu-Ag-Zn C55300...C60799
Aluminum Bronzes Cu-Al-Ni-Fe-Si-Sn C60800...C64699
Silicon Bronzes and Silicon
Cu-Si-Sn C64700...C66199
Brasses
C64700...C66199 Cu-Zn-... C66200...C69999
nosuasiazlavgnaninifa/du  Copper-Nickel-Iron Alloys /
Cu-Ni-Fe / Cu-Ni-Sn C70000...C73499
(Copper-Nickels) Spinodal Bronzes
Nickel Silvers Cu-Ni-Zn C73500...C79999
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2.3.2 lavenasunsuazlanznosunsuaulaenisuas (cast copper alloys)

91128971 UNS Towuauseinnvadlansnodwndwazlanenodwasnaulaenis

viaeoenilusiianaud C80000 &3 C99999 Fauandlunisei 2.2

AN 2.2 NISTIBLUNUIELANYDUWAL NS NUATHAVDILANENDILAILAL LANLNAUNDILA

Inen1svas (Copper Development Association: CDA, 2014)

Uszum Hoansiny 29AUTZNOUNEN IWa
Coppers >=99.3% Cu (C80000...C81399
‘V|’ENLLG1\‘1LLa%IaﬁSNﬁiJ‘V]ENLL(N
> 96% Cu but
(Cast Coppers) High-Copper Alloys C81400...C83299
<99.3% Cu
Red Brasses and Leaded Red Cu-Sn-Zn / Cu-Sn-
. . C83300...C84999
NoiaaInas (Cast Brasses) Brasses Zn-Pb
Yellow Brasses Cu-Zn C85000...C85999
Manganese Bronzes and
Cu-Zn-Mn-Fe-Pb (C86000...C86999
Leaded Manganese Bronzes
Silicon Bronzes and Silicon
Cu-Zn-Si C87000...C87999
Brasses
useud vi3e dugvisvde Copper-Bismuth and Copper-
Cu-Bi / Cu-Bi-Se C88000...C89999
(Cast Bronzes) Bismuth-Selenium Alloys
Tin Bronzes and Leaded Tin Cu-Sn-Zn / Cu-Sn-
C90000...C94500
Bronzes Zn-Pb
Nickel-Tin Bronzes Cu-Ni-Sn-Zn-Pb C94600...C94999
Aluminum Bronzes Cu-Al-Ni-Fe C95000...C95999
nounsLaslavenaudnianay
< Copper-Nickel-Iron Alloys /
21U 9 (Cast Copper-Nickel Cu-Ni-Fe / Cu-Ni-Sn  €96000...C96999
Spinodal Bronzes
Alloys)
Nickel Silvers Cu-Ni-Zn-Pb-Sn C97000...C97999
Copper-Lead Alloys Cu-Pb C98000...C98999
Special alloys Cu-... C€99000...C99999
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2.4  ASMUlanENaInag

[
==

lavgnaunsdauainnsalunisgniugulade dilviwazdiauseulas daaw

Y

o
v =

LD awn3 wazdAuAIUNILANEIde Al neswasdagniluldauegtaunsvaiely
QMANMINTTTLIUG 4 Feil
2.4.1 gnamnssului
iesnmosunadudnhlningd neswnsdegnih lldduingiundnluns
wAnfudmgunsallui wu Tvihanel iewda sewed indesdudaluin launly aau
sevumuaululssy ssuuinedids 1asesuiuenia uazgunsaldidnnsedndsing 9
(@elifiransTnsdndt gunsaiinguaginsiim) uenani noswnsdagnirluvinutauns
(busbar) ViLfJqummﬂWﬂﬁaﬁwmﬂLwiwaﬁl,ma
2.4.2 AEMNITIUNDHII
MnaudAvemosuasiifianudumunisinnieuiia neaunsdagniimnly
snlugnamnssuneadislunaissUuuy 1wy imdsen vievuazdosesing g safesruunis
MANusaU LazszuuUsueInAngluIATNas19sna
243 ATesinsanamNTIY
nosunagninldindudiuvsznousie 9 Tuiedesdnsgmamnssy 1wy
Wleagndu Tuwn 1adesdnsna insesldmelutn saudsmslivesunsindure 11dq fede
Tulsnduthandmes gunsaiuanidsuaiuieu wasiaiasiionadu 4 osngaiduraes
yesuAsie ansnsovunuenisianiouldiiuedned ulgrldnuludmeadiinfuindogndly
nsfinnseusnniian
2.4.4 YAFIMNTINVUES
gnamnssivudaiugamnisuiidnisuslnanesundunaissuuuy Wy
Tavznaumeauni-tnifaiignlfifuianievhidwense suufsnsnansoouduarsoussmn
Afnslineaunsiuewes aglindedrtaroiusaazuuis wiwdlugramnssusudsey
gudatelniegaty sooudninisiuindeuseliihvieSonin Electric Vehicles (EVs) i3]
nslivesuasiindu 3.6 wih Weisusudiummslivesuadusasudiouduaangly

(International Copper Study Group: ICSG, 2020)
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2.4.5 n5UsEleviauae 9
nsliuszlovillavgnoaadluausy o 1w
- #791ugaTN (antimicrobial) 1l nnewnsinaslasuainuienlidu

v I~ a

Taanisdenununatain Jeihligndiunldanunienisunnmg wu e

v
Y] [y <

sdeLayATudmsusadunemsunnd 1Wudu
- Mawgtaesdniun (aquaculture) WU U IRTULNIZLA BERTUN LU
neiafvimeanaelaneyesnma [Wudu
Y] a = = ° w
- WAL (renewable energy) Fanadwasiiunumarfglusyuy
wasuazon aslmauluaudslssliindnunaseing
- AINSERENAINULRUALLIN (seismic energy dissipation) AULEYY
MnuRuAnlausanuaulalaenisldaunsainvihainnewn@egadu
£ d' o [ d' = Y a v I3
naswiedianisiadaulnivetenns saudsldnangnsane 1ol
o A [y 44' ) = ! = ¢
PAAIMNITUATLATEIIART 9 LATEIUTEAU LATDINNULAY WiTENYIUD

U990 wagldndnlaviznan 1wy nowndes uasviesdugys Wudu

2.5 ﬁﬂ"lun']WQ(ﬂﬁqViﬂﬁﬁJVIa\‘iLLﬂ\T’U@\ﬂaﬂ
2.5.1 Usunaudrsasuivauasvadian
United States Geological Survey [USGS] (2013 914fi9ku ICSG, 2020, %1 7)
Iinsdnanazdsyiiuwvaming nsmesunsilanii waausnesunsfianunsoszyled
U319 IUINOMAIUTELR 2,100 ATy druuvdausviesuasiiialigndumy 1éun nesuns
91nAUSAL (porphyry copper deposits) LLazmzﬂaummLL@Q%Q%JUﬁQﬁuagTu%uﬁu (sediment-
hosted-strata-bound copper deposits) 1Az iiLs NoIuAsUTZUa 3,100 Wag 400 A 1UFU
gy et SsmaldinTusinausvesnsnuaminensvilanysann 5,600 s
undsusvesuasiiannsasyylilasdlvgwuegluniinirenidnild (South
America) wazaEnnile (North America) 1umdn Tuvaziiunasusnoaunaiidslaigniuny
dulug) andndaeglugiinineminild (South America) toifong Yuoonidesld uas
dulndu (South Central Asia and Indochina) Tnguviaminensneaunsdisailanuands

Tuguil 2.4
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Africaandthe

Africaandthe Western Europe,
WesternEurope, | »iiie East 8% Eastern Europe 3%

4% and
Eastern Europe Southwestern —~
and Asia, 7%
Australia, 1%

Middle East, 5%

South America,
21%

Southwestern
Asia, 6%

Australia, 1%

outh America,
39%

Southeast Asi Archipelagos, 9 ntral America
Archipelagos, 6% and the
Caribbean, 5%

South Central
Asia and
Indochina, 3%
South Central

Asiaand North America,
Indochina, 15% 13%

Northeast Asia,
>1% Central America
North America, andthe North Centr;

23% Caribbean, 2% Asia, 14%

Northeast Asia,
7%

(N) uvdksnewasaansaseyla () uaanInouaandalignAuny

JUT 2.4 uvdsusvnasuasdrseailan (n) anunsaszuls way () SelaignAuny

(International Copper Study Group: ICSG, 2020, p. 7)

ANSHAALINDILAINNantul A.A. 2019 TUszu 20.5 A1UAU AILEAT LY

a

sUNn 2.5 ‘\]u‘WU’]’]Uiumﬂ%aﬁﬂiﬂ’ﬁﬂNaG]LLTV]E]QLLﬂﬂlmUUiﬂ’]mu’WﬂV]ﬁﬂ 9 5.8 A1UAY %30

Y
Andusesay 29 ﬁtJEmJﬁmmmﬁwamlﬁmmmwwmm Tugsusesasll Town ‘Usummﬂi U

uazan3geLsN1 (International Copper Study Group: ICSG, 2020, p. 12) wonnil Uszne

ad v

gagaluddoonduusuaziiusveuns (copper ores and concentrates) unfigatulandn

e Tngdsoanveuadtud3unn 3.2 dudu Andugarinisdiesnyisdu 18.4 Wuduneaans

<

AruvsemnaludulSUd o I newnes1evg Aaduyar1nITUNT 1A ULT AL DAY

Y @ Y
Uszanad 34.08 siudupeaais sesaanfeuszmagUu duaainisundifadu 8.19 Wudu

& 1 e ¥ & v & Y el' = 1 o £
DARNT a’J‘UﬁVﬂW‘WEAIiﬂLLaSLﬂTﬁﬁIWLUUN’SU‘&@?’]EJSL‘MW@‘UWUVI 3y 4 HIAATIATTUIUT

U o

Useanad 6.01 way 3.45 Wuauneaans Aua1au (World Integrated Trade Solution: WITS,
2019)



22

Copper Mine Production by Country: Top 20 Countries in 2019
(Thousand metric tonnes copper)
Source: ICSG

Chile

Peru

China
United States
Congo
Australia
Zambia
russian fed.
Mexico
Kazakhstan
Canada
Poland
Brazil
Indonesia
Iran
Mongolia
Spain
Myanmar
Panama
Laos

0 1,000 2,000 3,000 4,000 5,000 6,000

JUN 2.5 Useinrgnanusneasuas 20 susuusnvedlanlud a.a. 2019

(International Copper Study Group: ICSG, 2020, p. 12)

252 nawAaneuAsUIaNSvaslan

ﬂ'%mmmsmﬁmmmmu’%amé (refined copper production) vasstaniud
A.A. 2019 agit 24.0 dudy Tasdadrumsnannounauiavssmeisnisis q luudazduans
ﬁﬂugﬂﬁ 2.6 6‘5@Lﬂumimﬁmmmme%qw%‘mﬂﬁum' (refinery primary) Uszuna 16.0 anusiu
WazAINUVEIBILAREndl (refinery secondary) Useanas 4.0 a1usu dudnuszan 4.0
a1 un1snandienssuisnsananleivinazatesiuiunssuisaldnlasiuds (refinery
SX-EW) nesunauigvdaingrdnlulszaiu Tudadudosas 41 sesasluidulszinada
JUu wazanizenisn ludadiuosas 9, 6 uaz 4 MuAW (International Copper Study

Group: ICSG, 2020, p. 21, 24)
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World Refined Copper Production, 1960-2019

Thousand metric tonnes copper
Source: ICSG
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Refinery Primary m Refinery Secondary B Refinery SX-EW

JUT 2.6 USunaumswanvnesuniuiansvesislansenined a.m. 1960-2019

(International Copper Study Group: ICSG, 2020, p. 21)

253  nsalavgnanasvadlan

9AAINNIIUNITHANLANZNBIUAY A1UTRUILATIES1IImINTURBUNISNER LG
A9l 1) 9aamngsutuaul lakn N137ME0ILINEILAT 9AAINNTTUDAILTLASVADLLAY
lane dudugaamnssunisndausnesuashiidunasunei gelidugy (unwrought) 2)

g 5 a ° ¢ v

geamnssutunaddugnamnssunisndanauwns lnanistinedivasualnauudssuly
I 1 3 S'oJ ¥ 1 a a (% o &
Jugunsaing q uag 3) gaamnssutudateur oA nsudandadundnsagulugaamnsy
AoLiloanng 9 1wy Fudiugunal Aeneasne waziulassasianugunldulsenauves
all Josie uazgunsaldu 9 WWudu (@andumdnuaziwannduisUsenelng, 2557)

891U ICSG loseaulilul a.a. 2020 MingRundnineitesiuneding
Fatimaduardweeniumlaniul a.a. 2019 dsandluguin 2.7 loun

- WINDILAY (copper concentrates)

- peUwesusawmesuazaauiUasuslun (copper blister and anode)

- MDWAIUIANT (refined copper) laun AaUiUasualnakazounasLag

(copper cathode and ingots)
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- AYNDILAS (copper scrap)
- HARSuINIMALaENILAINaNAIES3U (copper semis) LU a3n

wavanglivaang asnrsevianedlal LHuLazasdnang Lﬂuéfu

World Copper Imports by Product Category, 2019 /2
Thousand metric tonnes copper (unless otherwise noted)
Source: ICSG
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Blister & Anode
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Copper Scrap 1

Copper & Copper
Alloy Semis /1
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World Copper Exports by Product Category, 2019 /2
Thousand metric tonnes copper (unless otherwise noted)
Source: ICSG

Concentrates
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Refined Copper

Copper Scrap /1
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Alloy Semis 1M
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(¥) NNSa9@aN

JUN 2.7 msihdnuazdseenudndueilavevesuadduzuuuudne 9 vedanlul a.a. 2019

(International Copper Study Group: ICSG, 2020, p. 27)
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2.5.4  anudeinsldanunaiunsvadlan

Unansldnumesunaianianialansenined a.a. 1900-2020 Fauansly
sUit 28 wudnldieanmsldrumesnaniavsanerauautegtiufuivesstaiiendy
WIMNAveInIsiulnvessgaaminssunisnangunsalluiy wazBidnnselind el e
newuasdianiBnsilwiuazthanufouia Wuianfiudunsuazmumusemsianieulsd
Fattu Fadunarilsimoaunsgnianldnuegsunsuats nesunsiadulangiidunumardy
og1aunlueuIAnian1sTULAG sugRavnTIug Almal 1WU geaEmnTTuToouA LI Lag
paavnssuaduasaing iudu feonamnssumanidedugaamnssud Oufingde
Auandeu Wamagramnssuiudsumandrgamamnssuiidulinsrodwandeuuniy

At aUAINALAYNTIFN DAL BINITNT IINDILASTLANTU FITRTINITAUIAVDINT IINUNDILA

'
£ Y

U3gnivesmalanid s ud wade 3.4% fed (nternational Copper Study Group: ICSG,
2021, p. 36)

Tud A 2021 g9 ICSG Ifsenuliin mslfnunesunsgvlud a.a
2020 $UFamnnGs 25 Wudusiu Tneddududuilnanesunsuigvd nelugfigadensly

NUVIBIMAIUIFYDIN 14.4 Wududu FesRmudosay 57.6 10IMsldnunemaIuIansvianLe

World Refined Copper Usage, 1900-2020

Thousand metric tonnes copper
Source: IC5G

D b A0 O Vel H D S 5 AD b ) b H D B O
S PSS SIS F L F LI TS

JU7 2.8 USunaumsldnesunsuSansanilansewingd a.e. 1900-2020

(International Copper Study Group: ICSG, 2021, p. 36)
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ICSG losenuisdndiunisldnunewninilantull a.a. 2020 Auansgui

2.9 Tagwulul a.a. 2020 vlanfidndiunisldnuneunsisdisagyu (copper semis) 110

a

naatunguainuazanslnnewn (wire) lnefidndiunsldnewnauinisiosas 63 sadawn

N I 1

AD NAUNDNDILAINUI/UN (tube) LAZLHUNDIUAIUY/UN/LEU (plates/sheets/strips) el
dndumsldnumesuasvindusgiifesas 12 dunguitidndiunsldnunesunadususy 3
WAy 4 Ao NAUVADAYVSOYIBNBIUAY/UITIALYIBUNBILAY (rod/bar & sections) kavngunasd
nesuns (foll) Fednidudosar 10 uay 3 mudu lunsldrumeunsiuasihvedanlul
A.A. 2020 wuimaasldgninanldlunguiudaugunsal (equipment) innfigaludesay 32
sesasluidunguaunoadns naulassadisfiugiu msvudazenamnssy ludndiudosas

28,16, 12, wag 12 muaeu

Tube Industrial

Equipment
32% Transport
Flat rolled products 12%
(plate, sheet & strip)
12%
Wire Infrastructure
Rods, bars & 63% 16%
sections
10%
Building
Construction
28%
(n) n3ldaunauansdnsagy () Msldaumewasiuuag

JUN 2.9 daaunmsldnundndueilaveneauwnsludnuaesdig o mlanlud a.a. 2020
(n) nsldeumasuasisdiiogy (@) msldnuneunsiuaie

(International Copper Study Group: ICSG, 2021, p. 48)
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255 maafeulmvasnalanznouaslunaialan
waltiurassamesunsiinaindevrelanzasmiingsasuneu (London
Metal Exchange: LME) s¥#inataouiiunay a.¢. 2017 dafousiuiau a.a. 2022 Aalandlu
UM 210 WUl Fasvaneideusiunay a.e. 2017 sufsUared A 2019 SiAmeduasly

panslandanuiunIuTuaIINanIuNIsalresATEgNalan wilawndaul a.a. 2020 Wudl

'
o w 4a o

79IAILIANA9R998191UN TIUIFLANANYINIANAIULY LNSILADIUNNTAINISTEUINYD

Th¥aladn-19 FamdeainaniunsainIsknsseuInlain-19 uAiAa1Eas UINAUNISNaULT
UARAIANSILAIBNATIVEWNANIANTAUTDIET1TUSFUTEVUIU FednalisInImeoduas
Tupanalaniiugeluegeeaiios

WUz lifiveNaNsIATMeMATITIaT InTeveswaasuulnaiueinfage
Tatnamu lnglanzdlalsematuiivedlansiuinlinnudAndunsnanduuleuisvasy
& 3 s A 4 ¢ 5 = i ' 9 D o = v
frwasveulaeanledmdenudesiaud Jennitagigatvayunisidsaduiniousie
WAUNHAY TenasnuanauLaenasuIINLase1ing (wWed 8lus on9dislu nyawmm

§309, 2564)

9

Q> Price

11,000
10,000
9,000
8,000
7,000
6,000
5,000
4,000

USS per tonne

>
>
>

JUN 2.10 i mesuasiunanalansevingd a.a. 2017-2022 lumheneaaninesiy

(The London Metal Exchange, 2022)
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wiluowandulndd negeaimnssunianisdsunlasndesiiosla
Tavzneaunadansgnisnldnududnoumnnlugiugsahlniwazaudeudd mumuuas
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mﬁﬂui{u%‘lﬂwaumuﬁauﬂagﬂLﬂugﬂmwm q wion1sndndundndueidnsagy
#14 9 Ao Useinelne el nngUssmalvedugiunsnanuesgaavnssuianuadnuas
vy 1 granmnssusaeud gaamnssulihuaziedodddluih uazenamnssudidnnseding

WDudu

2.6  @auMWaREIUNITINBILAsiuUSWAlnY

Mnsenuatuanysaiiies “nsd1svaniunngaannssulanzuennguinan
(Non-ferrous metals) noawns” Tud w.e. 2557 lngandumdnuasinannaiwisusemelvey
wudlud we. 2537 fifissuien Tneaouiles Budand $1in (umnwu) degiisunethudig
Finszoos winiuildfuounaliusgnaulavnssunisndnlansveunsanduns 94
Ui uwIneawasInaslsema Wy 38 Uil duladde uwasnguusewmaluawsnile

Dusu Teelssnuiiideinisnanvownsudgns 165,000 dusel ognelsini Tul w.e. 2550

Re

lssnuillatafanisaaliesaindymaninaaesainsaringfuigauasdymawingaey

1% (% 1%
1Y

denaliludagUuiiiisanisudnnesundlugnannssutunansiiuastutatedivingu tneld
Y mesuaauignindeladusy (unwrought) laun pedilasualnauaziaunauns
(copper cathode and ingots) a1nasusgineld ugruruninlunnagd LﬁaLLUSEUL‘fJu

<

nanduriveunsnsdniaguuazdnsagusing q lassasnwesgaamnssuneauwaslulssine

Y
£

Tneanusaudseantaidu 5 ngu Aadl

1. grawinssumakazaglinesuns

2. YREVNITUNABAYIOVIENDIAY

3. QAAMINTIUWHY waznlogAnedLag

4. geavnIIuviou U iy uaglnslidnaaung

5. QRANVNITUNABVIDIAY

geamnssuaInkavaslivewns ddndiunmsldnunesunsiasay 70 vas
nsldeutanun Tnsannsowdsudnnelulssmasenidu 3 nqu 1dud frdnvuelng
uanvuananaLazdrandudiany fuaavuialnganduuidnidaronisndn asuaees

faupnszuIunsaennelluasualng nszuIuNsInaIALaENISHana 8l NaLAImINTUG
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figndndiesnis gudsvuanansdinlngazerfonsindrainnesuns wisldainainguan
aelulssimmnriunszuIumsIavisersiduanuazanel luvasinguindndudians
Buleslssnuiindedudmesuastuasdiviidy wu Tssundnaianeuase1uiie,
(magnet wires) l53uKanaIANDALURDY Lag 15snusaalnnasuasdnsusians L
Dusiu

guamnssuviaeavsevienasasdiulngltnunewndugnamnssunIsHEs
AsasuUiuanA gifu uasadesharubuniasiig 4 saufssruuieds laslugeanunssy

= ) v Yo a yy I3 = a &
LAIDIUIURINALAH LU agldvionssunsriialingidu (seamless copper tubes) @svinvilail

¥
a =

wARIINNsEUILNSAarSatugUuuUlEnsEUIunsLdenla 9

QAEVINTTUUNL LazHosdneauns Insuiesh aon ey wiia $1im Jady
Uitvluiederesuith wawu aosivelstu $1in Usemainmdld iudndeifeseidendsl
nswdanenasuduLazko v ot lUldlunsndnvesgeavnssud udueadosdnana
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1 o
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Feanlvgjazgninlundadududdidnnsetind

9RaMNIINVIOU uvs WU wazlnslwdvewns dusem Tossuia Asdwes
e WWudndnselnglulszmelng laedmiendadusiuis uazlnsiidnewaaiieldly
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geavnssuliihuasudiuBiannseting

guamMnsTunaenNeIuad dnsldnuneasunddugaamnssumsudningiuay
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doans, 2564)
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Mt momanail deTay 1.0-1.1 dudu eedyarmmaidwewuanadedes 2.0 wau
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wonani Uszinalnediilssnuiiviaunesunanvasui svimesunsnduaild
Usrlowdlminelulsse winsdwuififedsifisominiy Womnauesunsdnilngjos

gnihnduluvasulunszuiunisninnesuwasvesininsnelngjodue

1,400,000 350,000
CUsual () —e—waA1 @uuim)
1,200,000 -+ e 1 300,000
1000000 + [ ||| T 1 250,000 .
—~ )]
2 PL T 3
€ 800,000 | |o)—lol—lof 1 200,000 2
3 e
- -
S 600,000 - 1 150,000 =
e c
ks 2
400,000 |- 1 100,000
200,000 |- 1 50,000
0 | ! | | | | | : 0
% 9 N, e
o 8 2 o
U

JUN 2.11 Usnawaszyadinsdndimewasludssinalnesevningd w.a. 2558-2564
(lmsuna 1/64) Eriinnuddansensramndid gudmaluladansaunauay

m'if?iams, 2564)

1 @ = 1 a [ '3 % 1 a v} '
9e9l3NnN Usewnalngdnnsdsesnudndugineawninig 1y nandaniulssluas
YOINVIP1UNDILAT WOUANDILAY LAZ NADANI 8V ONDILAY LUUAY 1AsTE1rI9T W.A.

2558-2564 (losuna 1/64) Imﬁ%yjammﬁﬂugﬂﬁ 2.12 nulneladseanudnsueinoawng

=l 1 |

wiantheasUay 6.0-7.0 wausu FeiuanInsaseanaslay 1 WaUaIUUIY

Y



31

1,200,000 200,000
Em U ) —a—yae @wum) ||
1,000,000 - 175,000
L 150,000
~ e
g 800000 - 125000 3.
€ 600,000 - - 100,000
B
& 75000 &
400,000 |- - 3
- 50,000
200,000 |- l_ 25,000
0 : : : : | ! - 0
N
O

JUN 2.12 USunauuasyadinsaseanneasundluusemealngsendned w.e. 2558-2564
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AUNNUUSANTENTINIENY, 2564)

Tud a.a. 2011 AREnssU1EN158l5U (European Commission) MNaNsan31 “Mnisn
anunsadvesdsndunduninensiazdeoudngssuumsegianienssuiunisiindunnly
Tnluaznsslada” Tnensihnmneznawvesdeniduingivluanaivinssusn o waeadsrany
Jululdfalunisdanisveadelaefiansananuundaiasugianyuiay (A Gherghel, C.
Teodosiu, and S. D. Gisi, 2019) Ine a1 Avtiumi (2562) Wesunefiauupnrsugianyuioy
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Fiondnd el wnui i duiduvesdieduganisuilan wsvgh anyuidewihianidu
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aarUsEneuvemEni aeimalunGUINas Al yuleuduasraiiodagliliveads
witagUuusemalneazdseuunss lAalaneneaund LU 1153 LoLAanawnIain
Fuduerueud 1133 lLAanewneand udwdidannseind n153laAaneawneindin
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o,
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a a = 3

mMsnandunensusans eduasulazsesanmaluladniss lwiAanauansusansndvunly
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Tvain3e BCG Model ve3nasy ieasununimdunadenia annslimineinsssssmill
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2.7.1  wiasnuwazUsunaninaznaufalniniiinesasdussdusznau
Tugnannssunisuantudrudidnnsednddlugezneliinundeddilans
niinUzUuasludeg wu neaswas dnia Taswlloy wuaniia Wudu lngtndsinaiagdedgn
PlUeuszuuvIUnddy Wen1anleesuvadlansninysaasiuwaannaulAaaudne %#se
PlUeunszuIunssaaa Tuosdulssnuazlvlaneulansanlen (NaOH) SonaaLel
lansonlas (Ca(OH),) Tunsusuarudunsasslmdunarmiousulnduldmumnsgiu

a ¥ [ g a [ 1 | Y a A Al L] |<3 I3
AIWINA0Y NaINNTaNULFLRINaNIENBlMAARENauYawds i lanenin TussrUsenau
Wi nowwad Ludu ThaziSenninagnaudinanin “mangneunainiin (galvanic sludge,
GS)” Feflfevdnvaziazasdusznounuaiinaduasdugnamnssudiannsedndas

wandlugun 2.13 wae a15190 2.3 MuERuy

] o 1 LY LY A da 1d 3
E‘U‘VI 2.13 $I9YNANBULVDINZNDUNAINUNNUNBILALTUDIAUTENDY
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P399 2.3 fegeesrUsEnaunaaiivesnsnauiantnninewasdussdusenau

(G. Rossini et al., 2006; P. T. Huyen et al., 2016)

Waste#1 Waste#2 Waste#3 Waste#4 Waste#5

Element
(wt.%) (wt.%) (wt.%) (wt.%) (wt.%)
Cu 21.5 14.7 13.9 60.2 37.8
Ca 20.7 0.2 10.8 ND ND
Fe 6.78 9.6 0.8 0.16 0.2
Mg 3.32 ND ND ND ND
Mn 1.37 ND ND ND ND
Al 0.26 2.35 0.11 0.19 0.46
Ni 0.12 3.08 ND ND ND
Cr 0.01 0.25 18 ND ND
Zn ND 7.2 7.5 3.22 21.2
Si ND 0.66 0.1 0.14 0.13
P ND 1.22 ND ND 0.15
Na ND 0.16 0.8 0.6 ND
S ND 1.13 2.04 0.38 0.17
Sn ND 0.26 1.01 ND ND
Other balance balance balance balance balance
*ND: laiwu

755001 ganmann leisreaulilul wa. 2564 31 “graunssudidnnsetind
aslnglul 2564-2566 AaT1aznduLeed iosanmsiaungunsnididnvseindiile
sesiuwmelulad 56 sauissusuidaadoinlugnisdsuiiumaluladdudnloma
Jousodugunsalniag i1uaIetnedumedidn n3e Intemnet of Things (IoT) ¥irlkam
ABIN19KN2995 W1 (Integrated Circuit: IC) waza1infanlnsw (Hard Disk Drive: HDD)
Auled Taglaniy HOD fidimnuqgaiioseaiuarudeanisldsnu Cloud computing uay
Data center Tuns9nnsiu Big data Mifindusgnasanida sadsrudesnisaudn end PCs
Notebooks Tablets Lag Smartphones lagifitadsativayuainaudnduiidosinuuay
Anwiluszazmslnaviunaninnglsassuin” duiu iflegramnssudidnnseindvesined

ASVENERUNUTY AArdIralaensiiaUSuIansAanInaznautandnAiudusnuluae
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2.7.2  nsaansninaznaunandniitineswaaduasdusenau
M5IANISNINAENaURaNdnNAYuaINlssNUNEnTudIuBLannsailnd lu
Jagdwilalaenisdsueludasgniumdnvondes §amausen agvinissusiuvesds
1 Q’j Yo Y = 1 U 1 = 4! d‘ o o 1 7 %
wianllIneu waldedseenludsneusemadnnanvils ietnznaunanalWanmeilanemin
naulnlguselesulndanendnnismislanine, (A. Gherghel et al,, 2019; C. Vilarinho et al.,
2012; F. Veglio et al., 2003; G. Rossini et al., 2006; H. B.Trinh, J. Le, S. Kim, J. Lee, J. C. F.
Aceituno and S. Oh, 20 20; I. Beauchesne, P. Drogui. B. Seyhi, G. Mercier, and J. F. Blais,
2014; J. Jandova et al., 2000; P. P. Li et al., 2011; P. Fornari et al., 1999; P. T. Huyen et al,,
2016; S. H. Hu, S. C. Hu, and Y. P. Fu, 2011)
a a o ) ) aa <, ¢
2.7.3  ngsudeuiingaiun1saanisninagnauninesunaduasausznau
Tulagtudalufingszilovlaensaneriunisdnnisninasnauianinidl
= ¢ | < 6o v o a o a a =
nouandusduszneu ag1elsinig nmsurdaundeiinainningnainnssulisviday
Tovadudaiau diun1sdnnismnagneudiinainnisirdainideavegneldssideuniig
nsIanIsnInamavngsy el delinudeyanssyfeniunisiledaiieaniaelansdaiain
nnaznaunaniniiinesnadussdusynau
2.7.4  msanuUSiadssanssumss lofaninaznauiiinesaalussdusenay
INNITIIVTINLAEANWIUS T ALITTUNTTULT 09IAUNUIT F. Veglio et al.
(2003) lannassluszaureslfuanislunisananeiunawaziniiasinninaznouniangn
o o % o a & | a a 4 . . . =
sguuUdaudslunszuiunisndnduaiudiannseling (galvanic industrial waste) lagdl
Tupaulunsaiunisasandugun 2.14 Fdlunsnaaeslafnuinavesniuiduduvense
Fala3n 0.05, 0.10 kag 0.15 M sepuansatumsyzazatelanslungnouiigumgi 30,
50, 70 wag 90°C nn1snaassnuInlaldnsandainududu 0.15 M Ngamd 50°C Tu
SygEiIan 20-30 w19l @usaveavatelanenewnakaslansinifaannninesneuvedaly
IWegluansararensalanavan nduasazaienliannsyzaraenInaznoumesnsa
nnagnausieasavaly 10 ¢/l Areaututurensa 0.15 M azgninluldiluasazans
ddninsladlunszurunisedllvin Tneusulaisazanefian pH 2.0-2.2 wazmiuaual
Angluidualnavosgaatailliig -0.4 vV (Fndluiiveawadiiai 2.40 V) wsaununiu
a & ¢ v ) & a = vy a a
arsazangdiannsladaiednsnianei 200 rpm Feanunsadaulaveveauazinian

AneznaulauInde 94-99%
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Wastes from
depuration plant
(9-18% Cu; 9-13% Ni)

I

H,50, Acid Leaching le—
=
£
=
2
Solid residue ’ g
disposal 4 S L %
(<0.9% Cu; <0.65% Ni) o
Q
ko)
<
[
' 2
’ Cu-Electrowinning NH, Ni-Electrowinning [ @
2
5]
=
9
v 3]
<
Cu-cathodic deposition Ni-cathodic deposition g
(24-99% of the initial content) (94-99% of the initial content)} <

JUN 2.14 Fumeumsatanaawasiaziiniiaainninagnaunaindn

(F. Veslio et al., 2003)

P. T. Huyen et al. (2016) linaaesfnwanudululalunsgiunesuasain
NINATNBUNAINN Imaﬁsfumaumimaadé’qLLamﬂug‘Uﬁ' 2.15 91NANTNARDINUINNIT
YLATANLNINALNEUNDILAIAILAIATATISALVNTY 0.5 M 1281 90 il Anarvinlnlaasazane
ffinesunsitanunsaviliuiqnsgedionszuiunsdidnlnsiuds lagainnsmeassdae
nsruIunsBidnlasiudeldd ddualnadunsenszuonasveudanandugui 2.16 14
nseualudn 3, 6, 9 uay 18 AI@sJms@ué’m'}ﬂflﬂwaﬁuaaaLﬁﬂimﬂafﬁﬁ 200 U/h agdlnavinle

anansafaunewadlaiinndl 99% luian 2 Flus



Galvanic
Sludge

PN ' g '

‘ Filtration

{
Leaching
]

Electrowinning

Cathode
Incineration

¥

Washing ’

Leaching
Residue

JUT1 2,15 dupsunisaianeunsainninazneuiinaingnamnssudinnsedng

(P. T. Huyen et al,, 2016)

Flow Out

| I-— Cathode Feed

Porous

Cartridge Core Plastic Outer
|__—" Support
"=
Anode Feed
Carbon ——1
Felt Cathode ~
\ Anode

Flow In

JUT 2.16 amanaveseadlunszuIunsaiantnsiutawes Porocell reactor
(P. T. Huyen et al,, 2016)
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P. P. Li et al. (2011) la@nwin1sananeuns wan lasilleunazdniiaain
nnegnauinannisurdadndelunssuiunisyuadouiialane (electroplating sludge)

'
1 =

Mgisnsvravatesaniunszuiumsdaninsiuds lnglaaueisnsannlansiiamifninands
dg . d' 3 Q" o w 1% a 6 1
fUunouRandluzuil 2.17 JuneundiAnusznaunie (1) S3UTIUWALIATIERAIUNANN
\ATlvRININRzNOUUDILAY (collecting and analyzing of electroplating sludge) (2) Naa®4
a v U a A . . °

YLAZAIUNINAZNIUTDILALMBNTATaNIIN (acid-leaching) wag (3) NAassuaIsazansul
wenanalansliuIgns vy 1neis uienannnodateonIINaITaLaIgn 18Iz UIUNIT
a a a a | < o < = | [ <
Sianlasiutlenou Mnduihaisazarvlunenuan lasdlenesnaenignisanaznauliu
a15U5gnau chromium ferrite gavingansazatsiazgninliuenaiaidniianie385n19

willnimaly

Collecting and : ------------------ -:
analyzing of <L:| ! Testing of water :
electroplating sludge : comeentration "
i i
E—— 1
h 4 : I :’:stny:g,l OfP[—.l and "

4 . : vt
Acid-leaching : conduchivity :
1 I
: Testing of heavy metal :
N . AVER\I/4 1 1
I P~ |

Electrolytic ‘: Copper recovery by

copper I electrolysis || = mmmmemcmmemmmamamaaa 5

Analyzing of pH and
conductivity

'

i

1

1

1

1

1

1

1

Chromium ) Iron and chromium :
ferrite 1" recovery by |<:|

1

1

1

1

1

1

1

1

1

: precipitation Analyzing of electric voltage
1 and current
1 A
s I 1 F - ~
Electrolytic I Nickel recovery by Analyzing of heavy metal
nickel ~@eereebes electrolysis recoverv rate

gﬂﬁ 2.17 TURIUNISANANDILLAIAINAINAENaUIARINANSUNIRULEsTunsEUIUNS

uidauRilave (P. P. Li et al,, 2011)
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C. Vilarinho et al. (2012) la@nwin1sjAunesunsainninazneuiainiin g
lanaassrzazatunznouiaitindlensadailiin anduiwilimesniusanslaenis
wanildeulosauveslany (cementation) 31NN1TNARBINUTIAINITON AU INDILAILAY
Hniialeta 99%

H. B. Trinh et al. (2020) l9vnaeIn13AAuNaAINAZNoUYDLAENARAIN

a a ¢ o 3 Y  aa ' 9
N1THAAWHIIITAUN (PCBs) 7l dinasunndueinusenaudlsifnisyrazaiasufiu
nsyurunsoLanlasiuis lnenisvzaraienynauvedds 4 ¢ alensataiisnAududy
100 g/l Usuas 200 ml Ngaungil 25°C Wunian 4 Falus antudsinlineunsuiansioeg
nsuwenanameIsneaillniiduanddugui 2.18 msanneiivaizaude Toanuruinuy
nsgualniln 15 mA/cm? nsadafasnidudu 100 ¢/l USunavesunsluaisazanoidudu

= a = Y Y - = '
20 ¢/l Migaumindl 45°C WuLaan 6 Talus IneNanITNAABILAnIRasUN 2.19 Fanudrause
YrazalenuwnInazneuvendslaneiesas 90 aeluiian 5 uii lumeanduiudesne
wssnulnidgiaddianinslaganuindadiuremesnduasazaredianinsladana
ni13esar 90 ialianiuly 10 Wil Weduganszuiunismaadlnimudtaunsadau

lavignasunanianuusanshisininesas 99

Power supply

Anode Cathode
] < -
S =
I ‘ : {
‘ { » Electrolyte
— ———J ., Stirbar

@ @ —— Hot plate

U7 2.18 AMALARYBLTARLIUNTZUIUNIIBAR LAY (H. B. Trinh et al., 2020)
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100 | () = = u
80 |
-
2
S
w 60 |
e
=
7]
=
=1 -l
]
= 40F -
&) -
20 F e e
T —— Cuin solution, single acid leaching
..-- —— Cu in solution. acid leaching & voltage application
L I Cuon cathode. acid leaching & voltate application
0 ! 1 L 1 1 L
0 50 100 150 200 250

Time (min)

'
=

JUT 2.19 USinaumeauadludunoudng 9 1094n151Aae)AunedLaeaInnINAznauYetded
ANINNTHERLHIINATTNRMENITYEazane SIAUNTE LI INIAT LI

(H. B. Trinh et al., 2020)

J. Jandova et al. (2000) lanaaeifAunatnIINAznaurasdsniineuns

Jussdusznevdelinszuaunsvnassuananalugui 2.20 lunisvaaedldiauneswaslieg

Y

lusUvas copper concentrates Ingmsyzaratgavnouademensadaiasnauudy

0.5 M anuulavinnisanaznaumelaneulansanlas waziinznaunle b (calcination)

Ngaungil 800 3 900°C tWuraan 2 Halug ntuldihnzneudinailuszazarasiensadn

Y

[ -~ £4 aa a £ ! o )
ATY Walilaansazatenedwnindanuuiansas newasiumnaznawduasuseney
v o &

nouaslansanladidutu el tesinniswinzneuasinlisiauafiueg 19wy 1wan

a [ = aa I s a ! <
pvalifioy dansd wasddneunansiluaisusenavesnlen LosInuanumg 9 nangLlu

Y 9

arsuszneveenlyduan Navaunsaavarslunsalavosauazueneanuiegluglvenzneou

Y Va v

mewnil Jadununliidvaulafinwnginssunmsvzazaenewnsainninaznauianiing

Y

FUNSHLAE LR UNTIHN
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Copper waste sludge

air + Hy0,—»|  leaching (1) 0.5M H:80,; pH=0.9-1.0; 20'C; 30 min
*
S/L separation —" acid leach residue ]

v
pptn.(1): 50% NaOH; pH= 6.0; 20°C; 0.5h

v

S/L separation —— solution for disposal
¥
contaminated copper hydroxide
¥

air-calcination: a) 300°C/2h; b) S00°C/2h

v

leaching (2} 1M H:S0y; 60°C,0.5h

¥
S/L separation — insoluble residue
¢ {to dump)

purified copper solution

-

pptn.(2): 50% NaOH; pH=6.0; 20°C; 0.2 h

'

S/L separation |— solution for disposal

l

Cu-hxd roxide concentrates

Eﬂﬁ 2.20 TUNBUNTANANBILAIIINAINALNBUNBILASTIHIUNITHINILED

(J. Jandova et al., 2000)
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gauniiveInswansUsenevlzdwrasion1sdsusivedanlsenaulagns
Falup51991 2.4 wansdegaumgiinsaatediluanizunivesarsusznaulseiandaine
nfag gy Waw FeSO, aeiiuinnsaalasifgamnl 500°C 2ntuazisuaaeddy

a

Fe,0(S0y), igaumail 535°C uagnaneiliuansussnau Fe,0, Wofagaungil 650°C luvad
¥iNN15LH Na,SO, figaumgil 1,2000C Fi3aiAnnsaansd (F. Habashi, S. A. Mikhail, and
K. V. Van, 2011) faifu gumgfifiunsudnmsinninagnouiainin iileidsusiauaiiu
agagu mdn ezaivilon dened wazuunldbinaneduansusenevesnled msidenld

gaunniuInndn 800°C Yuly

M50 2.4 gaumgiinisaaemiluaniizunAvesansuseneulssiandainm

(F. Habashi et al., 2011)

Sulfate Starting temperature of = Temperature of energetic ~ Products
decomposition (°C) decomposition (°C)

CuySOy 120 200 CuO, CuSOq
600 CuO-CuSOy
750 CuO

CuSOq 650 670 CuO-CuSOy
710 CuO

HgSO4 450 500 HgO-HgSO,
>500 2HgO-HgSO,

Ag,SO, 800 900 Ag

NiSOq4 700 765 NiO

CdSOq 825 850 2CdO-CdSOy
890 Cdo

CoSOyq 720 770 Co304

ZnSOq 700 720 27Zn0-ZnSOq
760 Zn0O

PbSO4 640 700 PbO-PbSO,

2PbO-PbSO,
4PbO-PbSO,

960 PbO

Al(SOy) 590 640 ALO;,

FeSO, 500 535 Fe,0(S0g),*
650 Fe,0,

MnSO, 700 800 Mn;0,

MgSOyq 890 970 MgO

Na,SO, 1,200 - No decomposition

*Formed as a result of oxidation: 2FeSO, + 120, = Fe,O(S0,),



a2

G. Rossini et al. (2006) la@nwinisnaulaveneuns dnifia wazdengd an
nnegNaUNaINtn 4 Aeg19 (GS1, GS2, GS3 way GS4) warainninagnaua uiy (leached
coal wastes, LCW) #2835 015108 suasuszneudalndlvnatsiduansusznoudaina
(sulphating roasting) TnefldunaumaniuaramiuiuvesninaznauLansisluasei 2.5
Iumwmamlvﬁ”ﬁﬂmsﬂwmﬂmﬂauﬁqmmﬁ 450-700°C (Jutaan 30-120 wit 9ntiuth
avnoudilalvzazarodasunusiranlessy (deionized water) uaznsaLilousnnznau

lavie (naauas dnifia uazdangd) Nnnagnauesnun IINNTNAGBINUIIANITANAUNBILAY

Inuia wardanzdlanasesay 50, 43 war 60 1WEUIA AUAISU

A519% 2.5 esAUsENaUNINAlveInINAznauiadnuaNINALNaUaIURAY

(G. Rossini et al., 2006)

Galvanic sludge Leached coal wastes, LCW

(%) (%)

GS1 GS2 GS3 GS4
Cu 147 13.9 60.2 37.8 43.2
Fe 9.6 0.8 0.16 0.2 ND
Zn 1.2 7.5 3.22 21.2 ND
Ni 3.08 ND ND ND ND
Ca 0.2 10.8 ND 0.35 1.8
Al 2.35 0.11 0.19 0.46 0.6
Si 0.66 0.1 0.14 0.13 0.2
P 1.22 ND ND 0.15 ND
Na 0.16 0.8 0.6 ND 0.4
Sn 0.26 1.01 ND ND ND
S 1.13 2.04 0.38 0.17 37.8
Cr 0.25 18 ND ND ND
H,O 67.5 60.2 59.2 89 0.5

NNSANYIUTIALITTUNTTUT B UNUIT N13fAulaneneneaInnIn

ngnauianinmenssuislaninerauiouiiu venandesldndenugelunmsgaulansuad
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galaanuuiansvedanendinnisnaunldaanitn Tuvaeinisifulanenearinnin

AENOUABIINAENTTNITlanINe1d1sasa180810Y U N15¥razane (leaching) Aae

s
a

A1598A18NIANT 0A193UATUNTTUITNIVI I UTanS (purification) A1835N15619 9 Lafu
Sianlnsiuile (electrowinning) N1sANA¥NBU (precipitation) karn15aza1slansunudm

(cementation) tJu3gAfUszANS A e gldndinusn uazdaausaadalanslday

e

1 ¥ = ¥ va o

U%ﬁ%éﬂaumwaqqaﬂmaa (P. T. Huyen et al,, 2016; H. B. Trinh et al., 2020) G’hamqu HIvY
F9ldmdondnwnisslodaninazneutanindinewnadussdusznaulnenisudmdu
waumw?qw‘ﬁg Fatumeunsinulduvseendu 2 Suneu fil
275 YunsuNsYZAzaNe (leaching)
nsszavaredunisidonavanslansdifosniseiearsvrazas (leaching

reagent) Mwnzay nanie fvharanetudosannsaiiszazasanylansfideints wie
vllanzadndu q avansadluluasavaredeteniian faiu madenldfvhazaisd
wisnrandeduiiadedidydmiunisvzazareddased dnaneauansalunisiden
YLATANYNDILAT LU

1) wlnveenia

2) ANUINTUVDINTA

3) dnsnduvevalravasval (S/L ratio)

4) 9auunil Uay

5) a0 Wudu

J.E. Silva et al. (2005) l#@nuingAnssunisvzazarsvesninaznauiiie

Mnszuuthdnindeddidniauaslasdvndussduseneu (NI/Cr plating galvanic sludge)
Tngldmaasuuisuiisunginssumsvzazansveslaneminfieglunnmzneusensadaiiain
Auansazangwauluiy (NH,) kazuwaulatdeua1suaiun ((NH,),COs) @n1ien1snaaasnis
PEATAIUNINAZNOUN INATILAAIRINISIIUT 2.6 UAT 2.7 TINANITVIAABINISTEATAILRIE
ansvzaranens 3 via Inefvunlienndruresvesainevesuds 10:1 uazaududu
vpInsagaiasn 100 ¢/l LLaméTﬂugUﬁ 2.21 nuidlenanlunisvzazateniuly 1 9219
N159¥aLagNINATNBUAENTATANISN (ﬁ’QLLamiugﬂﬁ 2.21 (@) Tuse@nsanlunns
yrazanlanenaadlasniinisysaratemeaswemluelazarsuanladeunisuaiun (A9

wanslugun 2.21 (n) uag (1) auasiu lneninsadaiinsndussdviamnistzazaienauns

TaUseunmusagay 80



AN 2.6 @N1ITAITVY

aq

ATANUNBILAINIENTATAN3A (J. E. Silva et al., 2005)

Condition Test number

1 2 3 4 5 6
H,SO, (g/V) 100 100 100 200 200 200
L/S ratio 5:1 10:1 20:1 5:1 10:1 20:1

M50 2.7 @nensyzavangssansavaenguwexluily (. E. Silva et al,, 2005)

Reagent Test number

1 2 3 4 5 6
Ammonia (g/1) 0 50 100 100 150 200
Amm. carbonate

100 100 0 100 150 200
g/
pH 8.54+0.64  9.63+0.13 11.32+0.41 9.61+0.17 9.75+0.15  9.85x0.19




dissolution (wt, %)
L
L=}

1 5 9 13 17 21 25
Leach time (h)

|+CU —+—Cr —8—Ni +Zn|

(1) L/S ratio 10:1; [NH5] 100 ¢/t

80
é 60
g
‘= 40 4
S /r—x—’—" —x
b
S 20 %
—8
=
0 = # . : : .
1 5 9 13 17 21 25
Leach time (h)
l—x——Cu —e—Cr —8—Ni +Zn|
() L/S ratio 10:1; [(NH4),CO5] 100 g/l
100 4
g
FE=K-X * ®—X —3
g’. 1 M
4
< 60
S
__é 40 4
= 20
03 T T T T 1
0 4 8 12 16 20 24

Leach time(h)
|—¢—Cu —=—Cr —a—Ni +zn|

(A) L/S ratio 10:1; [H,SO4] 100 g/l

JUN 2.21 msveavanelavenegluninazneuveddemeansyzaraleyiiamg o
(n) wouluily (v) wenlanlleumisuaiun uay (A) NsATaTITN

(J. E. Silva et al., 2005)
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C. H. Wy, C. Y. Kuo, and S. L. Lo. (2004) la@nwianudululaluniswen
ananeslaalariiniiaoonainninagnounalniin lnensvzazatemiensndunsd (organic
acids) slaussuiisuanuaunsalunisszazaionlensadndnuaznsanadin funse
a1lun3d (inorganic acids) laun nsadadain nsalussnuazninlalasaassn lun1smeassla
Anwnieaiudsfdnanenuaiuisalunisszazats lawn viauazaududuvense
MINEIUVDIVBLTIRBVBUNAT AT kazANSITaUlUNISNINENTATANURDANNAINNT
Aszaratsneunslunznou Jaildan1iznisunasuasnanisaasssananslunised 2.8
LLazgﬂﬁ 2.22 MIUANRU ANNNTITNARBINUINNITYLALAINDILAIAIBNIATATISNLAENTA
Tunsnfinudutu 1 M @aunsavzazalenewaslaae 90% vasfinsauedfnaunsaay
aneveauasliiiies 80% wavainnisvaaeszazaesensngaThin nsalusdn wasLednnd
AududuLeInsa 1 M syaziatlunnsvrazatsnaus 5-180 U7l B98NANTNARBILENS
ﬁ’qgﬂ'ﬁ' 2.23 wuln1svgazatenlensataiainuaznsalunsnlulian 60 w19l awnsa

YLALAYNDILAILA D 90% TUVULANTAKBTANA1UTVEaTAelanENoIAdla 50% 98

nMsMUIIeEarnTrzazay (%leaching) aunsaa1uiulaanannisi (2.1)

%Ileaching = WlTWf %100 (2.1)

i

MITNT 2.8 dN1IZNITNINABITEATAIRMIBNIATLARIY 9 (C. H. Wu et al,, 2004)

Conditions Extraction procedure

Sludge (g) 5

Diameter < 9.5 mm

Solid/liquid ratio (S/L) 1/20

Extractant Citric acid, acetic acid, hydrochloric acid,

nitric acid, sulfuric acid
Concentration (N) 0.1,0.5, 1.0, 1.5, 2.0
Time (h) 18

Mixing (rpm) 30




100
80
_“.\‘:
?_/ 60 -
-
L
=
5
e ok —— Citric acid
’J: —— Acetic acid
20 F —x— Hydrochloric acid
—&— Nitric acid
—=— Sulfuric acid
0 1 1 1 1
0 0.5 1 1.5 2 2.5
Extractant conc. (N)
E‘Uﬁ 2.22 NN592araslanenadkA9aINNINALNaUY WAL ILNTATLAF 9
NRAMULVNTUA9AU (C. H. Wu et al., 2004)
100 -
¥ 4
80
S
- 60
L
2
£
5 40 |
—— Acetic acid
20 1 —o— Nitric acid
—a— Sulfuric acid
[} L L l
0 50 100 150 200

Extraction time (min.)

JUT 2,23 ANaNNT0lunIserara1eneIuassienIadaiasn nsnlussn wagnsnuedan

Tuszezafiwansneii (C. H. Wu et al, 2004)

a7
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U. Thawornchaisit, K. Juthaisong, K. Parsongjeen, and P. Phoengchan.
(2019) Igvunean s Ty auiunIssrazaIe oA INAZNauYedeTiing1nN1SKAR
LHI9SAUN (PCBS) #28n1500nLUUNISNAaeIRUULnvaLSua @ lduSouifiou
ANNEINTIUATYEATAENDALAIAIENITATaTISA nalunsn wagnsalalasaassn Tunis
naaaslddnudaiulsisinaseauansalunisszazats Toun vlauazanududuves
N5A DASIFIUVDIVDILTIMBVDUNAT WaTIAIRBANNANNITALUAITTEATAIENDILAalY
AENOU F9laN1IENNTNAADILATNANIIVAABINARIATIURAI519T 2.9 LLangﬁ 2.24 @UENU
INANSYIUINUTINITVLALANENBILAIA B NTATAT IS NAIU1TOYLALA18NDILAILA 19
61+1% sosashuiionsalundn uaznsnlalasrassndsaunsaazatonesuadlaifies 50+4%

LAY 32+1% M1Ua19U

A15199 2.9 @N1ENITNAABILATAILUTANN 9 NENafDYEaraIsnNDILASAIENTA

(U. Thawornchaisit et al., 2019)

Coded Description Experimental field
variables Low (-1) Central point (0)  High (+1)
A Concentrations of acid (M) 0.2 0.6 1.0
B L/S ratio (mL/g) 10 10:1 60:1 100:1
C Leaching times (min.) 5 40 80
70

~ 60 1 O

2 _

}CTJ 50 1 O

= 40

S -

= 30 - O

"é-‘ -

o 20 1

=10 A

O T T
Sulfuric acid Nitric acid Hydrochloric acid

U 2.24 NANISYINUNYAMUAILITA LNV AL AN DILAIINNASNDUVDLALNLANIINAIT
NARHIIATRUNIENIATaTISN NIalunsn waznsalalnsmassn

(U. Thawornchaisit et al., 2019)



a9

C. Vilarinho et al. (2012) l¢nnassaialanzainninazneufiinainssuy
vidminide Fenzneuiidrunaumaaiiuszneudioveuns Tasley warinfadundn lu
nsvnasslavraralsnINALNoURIENIATANISNAULTNTY 100 ¢/l BRTIAIUVBIVDUNAD
AOUBLLTe 10:1 LATNIUANTAYANEAI8A1USE 400 rpm wamimaamamﬁﬂugﬂﬁ 2.25
Tngaznuitlumsyzazarenzney 30 Wil @nsafiasliinnsrzasaluvemoLnILay

Jniialang 99%

100
< 80 g8
pri]
E’ 60
E il N\ |
733 40 —a—CU
a

0 & T T T
0 2 4 6 8

Time (h)

JUN 2.25 msidsunUasanududurasaveninainmsssaraiengnoudidniide
AunIndatiInANUINTY 100 ¢/l Tuszezarnunnmeiu

(C. Vilarinho et al., 2012)
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P. T. Huyen et al. (2016) lfs10nuinsadaiinindadunsaifsagnuayil
Uszansanlunisvzazatenesasdia widlnnuasnsalunsidenszavarslanslang @
a1savarsuauluiile (ammoniacal) alnuanunsalunisidenvrazatelaanin wndl
UszAnsawnisvzazaneadionududuiindy d9 P. T. Huyen et al lémaassvzazans
nangnaunaiinamensagdaiasnidudu 0.10, 0.50, 1 wag 1 M laadidndiunisazaieves
Y0939 (nznouvends) deveunad (Fvhazane) agjﬁ 3 uay 10 % gaungil 35°C i
15 Wit &9 3 Falus uazniuansazatesieAuEl 600 rpm anTuYNITNTELENNIN
aznouilllazatgeenainaisazaly Imawamﬁmaamameﬁ’qgﬂﬁ 2.26 Fanurtan1zi
WLNZENAINSUNITVLALAUNDIUAIIINATNDUTDUFLAD AMUTUTUNTA 1 M dadiuved
YpaLdasiauaamal 10% ‘mezﬁgﬂﬁ 2.27 uanadeUSunnveaesaduaisazaioile
PrazaemENInTaTIINLTY 0.5 wie 1 M fisvasinananeiu nuinisteazatesisdudy
nsa 1 M uarlddnaiuvaaideroveaal 10% @1u15avearaleneawnsannnnaznaulan

gadlovanlunisyzavareruly 30 wi

25 1 - - -— — -

20 -+

—_
v
i

m 3 wt%
@10 wt%

[Cu®]/gI?
—_
o
|
|

7.

0.1M 05M i10M
[H,50,]

JUN 2.26 USunawesmesadluansaraievvararengnauianinmensadailasn

Afenududusinstulunan 30 widt (P. T. Huyen et al., 2016)
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25.0

200 -
-
< 150
[++]
- —8—3% w/v, 0.5 M
~
3 100 - —A—3% w/v, 1.0M

——10% w/v,1.0M
’________-';—_:—__—-—‘I—=‘ i
5.0

0.0

0 0.5 1 1.5 2 25 3
Leaching Time / hr

JUN 2.27 YSinawesmesiadluasazaienvzaraiemensadanisnidudu 0.5

3o 1 M lusseriiandeny (P. T. Huyen et al., 2016)

S. H. Hu, S. C. Hu, and Y. P. Fu. (2005) laWau135n159asataneoawng

v
a4 a a = !

IfUsEANTA MU N AUNBILAIIINAINAZN D UVBLAYTNATUTENINNTHAALKNIIIDT
a ¢ = Y  ax a v o a a 1 Y] o § w
Aun (PCBs) F9U52n0UAIBIN1T¥zaza1ERZNOUTDLEDMENIATaNITnTINAUNITYIN A
VoaunIUIanalaenisanaznaumeasazatekeululle lnulanaassyzazaisngnauves
Femensadainsadudu 0.1-4 M §nsadiuveswetudaneroamnaiusyuiad 1:10 1Ia1n15
gravaly 1 43109 waenIuaTaraIeiienIuia 500 rpm wanInslugufl 2.28 wuiinig
PLATANNOILAIIINAZNDUVOILFLAIUNTATATNITATNTY 2 M 81015087 AN0ILAILAD g
85% Aglu 15 U9l kagld oA uagANITEUIUNITNARBINUINAINITAN AUNDILAIIINNIN

AENOUVDIMLAATUTENINNTHAALNIIATAUNLADY 95.2%
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100 —
L 80
g
q 60
o
(@]
G
O 4D
P
9
820
o]
(o'
D 1 L i
a 1 2 3 4 5 )

Concentration of sulfuric acid (M)

JUN 2.28 dadunsnAunsawasannagnauveudslagnisveazatgnlgnsadailisn

ALTLTUANY 9 (S. H. Hu et al., 2005)

INNSANYIIUIFENLABIVDINUNITVLALANDILASINNNINASNDUVDILEY

=

AR RTUIAUTZNDUTNAUNUIINITVLALAENENDUNDILAIPIENIATANIT LU TT9h

4l 1) fiamanunsalunisazaleneaunsiigs 2) T1Agnuaznide 3) liuuseansamlunig

[ a ah a o A & v o
wananamenszuIuNsBldninsIulsdudnarsiiduasazatedama wag 4) @1U159UINTA

(%
v v

Pdudnduundusviazanelasn (N. K Sahu et al, 2012) fatiu Wideladenldnsa
Fai3niduansvrazanslunsvnassurazaieneunsnnInanaufain uenani Sald
aulafnwduusdu o fadmadeUsinamewnsiiararsadiluasveazans (Auansaly
nsvvazany) e Anudaduresnsndaiiisn 1, 1.5 way 2M uazdasrdulngtiminyes
yosuddadunzneunewnsrelsunsvearaidaiuaisazaionsa wse S/L ratio 100 uaz

200 g/l

276 sunaudidnlnsiuds (electrowinning)
msafalanefonszuiunsdidnlnsiuds f9auszasdileadalanzain
asaganslitianmduveadeiifinuuignigs lnsasazarefindionaldinand unou
AMsvzavate (leaching niedunaunisinisuansazatenlsnssuislaningaisarans

(hydrometallurey) Tsnzuanisinanuenadasesieizmandlud (N. Perez, 2004)
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M. E. Schlesinger et al. (2011) l9sisnuinnisainlanenodnsainasazane

MENsEUIUNITBANINTILTNUTENeUMEDIAUTENBUAN 9 Aauandluguil 2.29 Audl

1)

2)

3)

Anode: Pb-1% Ag

nsudalazualng uastaneluaides (inert) usdudeilin

SLaa

IgfasluansazaneBianinsladuigndfd CusO, uaz H,50, 1Ju
p3AUSENDU
nmsTenszualiinanunasigliinssuansadigwad Bian-
Tosudls Tnedinszualnfilvawuuasursasainunasse il
NutueTun uazansazanedidninsladdadudetlniinoulua
ﬂfﬁJLﬁ’légﬂ%’ma%mﬁ\iﬁh&ﬂﬂ/\lﬁ’l (Faualne)
nsinzvaslessunoiunsainaisazaredidninsladludaia
uelna Taglindanunsiuedeuvesufjiteiriusadisinduyes

Ccu? u cu’

DC Power Supply

Cathode: Pure opper

Size: 5%5x%0.1 cm? Size: 5x5x0.03 cm?

\" A

Electrolyte Solution

CuSO0, + H,80,

JUT 2.29 amainveseaddianivsladuesnsyuiunisdidnlangiuil

(N. Ma-ud et al.,, 2019)
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2761 UfA5e Al 1v09ns3UIun15818 NTnsT Ul 4U0IN0 LA

(electrochemistry of electrowinning of copper)

M. E. Schlesinger et al. (2011) ¥ enuienfuusngnisalfiifaiu
Tunsrurumsdidniasiulwemesasing 2 Usens fio 1) fitauelusdwiunanlansuay
vowgiafuiuasinufie1oondindu (oxidation reaction) 1u Tasfiunudauelunaglsl
anefvieavaromglavgaziilnuiuniusenisunse uluasazarensaiuzduldd
Lwiﬁ%y’aLLaIumﬁazLﬁmﬂﬁﬁ%mmiamaﬁwaafwﬂmaLﬁulaimmulaaau 90nTUleoaY waz
TWsidnmseusenude Tnefleendiaulossuasindeuluiitauelunudnareduufaeendiay

nATuUIntakeluaty dulslasiauleseurzsiudiiueyyadame (S0,4) naneidunsn

9 9

o

Fafa3nlagusingnisalaenaduansluufisenad (2.2) wag 2) nowwasniuszquInae
aaefignaananalsazateaaUiuasdaine azlusudlannTauNtILAlNaZ LI NNy

laveneauasu3ans lnentiualnnagiinUfiisen3santu (reduction reaction) ¥u vinlyt Cu®*

wiuBianaseundinateidunaauasuigns (Cu’) inveguuusudiwalng lngusingnisal

Aanauanslulfiseadl (2.3)

Ufisevuelun

-1.23V (2.2)

HZO(L) = H+(g) + 28 + 1/202@ E
UFA3e7uelng (5197 2.10)

Cu*y + 2 = Cu%y E =+403aV  (2.3)

Ufselaeiusening (2.2) way (2.3)

CU2+(aq) + 50427(aq) + HZO(L) = CUO(S) + 2H" + 1/202@ + SOqu(aq)

o

E =-089V (2.4)



M9 2.10 Adnglaliannsgiuvesrdasadifndudl 25°C (P. Vanysek, 2010)
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Ufisenasaeadinndu E’(V)
Na*(ag) + e—> Na(s) -2.71
Al*(aq) + 3e—> Al(s) -1.66
T + 2e—> Ti(s) -1.63
TiOx(s) + 4H" + de™—> Ti(s) + 2H,0 -1.076
2H,0(1) + 2e'— H,(g) + 20H(aqg) -0.83
Zn**(aq) + 2e — Zn(s) -0.76
Fe**(aq) + 2e— Fel(s) -0.41
Ni**(ag) + 2e —> Ni(s) -0.23
Sn**(aq) + 2e — Sn(s) -0.14
Pb?*(aq) + 2e — Pb(s) -0.13
Fe**(aq) + 3¢ — Fels) -0.04
2H*(aq) + 2e— H,(g) 0.00
Sn*(aqg) + 26— Sn**(aq) +0.15
Cu*(ag) + e— Cu'*(aq) +0.16
Cu**(aqg) + 2 — Cu(s) +0.34
Cu*(ag) + e— Cu(s) +0.52
Fe*(aqg) + e — Fe’*(aq) +0.77
Ag*(ag) + e — Agls) +0.80
IrO,(s) + 4H" + de™—> Ir(s) + 2H,0O +0.93
RuO,(s) + 4H" + de—> Ru(s) + 2H,0O +1.12
Pt** + 2e— Pt(s) +1.19
Au’+ e —> Au(s) +1.69
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NARAUITIARTUIUNTZUIUNITBLAN A TIUTIVDINDILAIT A 9T

LA

1) lavegnewnsuiansninizndiualne degnihfdusnandeaisazany

= a £ < ! A
bW @aaﬂLE)']Ia‘WS‘Vl@\‘iLL@QUiﬁVIﬁIﬂWa@NLUUIaViz‘VI’ENLL@\‘ILLVN 199

~ Y v

JUNSIBU 9 aufignArdieanisiited mingluguvemeuaualng

Y
(%

2) uwhaeendauiiiinditauelun
3) nsadain3niianunsaunduaildlv (acid recycle)
M. E. Schlesinger et al. (2011) Tés1e91udnusedulniwaznszualafig
$ududmiunssuunmsdidnlnsiudemeuniifoyadsl

[y Ao & o [ a a a
LLN@UVLWW’WH]’]L‘Uu&’]ﬂiUﬂizU’JUﬂ’]iaLﬁﬂIGﬁ’JU‘U\W@QWE}QLL@Q

wssulwihpnamaudmsuliisenn (2.9) (theoretical voltage for

reaction, E”) daAUseuas 0.9 V

- uswulnihduAudmsunisavauneuasiiualng (overvoltage for
copper deposition at cathode, 1 ) HAUsENad 0.05-1.0 V

- ussulwid A udmiunisiTauinisueseendiaui welus
(overvoltage for oxygen evolution at anode, 1 ) HA1Usrana
05V

- uwserulnfhvedleviunnaseudianinslas (ohmic potential drop
across electrolyte, V) fa1Uszanas 0.25-0.3 V

- uswruliiivesleviuanaseslugiiauasuazdnssanszuavoasas
(ohmic potential drops across cell hardware and rectifier, Vy+V,)
fA1Uszann 0.3 V

nszualnifisdudmsunssununisdidninsiudwemeuns

- msgapdeuszavamnszudliiiilesanuiisendrade (current
inefficiencies due to side reactions, Cl.)

- msgapdedszavsnmnszualiifiniosnnszualuiiline (curent
inefficiencies due to shorts, Cl.)

- Aszl@sInneluees (stray currents in the tankhouse, SC)

wuudasssulnduaznszualwinnsududmsunszuiunissldniasiuila

s
a

YoaasAandluzun 2.30 nudmussiuliihdumnanunsouenaialavenewnsuIans

PENTTUIUNIDLANIATIURY A Uszanu 2.0 V
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a1y (Power requirement, P) e nanmuuoawssdulnituas

Aseualniin Aaun1sn (2.5) wagdiayinuiunui

P=VxI

lAnsIviaunaveagui 2.30

(2.5)

SC
Vi
9 I€,+Cls
3
£ Vi
< +
5! L
S ]
(&)
0 0.5 1.0 1.5 2.0
Voltage (V)

JU7 2.30 wuudaewssiuliihuazaszualniiidnludmsunssuiunsdianlasiui

VDINBILAS (M. E. Schlesinger et al., 2011)
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2.7.6.2 ngueshsuaddmiudianinglada (Faraday’s law of electrolysis)
M. E. Schlesinger et al. (2011) lasnaeuin luida wisiad (Michael
Faraday) l@@nwaanuduiusideusunaniisaS unausualuin (amount of electricity) 7

1

mdeufiiuszmNBaninsatuasazaredidnivslad Fedununieusinaesianiiatu

=

IaUSunuazarvatlluarsazaredenuduiusaawansluaunisy (2.6) sail Aa

m It

_ MItg

8 (2.6)

Adng il wieunssdulninfesnslaluufAseMAnTY (Brow)
A5 UBLANATIUTIVDINDIAILIINHATINVBIAA NS AT Tun sto Uz AR U

YosEnsavaedlannslan (Egpmie) Ineatuadlaain
thmic: IR (27)

Ardng i 1eTun1svi i S e1ve usad i nt U (Ereaction)

Tagmuilaan

o RT [ aproduc
Ereaction: E - _[ prod t] (2.8)

nF laedyctant

o

U dl o U
Ardndliihaldlunisiorvuglnanlsiwtud sz 9 (Eporization)
1 (2% a 1 a dl 5 (2% 1 a dl 5
iU whdeenBlaudiuiunvInelun (O, overvoltage) waziialalasiaudruiunaualng (H,

fa a | [ | A 4
overvoltage) nelulaadianinslada wazardndluiinnasoulilo91nAMNAIUNIUVS

pUnsalldaNResYNI1UgaanuLnasng i (Buonee) WY UaU13 wavanelvidouns Jusu

]

(%
LYY J

f9TU wasINvsAAng Wi uwandlaeadl

ETota1: thmic+ Ereacti0n+ Epolarization+ Econtact (2.9)
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S d v

1INNSANWITEMALIVIRUN TN IwAIUTaNT (purification) fe

v A

nssuiBmaadlniidfy wuiriededdyifnadeanuuianivemosunsie ussiuli
(P. P. Li et al, 2011: P. Fornari and C. Abbruzzese, 1999) @ slunisnaasslagsialunuii
dodltusstuliiiweasadszning 2.0-3.0 V ddummguiaglduseiuluiiiszann 20 v
(M. E. Schlesinger et al., 2011) 1“3 1.8-2.5V (J. J. Moore, 1990) mi’mﬁl 2.11 h@nIAN
wssnulnirveswaadidnlnsiuidedmsunisanalanzadanie q luvaideidunuin
Aws U812 TNAADITi AINAR BN TAN ANDILAIIINLVEINSNEINTAT 9 Fae
nssuABmalannisdauandunsad 2.12 fidsewing 1.6-2.53 V femei lun1sfneided
I donldusesuliidh 2.0, 2.2 uay 2.5 V iJudiildlunisnnass uenanil wdinvestanelun

Tuwadddninsladdudutladenilansaulaundnwisdaly



A1 2.11 @ne NNz auueInszuIUnsdlanlnsiuilwedansursuia

(J. J. Moore, 1990)
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anaY

Tang [GNIEN danzd usnnila agiliilew uuni@en
ansavany 6.5 to 8% 10% ZnSO, 13% (NHg),SOq | 3.5% ALO; in 7 to 15% MeCl,
Bidnlnslan CuSO, + 0.5 to 22% +0.01% SO, fused NasAlFg at | + 20% KCL

+1.7t06.6% | HySOq + 3% MnSO, 970°C + 20 to 40%
H,SO, CaCl, + 30 to
45% NaCl
wsaadeuluin -0.89 -1.99 241 -1.50 -2.46
AIUNG L]
V)
LLi\‘lLﬂ?ﬁlau\lWﬁﬁ 1.8-2.5 3.2-3.7 5-53 4.0-5.0 6-9
mluildas
Tunsujon
v)
Usgansnmnis 80-90 90-95 40-70 75-90 75-90
Tainszualwi
(%)
Uszansninnig 2.0-3.0 3.0-3.5 8.6-11.6 13-18 17.6-20
Tdndau
(kwh/kg)
NUBLWG - 4linv09 - Migaungiin - AUAY pH - dwelusvinann | - Fauelunhann
wolun: Pb-Sb | nd1 30°C 9 ¥7119 8.2-8.4 ASUBU MsUBU
/Pb-Ag Snwlil H, Wio3nu H, - druelnadude | - Saualvavhan
- inilleeeu overvoltage uu | overvoltage lifas | ywwad (A1suew) | wdnndn
989 Fe?t /Fe’ %v’umiwmé'\amqq Tdlezursud - WINURITEWING
luasazay GRIEHG) Fauelnaitousn weluaduualng
ddnlnsladee | - wdnvosuelun: | leosuvesuaiu freaiuesndn
danalol Pb-Sb/Pb-Ag 29NN
UszdnSam - ansazaneBlan
nsld nslag: pH 7
nszualniln




A1599 2.12 @1IZNTVAADINAINERDNITANANDILASIINUUNEINTNEINTAN & AIBATIUTD

n1alanns (H. B. Trinh et al., 2020)

Cu Resources Processes

Processing

Conditions

Deposit

Character

CE EC
(%) (kWh/kg)

References

Electrodeposition
Cu primary
(Commercial
ores
process)

Cell voltage: 1.8-2.1 V
Current density: 23—
40 mA/cm?
Electrolyte: Cu 37-55
o/L; H,S0, > 150 ¢/L;
40-50°C

Cu-sheet

85-95 1.8-25

[15]

Cu bleed
Electrodeposition
electrolyte

Cell voltage: 2.53 V
Current density: 70
mA/cm?

Electrolyte: Cu 36 ¢/L,
H,SO4 90 ¢/L

Cu-

powder

88 23

[21]

Industrial
Electrodeposition
wastewater

Current density: 58.5
mA/cm?

Electrolyte: Cu 36 ¢/L,
Fe 100 g/L

Cu-sheet

NI 32.39

[23]

Electro-leaching
Electronic
and
waste
electrodeposition

Electrolytic cell: 1.6 V
Current density: 35
mA/cm?

Electrolyte: Cu 40 g/L;
NH; 129%; (NH,),SO4
155 ¢/L; 40°C

Cu-sheet

62.7 2.33

Simulated Cu
Electrodeposition
solution

Current density: 15
mA/cm?

Electrolyte: Cu 20 g/L;
H,SO4 30 ¢/L; 50 °C

Cu-sheet

94-98 1.3-14

Cu-containing
ammoniacal Electrodeposition

solution

Current density: 20
mA/cm?
Electrolyte: Cu 0.03
M; NH3 5.0 M; NH4Cl
4.0 M; Cu,0 0.5 M

Cu-sheet

~90% 0.5

Acid leaching
Cu sludge And

electrodeposition

Electrolytic cell: ~1.6
Vv

Current density: 15
mA/cm?

Electrolyte: Cu 20 ¢/L;
H,SO4 100 g/L; 45°C

Cu-sheet

~81% 1.7

The
present

work




a a

Tuednidonilaneaziuvinduselualunssuiun1sdidnlnsiuds (W.
Zhang et al., 2017) Wosnsingnilleieuiuiandu q Bnnsdsliandurlning daiy

[

wheslusyninenisvhdanlaslada wazmudiunisdnuseles sgalsinin msldtnelun
fanandedindsnulainguarienudumunisiangoufisndailugmsvuiieuves
Tavgfiingiidaualng ndafe dwmalaenssnoanuuians vedlavedideanisaiade
nszuIuMsBdnlniuis ey Weudledgmimani dauelusldlilanglmmiendandeu
Aanaea1sUsEnaueanles (oxide coated catalystic anode: OCAs) Inglanzsananilagn
fimuilag L. Cifuentes et al. (2004) arSsuiisunsldfansewiasubutauelun dun
UWHUUNANATY WUz N lnlinsanszuen uiumdglnndeundauunanddu (Ti/Py
wHumglnindeuadouiidlevlusenled (Ti/RUO,) uar uiumPglnnideuaiou
S3isulueenlad (Tir0,) Tneldansazanedidninsladuiaig o uazdnvuswadliihfld

Tunrsneassnananalunisen 2.13 LLangﬁ 231 $UANNU NNANISNAABINUINTILLD L UA

'
a v oa a a 1 = a a o

yiaunanAtuiluszansangean uiyiangniduszdnsaineian luragnviueluavilngy

q

' [ [

a v @ Y

q fuszanarmduiivmelavarldnanlndidesiu iy Tauelunszgnindaunie

a1susenaveanlarvadusiudsnaulalunisine

A1 2.13 dN1ENITNAARURINITEUIUNTIDIANTINTIuTalee L. Cifuentes et al.

(L. Cifuentes et al., 2004)

Conditions  [H,SO,] (M) [FeSO,] (M) Agitation setting® Temperature (°C)
1 0.05 0.5 2 25
2 0.5 0.5 2 25
3 0.5 1.0 2 25
a 0.5 1.0 7 25
5 0.5 1.0 7 50

®Nova Il agitator setting.
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Anode

@

AM

Cathode

S

.....

A Fe™ #: Cu™~ C
Fe !

Gasket

JUT 231 aaiawaddiininsiuiislae L. Cifuentes et al.

(L. Cifuentes et al., 2004)



uni 3

A5 UUN15IY

3.1 umi

MmNy UiTiemhssunssumuimsslAanesunminmnagneuesdeiineuns
Huasddsznaudonssuislavinerarudoutudadindsnugdunsatn waeddldlaneid
Anuuigvidligenn dunsaslavinetasazaedasznousionsvzazany (eaching) fae
asazarensavienis wazmaihliuigns (purification) fae3snsdidnlnyiuds (electro-

'
adaa

winning) LUWIEN A Useansnmaawazlinasun wazanunsaanalaneidanuuiansla
AouY9gd Al MsAnwN Tl swiudnwndudsniinasenss lgfansansuiavzannin
Y a ada I 13 = °o 9 v
ngnaunaiiniiineswnsdussdusznaulagnisvzazaioninaznauveudouaznsvily
VOUAIUIANTHIBNITUIUNTBANLATIUTN
{esannmiswininazneuveadendvewanudussdlsznavazdimalisguaiu
| 1 < o = = ¢ a
ag1ugu wan dnsd wazwusnidanareluaisusznaveenled Wesinuaiiumig 9
< § Y & v v I
naeduansuseneveenledumnasaiuisaazanglunsalivesasuazusnasnunegluguves

¥ v

menou (J. Jandova et al,, 2000) ﬁ?&JLiﬁﬁlﬁy &Lﬁuﬁ'mim@a‘i’aﬂuiﬂﬁﬂquﬁﬂﬁumi
sraranevounInnInaznautadndiliiiunsmnazsunsn wenant Ssladnwnia
fuUsTidananopuaiunsalunisvrazatoneuas laun Auduturesnsasaiiagn
gndnveIweLdeTaal (S/L ratio) 91NN13d153IAETIVTINTBYAVINIYINITNUT
nssAsnsTravaefensndaiiiantu Sded feil 1) farwanunsalunisazanonesunsdigs
2) signuarmidne 3) Wuuszansnmlunisuenadasionszuiunsdidnlngiudsly
fanansfiduansavaredama waz 4) awsatinsed ldudandvandusiazaislasn
(N. K. Sahu et al,, 2012) uena1nil Q’%%’aé’ﬂé’ﬁﬂmﬁauﬂiﬁu q fidsnarneUSuuveInnd
avanwaslUlugsyrazany (Anuannsalunisyrazane) lown ANUNTUURInsAtaiisn
Lagsnsalnetminveswosud@adunznounsunseUsuinsvewnamdaiuansazane
n3n drudunsunisvilinesuniuiand daenszuiunisdidnlnsiudedy uanain
wsasulWdin (P. P. Li et al, 2011; P. Fornari et al,, 1999) Miufuusisinaseusunmay

AUUTANTVBINDIAITLAIENRALNALAITTAVDITILELUAYDY
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¢ = A ! a a & A @ ~ av v o = Y
waslad A dsnanouse@nsn1neeanszuIunIsilud nawUIut 9 lAvinn1sAnwin e
wuriu (L. Cifuentes et al., 2004) A3 N33 LELAGVDILAIUTENTIINNINALNBUAANTNTL
nosunndussrUsznaulnensyzazarsninasneuveLdswasn1siTbinewaIuIgNsAe

a & a a a Y =2 a v v A
NITUVIUNTBLANIATIUTS I@IEJSJ"UUG]@Uﬂ'ﬁﬂﬂ‘H'YJ"UEJLL?I@Q@QI‘NEU‘V] 3.1

arnaufainiilanenauns
(ussdusenau

}

(1.1) au"la'mm%uﬁqquﬁ 105°C

o o . . e AATIEVATUNANY A (WD-XRF/XRD-D2)
a1 6 T2l udnihlvualazAnruin

(1.1) (12)]
(1.2) wiigaumail 900 °C a1 2 Falus TR ———
[ o a -“»».’
udnilUuauasAnuum (WD-XRF/XRD-D2)
nInUaihEn (H,50,) l
Ardudie 1, 1.5 waz 2 M NNTYTATAW yeaasieneiuarUiuanm udnhndvanlng
dAndruvasudsiovouran: 100 waz 200 g/l (leaching) !
goumgll: gumgifes uasan: 1 9l l !
1
|
& Mo 1
n1snsRaauEnAznounliazats D o i
' —»  ANAznauvaannnIvTaraty |
(filtration) |
A I
H |
|
l AnsnzidruNanmaall (WD-XRF/XRD-D2) |
]
|
g = Yoy L) = !
(2.1) amavaievainInn 13 trazaY e AT IUMAL AL (ICP-OES) '
(leached solution) A
I
|
(2.1) (2.2)1 !
|
(2.2) Usuanudunsa-aaues !
1
A5AYANUNAIINNITYLALABIINY 2 :
1
|
usadulith: 2.0,2.2 war 2.5V i
I I
oustum i TPt AR T, o sata gl nanszazang :
Fauslnn: winlavevownsuignd (99.9%) : o —* @13AXANENAININNITUENANANDILAY -
fonmpives van 12 dalus (electrowinning)
v l s idiumaumaad (ICP-OES)
A

a £ ' w o
Iﬁﬁtﬂ@%tﬂlui?‘\ﬂﬁ nsteslanzauinsaslulasiav

(copper cathode) (microwave digestion)

v
Tpszsidrunanmaadl (ICP-OES)

JUT 3.1 Tumaunsfiny1ide
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= %) dl [N 1

3.2 ﬂ']'iWl'iﬂllﬂ']ﬂﬂgﬂa‘Uﬂa'J']ﬁﬂﬂhJN']un']'iLN"ILLaZN']‘L!ﬂ'ﬁLN']

nnagnaunaIlin (galvanic sludge, GS) NllurudTeilasunteyATILYiaIN
USEnnAnTudludiannsatndusianislulszmelng ved esnninaznaufaiinaiu
Tngiinduainduneunsirtaundelugaamnssunisuantudiudidnnsetinddailanswiin
< ¢ | A a ~ ~ & v Y a o \
Juesdusenau wWu nesas iniia laslley wazuasnda Wudy lnedudedenanaggn
PlUsusTUUTIURdLEY 1ien1dn loeauradlareninys adsNwaannaulAaaudNe %38
PlUnnunszurunssiatia Tudsswwulssnuazldladoulansanlas (NaOH) Tunisusuaing
] \ v & = o v a I ] T a o '
Junsaaslindunarsseusulmdulunuunnsgiuduinda na1nNnseadldeninanioy
' v a A aa v & ¢ | & v | <
nelmianznauvatdsnilanenunlussausenau wu o9wag WWudu ag19lsiniy n1n
ALNDUVDWFLAINA1ITIAINUS U UANUTUAIAS I URENBUUTEUI 30-35% F99NLTRDIUN
ngnoulvauldauiuniegdouausou (hot air oven) Asuandlugun 3.2 igamai 105°C
Wunan 6 92la9 91N uUanENaUaULISIEASNAULAYTOUFATUINAIEAZLNTITOUARUUIN
lurieauUfin1suu1nges 600 pm (30 mesh) wanssluzuin 3.3 (n) wag 3.3 (V) AuEIRY
TnelsunAzNouAINaIl1 “ninagnauiaalinfiluriuniswa (Dried Galvanic Sludge: DGS)”
Falldnuwazaauandlugun 3.4 (n) dwlugdin 3.4 (v) uandadnuazvaaninaznauialiing
HIUNTSLHA (Calcined Galvanic Sludge: CGS) Tnun1sasaungnouRINaIvinla laen1sLan
N1NALNBUAAIINTANIUNITOURIUALALTOUARYUIAMILLALHIGUNA A (muffle
furnace) wanInslugunl 3.5 Moamad 900°C Wuwian 2 43lue lneninazneuiaininily

NIUNTITLHT (DGS) WAaLKNIUNITLNT (CGS) Qﬂﬁﬂﬂmwaauﬁaumawwmﬁ LAy YUALAY

UTuad Aaewmatia WD-XRF iag XRD-D2 squiulusunsy Topas AmaIAU

JU7 3.2 dovauieu
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(n) ATNUATEINTU (1) aelnNTITaUARTUIAtURBIULUANTS

JU7 3.3 gunsnluauazsaufnvun

(n) AzNBUNAINTNTA NI () #ENDUNANTNTINIUNITHNN

JUN 3.4 dnvagagnauiandnildiiunsmikagium s nieuihinuawagiouAnwn

JUT 3.5 10 H1gunniig
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= Y

3.3 NSANEIALUSNUNAABNISTZAZaI8NINASNIUNAIUEN

[
a v A

NATelAAnwEaiudsiidswanonnuausalun1sszazaIenoIwnaInnIn
aznaufaiin toun aruudureinsadaiinin warsnsdulnethwin veswosud @ty
AYNOUNDILAIABUSUINTV AT AT uaNTaTaT8NTA TURBUNITTLATAIENINAYNBY
Fanfindaensadaiinsn fswasiBondad

1) wiguasazatensagaiasnAnuduty 1, 1.5 wag 2 M lagn1suaunsaganasn
iy 98% (30 3.6) futhile (Deionized water: DI) aamdnnisuTanaasduius wieu
Bt aihndnnnazneutandnitldiunisin (DGS) wazrunswn (CGS) ludasdiuves
voaufeioveavan 100 waw 200 o/l Meedestsiminnadon 2 dundsiouanddusuil 3.7

2) wraratenINATNaUfa NI HIUNSHILAZ LN ATLENIZNITNAR IR
LARIANT197 3.1 felAesniuansazatendenlsiniudou (U 3.8) figumgiivies lunan
1 F3l39 wagnuaIsaraesieAIIsa 600 rpm

3) \leduann 3vrara18aEINIINT0sA1TATANER 18T ANTEILALLAT BINT0Y
msazmaﬁmamﬂugﬂﬁ 3.9 [iisuenninaznoui liazats (residual) eonaInaIsazals
w¥ounatnan pH maamaazmaé’aaﬂ%ﬁmmmLﬁuﬂiﬂ-maé’w,amﬂugﬂﬁ 3.10 9 ntiuth
d15azanendan1svzazans (leached solution) wWarnINAzNOUT LMEBIINNITYZAZAY

(residual) U@ 1zduNaLNINATINIEMATA ICP-OES wag WD-XRF anuaifu

AN5197 3.6 NIATATIINIUTU 98%
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E‘UV] 3.9 YANITDILLATLATDINTDIATACAY
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U7 3.10 n3esinanulunsn-ang

A15197 3.1 @NIENTNARDITTATANE
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DNTIEIUVDY AMULTNTUVDY
dn12en1s - L o
P YUAVDINENDY YBILVIADVBINAT nsaganasn
AN
(g/V) (M)
1 . A= 1.0
ANAEABUNANTNT
2 K 1.5
laitiunnsin (DGS)
3 2.0
100
i — 1.0
AMNPENBUNANTNT
5 , 1.5
NIUNISENT (CGS)
6 2.0
7 ) eIu 1.0
ANALNBUNAINTNT
8 Ny 1.5
laleinunnsin (DGS)
9 2.0
200
10 o 1.0
ANEEABUNAINTNT
11 , 1.5
N1UNTLNT (CGS)
12 2.0




1 Y
(4

= o Ao 1 a a £ a a
3.4 ﬂ']'iﬁﬂ‘l?}']ﬁ'3LL‘UTVIQJN?WlE)‘U'iil"lmLLagﬂ'J']ﬁJUiq‘Vlﬁ?lEN'VIBQLLﬂ\‘i‘VI LAIEN U

wAlna
=2 v o A a £ = <9 )

nsfnwfLUsninadeUsinauLarANUTanSuamawaiinENTLAlNalutun oY
nsafaneasliuIgvsaInaIsaraIendnINnIsTE avatenenszuIuNMIBaniasIuialy
aov &y v g 1Y a o & = a a a
nuITedla laun ussdulniuazelinvestauelualaeduneudidnlnsiudvewmaunsdl

a o ¥

eavidunceil
1) denldansazaneNvinafngrantuneunsveazanglagdiunAnwiSeuiieuns
ananaauasaInansazanedidninsladnounazrasusuliiiian pH 2 aeladeulansenlen

WUTY 2 M

2) w3suiayngunsaldmsuaddidnlasiudsliazoinusiaainndevinduse

ANMUTUTI LA LA

wHuweluavianlniieniadoudsifsuoanlya (ridium oxide coated
titanium anode, mesh) 4u1m 5 x 5 x 0.1 cm LLaméﬁ’a’Lugﬂﬁ 3.11 (n)
- urukeluavatnudulmmideuiad ouwnana du (Titanium platinized
anode, mesh) 4119 5x 5 x 0.1 cm LLﬁmﬁﬂugUﬁ 3.11 (@)
- uuLAlNAYINNBILAIUTANS (<99.9%) UM 5 x 5 x 0.03 cm LARIRS
Tugui 3.11 ()
- unsUauIsnees (copper busbar) Lazainnoduag (copper wire) LAAIAT
Tugui 3.11 (9
3) amf;]'jwaaéﬁLﬁﬂim‘iuﬁmwmLLmLLamﬁﬂugUﬁ 3.12 TneFaimdnuriuuelun
wazuelvanoudunIsnaaes Mnduianstaluiuandadouiunelun ey 1 Tugui
3.12) Ansadaluiauidduusuualng (aneias 2 Tugudl 3.12) 9nduussgarsazans
Sidnnsladludninesvunn 600 ml TassyninsnsveassansazaisazgnnIuiIsA3 oI
asazatewiouuviswaingn (vunetay 3 Tuguil 3.12) muasazaieiieamiEisey 200
rpm
4) Sreussiuliiuuunsiidsunassglniiinszuanss (uneas ¢ lugud 3.12)
gwaddidnlnsiudalasmunuaussdulwiiauaniznismaassiifnualiduandy
A397l 3.2 Agamgiieaduna 12 $2lus Tneszozrnesznitausuneluauazualva

AMUUAAYINAU 5 cm
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5) Andaaseslaiiined (uneiay 5 Tugui 3.12) wieldiadusedulfinnasen
meluwaddianlnsiuds uaznde13995Ua (Muneian 6 Tugui 3.12) wielddunnnis
wWaguwlasseninammaaes wenanil deddumandiimesauandugun 3.13 Tunsindd

nszualnimnilusuaeyinnmeaes

6) WoAuanNIzUIUNITBANINTIUTIVENBILAT NBWUAIUFVETLN T TITILAIYAYY

9

[

gnihluaaihanuazeiamethalouazueanesed antuazgniinliwianewiludainn

(A) WHUNDILAIUTENT (<99.9%) (9) WUAUITLAZAIANBILAS

JUT 3.1 gaaunsaldmsuwaddianinsiuilavaamoung
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2.13 weaudilwes
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A1 3.2 ANENISNAADIBANTIATIUTNYDINDILAY

dn1azns . . 5 R s
L vUevesarsazanedidninslas  ussaulndi (V)  vliavesvauelua
NAaaIN

1 Ti/Pt
2.0

2 Ti/IrO,

3 L Ti/Pt
anvazangLsusu (pH 0.09) 2.2

4 Ti/IrO,

5 Ti/Pt
2.5

6 Ti/IrO,

7 Ti/Pt
2.0

8 Ti/IrO,

9 T Ti/Pt
ansavarevasusuludian pH 2 2.2

10 Ti/IrO,

11 Ti/Pt
2.5

12 Ti/IrO,

A fo W a ¢ ¢ =
3.5 Lﬂﬁ'a\‘lilaLLagq‘Uﬂimﬁ"lﬂi‘Uﬂ"l'i'JLﬂiWZ‘Iﬂa\‘lﬂ‘lJ'igﬂaU‘Vl'NLﬂu
A A s 1% a ¢ s a = awv
wseslenazaunsainnetadlumailinssiosdusenaumaniveinsfinyide lny
ISEEFUANTUNDUNITNAFDY 9Ll
3.5.1 iAsavenvisgngaalsawudaiUnIngams
s eteneisdilgeaisauianlnguns (X-Ray Fluorescence Spectrometry)
39138091 XRF aglduannisuuunszaten1meinai (wavelength dispersive) Auandlu
JUT 3.14 Faduaieslietnseisg e s ilaviadenuninuas Ui faussns Be 89 U
TunsAnedeilldmeianinanlunsieszininaznaunaninildiiunismy nneznou

AaNINARIUAITINT LAENINALNDUNNABINNATVEALTANY
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e et
A R AT

o {
JUN 3.14 in3eaenaisdigoaisalaudannsuvishuunsEaemNenInay

3.5.2 iasasiiasizinaideuuiddiond
idosTianzinisidauuiadiond (x-Ray Diffractometor) w3ai3andn XRD
wansdslusuil 3.15 Wuadosdiofiineiemaiinmadonuuisdiond (X-ray) iteldasy
Tassadrawdn viovinvesansusznaviiiiogluasdieg1afifinseildvadnmnin
(qualitative) wazidaU3una (quantitative) Tnenadi lda1nni1s3asziazuantoanunduy
sULUUMSA L ULasEsAond viai3uni1 XRD pattern lnglumsfiny13deil 1Hinada XRD
dmsumsineimlasaiswdnvesnnazneutandailiiriiunisien mangneufaiin

'
a0

PHIUNITN AZNINAENDUNARDINNNITULAZAY

JUN 3.15 1A509IATIBRNIsiReuusadend
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lavgnaasiinigiualnalagniandassidiunauniuad Ingludunounis
Tasgdrauaitulmilanenewndluvinlvieglugvesansazay uasnseudiegg

I
v

dmfunmsinssidunaumaniiseniedulasv@diduneusng o dil

1) duﬁaa&hwammﬁmwﬁ%@LLﬂIﬂnmmwé’ﬂ‘imﬂﬁﬁw’i‘% quartering Tneuuaduy
3 fa0eha degsay 0.1 ndu MntuuTITluUTI i WSUesfen (sample digestion
vessels) Mnduiunsnlalasaassnaudiensalunadnlagldsnsdiu 3:1 wie 6:3 mladly
Tu sample digestion vessels fisliluggaloszimeasiail 2 Falus

2) 11 sample digestion vessels ﬁmiqﬁ”’saa'w,t,aza'ﬁazawmwﬁwajLﬂ"%"aqa'aa
fegnemeseuulilasian (microwave digester, Ethos one) ﬁ'ﬂLLamﬂugﬂﬁ 3.16 Neunarn
Tnundniugesneunmugiovonaiad

3) ifleduannszuaunistesiiene wwhasaraeiildluidendurauiuliina
50 ml Lﬁaifz’ﬁﬂwﬁa;ﬂaé?qﬁuiuﬂwﬁLﬂiﬂzﬁéﬁmmﬁﬂ ICP-OES fauandluguil 3.17

1) MTAATIZVATIIUTEVIBUDMBINA AL B IAUTENBUYNALATUBIANTAZANENDILAY
naInspsuavarsazaledianinslannadnisnaassdianinsiudewsmesiasniemnaie
ICP-OES mudsy vildlngnisinaisazatomani undoansdudiilow sldus i
ssAUszneumaaiiluasazaseglutisvesasazarsunsgiuiiiaies ICP fuua dly

A llansavareunnsgiuegluyi 0.05-10 ppm

JUN 3.16 wn3esdeeiatemeszuululasii
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JUN 3.17 1AT893ATIEYlALaE USSRl g NaNNTANE LAY

AIENIINTLAUIINNATEU

Tnefiesestaeiag1ameszuulilasiam (microwave digester, Ethos one) WiA3asie
Al ' ) | < v v = | = a ¢
Plalunnsgesmiegnauaswdawazvasnallmiuasazaiomeraululasyn @uAse9dmsen
BHALALUTUIUEINIALVENNITALLEIIBITINMIENITNTLAUIINNAEN (inductive coupled
plasma optical emission spectrometer) $#30158n37 ICP-OFS 1JutAs oeiloNld3As129inN
yiauazUsuusnae 9 nieuduralevils FemvinglaainanuenepfunUdosng ey

I (Y] 4 Y & a 1 v . . A &
sonuduendnualianziivessiniy o waemUuaslaananudy (intensity) Ny
dodruuwdsiunseiuanududuressinluasaralsvesasniegie agslsiniu Madasizi
WWIUTUIUe9519#19 9 (quantitative analysis) @unsavinlalagnisiiunlssuiisuiu
A158¥A1UUINTIINYBISINUY 7 (standard solution) NFBINITIATIEN LAENTIUAIUTHTY

YosswbuaNTara1e L LLeY



uni 4

NAN1SNAaaIazaNUs1gNa

N3ENwIALUINTNaRaNSs lLAanInaznauiadniineasdusisUsznaulae
nsudndunewniuignduiisandu 2 @ laun 1) N13¥zazalenaIuninInnInazneu
Aafin waz 2) n1sviliveaunauignsmenszuiunisdianiasiuds duanisvaaesuas

aAUS18NANTNAADT Al

4.1 nﬁ%axmamnmxnauﬁafnﬁn
4.1.1 99fUsznaumaAiivasnInnznaufaNdniilui LN SIILAZRIUNTSIMA

MNNSIASIERd AL LATvesT ueud aluninaznaudildiiuntsea
(DGS) WaENINAZNBUARIUNITIN (CGS) aewmada WD-XRF fnan1s3iasisiuanssaly
M9 4.1 wuiilsndaduesdusznoudadny lHun neawns eendiau fugdu uazaniuey
LLazmﬂmﬁmeﬁﬁaﬁmLLangmmmiUizﬂawmGﬁumuﬁiﬂmumﬂmLLagmuﬂ’]iLme‘?}q
LLamm“ﬂugiJﬁ' 4.1 8% 4.2 WUI1Azno UL M IUNITIHIUTENBUR DY Cug(SOL)OH)
(Brochantite) wag Na,SO, (Thenardite) Tuvaizfiny noudi i uniswiusznaudae Cuoy
(Tenorite), CuQy, (Copper Oxide), Na,Cu(SOy), (Sodium Copper Sulfate) hae Na,SOq4
(Thenardite) wazramsiaszimusinamesastsznavluiusognadelusunsy Topas
finananaslumseft 4.2 way 4.3 wuiiezneufilliiunsmnidndiuresarsusznoulng
dmiin CUL(SOL)OH), 90.8% waz Na,50, 9.2% luvausiinsnaufitiuniswiiidnaiuves
msﬂizﬂauimai}mﬂ’ﬂ CuOy) 80.3%, CuQyy 9.7%, Na,Cu(SOq), 5.2% ez Na,SO4 4.8%

U ] U d‘ [ ] U d‘
G]'JEJEJNaf‘lwmgsﬂax‘mgﬂEJ‘IJV]hIN'TLlﬂ’ﬁLN'WLL@%N’]‘LAH’WLN’]LLﬁ@ﬁ@ﬂugU‘W 34

AN5199 4.1 NAILATISAAIUNALNIULATUDININAZNDUNAIRNA LUHIUNITHILAZNIUNITIN

a

figaumadl 900°C Wunan 2 lus Fewaiin WD-XRF

Elements (wt.%)
Cu 0] S C Na P Fe Zn Si Al Mn
DGS  46.849 38353 5247 4211 1969 0.624 0.072 0.045 0.017 0.018 0.021
CGS 47991 30.720 6.982 0.796 12.665 0.561 0.100 0.042 0.070 0.053 0.022

DGS/CGS
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W PDF 87-0454 Cu,(SO,)(OH), Brochantite
A PDF 01-1009 Na,SO, Thenardite

Counts

T T T T T T T
40 50 60

2
8

2Thela (Coupled TwoTheta/Theta) WL=1.54060
JUN 4.1 wadiasigininaznauianiiniilikiiuniswn (DGS) mewmalln XRD-D2

B PDF 035-0661 CuO Tenorite, syn
[ ] A PDF 65-230% CuO Copper Oxide
@ PDF 05-0661 Na,Cu(S0,), Brochantite
% PDF 01-1009 Na,SO, Thenardite

2Theta (Coupled TwoThetaTheta) WL=1.54060

JUT 4.2 wadiesgvininagnaufiaiinfiniuniswn (CGS) memalia XRD-D2
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A15197 4.2 WAATITNIRALATUSUIUUBIANSUTENBUVBININALNBUNAIRNT INIUNITIHN

prewalla XRD-D2 wazlusunsy Topas

No. Phase Name Formula Content %
1 Brochantite Cug(SO,)(OH)4 90.8
2 Thenardite Na,SOq4 9.2

AN 4.3 WAILASIENIUALALUSUIUYIANSUSENBUYRININAZNBUNAITRNANIUNTTHH

peAta XRD-D2 wazlUsunsy Topas

No. Phase Name Formula Content %
1 Tenorite CuO 80.3

2 Copper Oxide CuO 9.7

3 Sodium Copper Sulfate Na,Cu(SOy), 5.2

4 Thenardite Na,SO, 4.8

NsEINNAENBUAENIINgM IV auisgaumgil 900°C Tutian 2 Falus
melavssemelniludnsinisinaiiusey 10 °C/unil awiansiuiguslvesansuseneu
Tugsgamalising o Al @15U52neU Cug(SO,)XOH), Faluansusznauluninanauiaiiin
av o oS N oA a &£ I o a a a a )
AldirunisnlunifengneuveddeNiinduainuuasniilnvoddeag Suinn15aa18a?

< Y ~ a o | aaa ~
naneluansuseneau CuSO,-3Cu(OH), wazlaun (H,0) YN 80-170°C Iﬂau‘dgﬂimmu
AATULAAIAIbUANNTS (4.1) Lﬁaqmmmﬂu?ﬁmﬁu 250-400°C @15U32naU CuSO,-3Cu(OH),
a Y [<3 g a d”/ = aaa
AzINANTEa18RUUUA1TUIENOU CuSO4-2CU(OH), tag CuO LLavaammmuI%ngmm
wiliinduuansdsluaunis (4.2) iWeaamgiliiiuduiu 700°C @15U58naY CuSO,-2CU(OH),
ziinsaanefmlasduisenaiiiindusaniddluaunis (4.3)
UANSoMANY0INTAR1867909815U58N0U Cug(SO)NOH), Tuseninanisun

(F. Bakhtiari and E. Darezereshki, 2011)

80-170°C
Cug(SONOH)exH,O  —  CuSO4-3Cu(OH), + xH,0O (a.1)

250-400°C
CuSO43Cu(OH), —>  CuSO42Cu(OH), + CuO + H,0 @.2)
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400-700°C
CuSO.2CU(OH), —>  3CuO + 2H,0 + SO, + 1/20, (4.3)

4.1.2 INSNAVBIAMUTUTUVDINTATANISNAINITVAZAN8NINALNBUNAIINN

AINNTNABDIVLALANUNINALNDUN AN IUHIUNITHILAZNIUNITH 2
nsndaia g 1, 1.5 was 2 M dnsndiuvesvetdisiovesvial 100 g/l gauungivies 1ian
mMsvzavate 1 T3lue mnusiseulunisniu 600 rpm Tnanisveassuansisluguil 4.3 uae
ANWULVBINLNOUNMADIINNNSVarae (residual) Tunisvzazaremensadanisndaiy
Wutud1eiukansslugun 4.4 31nn15neanuInde AU tuveInIadailaTniiudy
danalrusunamaananazatvasluluaisvzaratoiudu 9l 1He9INANUIUTUYDINTAT
WLTUAINalIaveIdIviNazae (NSATafnsn) WNTY Weulavesvinazatuiiuiunay
daalnenssiauiunaveuniiazargasilluaisvzazareindu Weiansaniangfnssy
As¥raratunINeznaunantnfluaiunisentazlinunIsIaensadafis AR UNTY
AN 9 WUIINITAZAIENBILAIINAINAZNDUAATNT N 1un SR aT ulduinninig
AANDILAIIINAINALNDUN AN TNTRIUNITHEN 9198 LTINS NINAZNBUNAINRNT
gaungd 900°C 1unan 2 99l dwmaliansusznounoiwnif aglugu Cuy(SONOH),
nanewduansusznaunaswndeanlandsaiuisnazatslunsadaisnlatiosas fadu 39
AeliinninagnaunivioaInnIsvrazatenakandlusui 4.4 (n) Wewznauilluinsien
yllauardnyuzveda1sUsenaunlumaila XRD-D2 Fallnassuandlusui 4.5-4.7 wuin

le"d < 3 [ o v [ a o [ og.’/
penaulll CuO WupIRUIENaUNAN d1SUNISTLALAIININAZNBUNAIRNT INILAITHITY
WuIlldngneunaunaednnsyraraly Jailnanisnaasansnelugun 4.4. (¥) 90
a a A Ao [~ 4 A v a I 1 <

AUNAFIUTIINTIRENa UYL deninaunaluainUsenauiiiolisigualiueg gy wan
o a P <, ¢ v v v =~
daned wazuuamananeduaisusenaveenledudiazanunsaazarslunsaliosasiilagn

gravarun1ensnuy \Wuisnisildmunzinszazyilinewanuisulieyluguves

a1susenauaen ndalinavinlvneswasazatvastulunsalatseas



60,000
50,000
40,000
30,000
20,000

10,000

USunaveweunsluansszazaty (mg/l)

120

100

80

60

40

20

Usunuvedlangluasvzazany (mg/l)
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- ___-____-|:|
--------—_D———————
O-------"
O-- ( GS

ANMUILTUYDINTATATISN (M)

(n) USunauveamealnsluasyzazans

——Fe —e—2Zn —A—Mn - O---F& --0---ZNn --A---Mn

ANMUINTUYDINTATATISN (M)

(v) Ysunaweadlanzsing ¢ luarsvzazaiy

JUN 4.3 BvdnavesruiduduveinsadaiiisndeUSinavedansluasyrazane (n) nosuns

uay (v) lavieand o (MsvzazaIsnNAEnauUTliEILNITEN (DGS, I@UU) way

AENBUTHIUNSEN (CGS, WuUTY) 8RTdILYesvadwavasman 100 g/l

a v Y &
Qm%ﬁllvi@ﬂ LANNIvEazany 1 GU'JI@JQ ﬂ?quLijiaﬁﬂ,‘Hﬂqiﬂﬁu 600 rpm)
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1.5M

1M

(M) NNALNBUNAIRNTNIUNITH

() NNNENDUNAINTNTALUNIUNITLEN

a ) a A . Y]
JUT 4.4 dnuaizrainINagnauilvidedINnIsvearang (residual) Tunisveazangiensa
FarITNNANUTUTUFN 9 (1) NINAZNBUAANTATEIUNITIHT taz () AN

AENAUNAINTNTMUNIUNITHHA
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. B PDF 05-0661 CuQ Tenorite, syn
A A PDF 65-2309 CuO Copper Oxide
L}
ry

50000

40000
3 30000-]
o

20000~

L
E - [ ]
Iy - :
10000-] : n i e
ry [ ]
: A
[ ]
- . L i
[]
T T T T T T T T T T T i ]
20 30 40 50 80 70 80

2Theta (Coupled TwoTheta/Theta) WL=1.54060

JUN 4.5 wadiasigsimeinaila XRD-D2 Y89N1nnznauiliiasaInmMIveazaemensn
FARINANTU 1 M 90918 UV0V094IRBU00%aY 100 ¢/l grungiivies

nansszazats 1 9lus Aamsaseulunisnau 600 rpm

p! - ® PDF 05-0661 CuO Tenorite, syn
600003 A A PDF 65-2309 CuO Copper Oxide

1
>u

T T T
40 50

P
2]
3
2

20

2Theta (Coupled TwoTheta/Theta) WL=1.54060

JUN 4.6 wadpsigiimiemaiia XRD-D2 904N 1NAZNoUiinaeINN1suEaraIenensa
Farsnidudu 1.5 M 8nsadiuvevedudrarauvas 100 ¢/l gangivied

nansszazaty 1 4alus Anudaseulunisniu 600 rpm
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B PDF 05-0661 CuO Tenorite, syn
A PDF 65-2309 CuO Copper Oxide

4 ]

>u

50000-]
]
40000-]
1
]
30000-]
1
]
20000-]
1

]
10000
]

2Theta (Coupled TwoTheta/Theta) WL=1.54060

JUN 4.7 waliasigimeinaila XRD-D2 Y99N1nAznauiliiasaInMIveazaemensn

FARINANTU 2 M 90918 UVDIVDIUIIABUDUMAT 100 ¢/l grungiivies

nansrzazats 1 92lus auisaseulunisniu 600 rom

4.1.3 3NSNAveYnIIdIUYIvRT IV LMAIBANAINNTalUNTITaTane
NINAZNBUNAILN
INNINARBIYZALATIENINAZABUNAITNTLIRUNTHIRAZHIUNT M Fg

nsadafa3ndudu 1, 1.5 uag 2 M 8n31d1uv09veIudisovaanad 100 ¢/l aaungiivios
nansrazans 1 9l wagandaseulunisniu 600 rpm NUIINITYTAzANERzNOY
fanindhonsadaiininanududy 2 M szavdnmnissraranediniign deunedaiie
nsazanevemeunsasivluaserararsgegaideiSsufisuiuanioznsmaass du uay
dadunsAnwinevannsaiiauSunamemeunduasyrazaslens old dedu Sld
ANY1BNSNAONI1EIUVDIVDINT 9 DUDINAIRNBANUAILNTAIUNITATAU VDINBILAYL LAY
IFifndnsdiuvesvesdsrevennainin 100 ¢/Lidu 200 ¢/l Fdlunismeaedldiivun
4n0172N15MAA04F D YzazalunInarneufaling lWrIunITIFIensadaiasn 2 M
dnsrdruvesvesudsrevennal 200 g/l gunnfives Lannsvzazats 1 Talus uay
Anatsaseulun1snau 600 rpm mamiwmaaaﬁ’ma'nmeé’ﬂugﬂ‘ﬁ' 4.8 wui1usuw
nownsiiazatvadldluasazatonsaiinguann 53,516 me/l W 78,253 mg/l aghalsd

AU WIpAUEANTTUIUNITTZAZANY WUDEITAzABUEIAnNIankANnate T urEnddi
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JUT 4.8 Svidnavesdnindiuveosdmaresviaireusinauvedangluasssazagluns
Yrararennagnauianinmensadaiainidudy 2 M aumgivies 1Ia1n1s

gravane 1 Falus mnusiseulunisniu 600 rpm

Ugdurunnazneuilmdeainnsvzazatedsldnwaruansdslusuil 4.9 Wevnzney
fananluiinseviosduszneumaniisemadn XRD-D2 dauanslugufl 4.10 wuimeney
ﬁm%mﬂms%azmaLﬁumiﬂﬁzﬂawawaaLLﬂﬂugUmaqaﬁUwﬂaUﬂaULU@%G&’aLWm Bs
Usznausiy Cu,5045H,0 waz CuSO4H,0); aehalshin n1szazatsnmnaznausandniil
AUNSEnIadaiaznidudy 2 M dnsdinvesveadideveaar 200 ¢/l aamgiivies
natmswzazats 1 9alue Anusaseulun1snIu 600 rpm dawaliiuSinaueme LA
azawasluluansvzazanefigeusiauaiunsalunisezazatefiniasain 99.13% 1Ju
97.21% ¥iail (esninaruannsalunsszaraeninaznautanindonsndaiiain
qquﬁﬁaafu%LﬁmmﬂmsazmmawaqLLmsé’i’aLWmiuﬂimsﬁ’a?\lﬁﬂﬂszmm 1.5 mol/kg
(B. V. He. , www, 2014) dlefansanaudutunsadaiasn 2 M nuIUS U ILAS
anunsaazarvasldluansazarensaldivindu 19.08 ¢ Fededusnsdulaetiminues
yoaudsdaduninaznoutanindetiinnsansazarensadaiininldlsiiu 15087 o1 fewe

1 fI7edlannassvrarargninaznaudanidniliiunswislensadailainidudu 2 M

MINdIuYeIveLT s avaLal 140, 150 LAy 160 g/l unNYIveY LaINIsvEavaly 1
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Flug Aadaseulun1sniu 600 rpm ﬁ‘i"iwaﬂ’ﬁmamuamﬁﬂugﬂﬁ 4.8 WUINNIIVTATAY
AYNaUNAITNNA188NI1EIUVDIVRILT IHBTBLMAT 140, 150 wag 160 ¢/l danalinoauns
avarwaslUluansvrazangluuSunm 64,975, 70,065 uag 76,140 me/l aua1nu eeelsh
AU wINsYEaratnInaznauialnaiednsdIuvesveudraveunal 160 ¢/l ay
annsavilmiinnsvravateveananlannindnsdiuveweudswoveial 140 uay
150 o/l usindununuszansnmlunisyzaraivanasainuszana 99.9% 1Hu 98.1% Fuwa
msmaamamﬁ’ﬂugﬂﬁ 4.11 Vil 1ileannaniiznismeassienaaiandnaedives
GB’aLWm%uLﬁa?gijuqmmzmumsﬁuzazm8Lﬂiuﬁmﬁuamwmi%zazmaﬁé’mwﬁ'smawmLL%@
evaavian 200 o/l faiu annensezazanemnnznouiandngunsadainsndudu 2 M
snidonldsnsdinvemendiiorennar 150 o/Liduanenismeassfimneauunnng
iluvazaneninagneutaninfiinewanlussdusznauneuiiaviarsasaneluuenad

neowunsliusandienszuiunsdianiasiutisely

[ a

JUT 4.9 dnvaigrasnInaznauimaednmsvzararglunisyzazalonInmznaunalNing
laliunsmnslensadainsnidudu 2 M daduveswedsiavesal 200 g/l

aunivies anssrazate 1 ilud wasausaseulunisniu 600 rpm
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198000 B PDF 11-0646 Cuy(SO,)-5H,0 Chalcanthite, syn
18000 A A PDF 01-1009 CuSO,(H,0); Bonattite, syn
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2Theta (Coupled TwoTheta/Theta) WL=1.54060

JUT 4.10 wadiasgvimnemalla XRD-D2 28InnagnauilndeNn1sveazaIsnINazneu
Fa I lH LN ITHIRIENIATATIISNTUTY 2 M SR5187UUIU0 LT I0 8 VDIA7

200 ¢/l gaungiivies an1svzarane 1 Falis ausiseulunsniu 600 rpm
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JUT 4.11 BvEnaveednidIuTeIvadnlfavesaInenLaNITalUNSAzaIEveY
newasluasyzaranglumsvraraeninazneuianinfilutiiunsniiie
nandaiasniduty 2 M gauugivies an1stzazansy 1 Halus ANSITeU

Tun13n7u 600 rpm

42  EnnTIUtva ML
nNsAnwdLUsTifinadanistzazareninagneudaninvilinsiuitaniied
wngaufivilAaUsinamemeaadluasyrazatelduinie nsveazaeninmzneuiaIndin
Al UNITRIF28A5TaTA3 LT 2 M §R31daUT09v09LT Im avanrad 150 g/
QAU LIANTYTATAY 1 Flus ranaseulunisniu 600 rom sy asavaeia
maumu‘ﬁuaaﬁﬂizﬂawffﬂﬁmﬂamazmwmaaqﬁ’ma'n%Qﬂﬁﬂﬂh’ﬁﬁumiazma
ddnlnsladludunounisilimoussuianssenssuiunsdidniaiuds Tutureudldne
fangRnssuvesansazatedidninsladiilifnisusuan pH A1 pH 21nn1svzaranewindu
0.09) uagndsUUlvdan pH 2 AfnadeUSinauarauuIqvsvemauasiiiniziidauelna
Tneflasduszneumaniivesansazansisudunazarsazaendausulvile pH 2 uanadsly
ms197t 4.6 uenand SeldAnundusiulniuareiavesiiueluniifinadeusunauazan

(%

UIAVSUDMBIAITNENTIALNA
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A15199 4.4 NadATIZMIRUTENRUNILATIA8WATlA ICP-OFS Yasaisazatedianingias

SuAUuazrdUsulilal pH 2

Ysuauwaesiaang 9 Tuasvzazane (mg/V)

é’nwzux%aamsasma
Cu Na P Fe Al Zn Mn
ansazanBiEud (pH 009) 70,470 4,240 1,410 52.1 41.4 56.8 16.4
asaraeviasUsuAn pH2 33,580 20,560 600 29.7 30.9 28.0 8.4

Y
[

s 1 Ly a Q‘ {

4.2.1 BnswavasusenulnirdauTuInuazAUNUTENS VR IMBLALNIE U
wAlnA
nIneaesaiaveadliusgns e nsruun1sdianingiuiiaainaisavany

didninsladisuiu (nowuSulviilan pH 2) waguasusulwian pH 2 meussiulia 2.0, 2.2
uag 2.5 V Iduruneluavianudulnimileueisuwnanddy (Ti/PY gumngiivies 131 12
F3l09 Ausalunisnau 200 rpm dnanisvinaesuanenslugun 4.12 wuinflouwssiulnii
a X % a X Qll Y M o1 o ' o & A
L udamalvinnuuiansvemeawasinigntiualnaanauslidsnlundt 98% vedl tesan
wsa Ul My uavdswaiiinmsvuld eundaualnauintu lngfinnuuiansves
NOWAITNENTINALNA (%) AUINAINTANENDILAIN IR UNDUREAIEAUAIEE1TUU U
avian Feansuuiloumant laun wearleda luney exgiifloy uazuusnilaniuiloueylu
a & 1 v [ ‘:4' = [ Y a £ v
a1sazaredidninsladneunad (dananslunisned 4.4) gan1sadaneuaddiuianiaae
nszwIunsBiniTiudwinatsazaneBianinsladisudu Mmeussiuluin 2.2 uaz 2.5 V dewa
InfluTunauasyndeausiuiuegn 1.12 uag 1.24 wt.% auaau luvaeinsanavauasli
a Ly a s a a a (3 [ [ val | a a
U3gvismenszuiumsdidninsiuidainatsazanedidninsladnasusulviian pH 2 fuTunu

[

a1svulousiuduey? 0.92 wag 1.03 wt.% mudIau F9n1591euserulniidngoad

a

SianlesiutlaiiuTudsaliuSunuamosaniineidaualnaindudlolgianivindu
et anunsanansanlaainnguesleviuddlaefursaudunus seninawsanuliifu
nszualniinnszualiiluadudile q azudsiulaenssiunssiulain nannfe winan
wssrulnihdanintuasdswalinseualnvidianiuduneuiu 938 USinauemeanned
MR TAlne T laazuUsdulaenssdunseualii g sarunsasiuislaainnguesseg
Aaansluaunsy (2.6) UsunauesmasuasiitnziTinalnadamalagnssnonuaiuisalung
v = ° 1% = vy o

ARulavenewnasaialannluaunisi (4.4) lnenansiaulavenosundiansisly

a y = 1 [ Y a Ly a s a a
JUT 4.12 (Wnuil4w37) Fanudnnisadaneswnsdiuianinlgnssuiunsdidninsiuideann

arsazaedaninsladisudustsusasulnia 2.5 V Idunuwsluavinainuaulnmideund oy
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v

wWanAtuy (TP gamgiivies 1wnan 12 99lue anwnsad Aulansnesundldiiou 90%

9
Tuvauzimsaiamewnsu3grsmenssuiunsdianinsiuilsnaisazaedidninsladnasusu

A1 pH 2 annsadAulavenaundldiiies 47.50% il WewinmsdiuansazaneBianinslan
Tilen pH 2 dewalansazarvilnudnduresnsanaznaslasfanawinlinisiad ounves

v
v a a v a == v

losaunesunludataualnaiioluiudidnaseundinatailuneuwnsu3gnsiiatudnas e
loppunanuedounlusudidnasauntiualnalitiasazdinalnensemaUS AU akLAIN
WLV ILAINANANAS 11 DUS U UVDINDILAINLNIENTILALNAARAIILAINA UL ANTAINAIS

ArulavEneIAIaIRneILIUiY

¢ 100.0 100
e 995 + A —
=990 + < . 4 80 &
aag 98.5 L /,—"' §
= 980 —+ = + 60 Z
3 975 + £ . 5
=z 1T g} B T \s A S
@ 990 + 40 @
2 965 L =
@ %5 +— = 1€
VGI}FD 6 O iy o 20 2
s 960 + e -+ e
W& 955 + 0" <
< 950 : : : 0
S
© 2.0 2.2 2.5
wsanulai (v)
—a— %Purity of Cu —m— %Purity of Cu pH 2
---A--- %Recovery of Cu --{3F--- %Recovery of Cu pH 2

JUN 4.12 BvSwaveswsaiulivhseanuuians (dunv) wasns)aulanenowns (dulse)
TunsafanasuesusandmenszuiunsBidnlasiuisnnaisazaredidnivslas

S (@waen) waznasusulisen pH 2 @wdaw)

o YIAUNVDINDILAINLNZ AT ILALNA
NsNAUlaNENBAT (%) = 7 x100 (4.4)

Y1UINYDINDILAILUNINAENBUNAINTN
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& ' a a £ a a
4.2.2 NINAVDIYTAVDIVIUD I UAADUSTUIULALANNUTFNTVDINDIAINLNLN
VILALNA

9INNINAABIANANDILAIUIFNTAIB NTTUIUNITBIANINTIUTIINAsAZaNY

o |

didnlnsladisudu uasndsusulitian pH 2 meuserulin 2.0, 2.2 uay 2.5 V T9uruwelun

manuiulniesadouunanftu aumvniivies nan 12 Falus aasalun1snau 200 rpm

9 Y

wuInsataveuasuIanifenszuunsdidnlnsiudennasaranedidninsladisuduly
Ussavisnmnsataneandled sufu Sadenldansazansdidninsladisudu iofnwdvsna
mawﬁmm%maiumaﬂ%mmu,azmmu%qw%‘mmwmLLmﬁ‘/‘iLﬂwﬁﬁﬁz’ALm‘[mm Tun1sneaaslaly
uruwaluanLaulnmfeuadouinanidy waruulnnideuindoudsifouesnlan
(TIr0,) gaumigiiies 1ian 12 Falus Ai3aseulun1sniu 200 rpm Jnamsvnasauanssaly

SUN 4.13 wumsidwaulnmdsuedoulwanaduidutinelualunisadanaawaaliusans

Y 9

[ a

mensguiumsdidninsiuilsdmailinuuigrsvemeswasinigiidawalnagininnisd
wulnnilleuedeudsnuueenlealunnassnulniiilaviinismaaes Inefaussnulg
2.0 V anunsaanalavevoasliuianaaedia 99.3% lunasiauseiulnil 22 wag 2.5V
daalinuu3grsremeaunidian 98.9 waz 98.8% aua1su agslsiniu nsadaveuns

a Ly a a a a Y A o = A an a 13
U3gvismenszuiumsdidniniuidaglduiuueluaiinnlnmideundeussifeueanlys
Iusganiamlunis)aulaveneundlageninusuielunvialnniouadeuunanitulunn

Ausssulninilavinnisnaass neaziiulsanuanisneaesnsuandlugui 4.13 wnwilsan)

[ %
v a0

] I~ aa a & o Y 1 ] = =
Nl uiulnniflesedoudsifeneanlaniaiunsalunsiilvdilaanitunulnndeund ey

wnanfny Weukuweluadsnanaunsailwildfnzdmalaenssonszualninfidnedng

Waddanlns Uty Wanszualni1unt uazdanalileosunsaanad sunlusu
a & S8 o f of A | = =
didnasounvaualvalainndwudsduluaunguesnising eg1lsiniy aneimunzay

Y03n5zUIUN1sdLantasiudslunisadaveswasusgns neldanei ldvinismaaely

v s
I v a v a

N13Anw13d8d Aonisadanesunsuignialenszuiunisdiantnsiuideainaisazaiy

a v

dudnivsladisudumeusuliy 2.5 V gaumgivies a1 12 Falus anusaseulunisniu

Y

200 rpm lagannsagaulaveneundligaania 93.8% uazlaveneauamananilanuuians

Uszand 99%
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« 2.0 2.2 2.5

ws9auludn (V)
—m— %Purity of Cu, Pt —e— %Purity of Cu, Ir0O2
----- %Recovery of Cu, Pt ---0--- %Recovery of Cu, IrO2
JUN 4.13 aviEnavewilavastikeluamanuuIavs (duilv) uaznisnaulanenadung

(Futse) lunsadavesunauansimenssuiunisdaniasiutisaeldueluni
nwHulnduedouwnanfidy (F@wdsy) waskHuwalunyinainnmiy

wasUdSReuaanlun (29naw)
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unagy

= ~ a ) A Ao & I3 a =
A15AN®INSS btAanInaznaunallnidneaanaussrusenaulnenisuandu
VOWAIUTANS HYaUszasAioAnyfiulsninadon1saninnoawaaannInaznouiaIngn
v aa a a all a & a a 1 =
meAslarinenalsazae (Nsveavae) wazlamingnadllnidn Ganlnsiuide) wuin1sAne
= | v o a = o A yee P
2nu 2 d@U ton 1) NSULALANDILAIIINAINALNBUNAINN FIFWUTALAANET TAwA
AU UTDINTAT RTINS NAE DRNT1AIUVDIVR LTI DV N INaMBUS U VBN ILA Ty
aNsvzazany uaz 2) N5V bivownIugrsaIanszuIunsBiantasIuds Fwulsiiladne
Ao

loun ussiulniuazviinvestiuelunfifinane Ui auazr AU uTansvemaaeiin1ed

1
Y v A

fruplnn anunsoagUnamsmanodld foil
(1) msvzazasmnmznoufandndiliiiunisminiulddniinisvrazaionin
Aznauladnd lunIIma sf'famﬂmﬂauﬁ’amﬁﬂﬁhjmumﬂmwgﬂsuzazmleé’ﬁyjﬂmm
Tuwaifinsszararsninazneutanninfidunismiaziianzneuniesalaeiosduszney
999 CuO Faduansivilmdnnisszazanslsen
2) nssravareninaznoutandndilidiunisisensasafiadndudu 2 M
9n91dIUIRBILIIRBUDNAY 100 ¢/l gumglivied aIn1sYTazany 1 las AmISITeU
Tun13nau 600 rpm fnavinliiiusinuvemesuasluasuzazatginnign uagiansuadiu
Yuideuluansurazangsh
(3) MR NS RI1d U004 IR 08 MaI9n 100 g/l Ju 200 o/l Tun1s
ygavans nnagneutandndliiunsndensadaiiindudu 2 M onmgfisies na1ns
gravate 1 97l arudasevlunisniu 600 rom vl iAnnisazatevemeswadluans
sazanefituLAUsEANS NSz araUanad
(@) asavanefidan pH Uszana 0 Faduansavaneiildannnisvearaefiany
wanzaufiezdunduansararedidninsladlunszviunmsdidnlasiudsdaglidesinisusu

A1 pH ligadu
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(5) AsiinwsasulndrlunszUIUN1ITBENTNTIUTURINBILAIIIN 2.0 1Ty 2.2
Wag 2.5 V dRaviliuTinumeawasitanalnaiiudy willaanuusgvsanas

6) NMstHuwaluaNvinantarslmiouedaudsinousonlundiwarinlinis
Py a g A a a YR A o ~ =
ArunawatlunszuIunsdidninsiuiledniinislidunuseluaivianlans lnndeunfou
LNANAY UAANUTAVIEUDIRILAITIlARzANILanTTRY

(7) NMS¥LALAWNINALNBUNAIRNT WK IUNITEHIA8NTATANITNANULT UTY
2 M 8051811897094 8U0UMAI91N 150 ¢/l vrazaneaumgdnes nain1svzazaiy

) I3 | ° val A
1 s AnanTaseulumsniu 600 rpm dewavilvidvsinavemesunasluansyraranegs way
= o [ | o 13 a & I Iy 1 a
Wethansazarenenanuiinluaisazaredianinslaslagliusua pH Tunseuiunsdian
Tnsudan I ueulnndenndoudsideusanlanidunaluanasldusedulnii 25V
A v ) < | o % Py ~

gauniivies a1 12 Falas Ausaseulunisniu 200 rpm dewarilinisiAulavenauasd

A1 93.8% uazdlAuUSANSNILAsUTENN 99%
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4n172N15NAaa9N 4-6
nnagnaufaIinfiiIun1sEn (CGS), snTnaIuvesadwavamial 100 ¢/l uag

AMULIUTUIBINTATATISA 1.0, 1.5 wag 2.0 M

ASAYANBNLUNTY 1.0 M nsAaNTNINTU 1.5 M nSaganaSndutu 2.0 M
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LATANULIUTUVBINTATANISA 1.0, 1.5 way 2.0 M
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nARgnaunaNin? bl 1unIsmN (DGS), 9RI1EIUTRIURILTIRYBwaT 140, 150

wag 160 ¢/l LaEANUTNTUYTDINTATANIIN 2.0 M

9M9187UVIVDINT 6D 9M35187UV VDIV 9M9187UVIVDILTIAD

Ya9al 140 g/l

Yaal 150 g/l YaMal 160 g/l
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M1579 N-1-1
_ _ ntin ntin
Usuew Usuew y
. NZNDU AZNDUN 13
#07172013 | d19a¥any | d@1sazangna - -
p o VDIV WAINNIT | vTazany
NADDIN 1SUAY N13N399 .
LSUAY YLazangy (%)
(mU) (mU)
(g) (g)
1 115 0.165 98.35
2 117 0.107 98.93
3 120 0.093 99.07
10
q 155 3.946 60.54
5 153 3.522 64.78
6 136 3.339 66.61
100
7 135 3.562 82.19
8 147 0.153 99.24
9 141 0.587 97.07
20
10 144 9.716 51.42
11 167 8.115 59.43
12 165 8.286 58.57

e USinaensaganendsnisnsesiiiniuiiesninnisdalangneulviadlueglunssanunsaaianun

PRRGI%)
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AN N-1-2
840122019 Usunavaslanzluansvzazans (mg/)
NAAe Cu Na P Fe Al Zn Mn
1 45,620 2,730 1,260 14.90 35.50 39.70 10.40
2 48,220 2,930 1,330 35.00 26.80 42.80 10.50
3 53,200 3,980 2,090 51.50 29.60 50.40 13.50
4 16,190 1,880 830 20.15 12.85 39.00 9.80
5 19,710 1,750 790 20.05 13.35 38.15 9.70
6 25,720 1,780 1,010 21.15 14.30 37.55 9.75
7 55,280 5,200 1,860 13.50 58.50 71.30 16.70
8 68,120 5,400 2,160 23.00 46.80 76.30 20.10
9 77,640 5,700 2,360 42.20 50.40 76.20 19.90
10 34,540 4,030 1,320 35.60 27.00 71.30 18.20
11 35,550 4,440 1,620 39.90 27.20 80.20 20.00
12 67,120 4,690 2,380 46.50 34.20 81.00 20.20
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A58 N-2-1
_ ~ dniln dniln
Usueu Usueu y
. ATNaU AsNaun n1g
801192015 | d19azane | d19asan8uag . »
y 2. YBIUUS | LWABINNNNT | YTazane
NARDIN LAY QUEREFON .
LIUAY Yzazany (%)
(mU) (mU)
(9) (9)
1 124 0.041 99.59
2 127 0.084 99.16
3 147 0.082 99.18
10
4 141 3.494 65.06
5 150 3.002 69.98
6 150.5 2.502 74.98
100
7 174 3.361 83.20
8 169 0.144 99.28
9 161 0.530 97.35
20
10 147 8.981 55.10
11 150 6.821 65.90
12 144 5.237 73.81

e USinaasaganendnisnsesiiinuiiosninnisdalangneuliadveglunssanunsaaianun

PERGI%)
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AN N-2-2

840122019 Usunavaslanzluansvzazany (mg/)

NAAe Cu Na P Fe Al Zn Mn
1 47,790 1,438 967 7.44 25.05 42.78 10.66
2 50,508 1,461 838 23.75 26.42 44.32 11.05
3 53,833 1,455 956 38.37 29.84 45.42 11.03
4 38,465 1,960 888 28.06 18.82 57.88 14.52
5 48,375 2,475 975 30.23 20.40 59.10 16.31
6 50,598 2,378 1,023 31.83 22.58 57.79 17.39
7 72,419 1,496 731 8.35 12.88 76.39 17.40
8 78,556 1,183 1,318 11.32 48.84 81.46 20.28
9 78,867 1,578 1,481 27.53 51.04 81.79 20.45
10 61,887 5,762 1,691 50.72 43.51 120.54 29.69
11 80,250 5,820 1,710 55.20 41.25 121.05 30.00
12 89,798 5,832 1,642 56.02 42.48 121.97 30.53
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f1579 N-3
an3dIu _ ~ Wsin Wmin
Usuau Usueu y
VD9 AzNOY aznaun
L dg1sazate | @1sazane ) . AN5YzaTae
VDILVIAD . . YIS | WADIINNS
LSUAY VAINISNTD9 . (%)
YDINA? LSUAY Yazany
(mU) (mL)
(g/V) (9) (9)
ASNARBIATIN 1
140 105 14 0.011 99.92
150 100 106 15 0.015 99.90
160 117 16 0.310 98.06
nMsveaBeAssi 2
140 125 14 0.009 99.94
150 100 144 15 0.013 99.92
160 138 16 0.302 98.12

mnewe: MsvravarenInaznauianinfilidunisnmensadailtnidudy 2 M gumgiivies alu

M3vzazaty 1 Falue Auiaseulun1snau 600 rpm
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A5 N-4
R8I

Teeva sl Usunavaslanzluansvzazane (mg/)

faUDILUAN
(/) Cu Na P Fe Al Zn Mn

nsNAaBIASaR 1
140 65,190 2,130 2,500 46.70 43.40 54.10 14.10
150 70,050 2,410 2,380 47.70 43.30 58.30 14.90
160 76,240 2,940 2,320 51.60 44.10 64.00 16.40

nsnnaesnai 2
140 64,760 2,730 2,060 47.60 36.30 50.70 14.10
150 70,080 2,930 2,350 47.90 39.50 55.30 15.30
160 76,040 3,980 2,550 49.40 39.40 58.80 16.20

Mnewe: MIvrararennagneuianiniilidiunsenmensadaiinsnidudu 2 M gumniivies ianlu

mstzazae 1 Falus mnadaseulunisnau 600 rpm
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A1172N15NNABIN 3-4
a & & a v ) a I+
arsazaredianinslanisudu (pH 0.09), usepulniln 2.2 V wazvilnvestanelun

Ti/Pt wag Ti/IrO,

Tawelunuiia Ti/Pt Tawaluaada Ti/IrO,

a ¢ 4 2 a a a
?ﬂ'ﬁa%aqﬂaLaﬂim'ﬂamLﬁJ@auaﬂﬂﬁ%UQUﬂqﬁaLaﬂimﬁauuq

9

SnuaizUalanenaLaInlaaInAIsNnan




116

A41172N15NAABIN 5-6
a & & a v ) a I+
a1sazaredianinslamisudu (pH 0.09), usepulniln 2.5 V wagvilnvestanelun

Ti/Pt wag Ti/IrO,
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d41172N15NAAIN 7-8
a & 3 [y [y} Y 1 [y} a 5
arsazarsdianinslasnasusulndian pH 2, ussaulin 2.0 V uazasiinvesdauelun

Ti/Pt wag Ti/IrO,

Tawelunuiia Ti/Pt Tawaluaada Ti/IrO,
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ansazangdianinslanndausulsiiian pH 2, useiulndn 2.2 V wazvlinvesdauelun

Ti/Pt wag Ti/IrO,
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A1172N15NAARIN 11-12
a & 3 (v v Ya [y} a 5
arsazarwdianinslasvasusuludian pH 2, ussaulin 2.5 V uagasfinvesdauelun

Ti/Pt wag Ti/IrO,

Fawelumuiia Ti/Ir0,

X
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ey Rt o
GRFGHM
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A1519 V-1
Voltage | Anode Cathode Weight (g)
Condition pH
V) Type #1 #2 avg
1 Ti/Pt 4.57 4.37 4.47
2.0
2 Ti/IrO, 10.95 11.35 11.15
3 Ti/Pt 10.58 8.50 9.54
0.09 2.2
4 Ti/IrO, 16.52 11.45 13.99
5 Ti/Pt 16.81 15.48 16.15
2.5
6 Ti/IrO, 17.00 16.77 16.89
7 Ti/Pt 1.50 2.93 2.22
2.0
8 Ti/IrO, 5.51 5.16 5.33
9 Ti/Pt 4.15 4.60 4.38
2.00 2.2
10 Ti/IrO, 6.39 6.36 6.37
11 Ti/Pt 7.87 8.08 7.98
2.5
12 Ti/IrO, 10.53 11.13 10.83
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M99 V-2
Voltage | Anode %Recovery of copper
Condition pH
V) Type #1 H#2 avg
1 Ti/Pt 25.38 24.27 24.83
2.0
2 Ti/IrO, 60.82 63.04 61.93
3 Ti/Pt 58.76 47.21 52.99
0.09 2.2
4 Ti/IrO, 91.75 63.59 77.67
5 Ti/Pt 93.36 85.98 89.67
2.5
6 Ti/IrO, 94.42 93.14 93.78
7 Ti/Pt 8.95 17.45 13.20
2.0
8 Ti/IrO, 32.81 30.73 31.77
9 Ti/Pt 24.72 27.40 26.06
2.00 2.2
10 Ti/IrO, 38.04 37.88 37.96
11 Ti/Pt 46.87 48.12 47.50
25
12 Ti/IrO, 62.72 66.29 64.50
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N3 V-3
Voltage | Anode %Purity of copper
Condition pH
V) Type #1 #2 avg
1 Ti/Pt 99.48 99.11 99.30
2.0
2 Ti/IrO, 99.22 99.03 99.13
3 Ti/Pt 98.94 98.83 98.88
0.09 2.2
4 Ti/IrO, 98.34 98.86 98.60
5 Ti/Pt 98.65 98.87 98.76
2.5
6 Ti/IrO, 98.24 99.00 98.62
7 Ti/Pt 99.91 99.23 99.57
2.0
8 Ti/IrO, 99.34 99.10 99.22
9 Ti/Pt 99.02 99.13 99.08
2.00 2.2
10 Ti/IrO, 98.76 99.15 98.95
11 Ti/Pt 98.65 99.29 98.97
2.5
12 Ti/IrO, 98.57 99.08 98.83
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M3 V-4
Voltage | Anode %Current efficiency
Condition pH
V) Type #1 #2 avg
1 Ti/Pt 98.85 99.90 99.37
2.0
2 Ti/IrO, 99.32 99.73 99.53
3 Ti/Pt 98.07 99.59 98.83
0.09 2.2
il Ti/IrO, 98.83 93.77 96.30
5 Ti/Pt 99.86 97.45 98.65
2.5
6 Ti/IrO, 81.94 83.71 82.82
7 Ti/Pt 97.46 99.66 98.56
2.0
8 Ti/IrO, 98.88 99.15 99.01
9 Ti/Pt 97.24 99.50 98.37
2.00 2.2
10 Ti/IrO, 96.22 99.35 97.78
11 Ti/Pt 99.09 99.50 99.29
2.5
12 Ti/IrO, 99.80 98.83 99.32
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Study on Recycling of Galvanic Sludge containing Copper for Pure Copper

Production

Ma-ud N, Khumkoa S§*, Buahombura P, Piyawit W, Patcharawit T, Thongnak S and Yingnakorn T

School of Metallurgical Engineering, Institufe of E i Universi Nakhon Thailand
Abstract

Metal containing waste sludge from electronic industrial has been rapidly accumulating due to the surge of global
demands for electronic components. This study looks into the feasibility of recycling copper from galvanic waste
through hydrometallurgy combining with electrometallurgy process. The parameters of copper selective leaching
including types of leaching solution, acid concentrations, and liquid-solid ratios were systematically studied. The
optimum selective leaching conditions were 1 M and 2 M sulfuric acid with 24 h leaching duration, 100/1000 gfcc
solid-liquid ratio offering copper leach recovery of 42,540 and 45,850 mg/l, respectively. Copper purification was
successiully obtained from electrolytic refining process. The effects of electrolysis voltage to the amount and purity of
copper cathode were studied. It was found that the opfimum parameters for copper purification were using 2 M sulfuric
acid with electrolytic voltage of 2.2 V. Under these conditions, the recovery of pure copper was raised up to 92%.

Keywords: Hydrometallurgy; Electrometallurgy; Electrowinning;
Galvanic copper sludge; Copper cathode

Introduction

Currently, metal resources can be in the natural mineral form and
recycled wastes. Natural copper resource for example from Chalcopyrite
(CuFeS)) is still under production, However, recycling of valuable
copper containing wastes is more of great interest, due to high return
and environmental regulation. From the statistics of the Department
of Industrial Works, Ministry of Industry, Thailand, about the import-
export of hazardous waste according to the Basel Convention since
1998-2011, it appears to be a widespread cross-border waste movemnent
across the continents. Thailand has since an average of 200 to 5,000
tons of hazardous waste per year, including electrical and electronic
scraps, galvanic sludge, metal finishing wastes, and waste catalysts. The
amount of import-export of hazardous waste according to the Basel
Convention of Thailand during 2008-2011 is shown in Figure 1 [1].

In present, galvanic copper sludge occurring in the electronics
industry is one of the most valuable wastes that contain a high content
of copper, potentially feasible for recycling. To extract the high-valued
metal from galvanic copper shudge, metal recovery can be carried out by:

1. Pyrometallurgical method as a metal extraction process by
smelting to separate the impurity from the desired metal,

Tmport-export of hazardous waste aceording to the Basel
Convention of Thailand

Agouat of isgeon

3 Ameovat of exgort

e (o)

Year

Figure 1: The amount of hazardous waste that has been trans bound since
2008-2011 [1].

1. Hydrometallurgical method as to extract the metal by means of
solvent leaching of metal into the solution

3. Electrometallurgy as an extraction process of metals via
electrolytic process to selectively purify metal.

Generally, electrometallurgy can be divided into electrowinning
and electrorefining to give pure metal deposited at the cathode.

The combination of hydrometallurgy and pyrometallurgy
treatment has been studied by Rossini G and Bernardes [2] to recover
copper from galvanic sludge. A copper recovery of 50% was obtained
with mickel and zinc as the main recycled product. Research by
Huyen et al. [3] investigated electrochemical copper recovery from
galvanic sludge and suggested the use of a combination of leaching
and electrowinning, which the latter employed a batch recirculation
electrochemical reactor using a 3-D carbon felt cathode. The technique
used could offer the current efficiency as high as 0.90 with higher than
99% of copper recovery within 2 h.

For the leaching of the galvanic shudge prior to electrometallurgy, much
research indicated productive recovery of copper after electrowinning in
a laboratory scale [4-6], mostly used H SO, as the leachate agent though
some also used ammonical alkaline solution. H 50, was found to be more
attractive to give the optimum results. Studies of leaching in printed circuit
boards [7] and the galvanic sludge [3-5,8,9] using H 80, also confirmed
its effective to provide better copper deposited at cathode, % recovery, %
current efficiency and purity of copper.

Experimental Section
Galvanic copper sludge

The galvanic copper sludge used in this research obtained from an
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electronic industry located in the middle region of Thailand contains
high amount of copper. The sludge was a waste solution from the
precipitation process of heavy metals in PCBs manufacturing. Oven
dry at 105°C was operated to give a dried sludge ready for leaching.
WD-XRF (Wavelength Dispersive X-Ray Fluorescence; Model: Rigalou,
ZSXPrimusIV) was selected to analyze the chemical composition of the
galvanic sludge as detailed in Table 1.

Extraction of copper from galvanic copper sludge

The extraction technique used for recovery of copper from galvanic
copper sludge started with leaching by sulfuric acid, filtration and
electrowinning of the leached solution to achieve the copper cathode
as illustrated in Figure 2.

Acid leaching by sulfuric acid was carried out at concentrations of
1 M and 2 M for 24 h using an S/L ratio at 1:10. The dried galvanic
copper sludge of 1,000 g was leached in an HDPE gallon using 101 of
acid solution. Magnetic stirring was introduced at a speed of 250 rpm
to ensure identical leached solution for further electrowinning process.

After acid leaching, a copper sulfate solution was obtained and then
filtrated to separate the leached solution from residual, which was later
analyzed by ICP-OES (Inductively Coupled Plasma Optical Emission
Spectroscopy; model: Perkin elmer/Optima8000) and WD-XRF

Galvamic Copper i
Sludge g

3 x
Drying and
Crushin;

Temperanwe: 105 %
—_—
Tume 6 br

HSO, tand 2M Leaching

Filtration i Rnidlll///
R _._._
I.entkd bolulmn

( Copper € atllldr \\

KP-OES

r.lmnl,u !
Iuhnu /

lll'l\

Power 1400 W i)
L
Microwave

Digestion

Ol HND, = 76—

Tume 60 mm

Figure 2: The process fiowsheet of copper extraction from galvanic sludge.
J

techniques respectively. The filtered copper sulfate solution became
an appropriate electrolyte solution for further copper extraction in the
electrowinning process as described in Figure 2. The electrolytic cell was
set up for electrowinning process using the electrolyte solution of 500
ml and by applying DC power supply to vary electrical voltage at 2.2,
24 and 2.6 V. Pb-1wt.%Ag alloy of 5x5x0.1 cm® dimensions was used
as an anode and was set at 4 cm apart from the pure copper cathode
of 5x5x0.03 cm?® dimensions. Magnetic stirring was introduced at a
speed of 250 rpm to assure homogeneity of the solution at all time. The
condition adopted for each set of experiments is listed in Table 2. In
addition, the reaction in the electrolysis process is shown in equations
(1-3). The obtained copper cathode was digested by microwave before
elemental analysis by ICP-OES to evaluate the purity of copper.
However, the current efficiency and recovery of copper were calculated
according to the equations (4-6) (Figure 3).

Anodic reaction: HO=2H*+2e+%0, (1)
Cathodic reaction: Cu®+2e-=Cu® (2)
Overall reaction: Cu™+H 0=Cu+2H*+140, (3)
Theoretical weight gains: W, =(ItAw)/zF (4)
Current Efficiency: %CE=W /W, x 100 (5)
Recovery of copper: %Re=M_/M_x 100 (&)

Results and Discussion

Leaching

The chemical analyses for the leached solution concentrations of
1 M and 2 M by ICP-OES and WD-XRF are presented in Table 3. In
a condition using 2 M H_80,, the leached solution contained higher
concentration of copper (45.85g/]) in comparison to that obtained
from of a condition using 1 M H,SO,, due to greater effect of acidity.
It is confirmed by the lower copper content of 4.96 wt.%, left in the
residual obtained by using 2 M H, 80, after leaching, as compared with
7.36 wt.% of copper measured from the residual obtained by using 1 M
H SO, as shown in Table 4.

Electrowinning

The leached solutions were used as the electrolyte in the
electrowinning and the pure copper was attained at cathode as depicted
in Figure 4a-4c. The oxidation reaction at anode gives electrons
received at the cathode where by the copper ions from the copper
sulfate solution are reduced to form pure copper. The leached solution
previously appeared as dark solution then turned into light blue as seen
in Figure 4d for a comparison of electrolyte solutions before and after
electrowinning process, with their chemical composition analyses by
ICP-OES summarized in Table 5.

In Figure 5, in the case of using 1 M leached solution, a higher

[ Etement | cu | o | s | c | B |

Na | P [ Fe [ zn | B [ w1

| wtw | 4e85 | 3s3as [ s28 | 421 | 258 |

107 | oe2 [ o007 [ oo+ | o002 [ ooz |

Table 1: Chemical composition of galvanic copper sludge by WD-XRF analysis.

C Test number
1 2 3 4 5 ]
H,50, (M) 1 1 1 2 2 2
Voltage (V) 22 24 28 232 24 28
Time (h} 24 24 18 20 1 7
Table 2: Exp ycling of pure copper by electrowinning process.
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Figure 3: Schematic showing the set up for electrolytic cell of electrowinning process.
Acid Concentration (mg/l]
Cu Fe Mn Ni Zn Ca Pb
1MH, SO, 42.540 24.800 9.800 8.800 35.000 1.297 0.143
2MH,S0, 45,850 56.300 9.600 8.400 32.300 1.203 0.101
Table 3: Chemical composition analysis of leached solution by ICP-OES.
Element wt.%
Cu Fe C o S P Na Mg Al Si Cl K Ca Mn
1MHSO, 7.38 7.25 10.09 51.80 9.14 4.52 041 - 0.09 0.18 0.04 0.01 0.03 0.02
2MHSO, 4.06 11.18 26.87 46.37 4.38 5.57 0.34 0.03 0.08 0.13 - 0.01 0.04 0.02

Table 4: Chemical composition analysis of residuals by WD-XRF.

after (right) electrowinning.

T

Figure 4: Copper cathode obtained after electrowinning process (a) front (b) back (c) side, and (d) electrolyte solution before (left) and

of copper dep d at the cathode and greater recovery of
copper were obtained as the cell voltage was increased from 2.2 to
2.6 V, due to increasing current with increasing electrical voltage.
Conversely, in the case of using 2 M leached solution, the amount of
copper deposited at cathode reached the optimum value of 21.57 g after
20 h prior to the electrolyte solution turned into a clear solution. This
is to prevent impurities from depositing at the cathode. For this reason,
the current efficiency and purity of copper for both acid concentrations

decreased with increasing cell voltage as illustrated in Figure 6.

Finally, it was considered in this work that copper could be
recovered from the galvanic copper sludge up to 92%, with the highest
current efficiency of 99.45% when using 2 M leached solution at
2.2 V. However, to obtain the highest copper purity of 99.92%, the
electrowinning condition would be 1 M leached solutions at 2.2 V
are shown in Table 6. The recovered copper could, therefore, be used
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Tests number Concentration (mg/l)
Cu Fe Mn Ni Zn Ca Fb
1 21,600 26.4 6.367 5.778 38.5 1.520 2.232
2 2,560 258 7.373 6.041 40.5 1.561 2758
3 2,140 208 6.911 7.083 40.4 1.550 2.850
4 3.040 5.2 6.000 6.587 413 1.603 1.803
5 4,250 628 6.68.37 6.444 414 1.608 1.880
] 19.770 60.3 6.585 6.043 373 1.582 2.035
Table 5: Chemical position analysis of solution by ICP-OES.
1o 100
90 + = <+ 90
a0 4 4+ =0
o
E w4+ .4 4 70
e ]
F60 4 e + 603
= 4 L =
E jg —a— 1M —m—IM jg 3
= e 1M - I M =
Esu RN + 0#
=
20 1 :?_:._—_. =4 20
<
1w+ - 1o
o + t t 0
2.2 2.4 2.6
Voltage (V)
Figure 5: Effect of the cell voltage on Cu-deposited at cathode and recovery of copper (solid line: Cu-deposited at cathode; dotted line: recovery).
o0 100
99 4 -+ 99
98 4 + 98
For 1 1972
=
96 1 1 o638
- 2
595 + 1 95
= =3
z 94 L 1 945
E 93 + + 23 g
B
92 4 92 —~
&2
91 4+ 91 =~
a0 } + 90
2.2 2.4 2.6
Voltage (V)
Figure &: Effect of the cell voltage on purity and current efficiency of copper (solid line: purity; dotted line: current efficiency).
Conditions Cell voltage (V) Cu-deposited at cathode (g)| R ry (%) Purity (%) Current Efficis (%)
Electrowinning of 1 M leached 22 13.32 56.86 00.01 08.47
solution 24 20.95 80.44 020.61 96.72
26 21.18 00.33 00.04 ge.7e
Electrowinning of 2 M leached 22 2157 82.08 08.093 00.45
soluticon 24 18.97 80.08 06.54 ge.01
2.6 18.76 80.08 05.64 06.42

Table &: Summary results of recycling copper from galvanic copper sludge.

as the raw material for the copper and copper alloys productions,
etc. In addition, it could be possible to increase the purity of copper
by adjusting the parameters in the extraction process which will be

Conclusions

The recycling of galvanic copper sludge for pure copper production

included in future work. This study can be made as a guideline for the
recycling of electronic industrial waste for pure copper production,
which can lead to further research in the pilot and commercial
scales. Additionally, this research might be in benefit of promoting
environmentally industrial electronic waste management suitable for
Thailand and reducing harmful wastes due to landfill.

was studied. It was found that it is possible to recover copper, using
a combination of leaching by sulfuric acid and electrowinning.
According to the result, it can be concluded that the highest amount of
copper cathode of 21.57 g., recovery of 92.08% and current efficiency of
99.45% can be obtained by using 2 M H SO, at 2.2 V. The highest purity
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of more than 99.91% of copper purification can be achieved when using
1 M H,50, with a cell voltage of 22 V.
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Recovery of Silver from Solar Panel Waste: An Experimental Study
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Abstract. The aim of this study was to develop a recycling process to recover silver metal from solar
panel waste. Experimental procedure consisted of mechanical/ physical separation, leaching of silver
from silicon wafer and precipitation to retrieve silver chloride (AgCl) precipitate. The precipitated
AgCl was reduced to silver precipitate form which was subsequently heated up to produce silver
metal. The leaching process was first conducted by using 4 M of nitric acid for 24 hrs. The silver-
containing leached solution would then be added by sodium chloride solution to precipitate AgCl.
The precipitate was filtrated out from the solution and was rinsed with water ready for further step.
The rinsed precipitate was dissolved in water, then sucrose and sodium hydroxide were added to
achieve precipitated silver. Finally. the precipitated silver was burned with acetylene gas to finally
obtain silver metal. Base on the experiment the purity of silver metal of 99.98% can be achieved and
by considering recycling of solar panel of 1.000 kg the recycling product of pure silver of 0.23 kg
could be acquired.

Introduction

Electricity generation by solar cells is recognizably acceptable as clean renewable energy with no
emission in services. Currently, there are three main types of solar cells available, crystalline silicon,
thin film and new concept solar cells. Generally. a usetul lifespan of solar cells/panels is up to 25
years. After service. when it fails to function efficiently, the end-of-life solar panel then becomes
undesirable waste, and could be quite problematic if there is no appropriate waste management
integration as shows in Fig. 1 will however result is an example of End-of-life solar panels become
undesirable waste and can be quite problematic if there is no appropriate integrated management.
Suitable recycling technology and management is however required not only to suppress burden cost
on disposal and environmental issues, but also to give value added to the recycled products. Recyeling
of end-of-life solar cells can be conceptually divided into two distinet ways: 1) recyeling for reuse in
the solar manufacturing process and ii) recyecling for other purpose. The first conecept aims for
retrieving erystalline silicon to be reuse in the manufacturing process. This comprises long recyeling
steps such as 1) mechanical'physical separatio. i.e. crushing, magnetic separatio. floatation. 2)
hydrometallurgy process including acid leaching and solvent extraction. 3) pyrometallurgy process
including roasting. smelting. melting and slag forming, and 4) disposal [1-4]. In Thailand. 85% of
solar panels are erystalline silicon typed and will account for cumulative amount of waste in great
number. It is therefore worthy to aim for recycling of end-of-life crystalline silicon solar panels.
Recycling of end-of-life solar panel as shows in Fig. 2 starts with panel dismantling by
mechanieal/physical means, giving aluminium frame. bus bar and junction box as well as silicon
wafer with plastic coating on the back end with glass laminate on the top. Aluminium frame and bus
bar can be directly recyecled/sold to the market, leaving the cells to be 1id of glass cullet, which can
again be directly recyeled/sold .However, Plastic backsheet and EVA have to be rid of from the
ripped cells in order to readily extract silver for recovery [5-6]. Experimentation on silver extraction
from such solar cells involves mainly chemical precipitation. Research on extracton of silver from
solar panel has been published [7-13]. however. the purity of acquired silver has not been reported.

All rights reserved. No part of contents of this paper may be reproduced or transmitted in any form or by any means without the written permission of Trans
Tech Publications Lid, www.scientific.net. (#545701581, University of Warwick, Coventry, United Kingdom-08/11/20.11:33:41)
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The objective of this research is to develop the recycling process and study its feasibility to extract
silver from end-of-life solar panels.

Fig. 1. EXﬂ;llple of end-of-life of ¢-Si solar panel (front and back cover).

‘ Aluminum frame

] . ] Back sheet & Junction
| Physical Conditioning/Separation |

Temper glass

‘ PV cell with metal electrode = 1
| Metallurgical Process | <« A9 - ____ 1
Apg metal
Silicon wafer (Pure silicon)

Fig. 2. Recyeling process of solar panel.

Experimental

Experimental procedure consisted of mechanical/physical separation of the solar panel and
metallurgical extraction of silver from solar cells. The later process consisted of leaching out of Ag
from silicon wafer, precipitation of AgCl. reduction of AgCl and finally produce silver metal. The
experiment flow chart is shown in Fig. 3. The solar panel waste used as raw material in this study was
a c-5i type and was supported by a solar farm located nearby Suranaree University of Technology in
Thailand.

The experiment started with the separation of aluminum frame, wire and glass from the solar cells,
leaving the cells attached to EVA at one ends and plastic back-sheet at the other end. Then, EVA
from the cells was separated by submerging in acetone. After EVA is removed, the cell was cut into
the size of 1x1 em?, The sample was further leached with solid-leachate ratio of 200 g/L by 2-4 M of
nitric acid at room temperature for 24 hrs. Stirring of leaching is required i order to accelerate the
leaching reaction. The silver containing leached solution was then be subjected to further extraction.

The extraction of silver was performed by adding sodium chloride solution (300 g of NaClin 1 L
of water) to precipitate silver chloride (AgCl) seen as white precipitate. The ratio of silver leached
solution to sodium chloride solution was 1:1. Then the mixing solution was filtrated and the
precipitate was rinsed well with water. The rinsed precipitate of AgCl was then dissolved in water,
then sucrose (C12H»011) and sodium hydroxide were subsequently added to finally achieve silver as
dark precipitate. In this experiment the weight ratio of sucrose to AgCl precipitate was 2:1 and the
weight ratio of NaOH to AgCl precipitate was 2.5:1. The solution containing dark precipitate was
then filtrated to separate out the silver precipitate, which is then subjected to cleansing and drying.
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The dried silver precipitate or
silver metal.

Acetone

HNO;
(2M, 3M, 4M. 200 g/L)

NaCl: H,O 300 g/L

CoH20n + NaOH

silver powder was then burned with acetylene gas to finally obtain

| Mechanical dismantling |[> Al frame. Junction box

l Module smashing | L > Busbar. Glass particle

l Leaching (24hrs) | [> Si wafer + EVA

| Ag leached solution |[> NaNO; (solution)

| AgCl (solid) | j> Solution

' Ag powder |

¥ Firing
Ag

Fig 3. Recovery process of silver from PV waste.

Results and discussion

Mechanical Dismantling. Recycling product of this experiment is shown in Fig.4. It was found based
on this study that the main component of solar panel is glass weighing 16.2 kg of 21.4 kg of the whole
panel and other product of mechanical separation is shown in Table 1.

Fig. 4. Recycling product in this study.

Table 1. Component of the solar panel.

Component Weight (kg)
Glass 16.22
Aluminum frame 2.00
PV adhere back sheet 1.90
Cable 0.20
EVA 0.67
Bus bar 0.21
Aluminum joint 0.20

Total 21.40
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Leaching of Silver. The chemical leaching of silver with nitric acid can be represented by
chemical reaction as shown in eq. (1). For leaching process, silver from solar cell will be dissolved
into the leached solution in the form of AgHNO3. The leaching accompanying with stirring was
performed at room temperature for 24 hrs. The effect of acid concentration of 2 M, 3 M and 4 M on
extraction of silver was investigated. It was found as shown in Table 2 that leaching with 4 M of nitric
acid gave the better results than using 2 M and 3 M. Based on this study nitric acid of 4 M was
proposed for leaching process.

3Ag + 4HNO; = 3AgNOs + 2Ha0 +NO (1

Table 2. Effect of leaching concentration on extraction of silver from solar cell.

Concentratio of HNO3 | Silver in solution (ppm)
2M 12.348
3M 134,176
4 M 208.040

Precipitation of AgCl. Extraction of silver from solution can be carried out by adding sodium
chloride solution to obtain AgCl precipitate. The chemical reaction of AgCl precipitation can be
represented in chemical reaction (2). From the reaction, the white AgCl precipitate is obtained. The
NaCl solution was prepared by dissolving 300 g of NaClin 1 L of water. In order to precipitate AgCl
from AgNO3 leached solution. the ratio of NaCl to AgNO3 of 1:1 was used.

NaCl + AgNO; = AgCl + NaNO; ®)

The precipitated AgCl was analyzed by using XRD technique. The analytical result is shown in
Fig.5. It was found based on this experiment procedure that the precipitate composed of nearly 100%
of AgCL

AgCl

o

2Theta (Coupled TwoTheta/Theta) WL =1 54060

Fig. 5. XRD spectrum of AgCl powder.
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Reduction of AgCl. The precipitated AgCl was rinsed with water and then dissolved in water.
After dissolving in water, sucrose and NaOH was subsequently added to achieve silver powder. The
chemical reactions of reduction of sliver are shown in equation (3) and (4).

C12H2011 + H20 = 2C6H1206 (3)
2AgCl+ 3NaOH + CgH1p0s = 2Ag +CsH1107Na + 2NaCl + 2H,0 4)

From reaction (4) the dark precipitate of silver will be achieved and contained in the solution. The
dark silver was separated from solution by filtration and then was cleaned and dried. The silver
powder was then burned with acetylene gas to finally obtain silver metal. The silver metal was
analyzed by using XRD technique and the analytical results is shown in Fig. 6. It was indicated that
the metal consisted mainly of silver. Moreover. it was confirmed by XRF analysis that the purity of
sliver was 99.98%. By considering recyeling of one solar panel according to laboratory
experimentation, silver weighing 4.9 g is obtained together with silicon wafer weighing 19.27 g.

| POF (4078 Ag Siver-3¢, sym

Counts

E Silver Metal

= oo
_W...__.,.,._r..__rff_\?jl_l,\?“:....ﬂ__...,,—.',/“k“— /.

2Theta (Coupled TwoThetaTheta) WL=1.54060

Fig. 6. XRD spectra of Ag powder.

By considering recyeling of end-of-life solar panels of 1.000 kg, aluminum frame weighing
102.8 kg. copper wire of 9.35 kg, glass cullet of 757.8 kg as well as EVA 31.2 kg and bus bar of
9.77 kg will be obtained .The tedlar of 79.12 kg and silicon of 10.11 kg are also achievable .The
desirable recycling product of pure silver metal weighing 0.230 kg is acquired.

Conclusions

The experiment of recyeling of solar panel consisted of mechanical physical separation. leaching of
silver from silicon wafer. precipitation of AgCl and reduction of silver. It was found that leaching
with 4 M of nitric acid gave the better results than using 2 M and 3 M. The precipitation of AgCl
from the solution can be done by using NaCl. The reduction of AgCl to silver powder can be achieved
by using sucrose and NaOH. Finally. the silver powder is burned to obtain silver metal with purity of
99.98%. By considering recycling of end-of-life solar panels of 1.000 kg, the silver metal of 0.23 kg
can be acquired.
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Abstract. The aim of this study is to investigate the extraction of molybdenum from the spent HDS
catalyst. The experiment was performed by using the pyro-hydrometallurgical process: calcination
and leaching. The spent catalyst was caleined at different temperatures in order to investigate the
effect of caleination temperature on the recovery of molybdenum in the subsequent process. Leaching
of the calcined samples was subsequently performed by using the different concentrations of leaching
reagent. The leaching was conducted by varying the concentration of NaCOs3 of 20 g/L. 30 g/L and
40 g/L with a fixed leaching temperature of 90°C. a S/L ratio (weight of calcined sample/volume of
leaching reagent) of 100 g/L and leaching time of 1 hrs. under the stiring condition at a speed of
250 rpm. It was found that carbon and sulfur contained in the spent HDS catalyst could be reduced
by the caleination process and resulting in enhanced extraction efficiency of molybdenum. The
extraction efficiency of molybdenum increased with inereasing concentration of leaching reagent. At
a certain concentration of leaching reagent. the extraction efficiency of the sample calcined at lower
temperatures was higher than the sample which was subjected to calcination at a higher temperature.

Introduction

Hydrodesulfurization (HDS) catalyst is widely used in petroleum refinery plant in order to increase
process efficiency. Typical HDS ecatalyst are Ni, Mo and Co on the alumina support [1]. During
Hydrodesulfurization reaction the activity of the catalyst gradually decreases, and the catalyst
becomes inactive. When the catalyst is completely deactivated. it become the spent HDS catalyst and
causes a large scale of solid waste problem in petroleum refineries. The spent HDS catalyst is
classified as one of hazardous waste because it contains various hazardous components, such as Al
V. Mo. Co, Ni. As. P and Fe as well as nonmetallic elements. such as S. C. and oils that are hazardous
to the environment [2, 3]. The spent HDS catalyst is prohibited for landfill since the heavy metals can
be leached out. This type of waste is increasing significantly depending on the demand of the catalyst
in the petroleum refinery industry. The amount of spent HDS catalyst is estimated to be approximately
150,000-170,000 tons/year [4]. Due to the spent HDS catalyst contains high valuable metal such as
19-30 wt.% Mo. 1-12 wt.% V. 1-6 wt.% Ni, 1-6 wt.% Co, therefore, it can be recycled by using them
as raw materials for recovery of available metals [5.6]. The recovery of metals from spent HDS
catalyst can be carried out by hydrometallurgy and pyrometallurgy processes. Advantages of
hydrometallurgical process may be more environmentally friendly. and lower temperature required.
However, some reagents are expensive, the reaction rates are quite slow and the process requires large
amount of concentrate solution.

Hydrometallurgical process involves leaching with alkaline or acidic solution. In traditional
methods, the spent HDS catalyst is initially calcined in order to remove carbon and to convert metal
sulfide to metal oxide or sulfate and subsequently leached by using suitable reagent [7-11]. Many
investigation have focus on leaching parameters concerning extraction of metals from waste.
Nonetheless, effect of calcination temperature of the spent HDS catalyst on extraction ability of
metals in leaching process has not been clarified. Therefore the objective of this work is to investigate

All rights reserved. Mo part of contents of this paper may be reproduced or transmitted in any form or by any means without the written permission of Trans
Tech Publications Ltd, www.scientific.net. (545823340, University of Warwick, Coventry, United Kingdom-D2/11/20,08:52:25)
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the extraction of metals from a spent HDS catalyst which was calcined at different temperatures. The
extraction of Mo from spent HDS catalyst was taken into consideration.

Experimental

The experiment was carried out according to the diagram as illustrated as in Fig.1. The experimental
sequence is composed of material preparation. calcination. leaching and analyzing.

Spent catalvst

Crushing
Temperature  : 450, 550 and 650°C ‘ o IV |
> g —_— Calcination
Time :5hr
Na,CO; :20. 30 and 40 g/L “
S/L ratio -100 g/L Faste |

Temperature - 90°C
Time :5hr ‘

‘ Filtration |‘ Residual

¥

Leached Solution = ICP-OES

Fig. 1. Experimental flow chart.

Material. A spent HDS catalyst. the so-called Ni-Mo spent catalyst. used in this research was
obtained from a petroleum industry in Thailand. The chemical composition of the raw material was
analyzed by using WD-XRF Model: Rigaku, ZSXPrimusIV and is shown in Table 1. The as-received
spent catalyst of was cylindrical shaped. which was subsequently crushed and ground to fine powder.
as shown in Fig. 2.

Table 1. Chemical composition of Ni-Mo spent catalyst.

Element | Mo Ni | Al P c 0 S Fe | Ca | Na | Other
mass % | 11.40 [ 2.55(28.2 /221 |6.81|40.55|7.18]0.12| 0.06 | 0.29 | balance

()

Fig. 2. Ni-Mo spent catalyst (a) as received. (b) crushed sample.

Calcination. The spent catalyst was caleined in a muffle furnace at different temperatures ranging
from 450°C to 650°C at a holding time of 5 hrs. As holding time is reached. then the calcined sample
was furnace cooled to room temperature.
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Leaching. The calcined sample was subsequently leached with alkali reagent. The leaching were
conducted by varying the concentration of NaCO3 of 20 g/L. 30 g/L and 40 g/'L with a fixed leaching
temperature of 90°C. a S/L ratio (wieght of caleined sample/volume of leachant) of 100 g/L and
leaching time of 1 hrs. under stirring at speed of 250 rpm. The chemical composition of the leached
solution was then analyzed by ICP-OES model: Perkin Elmer/Optima8000)

Results and Discussion

Effect of Calcination Temperature, The spent HDS catalyst were calcined in a muffle furnace at
different temperatures ranging from 450°C to 650°C. The chemical composition of caleined samples
at 450°C. 550°C and 650°C are shown in Table 2. It was found that carbon and sulfur were reduced
significantly resulting in increasing concentration of other components. By calcination, molybdenum
sulfide would be changed to molybdenum oxide by chemical reaction (1). The surface morphology
of samples were characterized by SEM-EDX analysis. According to the results in Fig. 3. it was
observed that high calcining temperature caused an increase in surface area of the fine particles.

2IMoS: + 702 = 2MoOs + 4802 (D

Table 2. Chemical composition of caleined samples.

Calcination Chemical composition [mass%)
temperature [*C] | Mo | Ni Al P C 0 S | Fe | Ca | Na | others
Non calcination | 11.40 | 2.55 | 28.2 | 2.21 | 6.81 [ 40.55 | 7.18 | 0.12 | 0.06 | 0.29 | balance
450 12.60 [ 2.74 [ 30.19| 235 | 4.08 | 4594 | 1.10 | 0.18 | 0.08 | 0.35 | balance
550 1225 [2.72 3026|234 | 406 | 46.13 | 1.13]0.21 | 0.09 | 0.45 | balance
650 12.51 | 2.77 | 32.18 | 247 | 3.36 | 45,53 | 0.25| 0.19 | 0.08 | 0.28 | balance

Effect of Sodium Carbonate Concentration. Chemical compositions of leached solution of each
test condition are shown in Table 3 and represented in Fig. 4. Based on this experiment, the efficiency
of extraction of molybdenum is taken into consideration. It was found that the extraction efficiency
of molybdenum from the calcined sample was higher than from non-caleined one.

At a certain concentration of leaching reagent. lower calcination temperature seemed to give
higher extraction efficiency of molybdenum. It was found from Fig. 4 that leaching of sample caleined
at 450°C at 20 g/L NaxCOs gave Mo extraction efficiency of 93%, while Mo extraction efficiency
89% was reached for the sample subjected fo calcination at 650°C. With increasing of calcination
temperature, Mo may transform into a complex compound which is difficult to leach.

The significant increasing tendency of Mo extraction efficiency was observed when the
concentration of leaching reagent is increased. According to Fig. 4, for the sample calcined at 450°C,
the extraction efficiency is of 93% at 20 g/L NaxCOs. whereas the extraction efficiency is raised up
to approximately 97% when using 40 g/L NayCOs.
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(c) calcination at 650°C

Fig. 3. SEM images of as-received and calcined sample at different temperature.

Table 3. Chemical composition of leached solution of different test conditions.

Gl coniition NaxCO3 Chemical composition of leach solution [mg/L]
concentration (g/L) Mo Ni Na P Fe Al

20 0.3295 | n/a | 0.5669 | 0.0296 | n/a | 0.0135

Non-calcined 30 0.3209 | n/a | 0.9657 | 0.0407 | n/a | 0.0184

40 0.3379 |- n/a | 1.4255 | 0.0370 | n/a | 0.0097

20 1.1775 | n/a | 0.3158 | 0.0082 | n/a | 0.0143

Calcination at 450°C 30 1.2114 | n/a | 0.5400 | 0.0158 | n/a | 0.0178
40 1.2202 | n/a | 0.8026 | 0.0252 | n/a | 0.0199

20 1.1000 | n/a | 0.3070 | 0.0182 | n/a | 0.0203

Calcination at 550°C 30 1.1474 | n/a | 0.5920 | 0.0316 | n/a | 0.0244
40 1.1572 | n/a | 0.9505 | 0.0426 | n/a | 0.0269

20 1.1229 | n/a | 0.3553 | 0.0299 | n/a | 0.0226

Calcination at 650°C 30 1.1492 | n/a | 0.4828 | 0.0428 | n/a | 0.0203
40 1.1745 | n/a | 0.7247 | 0.0562 | n/a | 0.0213
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100
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80 #— uncalcined |
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= 70 il calcined 450 _|
é 60 ==paecalcmed 550 |
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10 20 30 40 30

Sodium carbonate concentration (g/L)

Fig. 4. Effect of Na;COs concentration on Mo extraction (leaching temperature: 90°C, leaching
time: 1 hr., stirring speed: 250 rpm).

Conclusions

In present study, the recovery of molybdenum from spent HDS catalyst was investigated. The
experiment was performed by using pyro-hydrometallurgical process. Effect of calcination
temperature of sample together with the effect of concentration of leaching reagent on efficiency of
extraction of molybdenum was clarified. It was found that carbon and sulfur contained in spent HDS
catalyst could be reduced by calcination proeess and resulting in enhancing of extraction efficiency
of molybdenum. Efficiency of extraction of molybdenum is increased with increasing concentration
of leaching reagent. At a certain concentration of leaching reagent. the extraction efficiency of the
sample calcined at lower temperature was higher than the sample which was subjected to calcination
at higher temperature.
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of nickel from spent solution. leaching of nickel precipitate, and electrowinning of nickel. Nickel
precipitation was performed using sodium hydroxide. Leaching parameterssuch as 1 Mto 3 M
sulfuric acid concentration, 100 g-L"! to 300 gL solid to liquid ratic, and 30 min to 180 min leaching
time were investigated. The leachate from the optimal leaching condition was further used as
an electrolyte in electrowinning process. Effects of 3.3 V to 3.7 V cell voltage on recovery and purity
of nickel and current efficiency of the electrowinning process were investigated. The results showed
that nickel precipitation could be performed by using 2 M sodium hydroxide to adjust the solution to
pH =13. For leaching, dissolution of nickel precipitate of higher than 90% was achieved at the
optimum leaching condition of 2 M sulfuric acid, solid to liquid ratio of 100:1 grL'l and leaching
time of 60 min Electrowinning of nickel applying the cell voltage of 3.5 V for 24 h showed the
greatest nickel recovery of about 61%, giving nickel purity of 99% while the current efficiency of

1. Introduction

Environmental pollution is one of the most serious problems
that humanity has to encounter today. Such problems might have
accumulated till present and that will be certainly becoming more
difficult to solve in the future if no measures have been taken [1].
In some countries, such as in the United States, European countries,
Japan, electrical and electronics equipment waste management
schemes have been undertaken with firm environmental legislations
[2]. In addition, modem technology has evolved over the years where
electrical and electronic industries along with those in the antomotive
part areas have gained much aftention with significant growth in the
market [3]. To serve the aforementioned industries, the supply chain
such as metal finishing is essentially important and liable for
environmental issues. In metal plating. hazardous wastes generated
from most operations specifically the electroplating operation along
with waste water treatment in the rinsing steps where heavy metals
for example, nickel, copper, zinc and cobalt involved are considered
hazardous [4]. Spent el plating solution therefore requires proper
t prior to disposal especially when it still contains significant
amounts of valuable metals up to about 90 g-L-!. It is more worthy
to make it through the recycling route in order to reduce the impact
of hazardous waste while increasing the economic value of the metals
involved [3]

IMMM

Metallurgy and Materials Science Research Institute (MMRI), Chulalongkorm University.

electrowinning cell of approximately 16% can be achieved.

Nickel plating is commonly used worldwide as it offers good
strength, toughness and corrosion resistance with cost effective [6].
The spent nickel plating selution can be recovered via regeneration
for reuse in the process and also recovered as nickel of high purity
along with other valuable metals. The latter conceming recovery of
nickel from the spent plating solutions has gained notable interest
through many research studies and newly developed technologies.
With the intention of recovering nickel from the solution, hydro-
metallurgy is the most suitable for both time- saving and expecting
metals of high-purity. The key methods involved are chemical
precipitation, ion flotation, ion-exchange, membrane filtration,
adsorption, contimuous solvent extraction, and electrochemical treatments
such as electrodialysis, electrowinning and electrorefining [7-12].
In the electrowinning process. nickel in the solution is extracted and
deposited as nickel metal at cathode. There are many factors affecting
the guality of nickel deposit. such as current density, conductivity,
pH and temperature [13-15]. Research by H. Y. Lee ef al. [14] studied
the effects of nickel recovery from an electroless nickel plating

h by using precipi leaching and el methods.
Their result indicated high nickel recovery of 62. 5% and current

efficiency of 37% can be achieved when using current density at
80 mA-cm™ in the last step of electrowinning. Fine nickel precipitate
4 ing the spent electrol

plating solution to pH = 13 using caustic soda, followed by dissolution

when

of less than 4 pum size was
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in sulfuric acid and electrowinning at a precise pH equals 2. However,
important factors affecting leaching of nickel precipitate has not been
explored. It is therefore of interest to further develop such techniques
in order to recover nickel and/ or other heavy metals from the waste
solutions and to refine the related leaching parameters in order to
obtain optimum leaching condition for effective electro-winning in
the final step.

The purpose of this research is thus to extract nickel metal from
waste electroplating solution by using spent electro nickel plating
ined from domestic nickel plating industry. The recycling
route started with precipitation of nickel and then leaching to various
variables of interest such as acid concentration, solid to liquid ratio
and time. The nickel metal was then extracted by the electrowinning
at various electric potential values.

P +

2. Experimental
2.1 Materials

The spent electro nickel plating solution was obtained from
domestic nickel plating industry for the manufacturing of grinding
and cutting-edge devices. Analyzed by ICP-OES technique. waste
composition showed significant amounts of nickel and other elements
remained in the solution, as listed in Table 1, where the average
amount of nickelis 133 g-].'l. There are other minor elements such as
aluminium of 146 mg-L!, phosphorus of 79.0 mg-L! and copper of
354mgl?t

2.2 Method

The experiment can be divided into 3 main steps, i) nickel
precipitation, ii) acid leaching of nickel precipitate, and 111) nickel
extraction via electrowinning. as illustrated in Figure 1. In the
process of nickel precipitation, sodium hydroxide (NaOH) solution
was utilized for precipitation so that the pH of the solution approached
an approximate value of 13. The nickel precipitate was then dried
to get rid of moisture and crushed into a smaller size in order to
improve leaching efficiency in the later step by increasing its
surface area. In the second step of acid leaching, effects of sulfuric
acid concentrations at 1.0, 2.0 and 3.0 M were studied while using
solid to liquid (S/L) ratio of 100 g-I." and leaching time for 60 min.
After the leached solution was analyzed by ICP-OES, the optimum
acid concentration was determined. Then from the selected optimum
condition of acid concentration, variations of solid to liquid ratio at
100, 200 and 300 g Ll for 60 min and varied leaching time at 30,
60, 90, 120, 150 and 180 min were studied. The leached soluticn
was then analyzed for nickel and other metal concentrations by ICP-
OES techmque such that % leaching of nickel could be calculated
and impurity amounts remained in the solution were determined.

In the last step of electrowinning, the leached solution obtained
via optimum condition to give high nickel content with low levels
of impurities was selected. Based on electrolytic cell set up as
demonstrated in Figure 2, the leached solution was utilized as an
electrolyte solution, using platinize-tit as the anode and 304
stainless steel sheet 5 cm long by 5 cm wide, and 1 mm thick as the
cathode. The electrowinning experiments were performed at ambient
temperature and the electrolyte was agitated using magnetic stirrer
at a rotation speed of 200 rpm_ By applying the electric current from
a DC power supply through the cell for 24 h, principally the negative
ions or electron moves corresponding to the t of positi
ions (Ni**) in the solution to accumulate at the cathode as the
desired recycling product. Electrical potential of3.3,3.5and 3.7V,
which is comresponded to the initial current density of 0.9, 1.5, and
2.1 A-dm? 1 spectively, were in d. As the elect: i
experiment finished, the electrolyte was filtered to separate out some
residue and precipitates remained at the bottom of the container.
Chemical compositions of the nickel cathode and electrolyte were
analyzed by ICP-OES technique to determine % recovery and %
current efficiency () of electrowinning process by applying the

mathematic expressions in equation (1) and (2) respectively as follow;
% Recovery = [(C.-C¢)/C] = 100 4]
% Current efficiency () = [W/(ItAZF)] = 100 (2
Where Ci and Cr are the initial and final concentrations of nickel,
W is the weight deposited in gram, I is the current used in ampere,
t is electrowinning time in second, A is the atomic weight in gram,

z is the electrochemical equivalent. i e., weight deposited in gram
‘when passing 1 ampere current for | 5, and F is the Faraday s constant.

Spent electro nickel plating solution

NaOH: 2 M —— Spent
AdjustsopH: 13 | Precipitation solurion

Nickel precipitate
H,50; concentration: 1-3 M
Time: 30 min to 180 min
Nickel solution

Electrolytic solution

Adjust o pH 2

Electrical potential: 33 Ve 3.7V
Time: 24 b

Spent
solution

Nickel metal

Figure 1. Experimental flow chart of nickel recovery via hydroelectro
metallurgical process.

Table 1. Chemical analysis of spent electro nickel plating solution by ICP-OES.

Element Ni Cu Fe

Pb P Al

Ci ion (mgL') 133,100 354 0718

0323 79.10 146.00

J Met. Mater Miner- 32{2). 2022
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Figure 2. Electrochemical cell set up for nickel recovery from nickel sohution.
3. Results and discussion

3.1 Effects of sulfuric acid concentration on nickel leaching
and amount of dissolved metals in leachate

After the spent nickel plating solution was subjected to precipitation
by adjusting the pH = 13. the obtained precipitate in the form of nickel
hydroxide (Ni(OH)2) was filter ninsed and subjected to sulfuric acid
leaching. The chemical reaction of nickel hydroxide leaching with
sulfuric acid can be expressed by equation (3).

Ni(OH): s + HaS0uy — NiSOuag+ 2Hi0pg 3)

By considering leaching at solid to liquid ratio of 100 g-L'l for
60 min_ increasing sulfuric acid concentration has showed to affect
nickel leaching efficiency as illustrated in Figure 3. As the acid
concentration raised from 1.0, 2.0 and to 3.0 M. the nickel leaching
efficiency slightly increased to 90.73%, 91.96% and 92.78%
respectively. On the other hand, dissclution of impurities such as
alumininm, phosphorus. iron and lead were found to decrease with
i ing leachant concents as shown in Fignre 4. Since sulfuric
leaching is very selective for nickel, i ing acid 1
thus resulted in higher nickel leaching efficiency while other metals
have gone to the sediments which were not leached.

100
90 + ._,_-.——.
80 i
10 +
Q + + +
] 1 2 3 4

Concentration of sulfuric acid (M)

Figure 3. Effects of sulfuric acid concentration on nickel leaching (leaching
conditien: 100:1 gL solid/liquid ratio, 60 min leaching time).
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Figure 4. Effects of sulfimic acid on amount of dissok
leachate (leaching condifion: 100:1 g-1' solid liquid ratio, 60 min leaching time).

3.2 Effects of the solid to liquid ratio on nickel leaching
and amount of disselved metals in leachate

As the solid to liquid ratie is another important factor affecting
the leaching efficiency, its effects have been studied in the range of
100 gL to 300 gL at a fixed condition of 2 M sulfuric acid
concentration and leaching time of 60 min_ It was found that when
the solid to liquid ratio increased from 100 g-L! to 200 g-L! and
300 gL, leaching of nickel tended to decrease from 91.96% to 90.47%
and 84.78% respectively as demonstrated in Figure 5. Meanwhile,
the dissolution of impurities increased as the ratio of solid to liquid
increased, as illustrated in Figure 6. It can be seen that at the fixed
acid concentration of 2 M, the sclubility has changed with increasing
the solid to ligquid ratio. The amount of the acid nsed was not sufficient
to leach the nickel metal at greater solid content. Then by using high
solid to Liquid ratio, high metal content could not be leached completely.
It however appeared that with increasing solid to liquid ratio, nickel
leaching has reduced while the impurity elements on the other hand
can be further leached. It might be that the concentration of the
ini to leach the nickel but instead

Lz cannot ¢
it was capable of leaching other impurities in the sediment.
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Figure 5. Effects of solid/liquid ratio on nickel leaching (leaching condition®
2 M sulfuric concentration 2 M, 60 min leaching time).
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Figure 6. Effects of solid liquid ratio on amount of dissolved metals in leachate
(leaching condition: 2 M sulfuric concentration 2 M, 60 min leaching time).

3.3 Effects of leaching time on nickel leaching and amount
of dissolved metals in leachate

Effects of leaching time on nickel leaching efficiency have been
studied over the time period of 30 min to 180 min as shown in Figure 7.
It was found that over the investizated leaching period, the nickel
leaching efficiency reached an approximate range of 89% to 95%.
It was also observed that over the leaching time period. the amount
of certain impurities such as phosphoms. aluminium and lead stayed
the same while that of iron increased slightly after leaching for 60 min
as demenstrated in Figure 8.

Forleaching step. dissolution of nickel precipitate of higher than
90% was achieved at the optimmum leaching condition of 2 M sulfuric
acid, solid to liguid ratio of 100:1 g-L"‘ and leaching time of 60 min.
The leachate obtained via the optimum leaching condition was forther
used as electrolyte in electrowinning experiment. However, before
using as electrolyte the pH level of the leachate was adjusted to 2.
The chemical composition of the electrolyte is shown in Table 2.

3.4 Nickel deposition via electrowinning

For the deposition of nickel via electrowinning process. and by
varying electrical potential of 3.3.3.5 and 3.7V for 24 h. experimental
result revealed that the electrical potential of 3.3 V applied in the middle
range provided nickel depesit of highest punity of 99.14%. as graphically
demonstrated in Figure 9. The uniformly dense with a smooth, bright
and clean surface can be obtained from the optimal electrowinning
test condition. as seen in Figure 10(a). For the nickel deposition. the
nickel muclei growing in each direction uniformly can be observed,
as seen in Figure 10(b).

It can be explained that higher electrical potential could cavse
other metal ions to accumulate at the cathode while on the other hand,
less electrical potential might result in better deposition of mickel ions
but may take a longer time to extract nickel. Hence, electrowinning

Table 2. Chemical analysis of electrowinning electrolyte by ICP-OES.

at the lowest electrical potential at 3.3 V gave the lowest recovery
of nickel at 58.72% while electrowinning at 3.5 V again provided
the highest nickel recovery at §1.66% with relatively greatest current
efficiency of 15.48%._ It can be seen that at low electrical potential,
nickel recovery was less than that compared to a higher voltage becanse
it might take a longer time to accumnulate nickel ions at the cathode
as previously mentioned. Using a high voltage however could increase
the percentage of nickel recovery but contamination of impurity ions
in the solution may result. By considering the current efficiency.
rather low values were obtained in a range of only 10% to 16%.
It means that the process required high energy for extraction. Future
research work might be required to further define the electrowinning
condition to optimize these parameters. Therefore, according to the
varying electrical potentials used in this research, electrowinning at
3.5V gave the optimum results of greatest nickel purity of 99.14%,
recovery of 61.66% and current efficiency of 15.48%.
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Figure 7. Effects of leaching time on mckel leaching (leaching condition: 2 M
sulfime acid concentration, 100:1 gL' solidliqud ratio).
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Figure 8. Effects of leaching ime on amount of dissolved metals in leachate
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Figure 9. Purity, recovery of nickel deposited at cathode and current efficiency
of electrowinning process at varied electrical potentials of 3.3 Vto 3.7 V.
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Figure 10. Ni deposition via electrowinning process (a) Photograph of nickel
deposit (b) SEM image of nickel deposit cathode at 200x (electrowinning
condition: 3.5 V cell voltage, 200 rpm stirring speed. ambient temperature).
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4. Conclusions

According to experimental on recycling of spent electro nickel
platiag sol by hyd: llurgy and el hemical method
variables such as sulfuric acid concentration (1 M to 3 M). solid to
liquid ratio (100 gL to 300 gL!) and leaching time (30 min to
180 min) in the leaching step together with the electrical p ial
(3.3 V t0 3.7 V) in the electrowinning step have been investigated
to determine the optimum condition. The conclusions can be drawn
as follows;

1. In the leaching step, i ing sulfuric acid
led to higher % leaching of nickel. The optimum sulfuric acid
concentration was found to be at 2.0 M when considering the
impurity level in the leachate after leaching.

2. The increase in solid to liquid ratio was found to reduce %
leaching of nickel. The optimum solid to liquid ratio to for leaching
of nickel precipitate was therefore at 100 gL}, giving 91.96%
leaching of nickel.

3. The leaching time of nickel precipitate over 30 min to 180 min
gave % leaching of nickel in the range 0f 89% to 95%. The optimum
period for leaching of nickel sludge was suggested to be 60 min,
which can give the p ge of nickel leaching up to 95.14%.

4. The extraction of nickel metal using the electrical potential
of 3.5 V gave the greatest purity of the nickel at 99.14%. Lower
electrical potential at 3.3 V might require longer time for nickel
deposited at the cathode while higher electrical potential at 3.7 V
gave nickel of higher level of impurities. Via electrowinning process,
nickel can be recovered from the spent electro nickel plating solutions
of approximately 61%.
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