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PIAMSAK LAOKHEN : RECYCLING OF SPENT ELECTRO NICKEL PLATING SOLUTION
TO PRODUCE NICKEL METAL. THESIS ADVISOR : ASST. PROF. SAKHOB KHUMKOA,
Ph.D. 149 PP.

Keyword: Recycling of Metal/Spent Electro Nickel Plating Solution/Hydrometallurgy/

Electrowinning of Nickel

This research investigated recycling of spent electro nickel plating solution to
produce nickel metal via hydrometallurgy and electrowinning process. The procedure
composed of investigation of precipitation of nickel compound from spent electro
nickel plating solution using sodium hydroxide. Then, effects of parameters in the
leaching of nickel compound on dissolution of nickel into leachate were investigated:
concentration of sulfuric acid solution as leachant, solid/liquid ratio (ratio of weight of
nickel compound to volume of sulfuric acid solution) and Le.aching time. The leachate
was subsequently treated prior to use as electrolyte. For electrowinning process,
effects of electrowinning parameters on amount and purity of deposited nickel at
cathode were investigated. The parameters were, pH of electrolyte and cell voltage.
The results showed that precipitation of high purified nickel compound could be
performed by using 2 M sodium hydroxide to adjust the solution to pH > 13. Leaching
of nickel compound with 2 M sulfuric acid, 100 ¢/l solid to liquid ratio and 1 hour
leaching time resulted in dissolution of nickel compound of higher than 90% and the
highest dissolution of nickel into leachate with minimal impurities can be obtained.
This leachate pH was adjusted to 2 and further used as electrolyte. For electrowinning
process, the test condition with cell voltage of 3.5 V for 24 hours resulted in highly
deposited nickel at cathode with a purity of 99% and recovery of nickel from spent

electro nickel plating solution of approximately 61% can be achieved.
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Aaufisenaiilniveugaddianlaslafin (Electrolytic cell) lngllnilinszuanss (DC) fu
sruvrenwadiiiainufAzenadlninluszuuvesadindluin waddidnlnsladinUszney
fa (1) Favanudeuslun (Anode) iludafiziinufAsevendindud adudalwiili
Biinaseu (2) Travndoualna (Cathode) 1uihilesfnufasesdndud adudalufiisy
Bidnaseu (3) Bidnlaslat (Electrolyte) iunasmarfiflaudBunlvilad waz (@) wiasgne
wsedulnfanszuanse (Direct Current Power Supply) 1 ugunsaldmsundasladi
nszuaaduiduliiinnszuanss wwudiassweawaddidnlnslafnuansdaguil 1.2 (Siam

Photon, 2020) dusunszuiunisyuindauiwuulalniiurlivsassguluaisazansd

(Y a

< ¢ Ao I % P a a ¢
Laﬂi@i‘law Imwma‘u%Lﬂmﬂmwmaﬂmisqumaaum LLa%ﬁqiﬁgﬁqﬁl@Laﬂimiiaﬂﬁlgﬂigﬂﬁlll

q
lufelossuvedlansiideanisliyuindouiinazaieey wu mndeanisyuindeusiedniia
arsazaredianiaslavinezfesszneumelessuvasdniiadundn Wudu ndnnisvineu
yosmsguidoudsiniauuuldlnih fe thinlwilviaessin quaduasazaredidniog
lovi warliinssualiiifumadiadluiiudvinuasdaay WediaussdngluinAndy
%amﬂﬁauaium%Lﬁmﬂﬁﬁ%mmiLme?hsuaqfﬂﬁtﬁﬁaaﬂ%wmm3§L§ﬂmau IO EIED
uAlnaRAnUfis3dndusudidnasouaindauan dwalididnasoulnaiouantivaniy
fatrau wararsasansdidninslavivesnisguiniauuuldlwilasdaluidudidadaums
(NiSO,) Baslelvinszualiiinazinnsunndvedessuiinfafiuszquinuazindeudiluds

TrauieTuiITUBLANATOU TUINILAANITANNTOU LAz IaU L lanyavaudlIfuNuuIn

Ju
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Y

uAlnm

’
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a & s
ansazanedanlaslan

Ul 1.2 wadiailliiihadnwaddidnlasladin (Electrolytic cell) (Siam Photon, 2020)

dwsunsyuindeuiiamednifiaiy arsazanedianlalaviaziiongmsldnudugeas

'
=Y

WalinsUwleuvesansuaiuiuauinsgiu lneszdamarilissaniamnsyuiiniaan

'
o

pas 119l ansuaiiumauuiuraIntNaInTuILIhngYin1sYy tngeadusenauniaAiives

) a o a < ¢ a a '
Fusuidunguazazatvadluvzduluaisazaredidnialaniuagiinnisazauauiiuen

WRIFINTeIeYU Weeguilaliiduluaiuuinsgiunssgnaigeanainueguiazaz

[
a a =

FUN T UVD LA ITUATEY (Industry Media, 2017, Green drive, 2020) YDUFYN LAAY

1%

aenanazgninlutidalaenisidnesduszneuidulans niinesnly gavingazliingd

vaal 1 1Y i a 1% ! 3 A d' v -
auUAnlidudunseneduwndeu diussdusznaundlangazgniudeuanmlviungnoui
awsainlvilsnauldedisvasndevseanatiiluitignszuiunisiloaaiiounlanedein
ndusnlduselovilni sllnvendenerainaintunousig q lunseuiunsyuiniouiialave

glniuansdaguil 1.3 (Chemtrack, 2007) lnpaziiuldinfivendeinvulunateduneu

[
Y

AILANISASENTERTI 9z URABAIUNITANTUIUNgUES RS auTeeuda Tnealiiienyy
dnifadevanmidniiaiiuesduszneulssuia 0.6-1% lasu1u3uins (nsulseay

QREMNTIY, 2548) MeMsfiansaraievesdefiinainnsyuiunsyuiniiadngiiiusunm

[ 5 vy a a d' o a a [ % 6 (=3 [~ QI d' 1
g9 e msfAudniiaanansazatgiiieirdnifanduanldusslevilnddadudanuiaula

v
v (=3

91 iUl RdssInand AU uTuYasininantnareenundluwsannalan

(Laterite) Tusssuan® fausinifasninannitnifadussrusenau 0.3-3.0% lagiinuein



Janazgu
it o [N G EPATRHNIN
GRERERRLUATIN sttty  vawseuiagnouyy === i
----¥ asazarslduan
\ 4
Ushaly e g Ude
VRTRAUN pladultr X r===*  ufaszuneiia
ey il T
lavig-talwih  p---= ====M asazanelduan
y
vstany  fpremmmme-e > ULdy
v g I ERATREIN
GRPREARINCATIN EEEEE > Uaviaayy ===

——- asazaelynan

Usliay po---——-d q ULae

TANVIYURILAD

SU 1.3 amsasmesnsyuiumsyuiadeuiauuuldliii (Chemtrack.org, 2007)

ns3ladalansdnifanntheuuuuldlwihdevaniniyeuszasdiieataelans
fnAanduanliusslend mimeassFuanmnnazneuiieusnlavginifalumsaransuay
dousneenanlangdunioarsuaiiu ntuingneudsenoumednfafifienududugs
WeraraeiowdsuanmlieoglusUvesasazas wazafnlildlansdnifafifnuuians
asnenszuuMsBianinsiuds asiadl Yangunsaluaziedesilondnililunismaass léun
lopeulansanlen (NaOH) nsadaiisn (H,50,) waziwadiaillidn Wudu duusvesnis
YrazatsuaznszuIunsdlanlasiuds laun (1) Amnududuvesasveazaiy (Leaching

reagent) (2) 8M51dIUVIBILTIF DVDUNAT 58 S/L ratio (3) SraziiallunIsvrazale



(@) Apnudunsa-masuduresasazatedidningladt way (5) wsessulndl wiemdndlnd
vosadallnil

INNSANWIVBY Hwa, Y.L (2013) nudrnsanazneuvesdniiasnaisavalesl
tnifalussdvszneusmeasasanslafeulansenlendusz@vaninganitnisanagnausiey
unaideilansonled Tasazdoaiinisauauen pH vesansazanefivnzay dnsuludfumey
maqmwzazmafuﬁéffaLLUﬁﬁﬁﬂﬁ’@ﬁ%ﬁmammmmmaa‘tumwzazm&JsuaaﬁﬂLﬁa LU
n09E15VYALA1Y ANUTUTUTIBIEISYEATAY wagsyeziatlunistvazaity udu
Ramiro E. G. et al, (2017) la@nwingAnssuvesnisnnaznouvesiinifiasinaisazateiniia
Famlnanazlawsn (NiSO,-6H,0) drelnunadeulansonles (KOH) fien pH 3-13 1aan 24
Falue wuinsanagneuBinTuie pH 3 LAZNIIANALNEUANLINTUTIAN pH 9 wazLin
MIANAzRBUBEENUIAITAY pH 11 Wethnzneusniiaszsidomaia XRD wuitnznoud
I§idnunsdundnvesarsusznavinifalensonled (NIOH),) Tnengnouiazgnily

= o

yraraeludunousoly il HThmsfneidefisiulseme q fdwmadonisszazansues
prneutiniialansenles 1wy Hwa, Y.L (2013) laAnwiuszansnimvesnisvzazaneiiniia
Frensadaiidniirududuiie q nuimstrazaresensefidanud it uiududnales
mmmmmiumaazawﬁmLﬁaLﬁuqqﬁu warUsunaaesasuariuluaisaraisantoad
Mulak, W. et al. (2005) iﬁﬁﬂwwauwamam‘mi%a5'mmamwuiaﬂﬁﬁ%mﬁi%ué’aﬁﬁ
Infadussruszneundn Tnednwszornarlunisvraratsuaranusilun1sniusesns
nsvrararevesiniia mensadaiisadudu 2 M neldan1ignisnaasininuisiseuves
NITNIUFN 9 ﬁqmm:ﬁ 30-70°C Wunan 60 undl wuidasinisvrazanevesdiniialuduiy

Anusaseulunisniuasarate wazi gaungdveinisvraraieiud urinlisnsinig

4 =

yrazarginiiageiumeg ilesaniigamnigsaslinduiulunisnszdunisiniseinis

Y Y

WraransvedtniAaT LA Uy Silva, J. E. et al. (2005) la@nwussutisungAnssuns
yeazanovoslanzeing 9 19U nifia nesuns ozgiilen Wusu fevinvesasazaronsai
AU nuUsednsnmnisvzaralsveslinifaniualsseazatsniadaiainliusz@nsniw
YoM srzaratsinifalanninaisvazatsieauluile
Iu%gumauﬁLﬁﬂimﬁuﬁqfuﬁﬁaLLUsﬁﬁé’fQﬁﬁwaﬁiamnmzﬁmmﬁﬂLﬁﬁﬁ%’;LLﬂIm
laun (1) A1 pH vesasazansdianlnsladt (2) Awssnulaiuieardndlai (3) aau

wuwlunszualnin (4) aaumgll (5) szugiian way (6) yiavestidiininse vl lad

e

NsAnwITeiaBvEnavesiul g o NdwaseauaunsalunisgAulavedniia nie

s
=

ANUUIansvedlansliniianla wu Hwa, Y.L (2013) ladnwinisuenadnansazatefinia



lneauaudt pH vesasaratedianiaglad uasanuvuiwivresnseualiihvosseziialy
nsanalanednifa wuisseznaildlunsadalavednfaniuiudmailinisgaulans
dniAaiuay Idhayachader, R. et al. (2010) la@nw1dndnavesanunuindunszialnii
' a ¢ o | YA A A a & =
uwazA1 pH vesansararedianiaslan Mdwasanisiaudnifalunszuiunisdidnlnglada

=2

WuIARRLILLUNSERa Wi i udgeaunavesUise il lnidwmaliuss@nsaamn

9 9
1%

YA a a o LY 1 A a & o 4 YA a a
n1sgAulinifiags dmsuen pH A uinlinisgAuvesiiniiaanas Brown, H. T. et al.
(1997) lnAnwinsadalanginifiaainansazanaiiemuinmmausiisdndlninveseadd
< a a a ! ! ! o A o v a & a a a a A
Wnlasiuilanmangay wuirAanuiesdndlnihimungandmsudianinsiuilavesliniall
AinAu 3.6 V ilusu
Ya o Y @ @ o o | a H a a 4 -

AIdgladaiuanuddgveimssladatieyuiinfawuuldliidenanivients
YA a  a A & a a a L A A v o a a 1Y) o ¢
AAudnifalagnisudaaduilnifiauiansmenazladlansinifanduanldussloyd Tu
nsfnwlaldnssudsnisanagneuliniiasinansavareveddesisarsaratelaiuulansen
lad 91ntuAn¥INIsTrazatenznaumgnIndaiiin wasdnwinisanndniiausandeie

NLUINNTDENTATIUTA
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1.2 ngUszaiAn1sdvey
ao Jaow s A @ i . : v a a a £ 5
ﬂ’]i’)ﬁ]ﬂum’mqﬂiﬁax‘iﬂLW@ﬂﬂ‘H’]WJLLUW]’N ] NENAADNITINAUUNNAUIFNTITNUIYN

guiinfauuuldlidenann Mmenszuiunsmdaninerasazarsaglaning adllnd

1.3  YdULUAYBINIFIY

(%
A v A

YoUAYeINIANYTITeTuSeInudiutuneunsnnao sl

131 duneunsanpzneuaisUsznaudniianinuieiguiniauuuldli
Fouanm ieusniniiaanansuafiuiifiegluaisazate Tngnsmnaznousgaisazais
Tsulansonlennududu 2.0 M waglsuan pH vesasazanyliiiien 13

v

13.2  dumpun1svzarats lagdnwismuusidwanonisvraratsnsnauidniianls

'
a =

9o 1.3.1 T (1) anududuresnsadaia3ndsldiduasvzazarafian 1, 2 uaz 3 M
(2) $nsrdruvewends (Umfnvesnznoudinuiedundy - S) dovennar (Usuinsves
arsavareinuaoiudns - L) u5e S/ ratio 7 100, 200 WAy 300 NSURDART WAL
(3) syezanfildlunisszazany 0-3 $2lu9 (30, 60, 90, 120, 150 uay 180 u1l) 1 on
AnMs Nz aNTeINNTTZavae

133 dumoudidnlnsiuids Inefnwvianiiziidwasenisinnzvesidnianian
wAlMA FauUsfAnen laun (1) f1 pH vesansazatediniia waz (2) wssdulnfmseen
Fndluiwoamadiedliihi 3.3, 3.5 uay 3.7 V @slduduanuaaiiudiualng uazurum
Prouwanitluyt (P/TH) utauelunwuin 55 wufuns anzgumniivies ssezinan 24

DRIRT



1.4 Usslewidldsu

Uselomifldsuainnsided Ae naruistiadesing q Ailevsdemnuasanisdau
ﬁﬂLﬁaU%?jﬁnémﬂﬁ’lmﬁUﬁﬂLﬁaLLUUI%lWﬂ’lLﬁaﬂJaﬂWW AILNTEUIUNINNLAYING1ANTALANY
wazlavinenadilulih sl

141 w3 udndnavesdauusen o lunisvzazateaznaudniiad dinade
amnuaunsalunisvzazanednifagauazunaasuadiua tiun (1) anaduduvesans
Yrazane (2) NTIEINTRIVBIIETRIET Uay (3) STETIAIN1ITTaYa1Y

142 N5 UBvENaveIfLUTHANg 9 veansEUIunsBidnlnsiudefidemanousunm
uazmuuIavsvesiniia Tiun (1) 1 pH vesansazansdidnlnglart uay (2) Awsedulvid

YaagaaLAl Ll



uni 2

USNAd2sUnIsuLazIIUIdeNNg1U94

dﬂl % L 14 U U d’l a a I a a
unilsenaumeiitedie q dell 2.1 lanefinifauazuslavedniia 2.2 nseuiuns
analavgdinfiaainiusiinia 2.3 nisldusslevilanslinfanagnssuiunisyuindoui
melinifia 2.4 unaswedlaneiiniiaainveanamnssunisyuindouiialane 2.5 153 LLAa

Hniiatheguinfasuuldliiidesanin way 2.6 AnwanAdeiiieidesiunisiauiiniia

a

nasaransvandeniunfaluasrusenau

2.1 lawzdinifauazuslanzinna
2.1.1 launzlniia
dnnadulangdvrniu danuudednazudraiatuman @1u1saiia
asUsznevsenlusiigumgiigs 700-800°C Adnefunasuas (Farhi H. (Ed), 1997) audinis
nMenmuazaniinianavesinfiadu o wanadiennsned 2.1

finifia (Nikel %38 Kupfer Nickel) 1urninnandnymniiosluganansiisy

a v

wsnlgduseiwaeesuil lnednifalagnAunulaetadyuazdlanninduwsnaawasuely

o

(2
a

A1115087 AL 199A0anU e FanasandnsvRatidunsilalay (NiAs) AddnAaLdy

%4

asrUsznaunan Tud 1751 dninemansvnaiaudie Baron Alex Fredrik Cronstedt 1ol

Y

Aunus1gdniianusngludnuuzduus Inesiudiegius1ndu Wi a1y Muziu nads

Tavead wan wunfiden Wuiu wagldgnihlulddulanenauluvainvateguuuy
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AN 2.1 gUUANIeNEANLaraNUALINavastinia (Nickel Institute, 2018)

auUANINIBAIN
dminezaey 58.69
1AT9ETNTEUUNEN FCC
ALY (f 20°C) 8.91 g.cm?
IANADIULNAT 1,455°C
LheN 2,913°C
augunuladi (7 20°0) 69.3 nQ.m
SudszAvsnisvenesa (7 20°0) 13.4 pm.m™*.K*
autmLgIna
Youngs modulus 200 GPa
Shear modulus 76 GPa
Brinell hardness 700 MPa

2.1.2  uslavgilnifia
uslaveiinifasinazegluguesansusznausenles dalud uazdu q dauang
Tupsn97 2.2 dniAadaulugjazgnatnainaisusznevdaludilosnnnnszuunisatndniia
mnansUszneveenledvidofaiuaddndinuinn uaraisafiuiussuuinameh fuvag
wslanzdniAadidrdnvoslanoglu uauinn ansgeludnn us1da fade Ju Sulaiide

AAUVud wazesawmsids derndusasas 50 vasUsunauuLsiniAaniagylan sNuazdennis

Y

a a

nsrAemvedLvaIHnfawanIielusun 2.1 meanudesnislaedniiaiiaduinlingg

anafinifavnusuaznisiinavanleludiiudunin 2 aususel (Verisk Maplecroft, 2018)



A15197 2.2 vinvedustansiniiannulusssuv@d (Meshram, P. et al. 2018)

11

Types of
ierals Mineral Chemical Formula % Ni
Sulfides Pentlandite (Ni,Fe)ySg ~34.0
Millerite NiS 64-65.0
Heazlewoodite NisS, ~73.0
Polydymite NizSq 58.0
Siegenite (Co,Ni)sS, 28-29.0
Arsenides Violarite Ni,FeS, 39.0
Niccolite/Nickeline NiAs 44.0
Rammelsbergite NiAs, ~ 28.0
Gersdorffite NiAsS ~ 35.0
Antimonides Breithauptite NiSb 32-33.0
Silicates & Garnierite/Falcondodite | (Ni,Mg);SisO;5(OH),#6(H,0) <24
Oxides 0.32-1.17
Nickeliferrous/Limonite | (Fe,Ni)O(OH).nH,O NO)

@ Laterice @ sulphice

\) Colour represents the composition
of nickel reserves by ore type

Russian Federation

Philippines

Indanesia @

New Caledenia

@ Percentage of global production 2017

JUN 2.1 uvdawstiniialuginimsig o vadlan (Verisk Maplecroft, 2018)
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2.1.3  nsWanlanziinifiaanusidniia
Tneihlulunsudalansdnifaainusinagldnssuislanivenausoudiiolsr
alanginiiaviqniviondndumeslsiniAa (Ferronickel) Tudndau 98 Wedldusiviedn
Ju 520,000 dusel (Meshram, P. et al. 2018) {nans1elnailulan lawn BHP Billiton

a o IS

Uselnrooansias way ERAMET UsewmeelSauaa wslavedniiadnasiindnuaznesunaduy

aaa <

psAvsznev Tunsdlfidmdnidussdvsznevtiuuslansinifadneglusuvesarsuszney

Aaa

pankan ﬁ’;ummwmaumqLUuaaﬂﬂivﬂauLLi'T,amﬁﬂLﬁaﬁﬂa&ﬂuiﬂmaqeﬁ’alvdﬁ (Diaz, C. et

6 o

al. 1988) Fausdniianeglugudaliaddnduuszun 36 Wosidud wazluzUveseenlys

Uszanas 74 Wosldus uazidunuaninaguil 2.2

Reserves Production Rates Primary Processing
¢, 30 million tonnes ~ 320,000 tonnes'year Main Processas Praduct
[land based} )
100+ b ] Roast-Reduction/Leach
Ceantral & i
%_rggé:nca ; Dry ng.n'Ftedl.,ctlon
80- Avaraia |OTes afing
Japan H.’ylng{_
; SEuction
Oxides ey | B { Siifidization
GU _ ey — Finland Smaltng
’! = Australia
- :
40 - - Adrica guasj-?ng &
st maliin
e Concenirates g Flﬂshg
e . malting
204 “E%: Sulfides Canada
L r
e - T
e J Prassure Leach
0 Lk

o

JUN 2.2 dadunisuanlavediniiannusviineenlanuazdalg (Diaz, C. et al. 1988)

%4 a o/ 1a a

2.2 ﬂ‘i%‘U’Juﬂ'ﬁﬁﬂﬂIﬁ‘W%‘aﬂLﬂﬁ‘iﬂﬂ‘ﬁ?tlﬁﬂﬂma

Asuanlareiniaannksean lwawarwsTatnAinszuIuN1sALANA19nY (Diaz, C. et
al. 1988) segunsuanlansiinfaainusinifadaluaditunaulansisguin 2.3 lngiuiae
gnihuuakazanuuin 9ntuazgnihukendulasnULeendeIBN1HEnNwIAEwnan
(Magnetic Separation) Fsazaunsausnlangfinauduisimaneenunla wu dnifa wan
<) g il (% 13 1 13 v o a ) Y] 1Y aa ]
Judu wsiiiunsaakenalgwivanialszgnirlundnduiiuinigidnisaeews (Froth
Flotation Treatment) wazidlaunduusluiingnszuiunisaseuideaziinliveuasignaen

NI TNAAIAYDIAANUA T UNIZALANANTU AIUNADYDININNATEUIUNITADYLS
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2NiS + 30, — 2NiO + 250,

NiO + C— Ni + CO

SUT 2.3 dupsunisaquusinifadalng
Faduasusznevluguvesdals (NiS) aggniluvinisgnaus (Roasting) Ineldeandiauduy
fandawles Jadamesazdusiueendiautaznanadunianuufisenealinuansfsaunis
71 (2.1) Husienunsgawaavihluvasungs (Smelting) gaumggaiierdnesndiauesn
yniinfasenlealagldasueuluasansandiauaininifasenles lneufisenaiiveants

aneaNTLAULAAIRIaNNITT (2.2) L alaneg luaninvasumainaissgnaludund
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Usuanw (Converter) Wiomdnionasuadiudu 9 eon wu wan Wudu Tuduseuinanay
anlasuduvanaanlesnazazasssvuldvuritlanenateduanan langiniianlsaan

Y
[
U v 1

Jupudinaniiauuigninligunndesiniasuaiuuavionauey ogelsinig win
sosnsuandulaneiinifaninnuuignsaafenaludngnszuiunislanine iz ey
moly

[

UfRzeadifAntulunssuiuniseansinifadalig

2NiS + 30, — 2NiO + 250, (2.1)
Ufisenaiveanisiineendiaulunszuiunisvasung

NiO + C — Ni + CO (2.2)

2.3 mslduszlevivaslansiiniia

Tutagiuldilavednfauldogrunswans wu Wuduseujisenadl iulanenay
Tumdnnéldaiy Wuasyuindou uazvhdudaunumasd Wudu (Nickel Institute, 2018)
fegnaveanslivszleviiniAauansieguil 2.4

dwSugeavinssunisyuindeuiiednifadudnuilignamnssudideddinfady
osfUsEnoUndnaInsyuindeuindumsiilansviandeunieineiiusguuianms o
TaveBnudiavils dounisusugsanmiavesdnfaslliie Wy inauaisau nunu
semsdnnsevionnieu nadend anufou tagilili nuniudousada WiadszAnsam

Turudeu Winenuudass Suluisdaongnisldauvesmdnsio (Scimath, 2018)
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JUN 2.4 degrenslduselevianiniia

[

Bsguindeuianuseanlaidu ¢ Ussuavman 9 deil

(1) msyulavesgliin (Electroplating) ilunszuunisiifinnsanenszualuiin
nateuenu i luluszuvatsarateindeveslans (Metallic Salts) wdavinlwiin
Sinaseuiadeuaindauan (Anode) lUdsdaau (Cathode) wardeaauuaniiegluasazans
Aamsanem Tnendeunsulszliihauniedidnaseuiitaauvdotunu SuiliAnduty
fvedlanzaiadouaguuindnuuanyestunudiuansgud 2.5 (Scimath, 2018) Tangdidoy
runldaunisgu wu 13y, e, daned, neuas, lasley wazdniia Judy UeNINH s
annsadonlaveiisshunedouildvanvaisviatuiuUssanvensldnuuanadisly

AN 2.3



UHWNRIFTITD

=== {Platinumy <]z 7

........

L i1} 14

WHUIDNLA
“{Coppen) "

JUN 2.5 wuudnaesnalnmsyunsawadagldiieguasUilesdamn (Scimath, 2018)
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M1391 2.3 fhedrvadansildadeutuiiunedsnisyulii (@nainnssugulane, 2007)

TangN AR URITUIIUY

(Coating Metal)

naulangnladvinvuu

(Base Material Group)

Tanlavsusu

(Base Material)

noakag (Copper)

lavznguinan
(Most Ferrous Metals)
languannguwman

(Nonferrous Metals)

wiannan (Steel)

[

dngd (Zinc)

NAVARNNUAINNSOU (ABS)

TaNENDILAINAN
(Copper alloy)

- NIFUNT (Bronze)

- N2AuAs-AYn (Copper-tin)

- 1991804 (Brass)

' <
nauan (Ferrous
Metals)
lavzusnnguinan

(Nonferrous Metals)

wian (Iron)
wiannan (Steel)

7295a9 (Copper)

[

dned (Zinc)

a a

oguugy (Aluminum)
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M1399 2.3 fegrvadansldiadeutuausigisnisyulni (@nairnssugulane, 2007)

(91D)

TangN AR URITUIIU

(Coating Metal)

naulansnldinBunuy

(Base Material Group)

eAlans U

(Base Material)

fnLAa (Nickel)

Tanznguiman

(Most Ferrous Metals)
lavzuannguinan
(Nonferrous Metals)
NANFRNUINTUA

(Some Plastics)

wiannan (Steel)
123uAs (Copper)

NANERNNUANUTDU (ABS)

Tasuiey (Chromium)

Tavznguinan
(Most Ferrous Metals)
Tanguennguwan

(Nonferrous Metals)

Wiannan (Steel)
7835a9 (Copper)
7199.1@89 (Brass)

[

dngd (Zinc)

NANARNUNTHER 2

(Some Plastics)

NANERNNUANUTDU (ABS)
nanafnlnalwsiau

(Polypropylene, PP)

N (Tin)

ho))}
e

Tanznauiman
(Most Ferrous Metals)
Tavizuannguinan

(Nonferrous Metals)

wiannan (Steel)
widnae (Cast Iron)

183a9 (Copper)

langdunway (Tin alloy)
- fiyn-tniAia (Tin-Nickel)

- fiyn-daned (Tin-Zinc)

Tanenguwén
(Most Ferrous Metals)
Tavzuannguindn

(Nonferrous Metals)

wiannan (Steel)
783a9 (Copper)

NeIFUgMS (Bronze)

dngd (Zinc)

Tavznguunan

(Most Ferrous Metals)

wdn (Steel)
guindaudangdmelnih

(Electro Galvanized)
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M1399 2.3 fegrvadansldiadeutuausigisnisyulni (@nairnssugulane, 2007)

(91D)

TavzildadouRnTusy
(Coating Metal)

naulansnldingunuy

(Base Material Group)

eAlansguU

(Base Material)

Tanznguiman

wian (Steel)

(Most Ferrous Metals)
L. NodLag (Copper)
LavguonNguLman o
unina (Nickel)

Tavizdu (Silver) (Nonferrous Metals)

R R WaARNNUAINTEU (ABS)
nanaRnNuNTLn 2 e L
waaRnlwalwsiau
(Some Plastics)
(Polypropylene : PP)

nosuns (Copper)
Tavguennguwan VeaMGes (Brass)
laviznas (Gold) ..
(Nonferrous Metals) uning (Nickel)

Tanzidu (Silver)

dwsunisguiinifawuuldlui (Electro Nickel Plating) 3o (EP) ilunssuiunis
dmfunsyuinifaildliiinszuansauioliiinujasenadlniisznined uenufy
asazanedidninglast lnsendendnnisvosaddidninglain denisyuiinifaivainvane
‘LlﬁzLﬂmﬁuagﬁ’mgmﬂisaaﬁmﬂ%qm (POMEW Thailand, 2014) laganunsauuslaidu watts
Nickel, Sulphamate Nickel, Fluoborate, All-Chloride, All-Sulphate, High Sulphate, Hard
Nickel, Black Nickel tJugy ssnandlusngie 2.0 %q%u’umausuaqmzmumﬁguﬁﬂLﬁal,wui{f

a a

InaesAflsisnnuarenuaranuvazvesiuintuuie lviinUssansningsanlunisyy

1%
a

\AoUR atuneunsnIsuintuny Tdud (1) nsdauavdeuuruitunulndeudou (2)
A5§197ANazenwazsaas ulufuuuAag uay (cleaning and degreasing) A1y
arsazaneleiieulensenles (Caustic bath cleaning) figumail 60-70°C (3) n3fial
A%y (Etching surface) Alw@1sazanunsa WU nsagaiasn (sulfuric acid : H,SO,), NTA
lalasmaain (hydrochloric : HCY, nsalalasngeain (hydrofluoric : HF) uawine3naaslsa

(Ferric chloride : FeCly) Wusiu Fsagyilmgunuiinuniduiaduiheguindauialafvu
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M99 2.4 aamzfimngauvesnsyuinAauuuldlniy (POMEW Thailand, 2014)

ANMUdNduvaY qauunll | nazua i
Useianvaanisyu .. A1 pH
#135a2a18 (NSUNDANT) (°C) (A/dm?)
Watts Nickel
Nickel Sulphamate
300-500
[Ni(NH,SO5)],-4H,0)]
Nickel Chloride 40-60 3.5-4.5 2-15
0-30
(NiCL,-6H,0)
Boric Acid (H5sBO5) 30
Fluoborate
Nickel Flouborate 225-300
Nickel Chloride 0-15 38-70 2.5-4 3-30
Boric Acid 15-20
All-Chloride
Nickel Chloride 225-300
50-70 1-4 2.5-10
Boric Acid 30-35
All-Sulphate
Nickel Sulphate 225410
38-70 1.5-4 1-10
Boric Acid 30-35
High Sulphate
Nickel Sulphate 75-100
Sodium Sulphate 75-100
20-32 5.3-58 0.5-2.5
Ammonium Chloride 15-35
Boric Acid 15
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1397 2.4 anneimnzauvesnsyuinfawuuldliin (POMEW Thailand, 2014) (sie)

ANMUdNduvaY qauunll | nazua i
Useianvaanisyu .. A1 pH
d13a2a818 (NUADANST) (°0) (A/dm?)
Hard Nickel
Nickel Sulphate 180
Ammonium Chloride 25 43-60 5.6-5.9 2-10
Boric Acid 30

@  msyulangwuuldldlaiin (Electroless Plating) LUuNszUIUNITIUAIVRS
TavgiRawhing MAsanuiisemaailaglldnsyuallin

3 nsyulanguuunisidsundasmaaiuagmaadlain (Chemical and
Electrochemical Conversion) tiunszuaumsyulansdifimaiudsuntasmmaaiduiifimii
vostusu Tasenaiinisldnssualniiwieldfld fadifiovinlmAndutloatuia (Protective
Coating) wasLinduiiafiarsenn (Decorative Coating) 19fu nssesfiudeneainnoudioy
M"d (Phosphating), nM1syulanemelasiiley (Chromating), mﬁju%umuaﬂumsazmsmim
dieliAnufasendusenled (Anodizing) wagnsdudunuaduasazaronsatasiuns
HN50U (Passivating) Huduy

@  msyulavguuudu 9 Wunszuiumsyulavgiuenmilean 3 Ussuamdnesiu
i M3gUdIngduuuguiau (Hot Dipped Galvanizing), M3yuilauds (Surface Hardening),

= 1 A < 2/
nswndeumeleseme mswedeuluayyinia Wusu

2.4 uvasadlansiinifiaaIngnamnIsun1syuAaauRlane
voudefiinangnamnssuguindeuiinlanganlvgaregluguvonieiquindeuiin

L?fauaﬂﬂwLLazﬁﬂﬁJﬂﬁLﬁmWﬂ%umaumiﬁwﬁﬁmmazmms‘?;umu (Industry Media, 2017,

Green drive, 2017) @savangveaduninanilaveningig q lawn Crb*, Cd®', Pb?", Ag*,

Cu?t, Ni** way Zn? 13elueglulSunauasiusgfurineestng1guiadouRIuy 9 J9g1nme
U U 3

Y
77

nsidneenuaziludeanausedunndey vsillaveninliausagesaaisldniusssuyid
wagdluualufiavazauminiusyuuiing (Hamdy, A. et al. 2019) aetiu Fafipnududud

AewiNMsUIlavedeaingnaInnIsuyuAdouiaUasiunausEUIens Jaanunsaile
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Tngddliuseniuminveaduiiiominisiidanunssuiunsiuingaunsly dnvagusinis
IansuneguAReURIlawuLanRslugUN 2.6 naInnsUndalaveRdsuduIziin
<) Gl v € . = ac o v & v | o+ %
Wuninagnaunioaand (Sludge Disposal) §35n15M1d9anInnznauly lawn nImyunun

(Composting) NM3vidends (Fuel Blending) nsvinduingAunaunuluwmyudiuus (Co-

Material in Cement Kiln) usu

. Veansaratgvasdelugnavinssuyuiniouialany

Ul 2.6 voadelugnanvnssuyuiadeuiinlay (Industry Media, 2017)
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241  nsdamsthenuiinfauuuldlniidauanm

asavansineguiniauuuldiniiideuan wudenunergnislden
Sududesiinfisdoddlusuisnivitavendesunste (Hazardous Waste) tiloaanlu
a1sazargvendeilaveninuazarsuaiiunareviiniduesdusznaveyluaisasais 1y
niAa win nesuns uazazda 1Wuiu aansafaufisomaeiildie fanudunsngs
neliAnnsianseu denduniiu [Usemansgnsnsgeaimnssuatuil 25 (wa. 2531)]
(Burden of Diseases Thailand, 2012) #1n3§n159AN15 b nuNsauIzdIMaNTEN UGB
Aauindo wardimadegunmeunTeveyLe ﬁaﬁuaﬂiazamﬁg’]msquﬁﬂﬁaLLUU’I%’lWﬂ’]
douanmazgnuiuanmliianmuidunarauazvinsidnlangniniifiegeensneisniseins
9wy (1) MsuaniUdeuleaesu (lon exchange) (2) sandnduuaziandu (Oxidation and
Reduction) (3) 5135a eaalu@a (Reverse Osmosis) (4) N55¢e (Evaporation) (5) B1aNAS
lnoglada (Electrodialysis) (6) N13aARARY (Absorption) (7) N1sanAznau (Precipitation)
(8) NMswende 1l (Electrolytic Recovery) 1 usu anniusgldvoandsfegluguves
asazatsuarnINAznauiannsaszuIseenvizedeiidnld lutlagtuuumnanmsiludaldsy
nssenfuiuey1aLnIna1s daningeaivnssuldnszuindeisansmdnvendeann
gramnssulaensiluda dendumstieludemonisanamesSnuresdefifintuuay
feanansadmdavgninanveadefianuisninnnaununslilavganuissusnuss s

1adnaae

25 mSludalavgiinfanniteuindauuuldlnideouanw
mﬁimﬁaﬁwmquﬁﬂLﬁﬁLLUUISﬂWﬁWLﬁlammwwﬁmsm'mﬂ‘f]a]a'i’wm 9 19U

UsinamedlavzinifaniegluvenidouazanuuianivodansdniAafidosnisle Wusu

Tnehluthemuiiniawuuldlnindesanmiasuaiuiosglutiinugs fanisueninifa

gannasuaiuansavilalagnsanaznaulaneinfialiegluslvesansusenauiiniia

shensUSUeA pH fmangan (Saranya, S. 2010) Fadaog19anIzNsANAENBUTAI L

wansdslunsedt 2.5 iy srazanslansinifannegneudandlaeldasszaraionn

Aaa a

A oA = o 1% & I3 b a & a a
wsoRnmLsandRsililaansazarenddniaduesdusenau wavanvnendndudniia

U3gvdmenszUIun1sBaninsiui
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= ] =i o w % A
#1909 2.5 A1 pH NRUNZANEMSUNITANAZNDUTDILaNEAILETTIATIATT 9

(Saranya, S. 2010)

Gl GURIGH A1 pH asiasiianaznay
Aluminum : Al Lime 5 AUOH)3
Cadmium : Cd Lime 9.5-12 Cd(OH),

Chromic : Cr Lime 8.0-9.5 Cr(OH)4
Cupric : Cu Lime 9.0-10.0 Cu(OH),
Ferric : Fe Lime 7 Fe(OH);
Fluoride : F Lime 12 CaF,

Manganese : Mn Lime 10 Mn(OH),
Nickel : Ni Sodium hydroxide 8-11 Ni(OH),
Silver : Ag Sodium chloride 8 AcCl

nszUIuN13BaNte TN (Electrowinning) sdunssuiunisueniangainaisazaned
I§anntuneunsszavane (Leaching) Tasesrussnauiidduaeinssuiumssidnlasiuils
Tdun (1) wnae91eliianszuanss (Direct Current Power Supply) (2) 42818 nTnsn
(Electrode) Usznaumsunuuslun (Anode) uagukulalng (Cathode) uag (3) @1vazaed
dnlaslas (Electrolytic Solution) ﬁﬂwmwmmaﬁ@ﬁﬂimiuﬁqLLamé’quﬁ 2.7 B8NNNT
MuresnsEvIunstlanlasiuils Ae msuenlangesnainaisazatsmendsulniiain
wiasdneliiinszuanss lnsdavandedfuiuelunlneduslundesdauvasiaunsa
fumunisingouiigenn siavedaneildvidudaueluaiivarsvin wu lavenaves
aeiIfuiL (Pb-1% Ag Alloy) Tanenasund langlmmion Tanzunaniy waslanenay
lifoutuunaniii udu uardhavagdedriutuaing wadiaiflwiesiauiisen 2
wuu len

a a o

(1) Ujfsenmsaanedivesinifalessuainarsazateinifiadas laglossy

= a a o

a a = U a = \Z/J = a aa L .
Youfintiadvind audl lUSuBLannseun 1 ualnad sasiinlise13andu (Reduction

Reaction) ¥lsAnn15n1EA909dnRa NI kAlNe

a

(20 UJA3ereandiadu (Oxidation Reaction) vaIn1saaaflveauInaledy

lalasiaulenau sandiaulossu wazlvdidnnsau lnedieandiaulossurdauiludinalun
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wanaetdundasendau dulalasiaulessuludusifudamanatedunsadanisnaall
UfAse Al MinTulansfaaunisi (2.3)42.5) aadl
Tuwalun : UfAse10enBndu (Oxidation Reaction)

H,0 — 2H* + %oz + 2 =123V (2.3)

PIuAlng : UA381530n7u (Reduction Reaction)

Ni%* + 26" — Ni ' = +0.27 V (2.4)
UAsensu
Ni?* + H,O — Ni + 2H* %oz E=-096V (2.5)

Electrolyte Solution

[

JUT 2.7 dnvauzveamaddianinsiuile
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2.5.1  ardndlnndniunszuirunisdidninsiuis

£% '
L2 U = =

nszuIuMIBlanlnTiudaziiaufiseeendindutasUfisesanduiu &
Juraunannislasunszualiiirainasuenlagiinninuse@ngnnaseunuiunIuYesd
@nlnslasiluiwad (Ohmic Potential Drop %3® IR Drop) Auaednglniveswadaiuisa
mwanlldanaunsi (2.6) Fernmusisdnglniiafauanduaunisi (2.6) asfiasnnniia

Andlnira3aeaduinggiu (Standard Reduction Potentials) vadlanzufasvinnduian sl

R399 2.6
Eocell = Eohmic + Ereaction + Epolalization + Econtacts (2.6)
g9 En fe Ardndlninagaeddlunsruiunisdidnlnsiuils

Eonmic A0 #ndluliniianassumnudiuniuvesdidninslailuigad (Ohmic
Drop) AuAUnIunIen s lwivessaalunisiensuzdndlniives
waddidnianslad de¥aldlaomeianisinnisiladin duandluauniss
(2.7) wazaruisaauaingswaliiai lnaluwad 518 ntaslavildann
Ohm’s law Fauansluauns7 (2.8)

Ereaction 710 #ng i uAuiusus (Activation Overpotential) v udnelni14
Aendesfusaumanivesnmsifinuiisen annsodadngliihiiatu
1910 Nerst’s Equation feuanshuaunisd (2.9)

Epolalization A9 Ang LW 1 lnalsieduairuidudu (Concentration Polarization
Potential) iludndlniiinannnistasuulasaududuiiindalud
TnewleiinuiATen 1 iin overvoltage vesufaluszuuduagyinlinny
Fuduvesansiimndalniidninanududuluasazareainlng Bulk
Solution) atfuFasesvilidnsluiiiutuieliiAnufAzeldsiuiy

Eeonacts 710 AnSluiniliAnainnnsdudasuveslansinlnia 2 vdaduly wy
busbars, connecting parts \udu Inensliiinanudiiuvasnszualvii

Ty danasardnglinlilussuuliiiganerenisiiaufisemienis

TaeuYeInseua



M1319% 2.6 Adnglniihesswadunsgiuvestaluinluansazansini 25°C

(Wordpress, 2015)

510 ERIhNEDY E°
Li Li* + e = Li -3.040
Ca Ca®* + 2 = Ca -2.868
Na Na* + e = Na -2.714
Mg Mg + 2e” = Mg -2.360
Al AP + 3¢ = Al -1.667
Zn Zn*" + 2e = Zn -0.762
Cr Cr* +3e =Cr -0.740
Fe Fe2+ + 2e- = Fe -0.440
Cd Cd** + 2¢ = Cd -0.403
Ni Ni** + 2e = Ni -0.267
Sn Sn?* + 2e = Sn -0.141
Pb Pb?* + 2e = Pb -0.126
H, 2H" + 2¢ = H, 0.000
Sn Sn* + 2e” = Sn** +0.150
Cu Cu** +2e" = Cu +0.337
1, l +2e7= 2 +0.535
Ag Ag" + e = Ag +0.799
Hg Hg** + 2e = Hg +0.885
Cl, Cty +2e Eraek +1.360
Au AUt + 3e = Au +1.410
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Eonmic = IR (2.7)
11
R=p-=r- 2.8
pPL=T3 (2.8)
RT a
Ereaction = E0+ — |n[M] (2.9)
nF Aproduct
Toen | Ao nszualui wauwus)
R @ Aanusuniu Qavi)
p Ap ANUAIUMILYBIEITAYaTY (Specific Resistivity) (laiu-LuRALLnT)
a Aa NUNUTNHA (11T URALUAT)

Ao AnusumusentsgnuIndresdidntaslan (evi)

-

I A9 ANUNUIVDIBANINTA (WURLLAT)

S Ao NuNnthdn (MITURINS)
252  aguashsuadamsunszurunisdianiasladin

¢ o 1 ) S A & ]
NNUBINITIAELA 8T o uNIaTiUA Uk UaslUva I IuAlNATENIN9NIS

AaufasenadlviduauduiusisuiunanintuainUsunaduil (Electric Charge : Q)

Mpdeuninusznindidninsniuaisararsdidnivslad Jawdsdunsatuidmdngniveslans

iy 9 eSueldFeaunisil (2.10) vaunisit (2.17) dail
Q=Fx (2.10)
Q=It (2.11)
deunuaunisit (2.10) adluaunisii 2.11) agld

Fx=It (2.12)

F-n{i} =Q (2.13)
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Mole =Q (2.14)
TneUsinamedlansiintuuuiiuindauainadunildanauns (2.15)
W=2.0Q (2.15)

A1904 A d1salisuluzudula anfleruvessuadanunsaesuielameaunisi

(2.16) uavaunsn (2.17) aadl

_Aw
Ae = — (2.16)
ItAy,
Wi = - (2.17)

¥ 1 L2

gl Q  fe YsunauUseqlwihignwidngdiwad (Rasuy)

Y

F Ao Ansiiveshsied dawinu 96,485 pasul wie 6.022 x 10% Bianaseu
=

2 A1UUAANMININAELIYI (No. equivalents)

X
o))}

9 uwuluaveBlannsau

|
1 a

Ae Ao ArAsAlNALA (Electrochemical Constant) (nSusaauwUs)

o))

I Ao nszualnd (waulus)
t A a1 (Aud)

Av A9 utnezneu (NSusalua)

A o a & A
z AD ITUIUDLAANFIBUNOTYULN

253  arUszansanvesnszualuin (Current Efficiency (%))
UsganSnnveanszuiunsmaed i alddmsunisadialane aunsausn
Taannauseansnnnseaaliinanunsamuinlaainaunis (2.18) Inevalunisaialaneeie
a o a a ] a d%’ % § < I3 dl [ a a 1%
nszulUNsaaninTIudslla1usaindule 100 wWasidud 1iesainnisanalaneiniianie
acl ) ' ~ o aa Y vy | P
Bsdananiivaneladeninasednsinmsgaulane wu anudumulniivesssuu leseu
IamiumsazawLLamﬁmmmaqmiuaﬁuﬁLﬁaﬂuagiuaﬁazmaﬁLﬁﬂimﬂaﬁ 1ny

UszanSamnseualnirvaanisanalaneaiunsaasunelaeeaunis (2.20) fadl
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1787 b993991NNTLUIUNNS

ANUSEANSAMNYRINTEWALNTAN (%) = x 100% (2.18)

12a7FaINNITAIUINA TN U]

eltA citAA
Wy = —= = —=F (2.19)
zF zF
w
ce=—x«<1 (2.20)
Wih
e ¢ Ao Uszansninnistansewalniin
Aw fi dninavpey visewaluana (nSusslua)
As A9 NUNRITILNLALNG (F1S1UTURLLANT)
W A9 wailaase (n5y)
Wi fio uraniungud (n5u)

254 nsanagnauiiniiaandisasargvadide
Hwa, Y. L. (2013) Ié@nsinmsusnuagnisdaudnifaainiremuinifauuy
Lildlwindonanm fenszuaunamddanineiansavas nsdunaumaaivesiengu
dniAailduduansdstoyalunsed 2.7 lumsmeaedldueninifasenainasazaned
NoavleSaaranslavulnensitlefeulanseanles (NaOH) wazwaadesulansanlen Ca(OH),

Tunseneznauvesiniia

M15°9% 2.7 druraunisaivesdnenguinfawuuldlglnindenanin (Hwa, Y. L. 2013)

Component P C NH, N Ni Fe Zn
Content
44,000 | 14,150 4,150 3,340 5,050 27.1 48.3
(mg/L)

nmsnaaesnuinistiladenlansenlediluasislunisanasneuing
ilmAnnisanagneuvesinifaluguresansuseneviinifalansenled (nickel hydroxide)
Tngnan1snnaeIwaninagui 2.8 Faaznuinarmiudunsa-asvesansazanglidanasonis

ANMZNDUVDINDEN DA
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v L] v 1 ¥ T T T T
100 |- .
a2 Ni
L e P 4
., 80 -
o~
n.:- - -
% 60} 4
=z
% L 4
c
S 40| 4
3 I Spent Electroless Ni-Plating Solution
& Initial Concentration of Ni : 5,050 mg/l
E 20 - Initial Concentration of P : 44,000 mg/l
[/l o & — =
M 1 M 1 2 L M 1 2
4 6 8 10 12 14
Equilibrium pH

JUN 2.8 BvEwavesn pH Aenisanaznauveslinfauasneanesaainuieguiinifalyly

Iylfdouanin (Hwa, Y. L. 2013)

Ramiro, E. G. et al. (2017) 9 An®1875nave9n15ANALNaUYBIRNLAa1N
arsavarevendeidnfadamaenazlamsn (NSO, 6H,0) mududy 40 ppm 7id1 pH
faut 3-13 selnunadeulansenles (KOH) femusaseulunistumies 4000 seusewril
szezna 24 Falus Januiien pH 3 dnasuanaznaueeninanasazansaylugeiia
pH 5-9 Usunawesiiniialuansazaivanas i pH Faus 11 dniiaanunsannnznouldedhs
auugal TnsnsmnagneuvesinialassenledazSuiatufien pH gelsanunsnodursldan
LU Eh-pH 989 Ni-H,0 finnusnsdndivinfugudseyuuivesnsiasuulaminlosoy
dndadunzneuiinifalansenladanluasazatefian pH unndn 7.6 wanafsguil 2.9
[esnUnaesinifalumsazarsanaailndgudilleifiouiuasazans Sudusouansly
A3197 2.8 donndesiunEnddn (Activity Coefficienet) wasdniialessuluasazaneil
wualduanasdledn pH maqmaazmmﬁmqvﬁu fesnluaisavanefiusunavesiniia
lepouanas (N fauansguil 2.10 Famzneudinifagnirluiieszsidhomaia XRD wuin
aznoui b dundnvesasusznevinialansenlefuos a-(NI(OH),) waz R-(NIOH),) 17‘1'3434

JAEULTIUING 23.68, 35.16, 38.7 uay 52.0 mud iy Sauandluguil 2.11



1174 1 =~

0.924 4

0.674

0.424

= 0.174 -

Ni*2

7.6

Ni(OH),

31

£.0.076
5 1
-0.326 -

-0.576 A

-0.826 -

gﬂﬁ 2.9 WWUNIN Eh-pH ¥8958UU Ni-H,O (Ramiro, E. G. et al. 2017)

pH

10

12

14

A15197 2.8 HANNTIATIEINIBATvRIREnauliniiaana1sazatednNadamnenvslawmse

e pH #1314 (Ramiro, E. G. et al. 2017)

pH 3 pH 5 pH 7 pH 9 pH 11 pH 13
Ni total (ppm) 40 a0 a0 a0 a0 a0
Ni?* in solution (ppm) | 385 38.5 35.2 24 0.2 0.1
Ni precipitated (ppm) 1.5 1.5 4.8 16 39.8 39.9
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0.008

T e T —
Z
©

0

0
5U#l 2.10 Bvidwavese pH soudaRinuesinifalosoulumsaras
(Ramiro, E. G. et al. 2017)

90

J i “WMWMWWW&;&J"M

T N Y

Lin (Counts)

Wl
| I

éM il e ol H‘Wl\‘fﬁ. | W '\fﬁ?’WJ‘M |
it

gﬂﬁ 2.11 dnvarnmsidenuuressidindvemenouiinfiadion pH 9, pH 11 uag
pH 13 (Ramiro, E. G. et al. 2017)

T T T .z
40 50 60 70 80
2.Theta - Scale



33

2.5.5 NSWavaIvUALAZANNITNTUVRINTALUNISYZaZaY

Hwa, Y. L. (2013) lavnassszavatgnznouilniaiilaainnisannzneusie
Toreulansenlanmensadaiininiimnududy 1-10 Wesdudlaeuiunns aeldussenia
Unf asdruvemeniweveuval 20 nfusedns Wunan 1 $alus nansmnaesuanass
U 2.12 wuiimsvzazanesensataiininidanududu 1 Wedidudlasuiinng awmnse
ylsinserarateinifiagads 90 Wedidus uanidledeuiduduronsadaiissndutudy
2 Wesiduilaeusung anuamnsanisszazatsdniafiuidu 95 Weddusd ansudud
Uszanay 5,000 fadnsusedns 1u 12,320 fiadnSuredng Fedrunaumaaiivandslunnsis
#i 2.9 Wewnansuszneudnialensenlesinnuaunselunisazangldmlunsadaiidnuay

sunmavasinifaniieglunzneudvunadnunnviliignszazateoanuilaie

100 f - -
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g 80 |- .
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o
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ks
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'
= a

JUN 2.12 8vSnavesmnudutureinsadailisndenisazatevengnouiiniiaaininie gy

fnialildlwindouaniw (Hwa, Y. L. 2013)

AN 2.9 FUNANNAIVDIFITALANYNRINTVLALTANLAIBNTATANISN (Hwa, Y. L. 2013)

Element Ni P Fe Zn

Content (mg/L) 12,320 232 74.8 49.6
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Mulak, W. et al. (2005) l@finwaaunamansvein1svrazatuasisauisen
Aovanmadidniaduesrusznausensadaiiain Tnsdiunaunianiivesansiegauans
filun1s19fi 2.10 lunisveasslaldnsadaiiasnfidanud udusening 1.0-5.0 M way
USudsunnudivesnisniuluszninanisazanslugag 300-1200 seuseud denaille
wanaddlusud 2.13 lnenuidnsnissrararsvesinfadulifusuaruduturesnse

U A

Y ’ﬁﬂLLﬁBﬂ’J’]ML%’ﬂUﬂ’ﬁﬂ’Ju

<

M1379% 2.10 drunanmaaiivesasseufisendenanmiiidniiadussduseneu

(Mulak, W. et al. 2005)

Element N Al Ca Mg C H

Weight percentage %; (the oxygen
135 | 40.2 | 033 | 0.05 | 1.08 | 0.31
content is not included)

]
o
[

/AN

(o]
=]
I .

Ni, Al extraction (%)
DA
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DART.
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I .
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Q
LY

—
o
| L

o

4 5

-
]
w

Concentration HpSOy4, M

JU 2.13 avnSnavesanududuvensadaiiaindeniuauisalumsazateiiniiauay

ovailiflond 50°C (Mulak, W. et al. 2005)
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Silva, J. E. et al. (2005) lafnwingAnssun1svzaragveininagnauiai
1n (galvanic sludge) Mmensagaisnuazaisazarsionludelngldnnududuueinsn 100
nfuredns YuIneyAIATaInznouYedBldnnin 1 fadluns aimsvzazats 1 9ol
mnuirseulunsmuasazarslunszuiunsvzazats 700 seUeUIT §991nNNTNAADS
wuimsgauinifedange 95 wWedidud uariinfailfazeglusUvesinfadamn isd
msvzazaresiensadaiiinldliuszansamlunisvrazatediganiinisvzazaiesae
wesludeviouenluiouasueiun lasanznmmaasslduandunissil 2.11 wag 2.12

WAZNANTITNARDILEAILITUANS19 2.13 way 2.14

d‘ 1 aaa £ ¥ % U A a
$135191 2.11 ﬁﬂ’]’wﬂ’]isﬂﬁﬁ%ﬁﬁEJ?{’ﬁLNUQﬂiﬁﬂisﬁﬂ’]‘ULLa’m’JEJﬂiWZIﬁ‘V\I’Jiﬂ

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

Test number
Condition
1 2 3 q 5 6
H,SO4 (g/L) 100 100 100 200 200 200
L/S ratio
5:1 10:1 20:1 5:1 10:1 20:1
(g/L)

M1 2.12 an1Iznsvzavatvansiselffsenldnulameuenluionaswenlutoy

A1suUBLuA (Silva, J. E. et al. 2005)

Test number
Condition
il 2 3 q 5 6
Ammonia (g/L) 0 50 100 100 150 200
Amm. carbonate
100 100 0 100 150 200
(g/L)
pH 8.54+0.6 | 9.63+0.1 | 11.32+0.4 | 9.61+0.2 | 9.75+0.2 | 9.85+0.2




AN 2.13 FNURANNIATYDIE1TALANETILNANNNNSTZALA18AENIATATISA

(Silva, J. E. et al. 2005)
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Leached metal ions (gL?) (%)
Leaching
[Ni+Cu+Zn]
test Cu Cr Fe Ni Pb Zn
/[Cr+Fe+Pb]

7.45 13.83 1.13 18.59 0.04 5.87

1 213
(88.6) | (98.2) | (36.8) | (98.0) | (5.6) | (99.2)
3.72 6.47 0.57 8.6 0.01 2.83

2 2.15
(88.5) | (91.9) | (37.1) | (90.8) | (3.0) | (95.5)
1.77 3.48 0.27 4.7 0.002 1.43

3 2.10
(84.1) | (98.8) | (35.8) | (99.2) | (2.5) | (96.3)
6.52 | 1397 | 153 | 18.08 | 0.04 5.31

4 1.93
(77.6) | (99.2) | (50.0) | (95.4) | (4.9) | (89.8)
3.28 5.97 0.7 8.8 0.02 2.83

5 2.23
(78.0) | (84.8) | (45.9) | (92.9) | (5.5) | (95.7)
1.66 2.9 0.34 4.19 0.01 1.31

6 2.21
(79.0) | (82.3) | (44.2) | (88.4) | (4.0) | (88.6)




= ] = A a o )~
M990 2.14 ﬁ')u&lall‘m']ﬂLﬂllsﬂaﬂa'ﬁaza']EJ‘VlLfWV’D']ﬂﬂqisﬁgagaqﬂﬂﬁﬁ%aﬂﬂﬂﬁiﬂ

(Silva, J. E. et al. 2005)
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Leaching Leached metal ions (gL™) (%)
test Cu Cr Ni Pb Zn [Ni+Cu+Zn]/[Cr+Fe+Pb]

1.24 0.07 0.98 0.36

1 udl 35.86
(30.0) (1.2) (10.3) (23.0)
1.11 0.13 1.19 0.009 0.45

2 20.24
(28.0) (1.8) (20.6) | (25.0) | (18.0)
0.74 0.02 0.46 0.13

3 udl 83.44
(18.6) (0.5) (5.6) (8.5)
1.88 0.55 2.94 0.003 0.89

a 10.22
(44.9) (7.7) (30.4) (7.5) (42.0)
2.59 1.09 4.25 0.009 1.21

5 7.29
(61.4) | (14.3) | (42.3) | (25.0) | (47.5)
2.90 1.52 4.75 0.004 1.37

6 592
(69.7) | (19.7) | (49.4) | (12.5) | (51.5)
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Vegli, F. et al. (2002) l@@nwinisiAulanedanainagnauiainind Fadu
ngneuiiiuinaedavrgilngisnsvzavansuazyilflansdanuuiavsseissidnlnsiu
14 Tun1sneasslavzazateninagnouni9nsagai a3 nAu U uluya9 0.05-0.15 M
gaumnniin1svraratgluyie 30-50°C Ingan13en15NAa0IfIg 9 wansdslunised 2.15 wa
mﬁmaamamé’agﬂﬁ 2.14 WUINNISYEATaeURIadLadarinAaluginIan 5-10 uil 4

ANGaTe 94-95 LWasidug

AN5197 2.15 @N1LNISNAAINSTLATANYAENaUNANTNdMeNIAYaTIIEA

(Vegli, F. et al. 2002)

Run No.
Cond.
1 2 3 q 5 6 T 8 9 10 11 12
H,SO,
" 0.05]0.10 {0.1510.05|0.10 | 0.150.05|0.10| 0.15|0.05 | 0.10 | 0.15
M
Temp.
30 30 30 50 50 50 70 70 70 90 90 90
(°O)
pH
X 1.24 1098 | 081 |1.16 1094|078 | 1.16 | 0.87 | 0.70 | 1.14 | 093 | 0.74
t=0
pH
2101 1.50 {124 | 221 | 1.57 | 1.27 | 222|164 | 137|218 | 1.57|1.28
t=0.5h
pH
2321 16 [ 132|234 164|132 237 |1.66|137|235|1.64|1.37
t=2h
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120 -
¥ 100 +
o
2
=
= 80 +
i)
k3]
© .
..E 60 + —a—50°C - Cu
_E’ ; —4—70°C - Cu
% —%—90°C - Cu
5 40 4} --4--30°C - Ni
% [ --m--50°C - Ni
& <-4 --70°C - Ni
8 20 -1 7;3(:‘90°C"N|

O= 1 1 t } +
0 20 40 60 80 100 120

time (min)

JU 2.14 dnSnavesguungiiuaziiarlunsygazaignonuaIunsalun1svsazalees
NetuAtLarniiavesngnaun a1 dndv g unndn15¥eazalgnig 9

(Bnsnduveaveiudiioveamar : 10 nSuredns) (Vegli, F. et al. 2002)

Jin, Y. L. et al. (2010) ladnwin1sfAuiiniAaain Raneynickel catalyst 14
udl lun1sveasslsvzazatsmemnududunsadanisn 6-12 wWasidudlaeusuias

UMNT 30°C LATTNTINITVLAZANVDILTWOVDNNAY 10 NSUADANT NANITNABDILAAIAI

9 U

luguil 2.15 wudimsezavarsdudieg1anisadudunsadailain 12 wWesiduslag

=

U3uns damalvilszdnSamueinissvazaeinfasarorgiiiionasan luian 60 i uay

NMSTZAaraNsNITUIUNIT 60 U AllkalilsnA1ITY
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JUN 2.15 dvSnavaanarlunisvzazatgdennuaninsalunisyzazatgvesesgiiouuiay

'
U a =

JniaNANUNIUNSATANIZNT

LANFEINAY (@) ALLTUTUNTA

v a_a

FanIIn 6 vol.%,

(b) AULTUTUNTATANISA 8 vol.%, () AINULTUTUNTALATNISN 10 vol.%,

(d) Anadudunsadailagn 12 vol.%, aaungd 30°C dws1druvesvetudne

99al 10 nSURABans (in, Y. L. et al. 2010)

Zhongsuang, J. et al. (2016) la@nwanudululalunsiauiinifainnin

nznoumanndilsatdusiienisvrazarswuunyuisulasdiunaunisainananslunisadn

2.16 lngagnuhdmanuazlaseuiAoudigedlansiinanaziinaseninuaiunsatunisg

AutiniAaidusgaunn IumwmaaqﬁﬁuﬁﬂLﬁalé'ﬁusasmamzﬂaué’aaﬂwﬂué’mwdamaqLL%@

foUDdnan 1:4.5 A1N1L5199915MUlUTEMININITBZaZaNY 350 SoUADUNT 1181 1 Falug

ANULNTUYRITATIIIN 30-100 nFusedns Twanisvaasdlauandlusuin 2.16 lagainns

PABDINUI L DAIMUUUTUVBINTANINTUDATINITVL AL A8 VBILANLALUINVUBY19ADLIDY



ANSNT 2.16 drunaunaaiivesmzneundnndliaiu (Zhoneguang, J. et al. 2016)
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Elements Fe Cr Ni
Contents (mg/L) 21.68 2.42 2.78
100 6.0
20 | —=—Nji 155
—a—Fe
80 - —a&—Cr ] 50
70 L —0— pH of leached solution - '
g 60 |- 445
Z -
E 50| Ja0 E
2 ]
s 0T 135
2
= 30F
L 430
20 |
ol 425
0 2.0
20 110

a

Acid concentration (g/L)

JUN 2.16 BnBnaveiAdNTuYInIafon L@ Ta luMSTEaratevedlaneng | waz

AR pH VB9AITaLAIY (Zhongguang, J. et al. 2016)

Al-Mansi, N. M. et al. (2002) la@nwanudululglumsdauiniaainans

aUfAsenldual lunisnaasslaiidegnunyzazatanignsadalsninnutudy 10-90

f @ - Y (9 PN @ a a a1
LU@iL%umﬁ@Uu’lﬁuﬂ Namiwmamuamm\ﬂugﬂw 217 Tngnuingasinisvrazateininadan

A & oA [ a & a s & ¢ a Y v
LW@JGU'ULZJE]ﬂ')']llLGUlIGUUGUENﬂiﬂLWN?JUIWUNﬂqQQQWUigiJ’]m 99 LUBTLYURN NAMULVUYUNTA

Uszun 50 Wesidud ag19lsAnudnsinisvrarateanatad e ariouiloliuAnuT Uy

289n3AANUTZAA 40-50 Wasidus 1Wu 90 Woesidud
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Sulfuric acid concentration.

JUN 2.17 BvSnavesanudutuvainsadaiiasndednsinisyzarane
(Al-Mansi, N. M. et al. 2002)

Gunarathne, V. et al. (2019) LA A nw1n15¥raralevadlangninannnin
nenaugnannIsuliindiensndunid (organic acid) laun oxd@fin u18n wasdn3n uag
nsnefun3d (Inoreanic acid) laun lusdn 4afla3n wazrleaneinfiaududu 0.1-2.0 Tua
siodng uarsIduveedwiovauval 20, 60 WAz 100 n3usedns fimnasisouluns
U 100 sousoundl gamniivies Wuszeznan 12 $2lus Fsnalnnisanddeslesouves
TavgwiinannnagneutudnilvajazeglugUveslsmseuduaiuliiAnnisuandsulossy
Tuasazarsuanssdlugud 2,18 Innanisveassnuitnsnedundduialuninlidnsins
Uasdosvadlessulans nzi esuns wasiiniAa igsgailleifivuiunsaviindu Tasdiniia
fisnsinsvanUdesvaslossugaiiaududunsnlunindeus 0.1-2.0 wadeding uazdng,
MsUanUdesvemaunsfiradudunsn 0.5 luasednsimensalunin sleawssn uazdn3n

InalAgaiuuannslugun 2.19
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JU7 2.18 ununmeSurenalnnisuaniudeulessuvedangninainninazney

(Gunarathne, V. et al. 2019)

43

(a) Pb (b) Cu
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14 1_‘ux1cr"- : ; : .
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5,0x10° - ¥
L A
OI.D Dl.5 110 1‘.5 2:0
Acid concentration (M)
JUN 2.19 BvSnavesriinvainsafnanudutusiig o dedninisuandaeslessulans

mri1 esuAd Lazinifa (Gunarathne, V. et al. 2019)
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2.5.6 wavesguuiilun1svzasansy

Mulak, W. et al. (2005) LA A NW19aUNAFAENS VDINITVLALAUANTLI S

a A

Uiaseldnuudifidnfaduesduszneusesarsazaronsadailtinauidudu 2.0 M
Tugasgaumall 30-70°C uazniuansazangluseninINsvEaraIefisALss 300-1200 seU
sounTl nansnaasauanafdlusUT 2.20 wuimsvzazanefigamgiiganinagiliAnnisey
azanpvesdniiagendnlunn q ¥ranaivesnisvrarats nsvzazaefigungd 70°C

< 1 = o %4 1% aa
AU55eUlUNIIAIL 600 SEURBUNY %mﬂwmﬂzazmﬂmmawqm

Fraction of nickel extracted (o)

OD N p T T T T T 3 T \ T T T

0 10 20 30 40 50 60
Time, min

a

JUN 2.20 BvSwavesaaIniIstzaraludonINansatumMvrazaeiinifanaumad

Y

#1499 (Mulak, W. et al. 2005)

Al-Mansi, N. M. et al. (2002) la@nsanudululdlunisiauiinfaainans
Feuiseildud Tunsvaaedldvraraeietsensadaininaududu 50 wWesidusd
Tuthegauvgiising q fu lnenanisvaaeuanisisguil 2.21 Fanuindlogamaiinnsvzazaie
dstudnalunisvsazaneinfadiutugeis 99 Woedidud audsonmniilugag 80-100°C 2

AN svzazanegege Mntulilogamginisyzaraeiiudusnslunisvzazangazanad
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40 -

% Conversion
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a a a a ol § = (3 a a
E“LJ‘V] 2.21 E]V]ﬁWﬁ‘?J@ﬂQiL!‘ViQZJW@LUE]iL"’ZIUG]ﬂ’]?UBﬁSﬁWEJGU'PN‘UﬂLﬂa

(Al-Mansi, N. M. et al. 2002)

257  HAU2I9NIEILYRIvRTIAavRLnallunnsYTaTane
Jin, Y. L. et al. (2010) la@inw1n1siauiniiaain Raneynickel catalyst il
undl lnglannassvrazangdleg1amansadaiisndudu 12 wWesidudlagusuing
gn31dIUVBINIVTATABVRILTWOVONNET 10-30% amniin1svzazay 30°C waz 90°C
SrugIanluNIsTrarany 30-120 U mamsmaamamé’fﬂgﬂﬁ 2.22 Fanurniledndiuves
nMsvzavansvesLdeve A iindusnslun1srrazatu9anaLaznsYTazasRae

szewlIan 50-100 Wil Asinn1svzavalelaasan
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JU 2.22 Bnnanaiseauaiuisalunisyeazatslanegsng q [Wevraralenie 6nsd

YDIUDILT MV LNAINITY Uin, V. L. et al. 2010)

Al-Mansi, N. M. et al. (2002) lp@nwaandululdlunisiauiinfiaainans

6§ @

eUfizelEuas Tunisneasslavzazaediegisniansadailisnauudu 50 Wesidus

v

= ‘:l' = oA o ! 5 v < ! A &£ a
MN@ﬂWiWﬂﬁ@ﬂLLﬂ@ﬁqu‘Uﬂ 2.23 Fanuiilodadiulng Ui niinue s ud e v e NN Ul

WAV MARINUEILNTO L UNITTLAYANYNAY
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JUT 2.23 8nSnavesdnindiuvendinavesnaineninuaiuisalunisveazaleiiniia

(Al-Mansi, N. M. et al. 2002)
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258 nIzUIUMIBENTAsIUds

Hwa, Y. L. (2013) lafinwinisuwenadiniinfiaainansveasalemenssuiunis
dianlesiuds lunisneasdldmuauliansazatedidnlaslasiien pH 2.0+0.2 paunuILLY
yosnszualiiingl 40 ma/em? meldiussernaund Wunan 10 9alus Tvanismaassuans
Tugudt 2.2 wuindleszezanvesnszuiunisdidningiuded 1-5 Falua Snsnsgauves
dnfafuwalinfstuegwioides ileszernalunisdduinfafiuumnndi 5 4alug
dasnsdaudnifsanandntesuas snsnisgaudnifagsds 90 Weddud Aszuziian 10
s vonandl wuissdrsnmnszualiihuesmsiAuinfaanasin 40 Wesidud 1y
37.2 Wodldud Mnan 1-10 $2lus ilesananududuvesinifaluasazasanasuayly

ALAURINWALNALNLTY

T T T 1 v T b ] v 1 v
100 = ©H of Solution: 2.0 £0.2 -

| Ambient Temperature
Current Density: 40 mA/cm”®

80 =

60 -

40 =

m  Recovery of Ni
® Current Efficiency
0 i 1 i 1 i [ ] i 1 i 1 i

0 2 4 6 8 10 12
Electrolysis Time, h

Recovery of Ni & Current Efficiency, %

JUN 224 YsednFarnnisg audnifawazusedniannszualii1vesnssuiunis

dantasiuiwesarsazaredniiaiiatfneiy (Hwa, Y. L. 2013)

Idhayachader, R. et al. (2010) ldfinwinszurunisdianinsladadlunisgau
fnianiheuinfawuuldldnihildnueds Tunisveaesdalduwinndinsueusuay
wannafedasumenesandudiau Tunisveasslafnuiiwazesiudsag o loun A

nwuuveInsaliill 131 drunauwazAn pH vesansavatenenInAukarUsEaNSaW



a8

Yoenszualnin :nmMmaassnuInileliauvutunseualiiiivduazilvlossuves
lavggnudneenainuiintiauiindukazazin H swiulessuvedansluasavaigdma
liausedngge annanisnaassiuanddunisned 2.17 szdunaladnfaunuiuiy

nszualii 5 A/dm? fnavibiiAnuseansnannseialiingsan nlulefiuanumuinuy

'
a

Intflagyiliussansamnszualniianas uoninddmuiiiussavinmnisiAudiudy
uilsanuvuuiunszualnin 5 Adm? uazdloiiuarumuiuiulniad uuszans am
nszwaliinazanas AnAnwinavesen pH vesansazatusaUsednsamnis)Aulansiag
Ussansninnszualnillduandunsed 2.18 Fanrnuanisvaasswuindedn pH futy

Uszaninmnszualnihuaznisiaulaveanas

M15197 2,17 anSnavesanunuiwiunseualiindeussdniannisgaulansuay

UseanSnmnseualiln (Idhayachander, R. et al. 2010)

Current density, | Current applied, Current Recovery
>No A/dm? Amps efficiency, % | efficiency, %
1 3.0 0.27 78.71 13.62
2 4.0 0.36 72.46 18.18
3 4.5 0.40 76.50 20.44
a4 5.0 0.45 80.18 24.99
5 55 0.50 78.50 22.74
6 6.0 0.54 75.87 27.22
7 7.0 0.63 55.78 22.71
8 8.0 0.72 39.82 20.41
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M1519% 2.18 BnSwavesn pH vesasazaredidnlnslariseusyansnmnszualniveanis

AAulavie (Idhayachander, R. et al. 2010)

S.No pH Current efficiency, % Recovery efficiency, %
1 4.23 80.18 24.99
2 5.00 78.11 22.71
3 6.00 75.01 20.44
a4 7.00 67.50 15.89

Brown, H. T. et al. (1997) la@ nwinisanmininaainaisazaielnely

NT2UAUNTTBLANIATI UT ez lAlaue T N1SAILIULT DUIAIAIIUA AN VD LA d A NSy

nszuIuNsBdninsiutiesiinifadaunisn (2.21) Ineufiseedilietunansnstuaunis

7 (2.22) FIINNISANYINUINAIANG AN Vawaa b lunsanadniadainny 3.6

Ecen=Ea—Ec +Er

Tas

Lﬁa Ecell
Ea
Ec
Er

AD AANUANNANgVR AR

(2.21)

AB A1AINANIANEATLTAA T ININTIFIUVDIT LB LA

3

A8 ATAITURA

P { 1 v ¢ a L3
Av mmmmmﬂmmaLaﬂimﬂa‘w

91NUGHATVRITTUUNLANTY Lol

2Ni** + 2H,0 — 2Ni + 4H" + O,

9¥dA1 Ea = +1.99 V

Ec
Er

-0.56 V
+1.05V

wuAadluaunsi (2.21) 92l Ecen iU 3.60 V

1ANdAINTAS LUTAIUINIIFINVDITILALNA

(2.22)
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Shinichiro, A. et al. (1978) la@&nwnsaialaneiniianlienszuiunisd48n
Insiuildlnefdansazaredianinslaiiluasusenavdame Toualnadulnmden (10 X 15
wuRlung) Adanumuneistios 05 wuRiuns dauneluadu Pb-6%Sb gumgivesdidn
Taslaniusguna 30°C 619 90°C WALANMUAAIURUILLUNTELALAINAUSEU 200 B9
600A/m? 113089097 Tdnauuiundt 40 $alus annmsnaasamuINTiAMILYuN ST LA
wAlvA 300 A/m? gaumail 60°C, pH 3, 1381 50 139 finayilviusgansamnseualnigeds
85 Wesidus wasanunuvesinifafiualnalaowdsUssana 0.17 WuRluns waznaaosd
AMNMLILLUNSELALALYA 600 A/m? gl 60°C, pH 3, 11an 72 F2lua fuavinlsien
Useansamuasnszualililn 85 1Weddud wazanuvuivesinifafiualnafiaad i
Ju 0.49 wuRuns drunisnaassiildmaunuiniunszuaualng 400 A/m? g il 60°C,
pH 3, 1181 72 Falua Aviliuszans nmwesnszualiihwinduudanununadevesiniiad
Aranaadu 0.33 WwuRns mﬂmﬁmaaaaqﬂlé’dwmiLﬁwﬁmawﬁzﬁwﬁmwmmﬂizLLaLLaz

4

szuzalumsvindidniasudadinalaenseiuinifanazuiasausiNiwalng

26 UATETAEIT0

msfifulanginfanniheguinfasuulslnideuanmienszuaunislaving
ansazaneiulavineailliiy fasumannsinedesiviadls fai

Hwa, Y. L. (2013) édnwinisuenuazmsgiuiinifianmirenguinfauuulal it
Aouanmenenszuiunisnislaninenansazatsuaznszuiunislaninenadluih Tnenas
VaaeusuINMIsLEndnfaenaInasaraneiineanosaazatoioUy (NiSO4-2NaH,PO,-
2H,0) selatneslansanlan (NaOH) waviaadaslansonlan CalOH), lun1sanaznouves
dnifia wuimsldlareslansenlendiglinisanasneuvesinifalusvansusenay
lonsenleslafninuaadenlansenlesuazlsiinsnnnzneuresloans Sasaugie anntuss
avanunznausInITaTn3nfinuudy 1-10 WesiBuilneusuns aeldussennaung
Snsdiuvemediravearal 20 niusedns Wunan 1 Falus wuinsvzazatesionse
Fafsnidanududu 1 wWedifuilaeUsuins aunsavilinsyzazatginiiagedia 90
Wosidud waviledranududurensadaiinsniiviuiu 2 Wesdudlaeusunns vl
AuELNsanssrazateiniadu 95 Weddusd mnSuduivssuna 5,000 JadnSUNDanNT
Wu 12,320 fiadnSudedans wavlduenanadniiamensyuiunsdidniasivis lunisvnaes
I¥aruqulsiansazaredidnlaslasislan pH 2.0+0.2 Aumuintuvesnszualuing 40

mA/cm? aglaussenniaund Wuan 10 Flug WU BTEULIANVBINTEUIUNNTOLAN
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TnsAudedl 1-5 $alus ShsnsdAuvesdniaiiuultufutuesadeides Weszesnanly
msffuinfaiutunnnd 5 Flusdnmnsdfuinfeanasdntosuarsnsnisifuiniia
a4ils 90 Wesidud uazUszAnsamnszualiiweanisdAuinfaillonamiuly 10 2l
anas91n 40 Wesidud Ju 37.2 Wesidus annsveassnuiinisieniiniiaainaisidevu
Tnsnsmnnzneusieleideslansenladiian pH uinndn 10 TUszansamgauinndt 90
Wosdud warnsvzazaneshensadaiiiinfienududusiivssdnsannnsveavatedniia
1689 90 Wesidud dwunsatadinfasenszuiunsdidniasiufisfivaruinnda 10 $alua
anunsadAuiinfialduinndt 90 wWesidud

Ramiro, E. G. et al. (2017) wag Tsaia, T. H. et al. (2020) la@nwingAnssuvednis
AnRznauTesasazatsdniiadaaensslawmsn (NiSO.-6H,0) 7ifn pH Faus 3-13 Tunns
NnaedlausuA pH ansazaenleluann Wi lnueadeulansonles (KOH) wazluineulans
onlas (NaOH) tHudu Tneissnisanagnousieiniestumissfiausaseu 4,000-10,000
seusew?l Mgumaiivies 1Wunan 24 Falus anmseasswuit dnifaunnazneusiie
asUsznevlansonleriian pH 3 wazduwaliusnpznowiiudwiled pH iy Gniiad
anaznaudlulvyaveylusUvesdniialansenles o(Ni(OH),) wag B-(NI(OH),) &9
UszAnsamaeansanazneusneasssneulensonlesiian pH 11nnin 11 fangsda 98
Wosidud

Mulak, W. et al. (2005) Lafinw13aunamAIans voIn15vzazatuaIsissuasen
Fevanmiiidniiadussdusznaueiin NIO/ALO, mensatafiasndudu 2 M aeldantie
MIMAABIAANIFI5OUYEINTMIY 300-1200 FoUsEUNT gaumgdl 30-70°C 1unian 60
W 91nn1INAaRINUI1RTINITTTaratsvesdniiall T ufuainudaseulunisniu
ansazany uarfigamgiivesnisvsaraneifistuyhlidnansszarasinifagaude (o
gaunniigeaglindsanulunisnsenu (Activity Energy) liinUfjAsennisveazateveasiniia
e

dhayachader, R. et al. (2010) l#@nwinszurunisdiinlasladalunisdauinia
nthenguinfauuulaldlifhifldouuds lunmessddtruanduuiuumaniluyivung
4.0x1.5 wuins wazdraudumdnndinisusuriwasmdnndniladeudenasiauin
4.0x1.0 WUALIAT ANYITINATOIRILUTANN 9 Lan AnumuLuuvesnszudlniuaziiase
MsdAuLazUsEAnsamaenszualilin anmsmeassnuinilionnumuntunszuali
dntuazsililessulansluaisazarsunndauazluinmefidrauiindu wasiinnumuiuiu

nszualiiuinvulalasiaulessuazgnianidesiiudunseuduiinifaleseuluaisazane
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denalvirdnglihAviviniingume wagnseualiifeudlvlussuvdiuniiaasgn
iUl lunsuanlaeylalasiaudunialalasiaurnlvlseansamnseualninanas waziile
Ugnsenadianduliuialalasiauasiiuninfuaruniadviiuiuvesdniialosoulu
QI U gj o v a a 1 YN a a v d!
ansavangiianad fatueviiuseansnnvenseualiidenisifulinfiaanasie Jana
nsvpassnuszansannszualviniinduain 3 A/dm?1du 6 A/dm? vilieuaiansaly
nsfAudniaindueg1eseiiieada 75.87 Wesidud wazanauiieussdnsamnszualnii
QI 42” dll a a o Y YA a a o 2 QA' 1
WuTy WesnUszaniamnseualiirdmnsunisgaulinifaaunsaitlaasganAining
nuwdunsrualniiamide 1Sendn Anuvuiwdunseualnigsan (Limiting Current
Density)
NNsAnwIUTTmTTaunssuiingadesiunis)auiinifiaainansavaevede N
a a & ¢ v a o v v ad A Y a
Iniatduperusenau MrenTEUIUNITNNElanINg1a@1uNsavin b vannuatedsiieaz lanan
Wulaveiniia ansusznoudnifianiedu q WU N5¥UIUNITIANINGIEITALANY NTEUIUNNT
TanIngnansaranesiuiularine1Aussu wazlamingiasazaresiunulaninead b
Judiu egrslstinny maluladnisladadnfiaanieguinfasuuldininidesanindald
\ = o W = & A a oY
Wnsvany Bn1smInveadeUssinvilvesgnavnssuguindeuiilulsemelneyilaiiesns
Urinusvannlidianulunanssemdnlangninidmadenessuuinuas ssuuyuay

o

NOUTEUILTIINT 0TIVTINAIVIAVUTENN L AUt IU Y lun1s A9 AU ds §3n1957U594

Ya o =

5 & a 4 a 1Y & YR & o w ) a
u’]EJ'WGQUlﬁaEJUN'JLa@llﬁﬂ']WUill']mll’]ﬂ @']EJL‘WGJU N'Jf\]Uﬁ]\‘il@l’ﬁﬂLVUQQ@?WNaqﬂQﬂUﬂ’ﬁﬁl%Lﬂa

kY

Tangdnifaanieguinfasuuldlindenann edunwimdunisimu nsidelu

n1sMInvendsuszinvansazanglulssng annansenuAoguNIN YuUYU wazdIndoudu

'
=) a

991131NANBUATI8VDIVONT Y LT NYAAILALITN1IANTAvenT e inunzauiy
19 < a ISP o % 4 1
AAYAANNTTUMIENTS kbAalangilAninduanlgussleyilln

mAdellasuAmNegATIvIvends U meguinfaluuldlnideuaninain

Usvnyuindouiinifawimis Wwadunwimslunisfinvivaasnissladadiniia Jeveade
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fananiildiunanaatefuuITeNneIvaalud9du B3890 SUSIUTRURILAAEITNNS
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Y933 nAldiuNMsTlsAainifiaaniienguiiniialuauided Ineaulan Anw
R8I35 teAatiniiadnuieyuinifawuuldlnilwdauaninae35nsmislaninen
ansazarswazlaninead i Wewsnanalansdninavindvunlguseleosdlvg Funay

nsrUIUMsiingUszasdvesnsaasLazdvsnavesladedansyuiunis fsil
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uwivtinansuseneulansenled Weswnansialidnanviladie 519190 anzneulauInLay
aunsnazaenaulanial pH wWasunlas Inen1svmaassazUsuan pH 11nndn 11 ielula
pznaulniialansenlemlazlsnAanNNIsANALNIUTDIAS DU BUUI NG AnTuvinli
nenautinfasgluslvesansaraemensvzavaeiliingUssashiiioviviansasatefivsunn
Yasinfald uTukazUsuaIsuanua @ msunssulIunskenanatdninanald 99a1s
aa A a = Ada a & I3 A o a a

srararendeuldlunisvrazareinianienznaundinnalussnusenaune Nsagaiisn
iliflesainansazanenenandamilade limnuaunsalunisvzazaiegs luidudunsie
WALAIUTAUNUR LNNZLANNSIVENAFBY UBNINNTAILUST DUNFINARDANUAIUITOIUNT
Yrara1gvaeiiniia oA ANUTLTUYRINTATANISN TNTIAIUVDIVRILT I aUD LA
sreriiantunIsyzazaty gl Wudu wazdunsugaritenisuenadainiiasie

a = = 9 v a @ a a A v v a a o
nsEUIUNSMSlaIne ATl Feltnszuiunisaaninsiuiaiiesaindesnisanaidniian
flogluansazargeanundulanzinifa Inganuuians aruauisalunisgfuwas
Usgnsnmnszualnituiunavestdadonng 9 @y A1 pH Y8sEsazanglsuau A1AILANY

Andglui Armnuvuiwiunssualiiy gaumgluazszesiianlunisadn Oudu daiuly

1%
v A

NuITeHdladnwddnsnavesdadenenarivesisnszuiunisnidlaningaisazany
waglainenalllni iensiuiwseangainlunisgpulanednifanniiegulinfawuuld

I Eauan



uni 3

A5 UN15IY

[

uniinanifiadan aunsal wardsn1saniiuniside Fesvasidunusenausieiitesing o Al

(% a (% a

3.1 degAu Tanuaraisiall

32 ielosdleuazgunsailifsadedunismaass

33 ieBosileuazgunsaiiiieadedumsiiesesidinysznounmanil
34 dupounisfnuide

3.5 dN1ITNIINNADN

a L =]

3.1 In9AU AdLasHILAN

9

'
[ a =

3.1.1  99AUNGAINSUNISNARDY

q
(%

wenguiedeviainfanuuldlnindevanniidnvaziduaisazaiediden
Y < = < a ao Il o w [ d‘
Wusienudunsagauiosnnduaisazatgvasdendsliiiunsuidn uansiagun 3.1 veq
HeAina1lasuALowATIEiAINlTUYeslANERE NI SUYULAG DUR LI Tl e
Hutngausudulunis@nerided nedirunauniaediildainnisiasiziaiemaia
ICP-OES wazinaila AAS vastnenguilniiawuuldlndudeuanin wansdslunisiei 3.1
1 a A ¥ v a a a a U I a A
wuluansazangvendsiinnuiuduvesiniiagaussuia 133,100 fadnsusedng vse
13.31 WoesWuslnewmiin uazanududuvessinuaiudy ¢ wu eawesa 79.10 fadniu
fodng uazavgiiflon 146.00 adniusedns Wudu Ingseninsnsldnuiieyuiiniia &
nsiituUsavesdieiguinfanisielianududuvesieiyuinifaausaldanula
pg1ailusEANS A NLaze U damalianudutuvesisiinifakarsinuariuluansavaied

v a

USunamnnane Jesimuaiivegrseanesaduimidiidudisfidluaisazaredulsluves

[
=

111 (H,PO,) yilrdivSunauweslessulinifaluaisazanoiinay
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A 13 = H A a = a ¢ v a
M197199 3.1 @Qﬂﬂi%ﬂ@‘U‘VﬁﬂLﬂ@JSU@\‘iU']EJ']GQUUﬂLﬂaLLUUIGmWﬂ']Lﬁ@Nﬁﬂ']W ALAIIECUAIULVIAUA

ICP-OES wazinaiia AAS

Elements

Ni

Fe

Pb

Cu

Al

Concentration (me/L)

133,100

79.10

0.72

0.32

3.54

146.00

3.1.2  Jagiilddwmsuindusiuneluauazualng

[ A Yo & a N o a a v o v o &
Tanfldviia8ianinsn danwvandudmaendnsa Usznauludae fall

(1) Fwelunfe urukwandlu lavglnntsundouunaniity (platinize-titanium anode

w38 PUTI) (2) 13uAlna A9 WNUALAWLAALNTA 304 LAAIAITUN 3.2 3u1A 5X5 71319
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313 asaiildlunisveass
hequinfawuulsliiindeuanmgnirailiiianenou Tnsldlndes
lansonlen (NaOH) mzﬂauﬁLﬁﬂ%ﬂ;ﬁ]xgﬂﬁﬂﬂjzazawaﬁaamsazmaﬂi@%’a?\lﬁﬂ (H,S04) aglel
\Juansazanedidnlaslaviiiduamsusznevvesinifadamaitudy uansisguil 3.3 wag 3.4

ANUAINU

5UN 3.3 lsieslansenlaen (Sodium Hydroxide)

SU#l 3.4 nsadaiadn (Sulfuric acid)
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3.2 Asesilauazgunsalniieadaslunimaaas

1 U v
= o °

3.2.1  ASDIVUINTNRUUAZLDEANATEN 4 AILAUS

' '
=) v

LAS DITIUNNUNBUUATLI UM NAL YN 4 ALAUS LLamé’qgﬂﬁ 3.5 @1RS U3

UminvengnaunIe ingAuAwl, NTeA1unTes, wiukalun, wiuwalng wazndndunnla

NAINITNAADI

JUT 3.5 iesestadmtinuedien 4 sumis

3.2.2 wnaulamnuiu
1 ds‘/ [~3 d' =1 ) 1 & 1 ds‘v
wiaulaauty WueSestlednsuldlunisaunsewnlannuiulunsnau

VIl 100°C visegamgiigeduiuladelunismaaes wansiagui 3.6

JUN 3.6 wneuldninuiu
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3.23  a3esnaunlwmanlrin
\A3 BanuANsavatenuuy Ll nannssulial1useu (Hotplate and

Magnetic Stirrer) wanafa3ufl 3.7 viwiilunisnywisuaisazatsuazansavaediin
Taslant TusenInanIsvraratswasnssuIUNITOLENIATIUTIAINANIIEN AU AUEIAY
Tael9rdnnN1syiauYewaLas iiuwsin Irnusou Wuas1iaiusi5ouvawiman

waglimnuou lnawasesaunsamnunrusIseukazaumgillianUundiases

JUT 3.7 LATRINIUENTAZANEMIBLTIUIWAN

3.2.4 uvasglninszuans
wnasaulniinszuanse (Direct Current Power Supply) meéﬁgﬂﬁ 3.8

Jugunsalndrenasaulniilidugunsalluieng g Tu wu nszuiunisdidnlasiully

Judu Tneasvhmifiudasinfianszuaadu (Altemating Current : AC) Wulnlilinszuanss

(Direct Current : DC)

JUN 3.8 unasangluiihinssuanss
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3.2.5 psevindndlniinszuanss
w3esiadngluiiinszuanss (DC Volt Meter) wansdagui 3.9 uirsaaile
Tamanunsadulniivesunasitsussdu vieinAussdulniiinnaseuseninageaealuy

1993 WiseANudunuAelugUnsalvasinnsaaes

JUN 3.9 Ladilnes

3.2.6 A3993InAIRNANANY uaznIzualniin
wraudfiwes (Clamp Meter) WugunsalldlunisinAnssualninluases

(Current Measurement) YEyINANTNAAD LLamﬁqg‘Uﬁ 3.10

JUN 3.10 wpaudiimes
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3.27 YanI29a1Iacany

2
a =

quﬂiaqmsazmaiﬂ?ﬁm%’ummLLsmmsﬂauﬁ’umsazmaﬁmmuiunﬂ 9
Fupou Wy mannaznewvesansUsEnauiniia mIvvavans wieud nsyidenszuanng
danlasiuds \usiu gunsaleng o Uszneuse naeymues (Buchner Funnel) lugunsal
T mSunToeEsLUUanAUAY 8111500 54LATIAL5INIMVUSITUA NTEAYNTES (Filter
Paper) ¥3nanAuAY (Suction Flask) wag Lﬂ%ﬂﬁﬂﬁjzyzmmﬂ (Vacuum Pump) Wensnagy

311

n. sesluaussUUgyINTA U YANTIYNTB

U 3.11 YAnsesansazany

3.2.8 1A3999AA1 pH
1A3833nANNTUNIA-A19 (pH meter) wansdsguil 3.12 Tdudnnisiaaay

unsa-ane vesansiedainuiiseveslslasiaulessu (H) Sdiuusznounan 2 dau laun

(%
YY)

S1annsm (Electrode) waztasadindngluidn (Volt Meter) fianagfutninfinavaus o

Y

[

A1 pH wazalning198s agdadndluinnuasuwdasan Ineisuiuainsgiu (Calibration)

ansazangUrliesuinggu (Buffer Solution) feunisldeu
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JUT 3.12 ipFesinnnandunsn-ad

3.29 yaaunIaliAIaAddmIuNITNAas
YnaUNIalATOAINN 9 dmsunisnaaes Faluidaznisnaassayldaunsal
wIBIwanaiueenty arumNdINIsalunslEuLarAUmNILANYBINITNAA DY

WARaRagUN 3.13

L3

JUN 3.13 9AUnIalAIaIua
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3.2.10 yagUnsaldmsunszuaunsdianinsdudls
yngunsnidmiuihdidniasladamad wanadeguil 3.14 Usenaude fail
1) awln (Electric Wire) $1u7u 2 wdu
2)  Jnnes (Beaker) aw1n 500 fiaddns F1uau 1 Ty
3) Wianaauas (Copper Bar) usuAUENaNg 1 lwufiins
U 2 Wi
4) 81093404 (Copper Wire) tduruAuENans 0.1 Lwufwng

U 2 LU

U7 3.14 ynaunsalvoseaddidiniaslada

33 insesilanazaunsaiiiendaslunisiasesidiulssnaunaiadl
33.1  1A3aIATUSHIMENR XRF
X-ray Fluorescence Spectroscopy (XRF) Jued eadlefildlunisdnsney
USausnn Sadudiunaumaedveduiiedns lnsanmnsoiinmeildvisludnmuninuas
B Msnssdsnen3es XRF averfondnnisisesdididndvesdiegne Tngesdeded

=3 ¢ v Y 1 1 a [ Y 1 a A v aa ¢ v [
L@ﬂ"ULSU'leUSLUGI’)E]EJ’N 3190 € V]E]%IUGYJE]EJ’N %Lﬂﬂﬂ?ﬁ@ﬂﬂﬁﬂ’iﬂmaﬂsﬁua’m’lEJ‘WEN\TIUWQE]E]

)}

LSaLus (Fluorescence) 99nN1N 19LAT99ASINTULAL IAAINAIUNDINUIINNFAIDE19T 99

! U dn( U a dl I U 1 g.; U dl
ﬂ’]WﬁN’WUﬂJUﬂ‘U%UWH@QﬁWQ}W@QELUG]’JEJEJ'NU‘L! 9 LLﬁﬂ\‘i@QE‘U‘V] 3.15
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g'tl‘ﬁ 3.15 X-ray Fluorescence Spectroscopy

332 psadinssinsasaiuuvesiediing XRD
X-Ray Diffractometer Spectrometer (XRD) Juedeadefildlunsiasei
szyviiavesansuszneu Tnssadendnvasansyussneurislndeuiuin (Quantitative) uazids
AN (Qualitative) 3LAT189iRIBE L ULTEL U (X-Ray Reflectivity ) mewmatialdiasies
nMsdeuuTes S ndrsemadadnatsdivunsndu dmsumededinssinsaeauures

(% o [

SdSndordendnnsdeSsddndnsenuasiisunuineds WeliAnnsiaeuuressddnd
wazazviowduyusng 9 ldsdmsadudyaia (Detector) Tngasrnlumsdenuuvessed
Bndaziinlugufuansiuiuegivesdusznou Tassadn wardnuendnuesansiegnad
lalwindu vl Pattern veamsideuuvesssddndfioanunlawinfy Seezansatduila

vosansuseneuluansiegaiy q lauansisguin 3.16

U7 3.16 X-Ray Diffractometer (XRD)
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3.3.3 napsganssAudianasaunuudansn SEM
Nd939an335AUBIANATOULUUABINTIA (Scanning Electron Microscope :
SEM) m‘fJuﬂé’aaa;amsmﬁ@Lﬁﬂmau%ﬁwﬁaﬁdwmwﬁmmhsmﬁ’wé’ﬂmﬁmfmmaqﬁ'}
Sidnaseuugugd (Primary Electron) fiflndsaugsgnuassarnuvasinie (Electron Gun)
TUvufiuiadunuiedng Wedidnaseusinannsenufuiatusnuietisiivsenaulude
a¥AaNANY o indunsisensenindidnaseulgugiitveznenvetsinluinguaziianis
sreloundanulufidunudnsysusing 9 ANt ﬁﬂﬁl,ﬁwﬂflsﬂamﬂdaaé’mmmlﬁyml,uu

103dianasounszidanduludegunsalngiaduamnsainluussmananaslideyailu

Aailou 3 TANIszoednangauanInagun 3.17

'gﬂﬁ 3.17 Scanning Electron Microscope (SEM)

33.4 sesiassilavswiin ICP-OES
Inductively Couple Plasma-Optical Emission Spectrometer (ICP-OES) Ju
inesfleflFAnneimuiinasigndeutunaeviald Tasendendsnuainnanasninioni
flaghlfogmonvossinane 1 gnnseduudninnindsuaniugainaniugiu (Ground
State) snogluaniugnsedu (Excited State) waziinauliiades ozaouvessIniy 9 3
Udesmdanueenin ilesnuaunalinsegluanziiafios dsluusavsinaziininduuag
(Intensity) wazANLEMAALTiRNZS MyleTvidalsinassdentioudioufuasavaie

UIRTFIUVBITNAN 9 UARIRIFUTN 3.18
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'
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3U¥ 3.18 Inductively Couple Plasma-Optical Emission Spectroscopy

3.3.5 asesdaszilaventin AAS
Atomic Absorption Spectrophotometer (AAS) LulA3esilofildd1nsunns
Fasrzimusunus s iuasieg i unswssuduaisazasudl a1un503A31219I579)
Usunaudenq Waluszau dludiudiu (ppm) nmadasiziendendnnisieenisiianiuiou
- aaa ~a A o g va a g v 1Y o
w38 Uffseniiivanvauieviliiinerneudassvessgluanieiidunia udnsiniam
N13RANAUARULAINTIAIINIIAAUANIZAIVBISIY FaA1ANTUTRIRAULAINgNaAnEULY

wUUTHUMNUTINUYRIEI9 lWieg1e uangiaguil 3.19

'gﬂﬁ 3.19 Atomic Absorption Spectrophotometer
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3.4  JURDUNITANEIIVY

£
Y [y [y [

TupaUNIANYILa R ULaRIfalugUR 3.20 fiail

wenyuiinfawuulglnihidesann

l

nNRNENaU

3 . | —» @5azany
(@sazaneladaulansanlud : 2.0 M)

l

prnauansusynavinialansonlan

l

YEasalvaznau

(ANUINTUPRINTATARISN : 1.0, 2.0 kag 3.0 M) ..
o L o . F—» azneunliazais
(BRNa@IUVRIVOWTWMBVRUAT : 100, 200 LAz 300 NSUABANS)

(5zezan : 0-3 FIlad)

l

ansazangiininalduTy

l

USuA pH vesensazanedidnlnslan

(asazanslaieulansanlas : 2.0 M)
(A1 pH : 2.0 uaz 5.0)

ASEUILA1SBLANIASIUTY

L asavanedlaninsian
(Adngludd : 3.3, 3.5 way 3.7 V) ————

AALIRBIINATEUIUNIT

(syazal : 24 $Ilua)

l

Tavetiniia

JUN 3.20 urunndunaunIsAduauldY
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341 nmaanaznauvasiinifainthenyuiadavinfauuuldluddenaniw
ihiheguindeuinfauuuldwideuanmiiignsidunsauusuliien
oH Uszanas 13.0 Tnewfinansazareleieulansenles (NaOH) pududu 2 M i eliiAn
nsmnaznauvesiniialensenleduasfidlingneuduna 24 dalus Fsgunsaldmdunis
nnagnaudinfiauansdegud 3.21 ndunsewusnaznaufvarsazasidningnaulleuly
wieuldanuduiigumad 100°C Fadnuarresmenoudnialensonleduanadiegud 3.22
ngnaulazansazareiliilUinngimeliawazUiinuesduszneumaaiisnemaiia XRD,

XRF WazATIEionawana ICP-OES, AAS ANua1nU

JUN 3.21 gunsaluazintesllelutunsunsanaznoudnifiaatniienyuinfawuuldlnin

9 9

o
LERUEN TN

n. neauaulamnuu 9. vasaulannuu

JUN 3.22 mzneutinifalansenlen
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3.4.2  nsYTarangnsnauvesarsusenaviiniialansenlen

thaznouansUsynoudniialensenlesittuniseuldanuduudiinund oe
TiflumeseymadnasfiofiuiuiiiawasUssansnmuasmsvzazarglinniu laenis
sravanenznouliniaituneunisanymaans Taud (1) veazaenynaudniaiirududy
YoanIaTaiisna1etudl 1, 2 uay 3 M fisnaiuvesvedsioveunal 100 nfuseans
naINTSYEarany 60 Ui ﬁqmmﬁﬁmLLasmmﬁumimmﬂﬂﬂa%qé’ﬂwmmaami%asma
wanaRaguil 3.23 nduthansazanedildluieneimimuvesesddsenaumaniidng
wada ICP-OES Saufuwmaila AAS iiefiansanuszansamesnisyzazaeiiniia (2) vz
avanenznouilniiafionsiduvewodsovouraliIaiufl 100, 200 waz 300 NSURDANS
Tneldanududuroansadaiinsniilaannisdnwinaasslude (1) WBuszezvinan 60 unil
fionmaiieauansiagud 3.24 uavihansavanevesmznauinifaludinseimnusunames
peRUsEnaUNILATdIemATla ICP-OES uaznadn AAS LilaRa1saUsEans nmueenis
yravanedniianednsnavesdndiuveselweveaal uay (3) vrazaunznaudnia
fignsdrunesvouditaveunaiseanududunsadaiinsniliunzauainnisinevaaes
Tude (2) fisvavianissrazansnna 9 fig 30, 60, 90, 120, 150 waz 180 W17 dnwaizwes
mssusazmmamﬁqgﬂﬁ 3.25 gniuthansazansveInsTEazanenzneuliniaiinszsiae
wadadewmada ICP-OES uay AAS il awaiansanUseansnmeesnisezazaisdniia

wazUSunaesasuanuluasazane
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. H,SO, 1M . H,SO04 2 M A. H,S04 3 M

o
Y

JUN 3.23 Fumeunsyraraneensnd@Iu 100:1 ¢/L USuns 100 dadans 11a1 60 unil

n. 9nT1dIU 100:1 g/L 2. 99T1EIU 200:1 ¢/L A. 9MT1EIU 300:1 g/L

1%
Y

JUN 3.24 Fumnaunsyzaranei HSO, 2 M USuns 50 Hadans 1a1 60 Wi

o
Y

gﬂﬁ 3,25 Junaun1svrazatsil H,S0, 2 M waydnsndiu 100:1 o/L USu9s 250 HUadang
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3.4.3 nszulunsoLanlasIuds
nsfindaaddidnlnslafindmiunszuiunmsdidnlnsiulanedslugui
3.26 fauUsznouii dda Ihun (1) Fauslun (Anode) (2) Faunlna (Cathode) (3)
ansazanedianinglan (Electrolyte) (4) A3 09NIUANTAZAERBUINEN (Magnetic Stirrer)
(5) unasiulianszualnlinannniewen (Dc Power Supply) (6) aunsalinaaumiednglniin
(Volt Meter) nisadnfiniiasienszurunsdidniasiuiasuaniasazaneiniadudui
laannsAnwneassnsszazatsnznauliniiauiusuan pH 2.0 uag pH 5.0 fgansazaly

a

Toweulansenlasiinnududu 2 M Juasazanedidnlnslarlunssuiunsdidnlnsiuis
Fumeumsuiun pH vesasararsuanafazuil 3.27 GslunisAnuinaassnisadadnifady
Tammnuaednsluifisneiudie 3.3, 3.5 way 3.7 V iduszezinan 24 $2lus ﬁqquﬁﬁm
Tnednvarresnisineadseninaiddninsafuansazareluaniznismaaesing o wansd
sUTl 3.28 antduiilavsdnfaiitaualnausdnluazanslunsn (lundnuaglelasnaadn)
audaduf munzauazldaisazatsdiluiiasisiaaomaia ICP-OES MU u1ves
psdUsEnouaadl Wlefinnsananuuiansuasyssansamuasnseualiiidldflunsmaans
?‘fm%"umiazma@Lﬁﬂ‘[mﬂaﬁ%gﬂmauﬁal,wﬂmiazmaﬁ"umﬂaumaamiuaﬁuﬁlﬁm%ﬂu
nsNAaee a1sazatgaviilUiasvimiusinamealiniiavazarsuaiunlemaia ICP-OES

bz AAS
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DC Power Supply

Magnetic Stirrer
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3.5  #d017¥N19NNaDg

NATplafnwdnsnavesfwUsne q semnuaunsalunisanadniiauazainu

a

Usgrsvestiniiaanuieguiinfasuuldliindesann Ineliannensmaassuananly

9

A9 3.2 WAL 3.3 A9

ANTNT 3.2 ANNENITNAABITVBINITVEATANY

p anududunsadailasn | snsndruvesudenavadan o
GRYPET v . - 387 (W)
(M) (NSUNBANST)

1 1

2 2 100:1 60

3 3

4 100:1

5 2 200:1 60

6 300:1

7 30

8 60

9 90
2 100:1

10 120

11 150

12 180

A5 3.3 AN1IENNTNAFDIVDINTEUIUNITDLAN LA TIUT

anazi A1 pH fndlnin (V) a1 (@alaa)

1 3.3

2.0 35
3.7

24

3.3

5.0 3.5
3.7

N || B WVWIDN




uni 4

NaN1SNAadaZN15aAUs19Ha

nsnnaessleAaisuinfauuuldlniindevanwinesdmdulave dniausand
Usznaude (1) Suseunisanagnowvesiiniia (2) dunsumstrasaenznouiinia way (3)
nszvrumsbidniasiuds luduneuusniharsazanetheguinfauuuldlafideuan man
Anneisauszneumaaiidemada ICP-OFES nanmslanzvidsnaniuanadsluansied 4.1

a A

wuinfidnifauazansuafiudu q 1uesduszney 1y sieanesauazesqiidon (Judu
desanlunssuiunisyuiedoviadmeiniAaziduaisuszneu W dnifadamlnvie
TufeulalurealiiiosnuiliufAzornsyuiedeuduiull TasinufAzeundisuandy
aun1sf (4.1) (Hwa, Y. L. et al. 2013) fsfuisdwmalifidunauosisdnfauasarsuaiu
Fovuegluansararsveadedindndas ndsnduhnimangnouarsusznouiniia
lansenladmeasaraneluifonlonsenled iWeldnznouinifawdnhluinsgidaunaima
wniideimadln WD-XRF §9nani53inasgiuanssalumsnsi 4.2 wuinmsananaznausie

(2 o

loineulansenlad vy liiiananiusidungneuiinifalensenles (nickel hydroxide :

¥
a a =

Ni(OH),) TneuAsenaiiuanidaunisn (4.2) azneuilnifamiaduldgnirluiasien
aadUszneunLaiisemaila XRD nednadinszviuanidsgun 4.1 Jaliiuindnuaenis
e’lj v a @ 4 a a a v a ) 1 ‘:9‘; a (Y

LB EAUUVDITIAD NTUIRENAUDNNATANYAUSAA B HILNLIVDINITELWUVUN 20 WINAU
33,39, 59 hay 63 9 dunauiannznauvsstniialansenler i dadiudundn dqu
a1sarangfanaznauiiniiaeenlusdgninluitesgesadseneumanisnemaia ICP-
OES FINANITIATIZNBAAIAILUANSIN 4.3 wuilannaznaukeniniiassnannaisuany
Ane 9 waamnududuvesiinifaluaisazaneveudvanasedraunuladn uazUSuiuwesans

wanudsnsegluansavany
NiSO,4 + 2NaH,PO, + H,O — Ni + 2NaH,PO; + H, + H,SO, (4.1)

Ni** + 2NaOH — Ni(OH), + 2Na* (4.2)
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M1399 4.1 drunauniseiivesenyuinfasuuldlnideuanin

29AUsENau Ni Cu Fe Pb P Al
AMUTUTU

e o - 133,100 3.54 0.718 0.323 79.10 146.00
(Hadnsumoang)

AN5199 4.2 dunaunnueiiveansnaulinialansanlyn

a9AUsENBU Ni | Cu | Fe P Al S 0 C |8uq
ATV
42.78 | 0.01 0.02 | 0.01 0.01 2.83 | 39.38 | 250 | 12.46
(Wt.%)
(Coupled TwoTheta/Theta)
: § POF 97.1485 Na2 & O4 Thanarcite oy~
I 1 122 SN(I)(“(;;;T’G“& syn
] Na,S0,

Counts

)

2Theta (Coupled TwaTheta/Theta) WL=1.54060

[y

PN & - A a ¢
EULV] a1 ﬂﬂmgﬂqilﬁEJ'JLUUSIJ@\ﬁiQaL@ﬂ%%@ngﬂauunLﬂalami@ﬂl"ﬂ@

AN 4.3 FIUNFUNIALVBIAITATANYNRINNALNBUTNLAE

29AUsENBY Ni Cu Fe Pb P Al
ANULIUTU

L 5.111 0.243 | 0.067 n/a 1810 | 253.10
(HadnsumaDang)
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4.1  ANTNAVBIAMMUTUTUNSATANITNABAINUEINITAIUNITAZAN8 VD

aznauansusenaviinifalansenlyn

MNNsAnEUITeiAsdemuiinsldnsadaiiasnlunisvzararsdniatuls
dasnsuraraneiigs feu ieAnwndvinavesaududunsndaiaindoniuaunsaly
nsvzarats lunsmaassiasldfiansuinisvzaraisdionsaifiaududuiiuanaieiu
Toun 1, 2 uay 3 M warsnI181u090IuT 9 0Ue Al 100 NSUAPART SYELIIAINTS
Yrazany 60 W9l

nnamaasanuindennuduturesnsadaiininifiudu dwaviliinifagn
yraraelduntulasasiiuldnmvasesinandusud 4.2 Wesmnmstrazanemenoudi
oeflugrosansusznavlensenludiudmiuansnasansluasaraisas Sedawariliio
nsuansnvedlossuiiniaguuanifiaunisil (4.3) Taewuiiimnududunsadaiindn 1.0 M
Auansalunsszazatsvesiniialiauszana 90.75 Wesius wazilofiumududu
Yonsadaia3nidu 2.0 M uaz 3.0 M dwaliauainsalunisezazatodiudulssanu
92 Wesidus uaz 92.8 Wesius audidu 1lesaniiaududunsadaiiain 1.0 M &
Usunawesiiniialossuluaisazaneiiuinnindamalessy Wiofinaududuvensa

o

FafsnTudu 2.0 M uay 3.0 M deavililuansazansifinnisuaniasulessufuiiuiu
Ni(OH), — Ni** + 20H (4.3)

W aN1TUTUINVRISINNATIUAIY 9 Nignvrazateanavnaudniianienia
FaNIINNANULUTUANAUTINANITNABDUANIRITUN 4.3 WU NANUTNTUNIALaTITN
N danalinisyzaratevedsimuanuanas Weaameglavsusiazviatuiauaiusaly

mMsazanenardnssIunsiinufiseiunsasaiu vldeindenisgnuzazane
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ye]
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» 60 —+

G

33

2

&

c 40 4

=

=

&

r
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2 20 —+

e

%

(o

o

< 0 I I |

0 1 2 3 4
ANUTWYRINIATATIEN (M)
JUN 4.2 dnSwavesnnudutureiniadaiaindeniiuaiuisalunisvzazateiniia

(AN1ZN1TNAADY : DATIFIUVBIBILTIMBVDIMAY 100 NTUADANS, 1381 60 UI)

50
Fe
& b
& a0 . ——P
= =P
T B
= &30 + A
e 9 C
= s -o-Cu
b e
& < 20 4+
e 3
p
e 07 \t —
o ® — =
0 I I I
0 1 2 3 4

ANMUIUTUYDINTATATNISN (M)

JUT 4.3 nnavesmnududureansadaiiSndeuIuiavessinuaniuluaisazany

(AN1IENITNNGDY : DRTIAIUVDIVBLLTIWBVBLUAT 100 NSURDERS, 1381 60 WT)



77

4.2 Swﬁwa%mﬁmﬂa’wwwmLL?‘TW\'@%Qma'm'aﬂ'a'ma'lmmiun'li

YrazangvaInznauasusenaviiniialanseanlyn

nMsveassiilafiansanvrararenzneulngldivunsnsduveswosudiavenan
m19 9 lawn 100, 200 Lag 300 NTNAOAMT Trararua18nIAgalIznANITUTY 2 M
STYULIAINTTTaza1y 60 W9 wamswmaamamﬁagﬂﬁ 4.4

PNNSNNRBINUIERAILTDIvBILT I mar Tt N 100 nSusedns 1Ty
200 NSUADANS Way 300 NSuRDAAT dwalranuanisalun1svsaratgvesiiniiaanasain
92 Weosidud 1y 90 Wasifud uay 85 Wesifusd mudsu iesainnisanuasnsalunis
Yraragvamgnauilniialudnsidiurewedemauaaal 200 nSumAeans way 300 3y
fodns fuSunawewmezneutvasaraeiisnsduiidsuly fe Usunavesdnifalessu
nnUsunavesdainlossuluasazats liesmefiaziinnisuandsuleseu una
T¥ensa1uvoswodsdovauarfiiiuiuldenuansalunmssrazatodniiaduualdy
anag

dloRe1saniBninavesdnsduvesveudroveunaififineusunamesaisua i
Tugnsazans wuIUsIeINIsazaEMiug uilanushsEIuTe Ve ILT IR ovB LAY
ity sl msvindlosnsndiuvesmenoutvansaranedsuly nsuanasuvedloss
1umsazmmaaﬁmmﬁu§'u 9 mmmﬁwgﬂ%azmaaaﬂmiﬁdwLLasqaﬂdﬁﬁmﬁa GRS

NINARBILARIAIFUT 4.5
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JU7 4.4 Bndnavesdnidruveswadsaveinaitontausalunsvrasaleiniia

(@N1EN15NAABY : AUTUTUYDINTATATNISA 2.0 M, 1381 60 U9)

50
8]
(o
3
(] 40
(_ —~
©
= e
= 30
aé —g
g ¢
o G 20
® 3
=
& 10
b
qu°
=)

0

Fe
——Pb
-B-P
—>¢Al
—--Cu

100

200
Fn1d1uvevalwavenal (nNSusadng)

300

40

U7 4.5 Bvidnavesdnidrureveinlsevesaisalsunaessmuaiuluasazais

(@NENINAADY : ANULINTUYBINTATATISA 2.0 M, 1381 60 WI7)

0
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4.3  BNTWAVITLYLLIAINISTYLAZAIYADAMUAINTOLUNITVLAZA1U VDY

aznauasUsenauiiniialansenlan
Tumsanwdninavesszesnaildlunisszazanslavinisanwnisyzazatenznou
Tutaan Aw 30, 60, 90,120, 150 wag 180 U7 LAgMUUAAIIMUIINTUTDINTATANISA 2 M
LAz uvesveTsiereava 100 N3ufeAnT NANTNAADILANIITUT 4.6
31NN1SVAABINUIISAIINITTZaratsvesdnifalurianaiiilavhnisnaaesdad
S¥%ine 90-95 Weddud Tnaarlumsvzararoifiviuain 30 wiit Wy 60 uit awnsa
grazasdniian 92 wWesidus 1B 95 wWesidud mudeu Wesmnludiwandinarndu
FufiFuinUfAzowesmsuanisulessusenindamnlossuduinifalossussedasy
Tuansazane Wenalumsvrararewfiududy 90-180 undl BuAnnsseivevssansazans
lnasndIureoseIudreveanUasunasiu Ao Usuuvedlessudiniia
uazdauinlesauluamsaraelndifesiu UiiTevesmsuanidsulossudainiiulusgnad
q warldaunsananiUdeuloseunsld Fedmaliauaunsolunisveazarsvesiiniiaan
ToyaiuazAfinasnszsIa1UeInIsYzazans
dlefsanvSinaasuadivluasazaiefivihnisvrazarslussezinaimaiu wuid
USinaansuadiu 1w vleavleda evgfidon waznznideudrsnaiilunndrsnaiveanis
FLAYANY WANUIINITVLATAIMENLATNOILAFILATISTEEE1IaN 60 UIT LAANSTYaYa
dintudndes Wesnmdnuasnawunsannsngnazazangldlunsadaiininylfidenan
Wt uufasenannsadudululdiAnnisuanieulossussninmesudstuvoanaily
ansazaneBnads lunsiidnfaliamnsowasanefislduansigud 4.7
mﬂmsmmaaqwudwamqmmmwzazmaﬁmﬁaﬁmmxauﬁqﬂ ABN1SYTaYant
arnauliniialansenlameainududunsadailasn 2 M §n51d1uv09v99udsnavaaman
100 nfusedns Wua 60 ud Lﬁaﬂmﬂiﬁﬁmﬂmiﬁuzagmaﬁmﬁaqaﬁﬂ 95 Wasidud way
T Usuavosarsuanuluasazas U NaILAd WIEN HIN31995EYELIAIV09NT

YLArAYDU AD 38.8 LAY 6.6 NSUABARNT ANUAINU
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100
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a

80 4

savangUpIlnLia

60 -+

a0 1+

ANUENTalUASY

0 ! ! i ! : :

30 60 90 120 150 180
LAaNNSYTarany (W)

JUN 4.6 anSnavealaIn1svearalgnenluatutsalun1syzazatgngnauilniia
(AN12NI5NAEDI : AU UTUVINTATATITN 2.0 M, FRI1AIUVDIVDILTI6D

Yp9a7 100 NSUNDARNST)
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50

Pye)
(o
S a0 L+ Fe
i b
§ /lé +P
= S 30 L -&-P
(== = L
€ 7 A
s C
b C o L -e-Cu
& @
G’D
=
(o
I 10 +
ke o 0O o O | S—

B 4 4 4 —— %

0 ! ! ! ! : :
30 60 90 120 150 180

VAaNNNSYTarany (W)

JUN 4.7 vSnavesiainsvazangseUTinuvessnuaiuluasavany
(@N12N1TNAADY : ANILTUTUVDINTATANIIN 2.0 M, FR51dIUVDIVBILTIRD

Yp9a7 100 NSUNDENT)

a Aa 1 a <& ¢ 1 [

4.4 FNONAUIAN pH ‘ll'é]\‘iﬁ']ﬁﬂ%ﬂ']ﬁ]aLaﬂiﬂﬂaa‘ﬂﬂE]ﬂ')']&lﬁ']&l']iﬂiﬂﬂ']iﬂﬂﬂ
= =
lauzlinna
= av A a v o ‘:4' a & 1

MMSANEINUITALITRINUINAT pH AvIgauUDIanTavatedlaninslanaanis
afalavginifaeglugae 2.0-5.0 lumsideillafnuidedninavesan pH 2.0 uag pH 5.0 ves
a1savaredianlasiansemiuaiuisalunisadainiiaainaiszazaredaniaglan aae
asazangloeulansenlenminu iy 2.0 M AeusanglWina1en 3.3, 3.5 way 3.7 V

o w & ' a A a v I )

AUAINU AIUEIIVBINITNTIU 200 TDURDUIN VIEURUNDY Wusseeian 24 93lue 91nn1S
NAADINUIIEIUNANTDILaNENTILAINAYIE15azaY pH 2.0 dUSuavesiniialade
155,284 fia@nsusodns u1nnI1U99d1582a18 pH 5.0 HUTuuvestiniiatade 131,750
Tadn3uradng uananslunisnem 4.4 Faazdmantuaanuusgnsvedanstinfanta sauly
= a vy A a v P Yl Y a ot
favsanisifulanglinfame Wewinnsusue pH meludeulansenledluaisazany
dniadawls arlalapeudamataziniialansenlen aananaluaunisy (4.4) F981u150
azansuavuandduiinifalossulddne uenaniifian pH vesasazareiinduvinlians

Ladiuluansazas 1wy WaNYseanNaIkad anaznausgluglvasansuszneudanme



NiSO, + 2NaOH — Ni(OH), + Na,SO,
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(4.4)

(8%

A597 4.4 sarUsEnaumaailvesasarateBidnlnslaifian pH 2.0 uag 5.0 ATIEIRY

WiAllA ICP-OES wazinalia AAS

ArnMuANAngvaswaaLall Wi
daunaun1LAll 33V 35V 37V
YauAlna pH2.0 | pH50 | pH20 | pH50 | pH20 | pH5.0
Usueu (Uadniusaans)

Ni 161,830 | 150,850 | 150,300 | 136,800 | 153,720 | 107,600
Cu 24.55 17.55 21.28 18.08 22.93 22.40
Fe 2.35 2.93 2.33 2.83 2.53 5.50
Pb 13.93 11.40 13.88 13.55 14.98 13.70
P n/a n/a n/a n/a n/a n/a
Al n/a n/a n/a n/a n/a n/a

[
o

definsandnvarvesiniafitauslng nuirdaualnaanaisazaredidnlnslavie
oH 2.0 ffSeuidouazainanetdvesinia wazaumuvesudniianaendtauniy
welnasnnnIdaualneanasazatesidnlasiarian pH 5.0 fifildSeudou wazldaing
Lman:ﬁmmmmﬂagmﬂﬂqumw%nm sudsnrulilagnanefuvesnnumnduRouan e

JUN 4.8 uavdnuardnguvroIiuRITIMANANLAINNTANYINARBIMIENTBIaNITAL

&

a &

ALANATBULUUHBINT A (Scanning Electron Microscope : SEM) Uandsiaguil 4.9 Fadnuanie
) < a a Bw oA = = ‘:1'
dugiuvesiusuainaisazatedianianglanan pH 2.0 nuindanvusrsnandanaud

UnpauiiuRavewelvnegsaiate diudnvusdugiuvesuauainasazalsdantaslan

o 1 1

A1 pH 5.0 fidnwazaswdnnamian q deruvuidusasdudaunindn pH 2.0 @199

wnMsazauivedlanslessuduvielalasiaulessuniegluasazate losauwmaily

Inv119n15LNzvestiniialeesuvinliAnnisazausRruLuuluususnaldaiau e

PINURITUIU
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ANAUANSANE
‘ pH 2.0 pH 5.0
YaqraaLad tniin
33V
.wyu IIH..un,i |i||u|nli HlI||I||I ”Ilullllllgllll;.!g!r i;l!llulélthuzl;
35V
DR
e
37V

Iy[ul
1!

!'”Il'linl‘ i
1k

i s[m@

i mm‘u.u
Lol 4

JU7 4.8 aﬂ‘iﬂﬁLl”Iﬁ%“LLﬂIV]ﬂVlLﬂGﬁﬂﬂﬁﬂﬂ‘“ﬂ’]iﬂﬂam‘dﬁﬁ’liﬁ“mEJE]Laﬂimﬂa‘ﬂﬂﬂﬂi‘ﬂ%um

pH 2.0 Uag pH 5.0 azAmausdngvowadiadlnii 3.3 3.5 waz 3.7 V
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ANAUAIANE

pH 2.0 pH 5.0

YaqraaLAd lniin

33V

35V

37V

JUN 4.9 nmangdnwuziiuiilanzualname SEM MAAINaA1EN1TNARBITNa1TALANY

duanlnslangnusulyiiien pH 2.0 waz pH 5.0 ieAussindvesgadiaillni

33,35 U0y 3.7V

a5  FviwavasArnudrsdndluiinidananuuigns annuaunsalunisdau
Tangiiniia wazussangnmnszualnin
KansnAaeIANYIBvENAYeIAALAsAnSHRLUTANS Auanansalunis

fAuiniaanieguinfauuuldinidenanw sudessaninimvosnszualuihilily

nsgUIuMsoanlasiuds lnen1snaassiiansanainuatefngluianie o laun 3.3, 3.5

¢

wag 3.7 V dgaisavaredianlaslainiden pH 2.0 uaz pH 5.0 Naamgiies 1luszeziia

24 F139 TNANISNAADILAAIAILUANTIN 4.5
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M1599 4.5 ANUUTENG, Aruannsalunsiaulanslinifawasusesdnsannssualui

Tunrsanalanediniia

. L. . | AnuuSEnsves | aduawnsaly | UssEnsnawves
ANANNFAANE . . o
pH . . Anifia nsfAuiiniia nszualniln
vauwaaAdl Wil L. .. ..
(1as1gun) (1a3tgun) (Wasigum)
33V 99.05 58.72 10.14
2.0 35V 99.14 61.66 15.48
3.7V 98.94 60.78 14.81
33V 98.12 61.52 20.44
5.0 35V 98.75 65.10 21.31
3.7V 98.80 72.55 17.09

451 BvdwavasAanusirsdndlnindennuuigvivasinifa
mﬂmﬁﬂmﬁm‘ﬁwamaqmmmmqﬁﬂ%/\lﬂwiaﬂ’smu‘%qw‘éﬁumﬁﬂLﬁa‘ﬁLmzﬁ
Faualnalaeen pH vesansdidnlnslaviden 2.0 wuindlodiumeusnedndlaiihen 3.3 v
Hu 3.5V uandu 3.7 v dwalfinrauiansvesdnifaiiniuain 99 wedidud fu 99.14
Wesidud uazanandu 98 wWosidus muddu uazilern pH vesddnlnslaviiie pH 5.0

wullaAIAUAIAng I UeenTEUIUNIsBIanIn T L TaRNTUIN 3.3 V 1Tu 3.5 V fua

s & & A

ilir1AuUIgnsvesdnfatuiuduaini 98 wWesidus 1Ju 98.75 wWosidus uaz e

' o a X a £ A a ova VY a 2L ] v o o A )
Ausdngliiinduannuuignsvesiinifandauldduiiduanes Neililesaine
I ) a & a a gj =1 [ a '3
ANUAANg INANveenssuILdlanleTHIudy Tualnensaiuleesuluaisazaredianiaglan

wu dniialossu lelasiaulesou dauinlossn Biannseu wazdu o Wudu Aely Welaiu

Y

aedndliintunglueadddniasladin dnialessuniianuaiunsaduiiifidansisy

v a ]

Idudaiudidnaseuintiualng Wearanusedndlnigsdulosouvesdinagdu o sy

a a

U v a & Y I a & faa <
frnudidnasaunganuilniialuansazaly wasnulInalsazatedidniaslanndannziduiua
Ql dy a aaa a v o 9; Y & 4:! [
WnYuaziaufisesanduvesilnilulansenledlessu wse lalasiau Feazsuniunisdu
fhaeetiniialessududidnasaundinalyg
fmﬂmamiﬁﬂmmmaaqﬁmﬁwaﬁuaqmmm@hqﬁ’ﬂETLWﬁwfammu'%qm%Gum
a a 1 dl 1 U U QI g o a a dl a Q‘ QI é’ 2 1 1
Hnifia nudnderranuaednglidniugurililalansinifai uansiiudume uiad

dnglniligeuduililanslossuduluaisazatsudsduiudidnaseuainiinifanasz 1y
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U dlgj = a 24 dl v a a o v o1
draumnvnalnasiudainnsidluasazarenlidanvinemsinzvedansinia vinlian

s
a a a

AUUIgNSvesliniaanasle
4.52  answavasAranuaeAndlnidenuaunsalunisifulaveliniia

a a

31nn1sneaes) Autinifaanuieguidnifasuuld i wd enaninae
a a a Y a v (3 ¥ 1 a a Yy a a a
nszvIuMIBania il landndueigavnedulavednba lnensirudinfiavesdianlag
lavinidian pH 2.0 wudrnrauadndliiiatuain 3.3 Vil 3.5 v ifesazveanisg
AudiniAamiuduein 58.72 wWesidus 1Wu 61.66 wWoesidud luvaziairmuniednglil
wndudu 3.7 V IsegazveensnAuiniaanad HaveIn1TnaaedLanIfguf 4.10 viedl
WosnAtruadngnigadudmaliiinuisenine q andulvluasazaiouansds
aun137 (4.5) 83 (4.13) awandiu (Saranya, S. 2010) lutisdureinsiinuisentuasiin
Fanlosau lelasiaulossutelilessuniounlad wazilieujisemiliuluifinnisuanda
Yosnunsaumeaniavesdamesinoanled uazlalasinuiiuiuuinaosdninanis
Judvestinifalossunazlleufjisendlndaunavzsuiinnsnoutnifalansenles vinli
Usuaiinifialessunazanuauisalumsgaviiniiaanas iWeiiansannisgauiniiaves
ansazanedidniaslavien pH 5.0 wulidieAranuaedndliiiuudawalinauaiunsaly
nsgAulinfaiudu Henanusiedndlui 3.7 v Ivsesavvesnisiauvedlansiniiagads
72.55 Wasidud Nan15naaaduanInaguil 4.11 visililesaneinusiedndlnih iiuguiy
o v o) (Y ! Y a aaa v o aaa a v v &£ [
it dusssbiifnujisensantusasujiseneendwndunelugadlaiitu vilvlessu
A a a a « & a A Ql' v v v a s 14
vadlanensolinifalessuluasavaredianiaslaniianisiedeunluiudiiudidnaseula
9g199aTY

o A

UfAse3anduiansatindulalunszuiunisednlnsiuis

SO + AH' + 26" €= SO, + 2H,0 (4.5)
2H" + 2" € H, (4.6)
Ni?* + 2e” €= Ni (4.7)

2H,0 + 2e € H, + 20H (4.8)
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Ni?* + 20H" €= Ni(OH), (4.9)

UfAseeandinduiaunsaiindulsdvesnszuiunmsdianlngiuis

2H,0 + O, € O3 + H + 2¢ (4.10)
2H,0 €= H,0, + 2H, + 2e° (@.11)
2H,0 €= O, + 4H" + de” (4.12)
H,0, €= O, + 2H* + 2¢ (4.13)

NHANIANYIMARRIBNSHATeIANUANAng L menuausalunisd
Auliniia nuinArruaedng i Miinduvesatsazatedidnlnslaniia pH iindu il

lpSevazvasnisnAulaneiniinaune
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7 3.3V
B3 3.5V
3.7V

(%) 4o WauND) 2N AIsAoday ‘Alund

Current efficiency

Recovery

JUN 4.10 anuuians, anwanunsalunisfaulaveiniawazUssaniamuesnseualiig

Tlunsaialangdinifia vesdrsazaredianlnslaian pH 2.0

7 3.3V
] 3.5V
3.7V

wwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwww
wwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwww
wwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwww

V///////////////////ﬁ

(%) 4o WauND 2N A19A0DdayY ‘Ajlund

Current efficiency

Recovery

JUT 4.11 Anuusans, anuaiunsalunisgaulansinfauazUsednsaimveanssualiing

Tlunsadmlangiiniia vesansazaredianlnslanian pH 5.0
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453 3NsWavAInNUuAAngInindauszaNs A mnsZUALWAN
PNMSANEIMAaBINSEiadnAamensEUILNsaNIATIURNEN1EeA9 9
laun a1sazanedidnlaslanian pH 2.0 way 5.0 ArAuRednglifii 3.3, 3.5 way 3.7 V 9

UNNTYY Szuzlian 24 Falie Aeuszansnimassnszudlnin (Current Efficiency) Wangng

9 Y

saa 1

Tuans1991 4.5 wudnnsadafiniainaisazaredidnlaslanfifien pH 2.0 id1Aueg
Fnelafn 3.3 vV IWuszansamaesnszualiin 10.14 Wosidud wazideifiudininusig
dndliiindu 3.5 v Uszans nmvesnsvualbiiinfiutuegraiulgdadu 15.48 Weodifud
Tuvaszfirnanuaedndliiwindu 3.7 v IddUssdnsamaesnszualiiianas 14.81

Wesiwud Feuszansamnseualniilunisguiinfavesansazanedidninslavinden pH 5.0

Tnadnsaaneiuuseans nmnssualii1vesansazaredianlnslanifisian pH 2.0 Tan1s
naasiniAtmuandnglii 3.5 v lusgansamnszualiigegedmsumsdauiinga

s

nasazaredianinslarifidan pH 2.0 wag pH 5.0 Meililesarniduainusis@nglning

a a 1

Tonszualvilangnsfivsednsnmunnnananuansdndliiiou 9 lnglusugiliainumnig

Andlndussuuielmiiaufaseadiliiidmsunisgaudnifa s graaa161e 9 9z

U

a aaa dy d‘ 5 1 4" aaa = d' a a

AnURATeTunTILAlnauInnImidsujiseruenmtioninnisuanilaeulossuvestiniaty
a1savany namAeAIANaAngliAldkaszuugnldluAuUfAsedume wenandds
NUUsEANS nnvesnseualii1anasii A1aua 1A g LW A 0T u 919v T ulwsne

UszAnsnmvasnisldnseualiiiiugnasgadmsunmsiauidnifiauudiwazaenndasiv

a a

USunuvesiniiatesauluaisararenuseas luvusieinulsssuvedlansuanuly

ansazanenien E0 TndlAesduiiniia 1y manleosutaznodnndlassuazuidudafu

(%

SannTauNLANATILTUTNLAA



uni 5

d3UnNanITNAaDY

MnnsAnmssladaeguiniasuuldliiudeuanmlnendadulavednia
Sunszurunsmslaningtasazarsuazianineaiilngy Tnoudseendu 3 duneu Ao
Funeud 1. mWﬂmﬂauﬁmﬁaamﬁwmsquﬁﬂLﬁaLLUUWlWﬂ"]ﬁL?famamw wieusniiniia
sananansuaiiuluaisavarsvende duneuil 2. nsAnwidnswavesdandsildlunis
YgazargnznoulniiananuaIusalunIsvzazatglasUsunuvesinialug1ssrazany
oA anudutuvesassrazated 1.0, 2.0 way 3.0 M sasiduroswesuiiioveaval vse
S/L ratio 7 100, 200 war 300 wawszeznaiidlunissrazats 30 60 90 120 150 way 180
Wit uazduneudl 3. MsfnwdvsnavesfaulslunszuIumssidnlnsiudsdonuanuise
TumsiAuinifauazamnuuignivesinifia waggavnefiansanisfosazvesnmaunsnly

a a 1%

nsnAudnAa Auusans wagdssansanunseualiiirlunisadadniiasienssuiunig

Sianlnsiuile 91nnsAnwIanSnavesialsane o aeldaniisiimuualunimaass

(%
Yo a

aunsaagulasiail

1. msnnazneudeasavarelaienlansenludiirnududu 2.0 M waven pH
13 annsaanagneulinifalansenledugnasnitnaisuafiulags wasivsuameswansuaiu
3u  lunznautios

2. Aududuresansyraranensadainsniviuw Tillddwmastellted @i
auaunsalunsszasatsvediniannaznoudnfafiannaiiontu Tneaududures
asvzaralensn 2 M annsavsazaneinifalageUszunn 92 wWesidud FelndiAssiunis
PravaefenIafiinuduty 3 M dsaunsavzazatsdniiald 92.78 Wesidud Tned
Usunauansuaiiuluansvrazarslnalfeeiu

3. nsvzazaenznouiinifalensenlensiesnsdiuresvedsioveanaid
it dealfauaninsalunisveazatsvesinifaanauiiewssuiiouiusnsdiuves
vosudroreunaidu o lnefisnsdiuvesveudsavaaadii 100 nSusedns denale

ANENINIaluNIIYTavaIuadialszana 92 Wesidud
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4. MsvraraenznaursndLveseLldoveamaril 100 nfuredns
danalvimnuannsalumsvrarasvessTinusnuaiuiandeniouieuiusndiuves
voudesorennaity o Fulosnsamemewdovesmaniinty dwmaliuannsaly
mﬁﬁzjzazmasuaaﬁﬂauaﬁmﬁu%aﬂwﬁﬁaﬁﬁm

5. szeznalunsvzaraisvesngnoudnifafivunzan fe 60 Wi lagawnse
gravaredniialageds 95.14 Wesidud warnsyzaratemeiaifinailadwaliusuim
vosswpaTiufiazaeeglumsazaeiuiinaiites

6.  msnAudnfasenszuiunmsdidniasiudanasazaredidnlnslasinden
pH 2 Tagldmnusnedndllih 3.5 v iuannsiidwalvimnuamnsalunisdaulansdniia

£ 44' ~ a o A Ay v
UﬁﬁmﬁqqL@JE]LU?EJ‘ULV]EJUﬂ‘UﬂﬂTJSQUVﬂGUW@a@Q

9

€

a a

7. anzfmuigandmiunisg Audnifaanuigryuidniiawuuldlniag

De D

LgauanwwimamﬁmLﬂuiamﬁmﬁaﬁqw§ 1ENTEUIUNITNINaNINGIANTaEAIBULAY
nsguIunstanine el lidn Ae mimmzﬂauﬁﬂLﬁalamaﬂlszioﬁmﬂmsazmmfwmsqu
fndasuullniiidenannimeladeylansonlesfianududuasazats 2.0 M Inausuls
asazanvvesdedan pH 213 sgazatunznouinifalansenlenmeasvrazarsnsadaiisn
AT 2.0 M 89518710998 9ud908384L 1183100 NSUABANT SYaziian 60 W1 way

USum pH 2 Aanuasdndli 3.5 v
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n.l  dunaunisanaznauiinfiasnuienguiinfawuuldluindeuanin

AUt uresasazaelafeulansenlen 2.0 M, szaziian 24 $2lu9, USues

5000 Haaans

A. aunsaimlrlunisniuasazane z -
: 2. JunpuNsiinansazany

laieulansonlon

3. penaunasaulannuiu 2. HLNIUUNATLIYA
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n.2  YuRBUNISTTATAatgnznaulninalansantyn
ANMUIUTUNTATATISA 1.0, 2.0 wag 3.0 M

Fn91d1uveIvaTITUTRNMAT 100:1, 200:1 kaz 300:1 NSUAEANT

seaza 30, 60, 90, 120, 150 way 180 w19

A. H,S0, 1.0 M 9. H,50, 2.0 M A. H,50, 3.0 M
(100:1, 60 w19) (100:1, 60 W19) (100:1, 60 U19)

M Ao
(99 1soml)

4. 999189 100:1 9. 9318 200:1 2. 9RI1dIU 300:1
(H,SO4 2.0 M, 60 1u1%1) (H,SO4 2.0 M, 60 u131) (H,SOq4 2.0 M, 60 U191)

%, ravanefian 30, 60, 90, 120, 150 way 180 w19 (H,SO, 2.0 M, 100:1)
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n.3  JupaumsanadniiadlenszuIun1sianlnsiuis

USum pH a1savaremvansavarslaneulsnsenlonninuidudu 2.0 M

n. 3uN3USUA pH 2.0 wagAn pH 5.0

¥ 5T e

V. @sazaneuuan pH aa 24 92l
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N4 JuRduNsENAlnAan18nszUIUN1TDANIASINTN, dN1I2n1sNaaed 1

A1 pH vesansazanedianinslan 2.0, mdndlui 3.3 v, ssegiian 24 4alus

. ISUAUNAADY

9. 6 Tlag

W Rt

% ‘ ¢ - ’ m ‘ i T
’- H],HllllllIj:!i.lliHiHii'Hlljll|I|f||l[il|||||nl[l|

i) I

2. WALNANDUNAADY Y. WALVANEINAADY

)

%, a1sazaredidnlaslan Q. AENDUNAINTD
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n.5  JuRBUNISANATinAan18nszUIUN1SBEANIATINTY, dn1I2n1SNaaei 2

A1 pH vesansazanedianinslan 2.0, mdndluin 3.5 v, ssegiian 24 alus

2. WALNANDUNAADY

-

%, a1sazaredidnlaslan Q. AENDUNAINTD
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n.6  JuURBUNISANATNAANI8NIZUIUNTBaNIATIUTY, dA1I2N1sNAaBeN 3

A1 pH vesansazanedianinslan 2.0, mdndluin 3.7 v, ssegiian 24 alus

e

. ISUAUNAADY

nlltllllll!ml;m ,
1 2

2. WALNANDUNAADY Y. WALVANEINAADY

%, a1sazaredidnlaslan Q. AENDUNAINTD
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N7 Junsunsanalinianlienszulun1saianinsiuily, dn1azn1svaaseil 4

A1 pH vesansazanedianinslan 5.0, mdndluin 3.3 v, ssegiian 24 alus

2. WALNANDUNAADY

=

5

%, a1sazaredidnlaslan Q. AENDUNAINTD
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n.8 JumdunsaNAlinianlIenszUIUNITBaNIATIUTS, d01I2N1sNAaef 5

A1 pH vesansazanedianinslan 5.0, mdndluin 3.5 v, ssegiian 24 2lus
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n.9  JunauNsaNAlinAanI8nszUIUNITBEaNIATIUTY, dA1I2N1SNAaBeN 6

A1 pH vesansazanedianinslan 5.0, mdndluin 3.7 v, ssegiian 24 alus

il

2. WALNANDUNAADY Y. WALVANEINAADY

%, a1sazaredidnlaslan Q. AENDUNAINTD
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A1909 .1 BNTNAVRIANUUTUNTATATISN FRTIFILVDIVDILTIHDUBUMAD 1IAINTT
Yrazany AeANUaILITalunIsYzazateiniiaLazalsuanuluaisazay
dNINI5 ﬂ'%mcusmﬁu 9
L RE o v A
. S/L ratio 281 | Yzazany (Bia@nsUsinans)
No. | LIUIUVDY A . ..
(nsumoans) | (W) | vasuntna
H,SO, (M) Cu | Fe | Pb P Al
(%)
1 1 90.75 165|130 | 4.7 |21.7 |26.8
2 2 100:1 60 91.96 151169 |50 |91 7.0
3 3 92.78 192164 |43 |85 |54
q 100:1 91.96 151169 |50 |91 |7.0
5 2 200:1 60 90.47 312189 |91 |164 | 6.4
6 300:1 84.78 40.5 1 9.0 (14.1|24.1 ] 6.6
7 30 91.67 a43 1 6.0 |50 |84 |52
8 60 95.14 288 |66 |51 |87 |51
9 90 91.28 4141121151 182 |51
2 100:1

10 120 93.68 432 1141151 |88 | 5.1
11 150 89.80 a4.1 114.7 | 5.0 | 87 | 5.2
12 180 92.30 a46.4 116.3 | 50 |84 | 5.1
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MITN U2 BNBNATDIANUTANT, dnsnnsirulansiinifa uazUszAninimees

nszwandhnlglunsanalansinifia

ANAIUAY Purity of Recovery of Current

No. [@1pH | @&ndludn Nickel Nickel Efficiency

V) (Wasidud) (Wasidud) (Wasidud)
1 3.3 99.05 58.72 10.14
2 2.0 3.5 99.14 61.66 15.48
3 3.7 98.94 60.78 14.81
4 3.3 98.12 61.52 20.44
5 5.0 3.5 98.75 65.10 21.31
6 3.7 98.80 72.55 17.09
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MITN U3 BNEWaUeIAT pH kazAdngdlviln rediulsznaunmaaiiveslansitaLalng

Aagaeing | dauusznaumaaiivaslavziniziiaoualng
No. A1 pH Andlnin (@adn3usoans)

V) Ni Cu Fe Pb P Al

1 3.3 20,400.0 | 6.63 | 2.03 | 11.01 | n/a | n/a
2 2.0 3.5 19,3205 | 7.01 | 198 | 7.40 | n/a | n/a
3 3.7 18,500.0 | 6.51 | 1.74 | 11.55 | n/a | n/a
4 3.3 14,0205 | 1591 | 0.88 | 8.11 | n/a | n/a
5 5.0 3.5 17,500.0 | 8.23 | 1.73 | 1233 | n/a | n/a
6 3.7 18,750.0 | 7.70 | 2.81 | 12.25| n/a | n/a
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M3 0.4 Dndnavesal pH wazAdndlni reusunalangluaisazanedianinslan

Usunalangluasazaneddninslan

ANAUA
No. A1 pH Andlnin (adnSunoans)

V) Ni Cu Fe Pb P Al
1 3.3 161,830.3 | 24.6 | 2.4 139 | n/a | n/a
2 2.0 3.5 150,300.0 | 21.3 | 2.3 13.9 | n/a | n/a
3 3.7 153,720.5 | 229 | 2.5 15.0 | n/a | n/a
4 3.3 150,850.0 | 17.6 | 2.9 114 | n/a | n/a
5 5.0 3.5 136,800.0 | 18.1 | 2.8 136 | n/a | n/a
6 3.7 107,600.0 | 22.4 | 5.5 13.7 | n/a | n/a
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Abstract

Recovery of nicke] from spem electro nickel plating soluticn has been mvestigmed via bydro-
mctalhargical and electrometallurgical processes. Experimental consisted of 3 steps, including precipittion
of mickel from spent sobmtion, leaching of nickel precipitate, and electrowinning of nickel. Nickel
precipitation was performed wsing sodium hydroxide. Leaching paramseters such s | M 1o 3 M
saulfiaric acid concentration, 100 g-1 1o %00 gL solid io liguid retio, and 30 min 1o 180y min leaching
time: were mvestigated. The leachate from the optimal leaching condition was finther used as
nn electrodyie in electrowinning process. Effects of 3.3 ¥ 3.7V cell voltage om recovery and purity
of nickel and current efficiency of the el ing process were investigaied. The reuls showed
that nickel previpastion eoald be performed by using 2 M sodium hydroxide to sdjust the sobation 1o
ipitate of higher then 90% was achieved an the
optimuns keaching condition of 2 M sulfuric scid, solid 1o liquid ratio of 100c] gL and leaching

time of 60 min. Elcicowinning of nickel applying the cell voltage of 3.5 V for 24 h showed the
greatest nickel recovery of sbout 1%, giving mickel purity of 99%; whils the carrent efficiency of

solatica, pH 213, For leaching. digsolution ef nickel p
Hydevmctulbayy.
Eloctrowinming
I inming cell of appeosimately 16% com be achicved
1. Introduction

Envirommentinl polbstion is one of the most sevious problems
that humanity has to encomnier today. Such problens might hove
mccumulated till present snd that will be cerininly beooming nson:
difficalt to solve in the fore if no messures bave boen weken [ 1].
In zome eountries, such 55 inthe United Simies, Faropesn countries,
Japan, electrical ond electronics equig L waste FE t
schemies hinve been andertak o with firm environmentsl legislarions
[2]. In ndditian, modem sechmolagy has evolved over the yesrs wisere
electrical and elsotronic induaries long with those in the sutomative
part areas have gained much atiention with significent growth in the
markei [3]. To serve the aforementiconed indusiries, the supply chain
such as metal finishing i essentially important and lishle for
emvircumenial ssees. Inmeasl plating, haoandous wasies generated
fromn mast operations specifically the electroplsting aperation along
with waste water treatmend in the rinsing steps where baavy masls
for exansple, nickel, copper, zing and cobalt involved are considered

Mickel plating is commonly wsed worldwide as it offers good
siremgth, ioughness and cormosion resisinnce with cost effective [6].
The spent nickel plating soluticn can be recovered via regeneration
fior rease in the process and also recovered as nickd of high purity
shang with other vabuable metsls. The latter concenning recovery of
nickel from the spemt plating solutives has gained otable interest
theough many rescarch stadics and nenly developed technologies.
With the intention of recovering nickel from the sobation, hydro-
meizllurgy is the most swimble for both time- saving and expecting
metals of high-purity. The key methods involved are chemical
precipitstion, ion flodstion, ionsexchange, membrane filration,
dsoapition, continous sohvent exirsotion, end clecmochemical trestmenis
such as electrodialysis, electrowinming and electronefiming [7-12]
Im the ebectrowinning prooess, nicke] in the solution is extraoted and
deposited as nickel metl & cathode. There are many fctors sffecting
the quality of micke! deposit, such as current density, conductivity,
pH e eempesatare [ 13:13]. Research by H. Y. Lee e al. [ 14] studied
the effects of mickel recovery from an electroless nickel plating

lution by using precipitation, leaching and electrowinning methods.

hazardous [4]. Spest electroplating solution therefore regqires proper
treatment prior to disposal especially when i sl ins signifi

mmounts of valuable metals up 1o ahout 90 g L. 11 is neore worthy
o makee it through the pecyclimg route in order to reduce the inpact
of hazardous wasie while increasing the economic value of the metals

invdved [5].

MMM | MutalTurgy snd Materialn Seienss Research fnaisete (MMET), Chalalonglion Dinheraity.

Their resalt indicsted high nickel recovery of 62 %% and omvent
efficiency of 37 can be schieved when ming current density ot
B0 mAcm™ in the last step of electrowinming. Fine nickel precipitabe
of bess than 4 s size was obisined when sdjusting the speni electroless
plating sohmion w pH = 13 wsing caustic soda, followed by dissolution
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i sulfuric scid and electrowinning at & precise pH equak ). However,
imponant faciors affecting leaching of nickel precipitaie bas not been
expilored. It is therefore of interest 1o farther develop such technigues
i order bo recover micke] and' or other bemy metals from the waste
sobutions @nd po refime the related leaching pammeters in order 1o
obiain optimum leaching condition for effective electno-winming in
the final step.

The purpose of this research is thus to extract nickel metal froam
waste electroplating sobmtion by wing spemt eleciro nickel plating
solution obained fom domestic nickel plating industry. The recycling
noane stamed with precipiistion of nickel and then leaching 1o various
wimiabdes of interest such s arid conceniration, solid 1o bquid ratio
mred time. Thae micke] meeta] was then extracted by the electrowinming
i vanios eleciric potential vales.

1. Experimental
L1 Muaterinls

The spemt electro nickel plating sobmtion was chaxined from
domestic mickel plating imdusiry for the manufacturing of grinding
ond ewttimg-edge devices. Anslyzed by ICP-OES technigos, weste
ooampesition showed significsnt smounts of mickel and other elemenis
remained in the solution, as listed in Table 1, where the sversge
oo of nickel is 133 gL' There are other minar elements such os
alumimium of 146 mg L!, phosphonas of 7590 mgl ™ and copper of
35 mg L.

11 Method

The experiment can be divided imie 3 main sieps. i) nickel
precipitation. i) acid beaching of nickel precipitote, md i) nickel
exiraction via elecrowinning. &= illusirated im Figuee 1. o the
process of nickel precipitation, sodiuns bydroaide (NaOH) solution
was utilized For precipitmtion sothan the pH of the solmion approsched
an approncimate valee of 13, The nickel precipitate wis then dried
o get rid of modsture and cnshed into o smaller size in arder 1o
mprove leaching efficiency in the lster step by imoreasing s
surface aren. In the second step of scid keaching, effects of sulfuric
acid concentratioms a1 1.0, 2.0 and 3.0 M were spadied while using
sodid 8o liquad (5L ) ratio of 100 g L-! and leaching time for &0 muin.
Alffer the lesched solution was anslyzed by ICP-0ES, the optinam
wid concenaration was deiermined. Then from e selecied optimum
condition of aoid toacentration, vanations of solid w Lquid mtic m
LiWd. 30} and 308 g.L** for &0 min and varied lesching time at 30,
6, 900, 120, 150 and LB0 min were siudied. The leached solution
wits then analyzed fior nickel and cther meta] concentrations by 1CP-

I the bast step of electrowinning, the bkeached solution obtained
vin optimum condition 1o give high nickel content with kow levels
of imparities was selected. Based on eleotrolytic ozl set up &
demonsirsted im Figure 2, the leached sobation wis wiilized as an
elecirolyte solution, using platinize- titanium as the swode and 304
stnindess steel sheet 5 cm bong by 5 cm wide, snd | mm thick o the
cathode. The electnowinming experimenis wene perfoomed o ambiem
iemperaiure and the electrolyie wes sgitsed wing magnetic stinmer
1 0 rotaton speed of 200 rpm. By applying the electric cumrent from
2 DC power supply throwghs the cell for 24 h, principally the negative
ions or elertron moves dimg 1o the of positive
ions | Mi* ) m the sobtion o sccunvalste ot the cathods as the
desired recyeling product. Electricsl potential of 3.3, 3.5 and 3.7V,
which is comesponded o the initisl current demity of 009, 1.5, and
21 Acdm®, respectively, were investigated. As the electrowinning
expeniment finished, the electralvie wes filiered to separate out some
resichae and precipitates remaimed ot the bottom of the container.
Chemical compositions of the nickel cathode and elecirolyie were
snalyzed by ICP-OES echmique o determaine % recovery and %
camrent efficiency (£) of electrowinning process by applying the

.

iC exp im equation | 1) and (2} respectivedy os follow;
% Reasvery = [ICACHC) = 100 (L]
% Currenl elciency (2] = [WHILEF) | = 100 i

Where i and Cr ore the mitial and final concenbraiions of nicke],
W is the weight deposited in gram, [ is the current used in ampere,
1 is electrowinning time in second, A is the siomic weight in gram,
z is the elertirochemical equivalent. e, weight deposited in gram
when passing | ssmpere curvent fior | <, ond F is the Farndey"s conetant.

Spent clectno nicke] platmy wlutoen

Rl H- 2 M
—— e

Nickel pezripilale

S [ 23 +
Lesding

S e BO0- 0 gL
Time: 3 mmn s 188 men

Adpasi o g 2

Blecincal poieniaalk 1.5V io 1.7 W
Tz 48

Macked metal
DES technique such that % |eacking of nickel could be abeulated. gy 1By pevameniad flow chan of mickel seeuvery via bydroclecne
e ity d in the sobmtion were dele d Hisrgaeal prses

Tasblke 1. Chemical analysas of speat eleiteo nickel plating soluton by ICP-DES.

Element i Tu Fe Fh F Al

Comcentraion (mg L") 133,100 154 0718 0323 .10 146.00

4 Mt Maier. Miser. 32423 2022
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Recovery of mokel from spont electroplating solatiowe by kyd)

Figure 2. Bloctsochermcald ool st up for nicked recovery from seckd solotion.

3. Results and discussion

3.1  Effects of sulfuric acid concentration oa nickel keaching
and amount of disselved metaks in leachate

Afler the spent nickel plating solution was sobsected 10 peecipitation
by adjusting the pH = |3, the obasined precipitate in the foem of nickel
hydroxide (N(OH):) was filer rinsed and subjected 10 sulfuric acid
leaching. The chemical reaction of nickel hydroxide Jeaching with
sulbfuric acid can be expeessed by eguation (3).

NAOH): o, + HiSO 4y ~= NSOy, + THLO\ )

By considering Jeoching at sofid 1o liquid mtic of 100 gL™* for
60 min, increasing sulfunic scid concentration has showed to affect
nickel leaching cfficiency as illustrated in Figare 3. As the acid
concentration raised from 1.0, 2.0 and 30 3.0 M, the nickel Jeaching
efficiency slightly mcreased 1o 90.75%, 91.596% and 92 78%

respectively. On the other hand, dissolution of mmpurites such as |

aluminium, phosphores, iron and lead were found to decrease with
i g leach, ion as shown in Figure 4. Since sulfnc
leaching is very selective for nickel, increasing acid © h
thus resulted in higher nickel Jeaching efficiency while other metals
have gooe to the sediments which were not leached.

100
90 ._—_.——.
o ——
-
z
=
g 50
= S0
j 30
"2
10
o
e ' 2 3 4
Concentratoon of sulfunc scd (M)
Fagure 3. Effccts of sulfunc acd on nickel leachay (eaching

conditicn: 100:1 g L solsdligud ratio, 60 min keachmy tenc),

Warpical and Uargical p g7
50
——
— —p— Tt
?‘“ ——r
~ w— A
i ———cs
B 30
]
£
E
-
% 10
(=]
0
o i 2 3 4
Concenteaticn of wilfars acid (M)

Figure 4. Effoct of walfirs: acid conventration on smoct of desalvod metabn
ondhate (lesching condition: 100:1 2 1 * solad Tiguad ratio, 60 seis kouhing fenc).

3.2 Effects of the solid to liquid ratio on nickel leaching
und amount of dissolved metals in leachate

As the solid % liquid rutio is asother impoctant factor affecting
the leaching efficiency, its effects have been studied in the range of
100 gL' 1o 300 gL' at a fixed condition of 2 M sulfunic acid
concentration and leaching time of 60 min. It was found that when
the solid 1o liquid ratio increased frons 100 gL' to 200 gL and
300 g L4, Jeacking of sickel sended to decresse from 91.96% 10 90.47%
and 84.78% respectively as demonstrated in Figure 5. Meanwhile,
the dissolation of imprntics increased as the ratio of solid 10 liguid
increased, as illustrated i Figare 6. It can be seen that at the fixed
wide som of 2 M, the sobubelity has changed with increasing
the solid 10 bigmd mto. The amount of the acid usod was not sufficient
10 Jeach the nickel nsetal a1 greater solid comtent. Then by using high
solid o liqued mtio, high nactal content could not be keached completely.
It howeyer appeared that with increasing solid 1o liquid ratio, nickel
leaching has reduced while the imparity elements on the other hand
can be farther leached. It migh be that the comcentration of the

inimg sobatica cannat to leach the mickel but instead
it was capable of leaching other impurstics in the sediment.

2282828

Nck el b hing (%)
]

s e

0 100 150 200 250 300 iso

SelidBquid mtio (g L)

Figere 5. Effects of solid Bgual rafio vn nickd lkeaching (leachmg conditivn:
2 Msulfuric concenteation 2 M, 60 min keaching lime).
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50 & the lowest electrical potential st 3.3 'V gave the lowest recovery
o af mickel ar $5. 7% while electrowinning ot 3.5 V again provided
_-1.‘[. =l the highest nicke] recovery at 6. 66% with relacively gremest curmem
B i 4| efficiency of 15.48%. h can be seen that at low electrical posential,
;30 ——iu mickel reoovery wis less them that compared 1o o higher volinge bocmose
E it might take a bonger time to acommulnie mickel wors 81 the cothode
] = previously mentioned. Using o bigh volisge however could incresce
gx' the percentage of nickel recovery bin contamination of impurity ions
] in the soluticn may resall. By considering the current efficiency,
o rather low values were obazined ina range of only 10% bo 16%.
3 It means that the process required high esergy for extraction. Putare
o ' ' research work might be requined fo further define dhe dlectrowinning

i 100 i 300 A0

SurlidTaguad ratio L1}

Figmre B Effocts of solid ligid wulis on ssoiml of duiclval mctib n leachal:
(eichmy arnditaon: 2 M sillfiine comeentzation 2 M, 60 o lescking lime).

33 Efects of knching time on nickd keaching and amount
of dissolved metals in leachate

Effects of leaching tinee on mickel leaching efficiency have heen
siudied ower the time period of 30'min o 180 min as shows in Figune T.
It was fiund that over the investigated leaching period, the nickel
leachimg efficiency reached an approximate mnge of #8590 10 %3%.
i was also observed that over the beaching tinse penod, the ansvanm
of certain nsparities such as phosphonss, sleminium med lead stayed
the same while that of iren increased slightly afier beaching fior 60imin
= demonstraed in Figure 8.

For leaching step, dissobution of nicke] precipitate of higher dan
S{Ma was achicved at the optimum leaching condition of 2 M selfuric
ocid, sodid so liquid ratieof 100c] gL and lesching time of 60 min.
The leachate obmined via the of lesching condition was further
usad 55 Electrolvie in elecirowinning experiment. However, befiare
using &5 slectrobyte the pH leval of the leachate wes sdjusted 1o 2.
Thi chemical composition of the slectrolvie i shown in Tablke 2.

34 Nickel deposition vin electr ']

For the deposition of mickel via elecrowinning process, ond by
warying clecinicsl potentiol of 3.3, 3.5 and 3.7\ for 24 h, experimenial
result revesled that the elecmical potential of 3.5 Y applied im the middle
mange provided nickel deposit of highest purity of 09, [48%. o graphically
demoastrated in Figure %, The mifomaly dense with a smoath, bright
ared clean surfaceenn be obizined from the optinsal electrowinming
test comdition, & seen.in Figure 10a). For the nidke] deposition, the
nickel nuclei growing in each direction wnifomsly can be observed,
s seen in Figare 1B

It can be explained that higher clearical poiential could cause
other metall ions o accumulaie ot de cothode while on the other hand,
liess electrical potential might resali in betier deposition of nickel ions
but may take a longer tinee 1o extract nickel. Hence, electrowinming

Table 2. Chernical snalyss of dlocsowmning decieolyie by ICPG0ES.

comdition to optinuize these paranseters, Therefore, acoording o the
varyimg electrical potentials used in this research, el ectrowinming at
3.5 % gave the optimum results of greatest nickel purity of 9. 14%,
recovery of 6 |.66% and ommem efficioncy of 13 48%.

100
a é“"{"‘i——'f"-u}-——{'
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£
B s
i a0
4 3
s 20
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J .
] 30 &0 ] 12 1 1\

Leaching lime (min}

Figare 7. Effects ol e hing e on nickel] leschmy (losching condition: 2 5
sulfars: acid conceniion, 1001 gL selid Tiguid eatio).
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4. Conclusions

Accordimng to expermmental on recycling of speat ebectro nicked
plating solution by hydn Burgy and ek St ol
bles such as sulfunc acid (1 M0 3 M), solid o
liquad ratio ¢ 100 gL' 10 300 g L) and kaching time ( 30 min %
180 min) in the leaching step together with the electrical p iad
(3.3V103.7V) in the electrowinming step have been investigated
10 determine the optemum condition. The concbasions can be dmwa
s follows;

1. In the leaching step, increasing sulfuric acid concentration
led to higher % leaching of mickel. 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 mcrease in salid to liquid natio was found o redace %
leaching of mickel. The optinsum solid to hiquid ratio to for leaching
of nickel precipitate was therefore a1 100 gL', giving 91.96%
leaching of nickel.

3 The leaching time of nicked precipitate over 30 min to 180 min
gave % leaching of nsckel in the range of §9% o 95%. The optinvam
peniod for leaching of nickel sludge was suggested 1o be 60 min,
which can give the pe ge of mickel leaching up to 95.14%.

4. The extraction of nickel metal using the electrical posential
of 3.5 V gave the greasest punity of the nickel 2t 99.14%. Lower
cleetrical potential at 3. 3 V might require longer time for nickel
depasited at the cathode while higher electrical potential at 3.7 V
gave mckel of higher level of imparities. Via ek nng process,
nickel com be recoverad from the spest electro nicked plating sobations
of approximately 61%.
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Extraction of molybdenum from a spent HDS catalyst using alkali leaching reagent
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caalyst used in petrol som refinery. The spent HDS camalyst still however conains significant amounts
Hvﬂuﬁemﬂkmhuuﬂ}hﬁmmdnuhﬂ&rmhﬁu&ymdnﬂ.ﬂkm
of great imserest. Pyro- hyd 1 I wisk utilized im this research to selectively extract
mul}bdenum&nmﬂ:e“lmﬁuu]}-nu-gl]kdl hing reagent. The p stan fram
calcination of spent HDS catalyst, alknli lesching using sadi rhonate, parification by carbon
ndecapiton-descrption, precipiation of ammeenium molybdate and fally cakeination 1o give mohbdenuns
mriccide {Malh) & the final recyeling prodect. Effects of calcination smpersture (450°C 1o 830°C)
together with alkali o i1 M to 3 M MayUO4), solid to liquid ratio {100 gL 10 300 gL}
l.nd]u&mgl.l.:lﬂ{!ﬂuﬂhnlﬂl-un:linehmmﬂpiﬂiﬂ*-mdlmhsmm

1. Imtroduction

Im the petrodeum refinery process. o et I'ua:l :pn::ﬁc'.uhmwnh
clemn and low.sulfor level for e ik

e fimal recycling product of 95, 5% parity.

which is the first pricrity prior i disposal if possible. Secondly,
denctivmed HDE catalyst waste may be disposed to landfill. However,
such an approach i peiricted to wasie management and emvironmeninl

sulfur mvost be removed [muhnilmiah}ﬁoﬁenll’riuﬁmlj-mﬁl
process in o tempemiure mogeaf 260°C o 2805C over 3 bar o 160 bar
[1]. T capore sulfur which appears &= crganosalfur compommds
or sulfides, HDS cotalyst is used and where the HDS involves the
breakege of C-5 bonds and give the resubant hydrogen sulfide
{H5) gas and sulfur free from bydocsrhon, casing much redueed
i SO emission. Clean mnd high quality oil with low salfur level
them results to.me:t high specification of foel production. HDS
catalysts used are mostly based oo MoS: with Mi end Co in small
amoanis, which #ne inconporated on iner supports such as cost:
effective 1=AL20: or moee stable S0, Nominal composition for the
MiMo HDS catabyst is rypically 48 to 139 Mo, 1% 10 3% Ni, 8%
o L{% 5, and 15% 1o 30% Al for examnple [ 2] 0t was shewn fram
ex-situ microscopic datn [ 3] tha: MoS: naneislands comprise one or
mee layers of 5-Mo-5 sndwich in the mumested mongh: shape where
their active edges serve as nctive sites during catalytic reactions [4].
When activation rencton cfficency has gone under an accepiaibde:
level after several vears of cperation, several spproaches dealing
with the spent HI¥S cambyst are necessary. The first spproach involves
regencration of the spent HDS catalyst to pesse: them in the systom,

als S

IMMM | sty s

R e Frustidectr (VMR Chaslafomy o Uimiversity

gulations since the spent HOS catalyst is coiegorized as harnrdows
[3]. Disposal 1o landfill is harmiful and not prefored sinoe it requiress
large sres Moreover, heavy metals such as molybdenum, nickel,
irom and cobalt along with harerdous dements, ie. arsenic might be
lenched out 1o lnd and winer resources in communities ondforbmamely.
‘The third spgecach is been the recovery of valunhle metals such =
molybdenmm, cobalt and mickel o be recyeled back s the mar
maierials for re-mmufacturing of spent HDS caialyst, applicable o
the zeno waste scheme. The amount of the spent HDS catalyst is
estimated 1o be approximately | 00000 tomyenr o | T0UNN) ionsyear
in the worldwide [&). Therefore, recovery of vabmble metals from
the large smount of the spest HDS catalysis is inlerested from an
environmenial snd economical poind of view.

My rescarch works have focused on recycling of waluable
metals from the spent HDS catalyst. following the conventional
pyrometallurgical snd hydronsinlbergical process routes. slon g with
the bioleaching route [ 14]. The hy tellurgical route includ
leaching by using Efferent agents for example; i) acidic agens i e,
sulfuric acid (H250u), nitric scid (HNO), hydrochloric acid (HCT),
ol cid (COOH ], and citric scid (CgHaOk) o selectively recover
malybdenuns or vanadium, i) slkali kaching, i.e, sodiem bydroxide

DR PS5 e 3262 JI52
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(MNaOH) and potassium hydroxide (KOH), iii) ammonium sals
leaching using ammonium hypdnomide (MHaOH ), smmioniom carbonme
(WH4 3000, and ammonium solfme {NHjeSO04 and iv) bieresgents
invodving microorganismes in which ther metaboli sk require serobic
onidaticon of reduced salfur compounds such s bacterin and fongi.
The bindesching hes been claimed i be more environmental friendby
due o less oh ks wsedl The py dlurgical process involves
salt roasiing the discarded speni HDS catalysi wigh NaOH, sodiem
nifrade {NaxNOo) or sodiem chlonide (MaCl) followed by beaching in
waber or in sodiun carbomate (M U0k | Other souies such as roasting
i air carmied om over SHAC 1o M followed by acid leaching
mnd smehting directly or after calcination have also been studied [7].
Mevertheless, effectiveness of individual recycling rowtes selected
has been also hased on original waste compositions. Therefore,
meore investigation should be funther exploned in onder 1o extent 1o
the commeercial scale of recycling o serve both environmental and
BCMMIC issues.

T prywo-bydroametallargical route of (reasting-oxtrection method
b e of grest inlenest snd reporied o be effective. However, limited
research works have explored the use of Max(O0s as the leaching
agent. Recent technology has been reported 1o obtein 92% Mo
efficiency wia roasting followed by pressure leaching using 43 wits
Mal0y ower temperstures of 130°C o 19050 [2]. The process
nevertheless consumed quite large ansoont of NaxCOs. In addition,
woork by K. H. Park, ev al [15] employed aliali lenching using NasOs
o 40 g L' concemtration with & vol®: Ha0: as an oxidoni withest
preceding spent HOS coislyst caleination. Work notable molybdenum
lenching efficiency spproaching £5%. Though spent HDS entalyst
caleination has been incorporated and stadied in some ressarch werks
and patents [ 7,15.16], the imvestigsted sempenmture rangss were in
the peginse of higher than 800°C. Further, the effect of calcination
temperabare in the lower temperatare ramge of 200°C g0 S00FC
o Jeaching efficiency has been reported [ 1 7], which defised the
aptimuns calcination tenspersture & 300PC for the recovery of spem
Co/Mo-y Al HDS catnlyst.

Accordingly, pyro-hydrometallurgical process hes therefore
besen applied to recover molyvbdenum from spent Niso HDS cainlyst
in this present study. 'Wasie treatnsent or cakimation prior to 2lkali
(MazC06) beaching has been incorporated to vestigme effects of
calcimation temperature in the range of 450°C to $30°C on leaching
efficiency. The proposed recyeling rowte started from pyrometalhurgical
process vis caleination of spest HDS caialyst io remove excessive
organic pollutam {carbon) and also 1o convert metal sulfides imo
meizl oxides. Following the subsequent hydromesaliargical process,
ailiali (MecC0k ) keaching has been selected due toits selective leaching
especially so molybderam. Y arishles such as alieli concentration,
leachimg time., and solid 10 ligoid ratio were investigated o ossess
exiraction efficiency md determing she optianum condition requined
far the succeeding steps of purificatian, precipitstion snd Gnalhy
caleimation 1o obtain the recycling product.

1. Experimental

The extraction and recovery of molybdenum: from spent HDS
cainlyst obizined domestically from a petroleum ploant can be ervisaged
in experimental flow chart in Figure 1. Throogh sequential sieps,

spent HIXS cambyst will be subjected o waste prepamtion, calcination,
lenching, ndsorption -descaption, precipimtion md calcination. Anabysis
of the sisting wasie and producis obasim from individu | recye ling
sieps his bheen perfomeed using various iechmigees such e 1CP-OES,
XRD, WD-XRF, and SEM coupled with EDS 10 identify phase
evalution of the products ohimined from censim recyeling steps and
ko w guantify the fisal product”s composition, % purity and %
TECOVETY.

2.1 Waste preparation and calcination

The as-received spent HDS catslyst sppemred in & cylindrical
shape having 2 mm dameter snd 4 mm high was subjecied 1o crushing
int the form of fine powder. The particle size of the powder prior
10 calcimation and |eaching steps was less than X 10 mécrom (70 mesh).
Chemical composition of the creshed spent HDS caalyst was
enalyzed using WD-XRF model: Rigaku ZSX Prinves [V.

I order bo rensove residual oils and carb species, the
ground spem HDS caulyst was caleined at 430, 550 and 650°C for
5 h. end with the intention of conventing metal sulfides info metsl
oxides pricr o procesd to the next step of leaching. Phases obtained
after calcination at different emperabares were identified using
XRD model BRUKER model D2 pheser. Comparison wis made io
thm of the &= peceived condition 1o identify phase svolution aking
ploce in onder 1o determine the optinvem caleinmtion tempermiure.

Spenl HDS catalys! conlaning medybdenmm

W-XRF
SEM-EDS

WILXRF
SEM.EDS
D, 001,: T, 30 el 410 g L

Temperaliss: 0T

S ke S, OO 1S 200 g L !
Tene: 05 hwe3h

Rania: 4075 PO
Tims: 14 b

NHOH: 5 vl - 30 vol

Ratia: 30%% PO KP-OES
Tume: 144k
Termperuime 00
XRD»
pH: L0

Temperalune: 430°C
Time 1k

Beliot, o WL XRFXRD

Figgrs 1. Experimental flow chart il soalyblenum sscovery fom spest HDS
canalysl.
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11 Lesching

The &= received and calcined samples were subsequesily leached
using MoO0h s the slfali resgent. In order o determine the optimum
mmmmm:uummummwmgu
were invesiigated. The catalyst o keschant (o solid o lquid: 1)
ratios were varied st 50, 100, 130, and 200 gL with keaching tinse
ramgimg from 30 min to 180 min. Leoching wos controlled at o
temperature of B0PC and & stirring speed of 250 rpm. Chemicsl
compositions of the leached solution were analyzed by ICP-DES
meodel: Perkin Elmer'Optima ROG0).

13 Cuarbon misrptiom=desorption

Activated carbon of anslytical reagent (AR) grade was atilized
i & adsorbent for the purification of the kacked solution in order
e selectively adsorb molybdenam on the sctivated carbon sarfoce.
The ndsorption was controlled by wsing ratio of the sctivated carbon
b ther benched sodation of 20 wivds together with pre-ad stment of
the sobation pH within a renge of 0. 3= 2. 0 using hydrockloric acid.
Descarption of molybdenum losded oo activated carbon was then
followed by using NHOH varying ot 3 vol®s to 230 val¥s and at the
ndsorbed activated carbon so sobation mtie of 30% pulp dersity (PO,
Both adsonpricn and desorption were controlled & sbient temperatune
for 24 b, WCP-0ES enalysis was performed 1o charscterize the
compsition of the obiained & . N

14 Precipitation and calcinntion

Precigitation was carried out a1 $C usimg HC 1l pH af the
sodution reached X0 Finally, the precipitate wes calcined at 450°C
for | h 1o obasin mealybdenum trioxide (&0 | as the final regyeling,
product. Phases obinined after precgitntion ond caleinmion wene
identified using 3R D anshvsis while compesition of the fisal product
was determimed using XRF analysi.

3. Results and discussion
A1 Waste charscterization and calcination

Chemical composition of the as- received spent HDS cmslyst
analyzred by XRF technique is listed in Tahle 1. It can be seen that
the key element iz mol yhdenum having 11 40wi%s, withother elements
such as nickel 253w, carbon (£.81 wi%s), sxd while alunymen
(282 witta) and oxygon (40,55 wits) mre presont os the suppon mmenal.

300 Effeces of eabelnsthen temperatures on plisse evalution of
the calcined spent HIDS cagalyst

Since leaching of the originally obtained spest HDXS catalys:
might be somehow imefficiont, calcination was then first performed

Tabde 1. Chemical compuosaten of spent HIDE calalys

10 convert meix] salfides 1o metal oxides to favilime the succeeding
siep of leaching. Therefore, effecis of calcinaiion temperatupe over
A505C o &30 on phase trersfomation of the speat HDS catalys:
have been imvestigated. It can be seem in Figure 2 that the grousd
spenit HDMS cotalyst im the as- received condition appearing os. black
powder has changed its color 1o yelbow, pale yellow and yellowish
white as the calcimation temperatare incressed. This color change has
been lmked to phase evolution of the caleined products desected by
XRD analyses os ilustrated in Figare 3. The results showesd companison
of XRD specira of the as-received and the calcined spent HDS
cainlyst over the range of 43050 o 6305, The XRD spectra of the
as-reveived spent HIDS catabyst echibined penls of various compounds
in which the main pesks being Al(h and the minor penks being
MoS: Afer calcination, tansformation of molybdenum sulfide
(Mi:) 1o molybdenum oxides (Mo and MoO:) bhas been detected,
s addressed in equation (1), [t appessed thad the bigher the calcimation
tempemiure, the more evident the molybdenum oxide penls observed.

oSz + M0 =+ Ehlol g + 4500 [

) i

Figure L. Grotnd spent IS cilalyat () as reiveil, cabcined ol (b] 450°C,
) SSIPC el () BS0°C for 5 B

o ® ALl @ Mol Moty +MaS; 50

s |
. - " '
cakingd at ﬁ#é

cakingd at 350°C

rew marierial
Sl = Ve S S

L] sl L) 4 5 il m B0
2Tkt (Coupled TwoTheta Theia) WL = 154060

Figure 3. XRD spocies olie-eoceived and calcined speat HIODES catalysl sample

Element Ma a Al [ [§

b

el %% 40 155 2E20 221 &Rl

4055 7.8 iz 0 0% halanesd
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In addition, it is worthy to mention that afier calamation a1 the
bower temperature of 430°C, phase evolution has been towards the
formation of mainly MoOs with the relative minor being MoOz.
Then by raising the calcination temperature up to $30°C and 630°C,
the appearance of Mo(); was much more evident than that of Mo,
This might be due to the tendency for MoO); sublimation towand a
temperatare of higher than 600°C reported by [17,18]. No evidence

Sivdemum frow o spent HIDS catalyas asomg okl leaching reagont 91

of msoluble complex compound formation was detected since the
calcination temperatare was less than 200°C [7). Futhermore, SEM
and EDS investigntion on as- received and calcined samples revesbed
the depletion of sulfur and carboa (crganic pollutant) after calcimation,
s depicted in Table 2, cormesponding to work by D. Mobapatra, and
KH. Park [17]

Tabde 2. SEM images wnd EDS mups of as-reccived wnd calcined spent HDS catalyst sesples al differenl lemperatuses (scabe bee at 10 jum).

Calcined m 450°C

Culcined st 550°C

Mo

J. Met. Mater. Miver. 32(2). 2022
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321 Alkali {sodium carbonate) leachimg

111 Effects of caldimstion temperature an mesdvisdenum leaching
efficiency of spest HDS catadvst

Effects of calcination over 430°C to 620%C on molybdenum
lezching efficiency of the spent HIS catabyst using MasO00 will be
first disomsed. As illustraied in Figure 4 showing effecs of calcination
temperbore on besching efficiency. it wis foond that non- cabeined
spent HDS canlbyst odwiously gives imferior lesching efficiency in
comparion 1 these of calcimed spent HDS caslyst Calcination at
lower temperatare ot 430°C seemed o give better leaching efficioncy
i this case. By comsdering st 20 gL+ NapOOy concentmtion, |eaching
of caleined spent HDS catnlyve samgle ot 45050 gave the highest
efficizncy of %5% whereas that ofspent HIDS catalyst saeple maleimed
ol G300 gave the lower efficiency at #8505 It could be explaimed
that this slight reduction in molybdenun extraction efficiency s the
calcination tempersture increased from 4305C w 630°C might be
diwe to the preferential alkali lesching among moly bdenam oxide
species, i MaO2 and Mol compounds. Simce the XED result
previously revealed more evident Mo spectrs towernds the higher

|cimation ey and sub: iy become the dominast phase
ot $30°C, The greaster content of Mo(h ansined &1 higher calcinstion
tempem e mmight be responsible fiora less endency for MU0k aliali
leaching acoondingly.

323 Effecis of sedi rhonag o o molyld
leaching efficlency of spent HDS catalysi

By considering effects of Nox(O0; concentrtion over 20gL m
A gL on deaching efficiency. it was fousd that molybdenum eximotion
effickency tended to increase slightly with increasing NaaCO:
oonceniration. For leaching of spent HDS coialyst sample calicined
mA5FC, it was fovond dhat mohdbdeem exraction ffeieney moeased
from 93% 1o 97% when the Max00: concentration inereased from
0 gL 040 g L. The progesed equation is as fillows when: sodium
mchybdate { Ma:MoOy) and carbon dioxide (O] are the reaction
products;

B s + MO0 gy — Wm0 sag + 000 35 12y

323 Effect of solid o lguld (%L} ratie sn melyvbdensm lescking
elficiency

The effect af the zolid to liguid ratio voried from 30 g L9 to
2 g L on ke mclybdenum beaching wes examined o the following
conditioer 430°C calcination tempermsae, 40 g L MO0 concentration,
2 heleaching time, WFC leaching temspersture and 250 spa stimming
spend as presented in Figare 3. [t was obsarvsd that the optinesm
S/L ratio was at |40 g-L-. Beyond sech an 5/L ratio, neolybdenem

dissolution declined due 1o insufficient smount of leachsie ions 1o

R

Wl #‘
:g LU —B— o aliinal
‘a: T+ —a—a5
.H 50 4+ —— 550
- — 5]
&

40 +
g‘ mr - |

15 m L] k] 35 a0 45
Concentration of sodium carbonase (g L1y

Figure 4. Fffocs ol sl b o ared cali :
o rewoly bl beching | conciion: | h-laching e, 100 gL * 50 e, 90°C
leaching lempezaiee, I50 rpm slimmy speall

r,..--n-t—-‘

b e
==l
=g=F

Mlenal lench img (%5}
s Bt EEE

0 Ik 43 1
=

100 150 00 5
S/L rabio (gL}

-

Figure 5. Efloc ol 5L calio on mets] leaching comdilion: 450°C calonstaon

T 0 g L b ook D hemchung: lempersiure,
2 h-leszhing lime, I50 spe slzning specdl

1
50
a0
0
&0
50
40
el
1]
1]

Medal keadkin g ("}

O- 05 30 45 06F T5 W 105 120 135 150 165 IR0 195
Leasching time {min)

Figure 6. Effect of lcaching lime on melsl leaching {condition: 450°C
i 40 gL sdivm carbomate concentration, $0°C

lesch maolybdenum o the solution.
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124 Effects of keaching tine on neslyvhidensm beaching elfickescy
of spent HDS catalyst

‘Over the imvestigmied lenching time of 30 min vo 180 nxin (0.5
i 3 ) usimgg spent HDS catalyst sample calcimed st 430°C as shown
in Figure &, it was cheerved that the exirection raie of maolyhdewam
mcreased significantly during the early pericd of leaching till shout
| h and then becoming stabilied when the leaching time approached
2 h {150 min). The maximam modybdenum exirsction efficiency
wis found &t 96%. Lesching of aluminimm bowever did not
show o significant i over the beaching time investigated while
leaching of phosphonas appesred 1o increase shightly with tins 1o
bess than 2095 efficiency.

13 Carbon misrption=desorption

Carbom adsorpiion of the beacked solution, by wsing sctivabed
carbonat 5L ratie a1 40 w'v % at room temperature for 24 h, offered
hrighs oy e adsnpiion cfficiency =59 . Thore was mo significent
effect im molvbdenum adsorption efficiency when leaching the
solutiom hanving pH varying from {3 o 2.0, Subsequently, desogption
off neodybedesuns from boad sctivased carbon was carmiad out st 3Py
of load activated carbon to NHaOH for 24 b

331 Effent of ammonium vdreside cosceniration on medy bdesum:
desorptian efficiency

On the desorpiion of molybdenum from the load sotivated
carbon, effect of NH+OH concentration of 5 vol®s w0 30 vol% on
molybderom desorption efficiency is demonstroied in Figuee 7. [t
can be seen that molvbderem desorpion increased froan B4% 1o
Gita with imcreasing WHOH coneenmation from 3 vol®s to 135 wol%:.
The desorption of molyvbdenum became level off when NHGOH

conceniration was greater than 15 wol®.
34 Precipitation of nmmominm molybdste snd calcimation

Afier molybdenun desorpison, the pH of the soluibon mcoreased
up 19,3 due to KH+OH addition. When procesding io the next step
of precipiistion. the solution was subjecied o hydrochbone acid
mdditiom o adjust s pH 10 2. (L and the ismporiure wans control bed
m S, Precipitmion of ammonium molybdates ({MHL A0 ) hen
resalied, sccording io the following equations [ 19]

Maaho(s e +BHC ke — INaClag + M oCls s + dH 00 [3]
Moy INHLEHEL, — (B, Y, § e b+ MHCL, (4]

After descaption of melybdenam from sctivated carbon wing
ammoniam hydroxide, the solution reached the pH of around 2. 30.
Subsequemty, HOl win added to the: sobution 6l the pH reduced o 2.0
with the controlled tenaperme ar S0C This proceeded (o precipitatbon
of ansmonium maolybdate appesning as gresnish grey powder. Afer
filtered, rinsed with desomized wuier and dried, the precipitate was
subjecied bo caleination &1 430°C for | b such that ammonivm
malybdste precipitate has trensformed into Moy as the desired

e

== Nlu

Mavbde mam desorption (%)
-]

¥ N N
[ ] 5 I 15 20 I5 30 35

Concentration of ammonium hydrocide ()

Figure 7. Effeet of ium by
dkesorplion.
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Figure 8. XRD specin olammonium mel yhdsie and melybdenm ogide.

recycling product. XED specira os illearmed in Figure # alsocondimsed
the presence of malybdesam mioodde in companizon 1o that of pre-
caleined smmonium molybdaie. Result scquived by XRF analysis
reveded the composition of the obtained malybdesam trioxide to
bz 99.5% purity. Bosed on this experinent, the recovery efficiency
of modybdenum from spent HDE camlyst os malybdenum irioxide
was approxinately £

4. Conelushons

Inupresent study, the combinmion of pyre-hydmometal urgy process
has been uiilized 10 recovery mohbdenum fiom spent HDS emalys;
detailing in the 3 key sieps of i) calcination of e spent HDS coshysy,
i) alkali leaching, sii] carbon adsorption-desorplion, iv) precipiistion
e v ) ralcination to cbtain molybdenuns irioxide as the recycling
preduct.

Effects of calcimation temperatore, on molyhdenum lesching
efficiency hove been evidenced, giving the optimum condition
A5PC for 3 b Incrensing calcination emperature above 430°C led 1o
the Formartion of molybdeem dicocds (Mo compound in s grester
extent, which might st be readily kaacked by alkali in comparison
1o modyitsdenuns tricocide compoand. Apan from leaching efficiency
dependence on calvimation temperstare, effets of sodium carbonate

4 e Mater. Muieer. 337T) 2022
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Study on Recovery of Rare Earth Elements from NdFeB Magnet Scrap
by Using Selective Leaching
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Abstrwct. High power neodymium magnets have been used extensively, such & components of bard
disk drives, ebectric vehicles, and magley tmins. This type of magnet contains of high concentration
of rare earth elements. After the device is out of service, the magnet will be removed and the rane
earth element contaimed in tbe magmet will be extracted im order to reuse for any purposes. Recenthy,
the study om extraction of rare carth elements (REE) from neodymium magmets is increassd.
However, there was ondy few research reganding to the extraction of rare carth metals by using a water
leaching method. I this study, mre-carth elemenis were extracted from neodyniem magnet scrap by
using sebective leaching technigue. Imitially, magmets were leached with 2 M of sulfuric acid for
24 hrs. Then, the keached salution was beated at 1 10°C in arder 1o remove water and the green powder
was remined. The green powder was further roasted ina muffle fumace at varous temperatures from
TE0*C to 900°C fior 2 hrs. and suhsequenthy leached by water. Fimally, the ron oxide residue was
separated from rare earth element sodution by filtration. Based on this experiment. it was found that
the purity of the rare earth meetals can be achieved up o 99.4%.

Imtroduction

MeodymiumeIron-Boron, BdFell, is classified as high power magnets with a high energy product of
more than 50 MGOe. The major composition of this magnet type are Nd, F and B and the typical
mimor composition are generally Prand Cry. Typical chemical formuala is Md:FersB ar abbrevisted as
MdFeB. This type of magnet are widely used in the electranic compomenis, such as hard disks, kigh-
performance microphone components and hybrid ebecimic vehicles [1. ). Recently, consumption rate
of neodymium magmets is increased, i means the trend of end-of-life magmnets is increasing. Dhee 1o
the magnet contains high content of Nd, so the study on recycling of ligh neodynyism magset scrap
are widely interested. Recyeling rowte far recovery of mne carth element bas been proposed as shown
in Fig. | [3]. Generally, products that can be recycled are the end-of-life product. grinding shedge and
manufactsnng scraps.

Recovery of REE from neodymism magnets using chemical beaching metkods has been widely
proposed: T. Vander Hoogersiracte et al. [4] studsed the recovery of REE from magnet scrap by
roasting, leaching and precipitation. Foasting is a process to transform all meial contained i magnet
into metal cxide. Then. these metal oxides were leached with an acid solution (HC1, HNO: ). With
this procedure, REE sould be sepamated from the iron omide. Subsequently. REE was precipitated by
using oxalic acid (C-H-0g) and fimally calciming of the rare carth oxalaies were camied out in crder
ta achieve the rare earth cxides. 1.F. Rabatho et ol. |5] studied leaching of magmetic scrap by using
itric acid. Im order o separste iron and meodymium contained in the leached solution, sodium
hydroxide solition was added imio the beached sobstion to precipilate fron oxide ax prior to
precipitation of Md and Dy with oxalic acid were bier performed. M. AR Onal et al. [6] has
investigated that REE could be recovered from neodymium magmet scrap by leaching with water at
the final step of the recycling process. The process step is compased of first keacking of magnet scrap
with 14 M of sulfirsc acid. followed by drying of the leached solution st 110FC to obtain green
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poweder. The green powder was subsequently roasted at T50°C, prior to water leaching o finally
separate REE amd mon axide. According to C.H. Lee et al. [7], leaching of magnet samples with 1.5
and } M of sulfisric acid were able to beach 100¥% of Md from magnets somp. Moreover, E.G. Polyakov
and A5, Sibilev [§] described that level of extractson of metal from magnet scrap of wp to 97% can
be achieved by leaching of magmet sample with 2 M of sulfuric at a lguid-to=solid ratio of 2. In this
research, therefore, leaching of magnetic scmp will be carred owm by wsing an ackd with a

comcemtration of 2 M.
REE mining
ard refimmg

RE msgnet

menulactering

Mlanulatsing
Ly

Applicalions i mones,
BENETROOTS, CleCirnmh:
devioes, B,

( m— ]

lj Recvele of REE |

Fig. 1. Life cyche with REE recycling approach [3].

The recycling of meodymium magnet by selective leaching methods requires sodubility and thermal
decomposition data of REE and iron because iron oxide canmot be dissofved in water while
nzcxdymiem sulfate is soluble [9,10]. PK. Gallagker et al. [11] studsesd the decomposition of iren ()
sul farte im air and oxygen amd found that the rans formation temperature to inon oxide was SHLET55C.
M.SE. Swamy and T.P. Prasad [12] published the rescarch topic in the kimetics of the thermal
decomposition of iron (Il sulfaie hepabydmte in air and reporied that the decomposition of
oxysulfate (FexWS0uje) 1o mon ([} oxide and sulfir trioxide was GR0-B00°C and the reaction
occurred according o equation 1. M. Kanan et al. [13] studied the thermal bebavior of hydrated iron
sul fate, and the results showed that hydrated ron sulfaie was transfomed into iron sulfate st 283°C
and then, there was transformed to complete iron oxide at T16°C by using 10°C/'min of heating rate.
The possible steps of the reaction tarsformation steps was propaosed as equation 2. Y. Ranjani et al.
[14] fmend that Fexd{SOs)y was decomposed to Fe;Oh at temperature mnge 350625C. Data on the
trarsformation of rare earth metal sulfate {Md. Pr, and D) to meetal oxysulfates and metal oxides wene
B55-0467C and 107901 250°C, respectively [15].

Fez 80y = Fedll, + 150, L)
FeS0yTHa0 —Fe50y 4H20 —FeS0y H0 —FeS0y —Fedly )

Leaching process af magnet -scrap using high cencentration of acid leachimg are widely
investigated, while, leaching using low concentmtion of apid has been mrely reported. Moreover, the
thermal decomposstion data of KEE and iron salphaie shauld be clanfied. Therefore, this study reparis
leaching behavior of magnet scrap using low concenimtion of acid. Moreowver, the decomposition
temperature of the REE and irom sulfate are also disoussed.

Experimental

The expermment was carmied out acconding o the diagram ilhsmted in Fig. 2. Neodymism magnet
wis beached with 2 M of sulphurse acid at 25°%C for 24 hrs. After that, the leached solution was filtered
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ta abtxin residue that was subjected to doyimg at | 10°C for 24 hrs. Then, in order to compare the effect
of masting temperabere on the leaching capability, the dried matter was rosted ai vanous
temperatures from 730°C o Y0PC. For the final water leaching step, the dissoluiion behaviowr of
EEE in water and the separation of ron cxide from leached solmion was observed.

MdFeB magel saap

{Varioms esp . I hied

Winter leaching
285, | hr

igh punty of
B.EE sidiiliiui

Fig. 2. Flowsheet of the experimental procedurne.

Besidue

Muaterials, The neodymium magnet scap rejected from productson lme prior o coating and
magnetiring was supporied from a company im Thailand. The chemical compositeon of the magnet is
shown in Table 1.

Tahble | Chemical compositban of neodyrmism magmet scrap used in this study.

Elemaenil Fe Rd Pr Dy al (] B T (] C (4] Onher
Wl IRas  1&31 48] 024 172 04 4% s 008 L1T  IRD balance

Lenching Frocedure. Meodymium magmet scrap of 100 g was leached with 100 ml of T &M
sulphuric acid { 5L miioc 1/10 g.ml™) at 25°C for 24 hrs m a 3000 mi beaker with a magnetic stimer.
The leaching efficiency was caloulated by equatson (3), when Wy, & the weight of the magnet scmp
before keacking and W, is the weight of the rexidoe (non-dissolved solid) after braching.

W, - W,

W,

For leaching of roasied powder. the sample of 12 g was dssalved m 200 ml of desonmed water
(5L ratio: &'100 g.mi' jat 25°C foc 1 b, The extraction of metal by leaching of rasted powder using

various roasting temperaures will be discussed The peroent of metal extraction of each keaching
condition and purity of REE were calculated by using the following conditon:

Leaching efficiency(%:) =

w1 0P 3

Metal extraction {2} = — M msn:humlppm] :-l:.wntu'm]ul:hun.g.lmll )
M im magmet (%) = magmet weight before leackimg (g) = 100

Purity of REE (%) - S 0 soufion (ppe) _ ; ooe {5)
M in soluison (ppm)
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Characterimtion and chemical anabysis. Chemecal l:nmpmiliun. of ihe solid matters {mw
maierials, residue, filtrates and masied powder) were analyzed by using 8 Bnoker 02 FHASER. modal
%-ray diffraction (XED), with a ceramic Co x=ray tube at 30 kV and 10 mA, and a Horiba XGT-5200
modal energy-dispersive x-ray fluorescence (EDXRF)} operated at 50 kV amd 1 mA. Chemical
analysis of all leachates was performed by wsing an inductively coupled plasma-optical emission
spectrometry (CP-0ES), Optima 8000,

Hesubx and Dscusxion

Lesching of Magnet Scrap with Sulfwric Acid. The leaching efficiency caloulated by uxing
equation (3} & 97.35%. The chemical composition of the keached solution analyzed with ICP
apparahs i shown in Table 2.

Table 2. Chemical composition of the kached selution (leaching of 100 g of magmet scrap in
1K) m of 2M sulpburic, 25°C, and leaching time of 24 hrs.)

Elemen Fe Md Pr Ly Al Co B
mg/L 5010 T4y [ 143 el 14l 17
% [l ) T AR & &7 13 1054 L3 .47

Henting (Drying) of leached solution. After the lesched solution is beated at a constant
tempemiure of §10°C for 24 hrs, the green powder was remained. The chemical composition of the
powder analyzed by XRF is shown in Table 3.

Table 3. Chemical compaosition of green powder after the leached solutson being dried 110°C for
24 hrs.

Eleneznt Fe B Pr Dy Al Co o
wita 3053 b0 4.5 0.25 44 044 HhHd

Ta investigate the effect of roasting temperature an the beaching capability. the green powder is
further roasted at varicus temperatures from 730°C to 900°C. The phase component of the roasted
powder analyzed by XRI) is shown in Fig. 3. 1i is found that iron sulfate (Fex 304)0) still exist when
roasting was at T50°C. However, the decomposition of the iron sulfate to iron oxide (Fex(Ou) is
observed when the roasting was incressed o S00°C, b necdymism is found im the form of
neodymium sulfates (Mdy(50u)). On the other hand, peodymiem in both oxide sulfates (Ndo0=50u)
and sulfates form &= found at the femperature of S0PC.

Selective Lesching with Water. For selective leaching with water, REE contained in rossted
powder should be remaim in the form of sulfate, bat ron sulfaie should be tmpsformed to be iron
oxide. However, roasting icmperature prior to leaching will determine the form of compound and wall
indscate the leaching capabilsty. Effect of roasting femperature on leaching capabality of green powder
iz shown m Fig.d. I is foumd that the high extraction rate of Md and Pr are foond when the green
powder is roasted at T75°C (Fig. da). However, the extraction mte is decreased with inoreasing
roasting temperature. It was alzo found from Fig. 4 (b)) that the high purity of more than 95% of REE
is mchieved when the roasting of green powder was performed st 775-900°C. In contrast, the
extraction rme of REE is deoreased with increasing of the roasting iempemture. ' With increasing
roasting tempembure, some of REE solfme can be iransformed 1o oxide sulfsies resulimg im the
decreazing extraction rate. In addition, the transformation temperature of ron sul fate io ron cxide in
this experiment & higher than 775°C, this temperature is higher than the tmsformation temperaiure
resulted from the experiment of BM.A R Onal et al. [6]. This may be due to the difference of the initial
rew mzierials and the concentration of leaching acid.
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Fig. 3. XRD spectra of powder roasted at different temperatures.
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Fig. 4. Metal extraction by leaching of powder roasted at different temperatures. a) Efficiency of

mictal extraction, and b) REE extraction and purity.

Cenclusions

The obgective of this study is to separate REE from other elements containing in ncodymium magnet
scrap. The sequence of experiment is divided into 4 steps: a) leaching of magnet scrap with 2 M of
sulfuric acid, b) beating of leached solution to obtain metal sulfate, ©) roasting of green powder at the
appropriate temperature in order to transform the iron sulfate to the iron oxide, and d) sclective
lenching of REE metals with water. The results showed that the optimum roasting temperature was
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of T75=-825°C. Roasting with this temperture range. the purity and extraction mie of REE can be
higheer than 95% and 0%, respectively. The highest ectraction rabe of S4.30% at 775°C and the
higheest purity of REE of 994004 at 825°%C achieved.
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Abstract. Property of metallurgical slag genemied in smelting or refining process of fenmous
production can be determined by ils microstruchere which depends on chemical composition and
production process. This study proposes a decp bearming method which is a subfield of artificial
intelligence for autonemoues slag classification by microstrochare recognitson. This present work
focus om ihe implementation of a comeolutional newmal netwark (CWMN) to classify four types of slags
that the varsance microstructure resulted fiom the difference of their formation condition. Baoth
secodary electran (SE) and backzcatiered electron (BSE) image type captured by scanning electron
microscope  (SEM) are used as dataset. ResMNetSl, Inception? and DenseMNet2(] metwork
architectures are selected in this study to evaluate their clasification performance. In addition, daty
augmentation manipulated by the software is mndomby flipped both horzontally amd vertically 1o
avoid overfitting from a limited pumber of tminmg mages. The resulis showed that the best approach
to classification accuracy is reached 9889 by CHM. Therefore. it can be concluded that CHM is
excellent potential methed for autonomous slag microstrocthure clssification systems.

Introduction

Slag formatson durimg smelting or refiming process of ferrous production, e.g. steel and ferroalloy,
play sigmificantly roles to cover molien metal from oxidation, trap mmpurities and inclusions. invalve
in desulfirzation process and mmprove quality and properties of stee] or fermoalloy [1]. The slag
microstruchare varses depend on the chemical compaosition, solidification cooling rate, type and
amounis of axides contained during smelting or refining process [2, 3). Microsinsctural images are
key components for materials amalytic approaches. Generally, the slag microstruchure classification
is maostly perfommed manually by experts or metallographers due 1o the complexity of microstructural
features. Hawever. the individual background, eduscation and expenence may camse potential emrar in
microstruchsre mierpretation from bins amd uncertainity. Thus. the development of alternative way for
microstrucharal analysis to get maone accurabe and precise is requined.

A systemiatic way kmown as machine learning is a part of artifica] smelligence by oreating model
that can effectively bram. from damset. Machine leaming techmique. particulardy deep learning was
successfully applied in variows feld sxh as face, wosoe recognstion, fext tmpslation, medical
dingnostic, image classification and begmning in readmap of material science research and recovery
[4.5]. Coovolutional newral metwork (CMM) is one of the most popular algorthms for image
classification. CNN is composed of an input layer, many hidden layers and owtput layer. Convolution
layer puts the imput images through a set of corncolutional filters which extract festure from the mage
[6]. Pooling layer simplifies the owtput by performing nonlmear sampling 1o reduce the pumber of
paramezters need do leam. Rectified linear umit (RELL) maps negative values to zero and maintains
positive values. Classification boyvers is a fislly connected layer {FC) that outputs are the sumber of

il g pEEved R of coniania of i 2 i Ca o InsraTiRed i dom o sl il T el S L 2 Trann
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classes that network will be able do predict. SofiMax layer is the final layer o provide the
classification output. CHN developed by expert such as Xoeptson [ T], ResMet30 [8], Inception'3 [¥]
and DienseMet20] [10]. availahility aocess to massive set of image data and increasing of computing
poweer by graphics processimg unst (GPFU) kelp to emable deep leaming techmigees o obtain kigher
degree of accuracy.

Prior this study, only a few studies applied CMN to clessify types of material based on their
microstrucheral image. One of the recent sindses classify 8 different microstructhure types of sieel
(baimite with carbéde, granular baimite, codlumnar baimite, carbéde free bamite, ferrite with grain
boundares, ferrite with grain boundanes and small island of pearlite, martensite, pearlie ) result from
varation in material grade and beat reatment condition by using C3N based microstructural mage
from light optical microscopy. |} images are selecied for traiming network and the remaining
20,2E% imapes are used for testing. The resulis confirm that the classification acoumcy reached
U 4T%{onky 715 misclassifications out of 2283 test images) [11]. Another recent shady proposes
CHM 1o classify 4 different microstructure types (martensitic, tempered martensitic, bainitsc and
pearlitic microstructure . The results shown that their system achieves 93.94% clssification acouracy
when datsset images is capture by scanming electron microscopy ( SEM) [12]. However, there is no
exmting study of applicatson of deep bearming method or CNY in slag microstrochomal analysis.

Dataset

In this study, four metallurgical slag samples genembed from different smelting condrisons im recycle
process were investigated; | 1) Fernochronmium alloy slag discharged from smelting reduction of scale
remaved from stainless-sicel substrale by shot blasting process, (2} Fermomanganese alloy slag
discharged from smelting reduction of manganese oxide powder in spent batieries and iron chip from
machiming process, (3} Ferronsckel alloy shg discharged from smelting reducison of spent mickel
catalysts and mill scale, and (4) Ferrosilicon alloy slag discharged from smelimg reduction of silicon
crystal amd mill scale. Both secondary electron (3E) and backscatiered image (BSE) image type
caphared at 1{H{x magnification by scanming electron micrescope (SEM) from flat-polished slag
samples are used as datasel. The dainset images bave been randomby divided indo raming dataset and
validation dataset (1025 for training and 90%s for validation). The pumber of traiming mages and
validation images of each slag and image type are shown in Table | and sample slag microstructural
image are showm in Fig. 1 to 4.

Tabde 1. Datazet information.

Imnge Type Slag Tvpe Number of Training image Validation image

Ferrochromium alloy 11 el

SE Femomanganese alloy 14 G0
Femronickel alloy 1k G0
Femosilicon alloy 10 G0

Toid Ll 360
Femrochromium alloy 1] G0

BEE F-:l'mnr!.agmr::-c alloy 11F a0
Femromickel alloy ik el
Femrosilicon alloy i el

Total &0 360
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Fig. I. Example of microstructural image of Ferrochromium alloy shag: secondary edectran (SE)
images (top row ) and backscattered (BSE) images (bottom row), 1000x magnification.

Fig. 2. Emupleolmicmimge_'_w - nnoy:sa:(SE)ilqs
(top row) and backscattered (HSE) images (bottom row), 1000x magnification.

S y

Fig. 3. Examsple of microstructural i ndery clectron (SE) images
(toprow) and backscattered (BSE) images (bottom row), 1000x magnification.
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Fig. 4. Example of microstructural image of Ferrosilicon alloy slag: secondary clectron (SE) images
(tap row) and backscattered (BSE) images (bottom row), 1000x magnification.

Methodology

CNN application for autonomous slag classification is trained by training dataset. Data asgmentation
is a technigue that enables the diversaty of data applied to trasning datasct images i onder o prevent
network from overfitting and memordizng the exact details from very limited number of datasets [6,
13,14] by randomiy rotation (hormontally or vertically flipped). When network receives augmented
microstructural image as mput, network will compute and return output as predict type of slag. Weight
inside the network is adjusted to reduce discrepancies between predict and actual type of slag. The
way to update weight of network depend on sclected optimization algonithm. Network is repeatedly
tramed until the emor & reduced to the satssfactory kevel or reach to maximum setting Joop as
illustrated in Fig. 5. After network has been already tmined by training dataset, the classification
performance of network will be evaluted by prediction of validation dataset.

Truiming Dataset Weight upsated by it
AScrosteuctoral image Optemization Algorithm

-Actual skag typs f

Mizrostructural Imape Ervor
Data Augrmented age betwewn

| Augmentation & nomn

Randomly horzontaty e
or vertica by flipped

Actual dag type
Fig. 5. ONN for slag microstructure classification,

In order to obexin best possible approach, three CNN, wellknown network architectures are
selected and wsing for this expenment 1o find out their classification performance. ResNet50 (Deep
Residual Network) is developed by Micrasoft team, with 224 x 224 imput size [S]. InceptionV3
(Inception) is developed by Google with 299 x 299 input size [9]. DenseNet201(Densely Connected
Coavolutional Networks) &s developed by Comell University, Tsinghua University and Facebook Al
Rescarch (FAIR) with kayers 224x224 input size [10]. Stochastic Gradsent Descent with Momentum
(SGDM) are used during training as algarithm optimizer for weights and baases updating.
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All experiments of thi shedy are performed by using Matlab B35 and a Wmndows 10 Pro
compuier with an Intel ® Core™ (5826500 CPL 16 GHz and 0UMF indtsal keaming rate, mind batch
size aof 10 and SGOM algomthm optimizer are the traming condition applied for all netwark.

Results and Discussion

The clas=ification sccuracy in this study calculated by fraction of sumber of correct predictsons and
total number of predictions. The higher acouracy, the more potential of the proposed deep learming
miethod for improving an autonomous classification system.

The classification performance of netwaorks are traimed from scratch with just 40 mages per image
type (3E and BSE} and validsted with 360 images per image type shown in Table 2. The classification
sccuracy ranges from BE.DG to 98.89.89% and an overall average acouracy & S4.28%. DenseMet201
network architecture with data asgmentation for BSE mages classification outperformed all ather
networks with the highest accuracy, 98.89%% and il= tmining progress is shown i Fig. 6 classification
performiance is summarized as confusion matrix shown in Fig. 7.

From the result we can confirm that dats sugmentation can belp network get a small increase of
their accuracy by enabling diversity of tmiming data and the classification accurscy obtaimed from
BESE mages higher than SE mages.

Table X. Classification performance by combimation between network and optimization algarithm.

Metwork T'raining Dats Epoch | Elapse Training | Classifiestisn
architecture | [ata Tvpe ABFmeniatken thme {secomid) Avewracy | %)

RestHeidl SE image . ] 124 G306

RestMets SE image | Randomly Bipped i T8 Gt 50

Rest™eidl H5E image . ] T4 G 50

RestMeidl HBSE image | Randomly Sipped th 741 G ?
Inception’y' 3 SE image - 12 1,842 H3.06
Inception’y' 3 SE image | Randomly Bipped 12 1833 AG.72
Incepticn’y'3 BSE image - 12 1,842 A3.61
Inceptiony'S | BSE image | Randomly fipped 12 1A G250
DenseMe2i] SE image - 13 3321 Ot 50
DenseMe2il] SE mage | Randomly fAipped 13 LARD G 50
Densele2i] | BSE imoge - 12 130 G435
Densele2i] | BSE image | Randomly flipped 12 2973 ARG

e e e

Ay %

L | < | ] .
s
i l'l“.
1 iy
| .
. "'\\HH-._ .
. =
- = -
i = el P
] ® [ = n = ™ w - "

Fig. fi. Training progress of the best approach, DenseNet20] with data augmentation, shows the
plot of accumcy curve of and loss curve against iteration.
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Fig. 7. Confusion matrix of the best approach, DenseMet20 with data sugmentation, shows the
numbser of samples for each class predicted by system. Overall accumcy is 98.89% (4
misclassificabions out of 3605

The classification socuracy of CWMN be improved im many ways. Increasing model capacity by both
increasing number of nodes and byyers in the netwark architectsre bt this method will be tmde.off
between accurscy and speed. Adding new trainmg images similarly to misclassified images and
retraiming network can help network get more learning and improve is weak point. Lastly fine tuming
of training parameter & a manually tsk of trial and sror and see which ome gives the best resulis.

Clas=ification of real-warld & not an easy tsk. The challenge factors such as inhomogeneity in
slag. may cause they lose key feature to be sdentified and imcreasing number of microstrochre clss
alsa incresse chance of comfision in prediction result i decrease metwork performance. This is
requined network io generalize inherent pattern when trained with relatively small datscet.

Conclusion

An amonommes clasificalson system based on microstnectural image by deep leaming is proposed i
classfy type of slag. The system intimates the way newnons response in the buman brin by visual
perception. This study demonstrates ihat the slag classification accuracy can be achieve 98.89% with
very limited traming dataset. We conclude that deep leaming method is feasible o be ome of the
altermative methods for an sulomatic classification system.
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Abstract

This research alms to study the faaskillty of nickel recoveny fom spent slectoplating solution via hydrometailurgy
and elecimehermical Treatment. The spent nicke-piating soUTon obiainad a5 an Industrial waste was found to coniain

rickal of 52.4 g4, which was St In high quamity suflicient for
nickel from the spent electm plating solution was Airst camed ol 1o separte othar

recowary. In this resaarch, precioiation of
urraamiad Impuriiies. The rmained

ricks precpitats was then =ached oy 1Sing 1 Mor2 M H,50, fr 24 h. at a soldliquid raio of 100 gl The leached

golution was Men adustad 1o obtain pH 2 prior fo elecimwinning. B was Tound that the madmum

of nickel

cathioge I 507 g or at 90.7% reovery of 97.45% purtty can b2 achleved In 3 condition using 1 M H,50, and slechical

potental 3.7 V.

2 Hydrometallurgy: Electrowinning: Flectro nickel plating
solution; Industrial waste

Introduction

Carrently, wastes generated from the coating industry are
increasingly significance due partly to acoamulative amount of parts
that require coating and the valuable metal contents left in the waste
solution. In the nickel plating process, the spent electro plating salution
cantains mickel as the main constibuent, which may be as high as 50 g/l
of nickel, potentially for waste management and recyding.

However, with the abundant amount of midkel in the solution, nicke]
extraction for producing pare mickel is considered to be cost effective
and also helps to reduce disposal of waste conformed o regulation.
The recovery process of nickel of the waste soluton its&f requires
complex operation. Kessarch by H. Y. Lee recovered mickel from spent
electroless nickel-pliting solutions using feasible hydrometallurgy and
electrochemical metallurgy processes [1]. Precipitation of the spent
phting solution prior to electrowinning was suggested to be effective
for greater recycling potential

This reszarch therefore aims to stady the feasibility of nickel
recovery from spent electroplating solution, that was initially in
the forms of nickel sulfate and nickel chloride compounds, by
using bydrometallargy and electrochemical methods. Varying the
cancentration of the soluSon and the dectrical potential have been
investigated in order to stady the effects of such pammetsrs on
efficiency of nickel recydling in the hboratary scale, with the extension
to practical use in the industry being expected in the future.
Experimental Section
Spent electro nickel plating

The spent electro pickel phting solution obtzined from the
electroplating process for surface coating of catting inals, is classified
as industrial waste. The wasie splution, sill conlains high amount of
nickel after use for & moaths, which is thus valuable for metl recycling,
HCP-OES was therefore selected for elemental analysis to quantify

the amount of nickel in the solution, as listed in Table 1. The nickel
cancentration is 824 g [2].

Recovery of nickel from the spent selution

The extractivn of nickel metal from waste generated from the
phting process studied in this reszarch can be divided in two processing
rouftes ramely the first (1) and second (2) processing rouates. The first

processing route consists of several steps of waste pretreztment to
reduce impurities and refining, starting from predipitation, leaching
and dectrowinning whiereas the sscond processing roate is the direct
electrowinning, as illustrated in Figare 1 [3].

Far the first processing route, the recovery of nickel from the
spent electro nickel plating solution started from predpitation by
using sodium hydromide (Ma(¥H) at 2 concentration of 2 M and pH
= 13, for 24 hours to give precipitation solution as shown in Figure
Ia After filtration, precipitate was oven dried at 120°C for about 4-6
h. as Hlustrated in Figare Ih. For chemical analysis by FCP-OES, dried
predipitats must be ground and made into a form of solution wsing
microwave digestion.

The leaching process was carried out using ground precipitate and
sulfuric acid sclution (H 50 ) at a varying concentration of 1 M and 2
M, by comtrolling 2 sofid and liquid ratio at 1:10 {100 g precipitate per
1 Eter of acid soluticn) for 2 duration of 24 b. The leached solution was
again aralyzed by ICP-0ES to obtain elemental analysis.

Filtration of the leached solution later showed no residual The
elactralyts solution was thersfore prepared for elactrolysis by adjusting

Elements L (]

Kl 2842
X ooes
P ooos
P oo
L] nia

L] 0Do41
Ini 0000z

Tabie 1= Chemical analysis of spent aisciro nicked plabing soiufion by ICP-DES.
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the leached solution io pH = 2 by using Na0H of 2 M concentmation
and then again analyred by FCP-OES.

Next, electralysis cell was set up using the leached solution of pH
= 2 as the dectrolyte, and 55304 and Ph alloys both having dimensions
of Sx5xi.2 cm’ as cathode and anode respectively, as demonstrated in
Pigure 3. The elsctrowinning process was carried out using varying
electrical potential of 3.3, 35 and 3.7 wolt for 24 hours. The desired
product received at cathode was nickel metal, which was then analyzed
by ICPLOES to obtain the nickd content. The remaining electralyte
was also chemical analyzed by the same technique to determine the
nickel left in the solution. The chemical reactions that occur in the
lectrowinning process are expressed in equations (1) - (3). The weight
gain of nicke] at cathode was measured in order to give % recovery basad
o inifal amount of nickel in the spent slectro nicksl plating solution.

Pags 2 o 4
1 Redixicg impeniicy proces
1 Dircot clecuswiming procem Anode Cathode
Po-1%Ag 55304

Flguns &: Elzciroiytic el fior slecirowinning of nicks sodution.

Far the direct electrowinning, the process started from preparing
the spent electro nickel plating of 500 mi as an electrolyte for setting
up an electrolysis cell, as previously described for the first processing
route. Electrowinming parameters, electrical potential and time, were
kept similar. The resalt involving weight gain of nickel, % recovery,
% current efficiency and purity are compared with those obtined
from the first processing route. The current eficiency can calculate by
equations [4) and (5) as follows (Figure 2k

The chemicl reactions oocurring in the electrowinming process ane
as follows [4.5]:

Cathodic reaction: Nit'+2e -+ Ni (1

Anodic reactions H O+ 2H' + 20 +2e 2

Crverall reaction: Mit*+H,0 - Ni+2TH"+ 120y (3

The current efficiency @n be calculated following the equations:
actual mass

Cumatefficency = ———— = 100% (4)

iheorencal mass
Faraday's lows: Theoretical mass
MF*]4
o —-———— (5)
n*F
‘Where

M=theoretical mass [g)

MW =atomic weight {g/mol)

b=t (mac )

imaleciric current (A)

n=number of valence electron

PeFaraday's constant (96500 C)

Results and Discussion
Hydrometallurgy process (Precipitation and Leaching)

The chemical concentration analyses by ICP-0ES of precipitation
soluton and dried precipitate are listed in Table 2, showing
comcentration of nickel in the dried precipitatzat 359 g/l, in comparison
to L0207 gl of that analyzed from predipittion solution. The result
indicated separation of nickel by precipitation @n be successfully
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Pryawit W, Patcharawtt T, et 3l {2019) Preiminary Study on Recoveny of Micks! from Secro-Hicke-
1

baching and decrowinsing
Figurs 4 Cathode metal after slecinowinning via &) first processsing roule and

b second proce-ssing e,

carried out by usng 2 M NaDH at pH = 13, for 24 h can then be
separated. Moreover, impurities in the soluSon such as P, Pe, Ph, Cu,
Al and Zn can be reduced. Leaching of the solution using both | M and
2 M H,50, for 24 h. offered high leaching efficiency due to no residual
left. The results of chemical concentration analyses by ICP-OES after
leaching and adjusted pi are shown in Table 3.

Electrochemical process (Electrowinning)

Cathode metal after electrowinning of first and seoond processing
routes are demomstrated in Figure 4a and 4b respectively. The former
exhibited nickel deposition of densely smooth and bright sarface at the
cathode whereas the latter showed nickel deposition with significantly
high amount of imparities co-depasited at the cathode. After disposing
of these impurities using deionized water, the nickel deposition was
measured around (.86 199 g, which is kower than those obtained from
the first processing route. The mazimum weight of nickel cathode is
5.07 g, which accounted for 90.7% recovery and of 97 46% purity can be
achieved in a condiSion wsing | M H .50, and dectrical potential 37 V.
Table 4 summarized weight of nickel deposited at mthode, '?.mu:rru'r
% purity of nickel and % cuarrent effidency after electrowinnmi

Paga 3 of 4
Elements Conoentration (g ﬂ::ptininﬂxa.nnfudngZMH,SﬂﬂndlE\r:hchialpﬂmﬁlL
F it t Dried tat, Th.i.lm.ﬂ:tbedmbu initizlly loww content of nickel in the solution after
K [T 55818 adjusting the solution to obiain pH 2. The overall results suggested that
P omEs nia hrudngiMH,ﬂJlmd:cbialpmnwﬁalnfM?\r.un&adlh:
e oomT 0000 optimum values of weight of nicksl deposited at cathode, % recovery,
Po na oomEz % purity and % current efficiency, as lustrated in Figures 5-8. The
Cu na nia direct processing route unfortunately gave disappeinting result as to
A oSy omss confirm that the spent electro nickd plating solution waste requirsd
In na 00015 pretreatment via precipitation and leaching prior to dectrowinning.
Table 2. Chewical analysis of precipliation scludon and Drisd precip@ale by 105-
iy Condlusion
— From the experiment of the recycling of spent dectro nickel plating
Elementc L] solution by hydrometallungy and dectrochemical methods, it can be
Leaghed 20l | Adjuctsd | Leaohed ol |  Adusied summarized as fallows:
1MH 30, pH=210 2MH30, pH=211
Kl 17.5000 85800 15,6700 23400
HI at % % % Currsnt
P s nés 0.0003 nia gmﬁ‘: Reacyeny Purtty afTiclanoy
Fe o.oo aoodi o.oois na Direct, 33V 153 3847 5534 05T
Po ooe 0oZi4 oo2e3 o Direct, 35 159 1392 5360 36T
cu 0.0 nia na na Direct, 37V [T 4588 ] 1088
A QO3S 0.0z 00336 ooisd 1M, 33V &7 o8 58 85 56 4565
Ini CLDOZZ 0oois 00026 0.0d16 1M, 35V 467 EOES o736 FriTd
Table 3: Chemical concenfration of leached soiuSion 1 M, 2 M and adust pH 1ML AT o7 SOES 5748 ZaBE
eiecimiyie soludon oy |G5-0EE. FITEEL] 11 5153 EEES] [IEE]
ZM 35V 05 21.90 5242 2E.33
ZM 3TV 460 36T 9724 ZE0E

Tabie 4 The weight, %Recovery, HPurty and “Cument eficiency of Be nickel.
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L. Precipitation of the spent eleciro nickel plabing solution by using
2 M Mal¥H can be used to successfally separate nickel into the solution
with very few amount af P, Pe, Pb, Ci, Al and Zn as impurities.

2. Leaching by | M H80, solution is found to be more applicable
than 2 M H50, solution for electrowinning as the solution over the
electrical potential wmed.

3. The opfimum electrowinming condiion was observed in a
condition using 1 M H,50, and electrical potential 37 V to provide
the maximum weight of nickel cathode at 5.07 g or ¥.7% recovery of
97 A6% purity.

4. Direct electrowinming gave reduced amount of recoversd nickel
due to bigh impuarities co-deposited at the cathode; thereby, yielding
low %erecovery and %efficiency, and that to confirm the spent electro
nickel plating solution shouald require pretreatment.
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Recovery of Metals from Diry Shot Blast Waste Generated in the Stainless-
Steel Production Process

T. Chamdakhinw', 5. Ma-ud' P. Khamseethn' F. Hathong' P. Loaken', . Knnsamiet!
and 5. Khumkoa"

'School of Metllurgical Engineering. Instituie of Engineering, Suranaree University of
Technology, Makhon Raichasima, Thailand

Abstract

Dry shod blast gemerated during stainless steed production comtains high comlent of valued
metals such as iron chromium amd nickel. These metals are m the form of oxides and it can be
used & a raw material in iron and seel. This work aims o study the feasibility of metals
recovery from dry shot blast by smelting reduction. Smelting reduction of dry shot blast with
coking coal as reductant was conducied m an nduction fumace. The effect of memllurgical
parameters e.g- sioschiometry ratso of reductant, Calk S0, of slag and CaF; on Yerecovery of
metal product was investigated. The resulis based on this study showed that the weight of metal
product inoreases a5 the amount of coke increases up to about 1.5 of stoichiometric molar ratio.
Inoreasing of coke above this amount leads to decrease of the metal recovery. Moreover, the
weight of metal product increase when the ratso of Ca(VSi(}; in slag decrease from 2 to 1. The
chemical compositson of the meial product i in the mnge of commercial grade and it can be
used as raw materials to produce stecl and cast iron alloy.

Keywords: Dy shot blast, Metal extraction, Becycle of metalks, Industrial waste

L. Imtroduction

Oz important step to produce cold mlled stainless steel is surface preparatio in order io
remove oxide scale adhered on the surface of kot rolled sirip. This step composes of dry shod
blasting which is produced a type of bysproduct like dry shot blast (DSB). It contmins of
approximately T wi.% of valused melals such as ran, chromsum and nickel. From: the economic
point of view, this & valuashle resources of iron and steel manufacturing. By this reason, dry
shot blast could be recycled io extract the valued metals for further uses & @w matenals m
steel production industry. To extract the metals contained im dry shot blast, pyrometallurgy ar
hydromzetallurgy process can be applied. Practically, the pyrometallurgical process is more
sustabls for extmction of metals from high concentrated ore or row materials. In the
pyrometallugy process, dry shot blast mixved with pickling sludge is nsed as additional row
materials in the'electric steel making process. In this shady the effect of some metallurgical
parmeters e.g. amoums of reducing agent and the miso of CalwSe0k of slag fomer on vield of
produced metals will be investigated.

I, Experimewntsl
Thee cheemical composition of dry shot blast used as row material in this study is shown m
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Table | and Table 2. The reductant was coke flake with 9075 fixed carbon and ferrosilicon flake
grade FeSi75. The flux were lime stone and fluorspar.

The raw materials were mixed together and put into graphste crucible. Then. the crucible
containing raw materials was placed in a medium frequency induction furnace. The smelting
reducthion of mw matenial & take place during heating up of the fumace. Smelting was
completed in abowut 60 minutes and the melt attained a temperature of about 1550-1600°C. After
getting the melt, the crucible was took out from the furmace. Then the melt in the crucsble was
poured into the steel mokl. The solidified metal and slag were collected, weighed and analyzed.
For cach test the amount of dry shot blast is fixed at | kg. Stoichsometric carbon mwolar of coke
was [, 1.5 and 2. Ratio of Ca0)/Si0; in flux was | and 2, while CaF: was added mto shg in the
range of 0 wt%6, 2.5 wt.% and 5 wt.% of the mass of slag

Table 1 Chemical composition of clement of dry shot blast in wt.%

Element | Fe Cr Ni O Mn Mg Si Al |
wt.% 512 11 6.3 269 | 2.55 | 0.06 | 0.002 | 0.006
Table 2 Varsous type of compound containing in dry shot blast in wt.%

Phase wi.%
NiFe04 25.17
FeCri0y 20.98
Fe:04 20.55
FeO 20.37
FeMn:04 533
FexOs (Maghemite) 3.70
Fe:0; (Hematite) 2.02
Cr2Os 1.39
[MaeCrO. 036
ALO: 0.01
SiOn <001

According 1o the preveous study [ 1-3] the chemical reactions at different temperature
range will take place:

FexOn + 3C = 2Fe + 3CO (h
NiO+C = Ni+CO 2)
30O + 13C = 2CnC2 + 300 3)

The reduction might be divided into 3 temperature ranges. Below 915°C the followmng
schematic reactians take place:
Fex(h 4 NiO = NiFeaOu 4)
2Fe06 + 6Cr4); + C = 6FeCryOg COy (5)
The schematic reduction resctions in the tempemsture range between 730°C and 1158°C
were:

2NWO + C = 2Ni + CO: (6)
6Fe:0; + C = dFe;04 + CO: (7

3NiFe04 + 2C = INi + 2Fe;04 + 200; (8)
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2Fess + C = 6Feld + O (%

FeO +C = Fe+ {0 (1)

FeCral4 + C = Fe+ Crzln + OO0 (11}
And the reactions above 1,1587C were:

Crzln + 3C = 3+ 300 (12}

Moy + 27C = 200 + 2100 (13}
With the presence of ferrasilicon, the overall reaction can be writtenas:

I{MIO + [SisC] = Ni] + (5i0:) + (OO0} {14}

(FesOh) + [Si+(] = 2[Fe] + (Si0:) + (C0O] (15}

(Cry) + [Si+C] = Z[Cr] + (Si0np + OO} {16}

3. Resulis and Discussion
3.1 Chemical compaosition of preducts and slag

The solidified metal or metal product was analyred by =g optical emimion
spectroscopy (DES). An example of the chemical compaossison range of metal prodsct are
shown i Table 3. Slag obtained from smelting process was analyzed by using x-ray diffmaction
spectroscopy and an example of skxg composition is given in Table 4.

From Table 3. it was found that the mam elemenis Fe and Cr have been recovery. The
high content of silicon of the metal product is due to the soluble of silicon from ferrosilicon imo
the melt. The content of sulfur and phasphonss in the product & kow. The test showed that
Sarecovery of metal of the reduction test was shoat BB

From Table 4. the =lag compositsan was obiained by considering to the CalvSe0: of mw
material for slag forming. Bl is defined as the weight mbio of CaliSi0e sgual | and B2 is
defined as the weight ratio of Call/'Sih equal 2.

Table 3 The chemial composition of product in wi.% and *aRecovery of some elements

Elensent C S Mn Cr Mi Ma P 5 Cithers

Avemze 21 0 | 0% | 50 | o7 [ oos [ oox [ od 3.0
af , 004 | 0.01-

:tnnacmm 135 | 68 | 081 [4565[0508( Coc | L0 (00015 244

SaRecovery 5035 | 1047

9 Total Metal 5 -

*Fe balamce

Tahde 4 The chemical compaosition of slag in wt.%

Fhase | Cald Sy | ALy | Cr0y | MnOy | MgO Tell | Fesy | Ohhers
Bl 40:-50 | 3d=-40 1=2 5«7 2= 3 Joddig | 46 | 0305
B2 | 5060 | 030 lal ST 2uid P3| 0204 | des | O3S
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3.2 Effect of amount of coke on weight of metal product | Yo recovery of metnks)

The amouni of coke used as reductant om the %Grecovery of metal or weight of metal
product ohinmed from smelting reduction are shown in Fig. 1. In this shedy, the stoichsometric
carbon maolar ratio means the fraction of actual carbon used per the theoretical of carbon needed
for the reaction of reduction. From Fig.1, the weight of metal product {or metal recovery)
increases as the amount of reductant increases wp o about 1.5 of stoichiometric molar ratia.
Abeve this amsound the increasing of the reductant amount leads to a bit decrease of the metal

TECOVETY.

Wieight ol maal procduct {g)

L]

—— [ Fil

= il = B2 Fi
e fi| F2.5
= = = B F1E
=— B1 F§
~-+- K¥F§

1.3
Sioschiometnic carbon molar ratio

(=]

Fig. | Effect of amownt of coke cn weight of metal product

3.3 Effect of Call/3#)z in slag on weight of metal preduct (Yerecovery of metals)

The Cal¥Sslh: ratio represents the basicity of shag and defined ax the wt.% of Cal) per
wt.% of Silk in shag. Fig. 2 showed the effect of slag basicity on weight of metal prodsct. I
was found that decreasing of slag basicaty from 2 o | resulted in the weight of metal product.

#hil ol metal pracua (g

Tl
740

T30

MH)

=i [H O

=& - H3 Fi)

[

1.5
Stoichsomeetric carfbon mealar ratso
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Fig. X Effect of slag basicity on weight of metal product (slag withowt CaFz)
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3.4 Effect of luorspar on weight of metal product (Yerecovery of metals)

Fluorspar is added into slag in order to mcrease the flusdity of slag and & cffect on the
increasing of metal recovery. In this study, fluorspar of 2.5 wt.% and 5.0 wt% is added into
slag. The results showed that there is no significant different of the weight of metal product
when the fluorspar is existed or not existed in the slag.

4. Conclusions

The expenment on smelting reduction of metal from dry shot blast by using coke as
reductant and controlling of ratio of Ca(0/'S30; of slag were camied out on the induction furnace.
The results can be concluded as following.

I. The weight of metal product increases as the amount of coke increases up to about 1.5
of stoichiometric molar mtio. Increasing of coke above this amount leads to decrease of the
metal recovery.

2. The weight of metal product increase when the ratio of Ca(ySi0);, in slag decrease from
2wl
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