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CHATISA KANSOMKET : RECYCLING OF SPENT CATALYST CONTAINING MOLYBDENUM
TO PRODUCE MOLYBDENUM TRIOXIDE. THESIS ADVISOR :
ASST. PROF. SAKHOB KHUMKOA, Ph.D., 176 PP.

Keyword : Recycling of Metal/Pyrometallurgy/Hydrometallurgy/Spent Catalyst/
Molybdenum Trioxide

This research investigated recycling of spent hydrodesulfurize (HDS) catalyst
containing molybdenum to produce molybdenum trioxide via pyrometallurgy and
hydrometallurgy. The procedure started with an investigation on effects of calcination
temperature on transformations of chemical composition and compound of the spent
HDS catalyst. Subsequently, effects of leaching parameters on dissolution of
molybdenum from the calcined sample into leachate were studied; which are
calcination temperature, concentration of sodium carbonate used as leachant,
solid/ liquid ratio (ratio of weight of calcined sample to volume of sodium carbonate
solution) and leaching time. Finally, effects of purification parameters on precipitation
of ammonium molybdate prior to calcination to produce molybdenum trioxide, were
investigated. The results showed that the highest dissolution of molybdenum into
leachate with minimized impurities was obtained by leaching the spent HDS calcined
at 450°C, using 30 g/ sodium carbonate concentration, 100 g/ solid/liquid ratio, at
90 °C leaching temperature for 2 hours. In order to convert the leachate to ammonium
molybdate, the pH of the leachate was adjusted to 0.75 using hydrochloric acid.
Following the purification of the leachate via carbon adsorption, desorption was carried
out by adjusting pH of the solution to 11 using 15 vol. % ammonium hydroxide
concentration. The solution from the desorption step was then adjusted to pH 2 using
hydrochloric acid to obtain ammonium molybdate precipitate. Finally, calcination at
450°C was performed to convert ammonium molybdate precipitate to molybdenum
trioxide obtained at 99. 98 % purity as the final recycling product, with 82 %

molybdenum recovery from the spent HSD catalyst.
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lnseanledmeisnnnaznaulaeniunisgedulessuvedlany
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1.1 ﬂ'l']ﬁJﬁ']ﬂQJ,LLaSVlﬂJ’WI'E]Q‘UQJI‘VI']ﬂ"I'i'JT\]EJ

TauAtu (Molybdenum: Mo) ulaneiifigavasusigs fanuudaunsuwaziumiu

Y} | a a a Ao v ° | = &

nsianseungamaiiags Ineludvadulagnihluldlunainvaisenaivnssy wu Wuaisde
(Alloying) Tunswanmannanuas (Alloy steel) iannanlady (Stainless steel) Lnanvias
weisl (Alloy cast iron) wasgilosdaaasn (Super alloy) Miduansissufiisen (Catalyst) Tu
guanssullnsifeniazenamnssutlasiadl 19vwed (Pigment) wazldvinduaisuasdy
(Lubricant) dwsuldeuigamaiias iludiu (afies gausnae, 2517)

nswandlasideuludayvuiuwaldug s unnd (nterational Molybdenum
Association: IMOA, 2020) tilaaniiarusndulunisidusylevianniniuwas i asssuuia
'y} ] ¥ 1 Y & ‘434} a a d’lj a o [
Aueg1eniewae wu Mdugemadulssuanainssy tswdalii wasiaindsdmsy
soeuRtuszuUAIaaguludnely Town dasuuudy dnsiuiwa Wisuasesdy dndumn
° Y =~ < v rd a a Y] = a
drsusaluazise Wudu (NSUDNAISISUYIR NTENTHNNENY, 2561) FINTLUIUNISHAN
PNesidsnduaziu1duaulua1unssuisn1sna uwe nwi 94Ua s udn1nuesa1susenay
lelasmsuausanidudiu q lnedduneunisudnaisuaiu (Impurities) ¥iaf1a q AUudeu

aglutiiudu wu dawles lulasou wazlanedu 9 1Dudu lunmsviadamesaziiau]izen

¥
aaa =

WA AU nesenU]iseian ygisenlalasadawlalsiedy (Hydrodesulfurization:

s = 4

HDS) (3nen 3oansigns, 2015) Fudunisudadamesoonainiiduduaienisldans

159U NTeN ﬁﬂaiﬂmit,ﬁmﬂﬁﬁ%mLLamﬁquﬁ 1.1 (Y. Yang, S. Xu, Z. Li, J. Wang, Z. Zhao
and Z. Xu, 2016) LLasé’wéﬁ’wawﬁﬁémLLﬁméﬁ'ﬂaumﬁﬁ (1.1) 9 (1.3) nanie damosdaiu
smuafiuvesansuszneulalasaisveuagyiuiisendulalasimuiadulalasaudalig lned
asisisewihmhiigadudamesiiedsuninasuszneulslnnaudaliddulududicy

lodalndununisuaesuialalasiaudalnndussenie



gﬂ‘ﬁ 1.1 wuudasanismindamasinanisldaisssufizen (Y. Yang et al,, 2016)

C4H4S + 3H2 = C4H8 + st (11)
SHZS + MOO3 = MOSz iy 3H20 + S (12)
S + H2 = H25 (13)

a

aq Y !ol CE LY ¥ ! aaa ! U (23 al'
nysuisnisnauddiuavlulagdulaldansisslfisenuiuuialelasiaungamgiias

¥
a =

wazANRugRiagadutawlasiAnTuaINnsTUILNT Fansissuiselavdulngilu
Tavig wu dniia (Nickel: Ni), Tuduf iy (Molybdenum: Mo), kwa#its (Platinum: Pt),

unaiatAey (Palladium: Pd), laueast (Cobalt: Co) Lagnaauns (Copper: Cu) tudu lany

v
= 1A a v A &

wandazBainizeguuiiuiatan Mduwsiin (Ceramic substrates) iariuauanunsaly
nsiinugisensaadudames %ﬁi’aﬂqlfnsﬂﬁﬂﬁwmmﬁm WU avaliun (ALO,), BN (SIOy),
Flolad (Si0,) waziwelade (2r0,) W udu (A Akcil and F. Veglio, 2015) Taavialy
as3FAzeildlunssuaunisudadamediinzduinfaluduftu (NiMo) nielavead
1uAUA1Y (CoMo) (W. Mohammed, S. Ahmedzeki and F. AbdulNabi, 2011) az19iula 1
ansissUfRe v iiodadaumledinasdluduiinduasduszney il esanluAufitu
annsnvufAseuarsuifudamleslad Weasissufasendiunisldeunds 12 ads

aunsanazinan s izendinanluusul saudimenssuiunsimusauwasaunse



indululdaulnidnass egrdlsinu asissufisenfiniunsldanuniuds 3-4 ass aziin

n154deuan I (Deactivated) Inefiansiseuisenvsagidenuniniinnudeshidonisii

[
[

U571 vl UTaNUEIAINa1AANIsiN1gAIveIAsUauLasdalnes denavinli
asisauAsendenaninniefivszdnsamlunisiinufisenanasauliaiuisaldidu
a1s3eUfsenladnaely Fedndudedddarsiseufisenlndidnlunaunuansissujizen

'
aaa a

a A Y ' a ° v & < . =
MdouanIuad asiselfisennideuaningnimvualiiduvesveands (Solid waste) ¥39

] 14

assfisenvdndainesidonaninudy (Spent HDS catalyst) lnawuvendeiigninlved
lunq uvedud unsne (Hazardous waste) (M. Y. Zhi, L. Yong, Z. K. Ji, L. D. Mu and
L. Zhen-zhen Liu, 2019) ¥14{l Ll osanndarsusznoulansdaldnielanzeonlydidu
aeAUsznau TuudaslaziinvaadsUssinnasissujisenainnszuiunisnduundiufunilan
8989 150,000-170,000 §iu F9UTUIVDIVBAFLAINGIILANUTUANLAIINABINTNT LYY
d’l a
TLRIGN
o v A L =) 1 aaa 4‘ = aa 1

n13Mdarsen1sInnIsvandslseianaisiseuisendenaninidvaieds wu ns
Wulann (Regeneration) iethansiseufisenndunldanlng nsdanssefizenldua
Ludszandldlunszuiunisdunseeni slaasissufisennuningn uagnisilenau (Land fill)
\Judu (A. Yaras and H. Arslanoglu, 2019) @1stssufjisenilideuaninudiusznounislany
winnaevia nglangntnusavelaaiudyanigs n1smdavsen1sdnnisemedsnisilanay

aaa 1

dudwaliifinnisvzazaievadaveninfogluaisisaUfisenasguna iy unaul uay

(%
Y =

foansiunianavvuialvg Jeldrndmaidenadnndsn el 9ladnsidaniedanis
assisendenanmualagnandeenisianay
TnelUvaadsUszianansissufisonfludvadudussdsenauludTunus s
1-25 Woasidualaemdn (L. Zeng and C. Y. Cheng, 2009) Aatiu vaadsussiandananiia
o ! o & aa o ) o a Ao ) v ¢ |
gndmduwnamsneinsmadenfifdmsunisanaenluduadunduunlduselevilng
= a v v a aou  a = = o a
Hewnntugnamnssuinnudesnmsldauludvaduiivg@ulunn 9 ¥ Yseneududunu

uwasusvedluduatulusssumiantesas dewalvludustuisnnigeds 1590 vmseilaniy

N

(https://tradingeconomics.com/commodity/molybden, 2 w.a. 2565) Aewgil {IT83le

Y

1%
Y

2 & ° w v a v a ao ] aaa a Y
La\‘iL%u@l'ﬂ']ma']ﬂiy}uaglﬂuLLU’J?]@IUﬂ']ﬁQﬂ‘LlIlla‘U@IUll"ﬂ']ﬂﬁqiLﬁqﬂgﬂﬁﬂqua@NﬁﬂqwLLa'J MUY
=

De

(%
v v

daduwramsneinamadenununisanalangainussssud anviedadunisiinyan
Tifuvendslugnavnssy aanansznusedsndounazidunisinnisveadedunsiela

YIUMUTAUDNA Y



a

nsTlaAalavedaninarsssfaseriid ouaninudranunsovildvaisds wu
N32UIUNITLAVINGIAINUTOU NTTUIUNITLANINGIANTALANY KAENTTUIUNITLANT NG
Ausauswiunsyuunslanineransazaty agalsiniy nszuIuNslaniveIaIuseu
Wissegudsatuliiminzdmsunsilafaansiseuiaisendenanmi dluduidudy

= 1 ¥

aadUsznau vl lunszuaunisneeudoussiinnisgadslanzAsudnaunn egdlsinng

o

NTzUIUNISlanINeNasazateieeg 1A 81 A LU eInanan1sanaludufduaanann

a1s3euizenls vl Wesanaisissuiseidenanindiaisusunasdaiasinizag i

Y
4’ [~ Q" o ¥ a dy a v [ 3 a o dyd 1 v =
Faduanvavilvinisyeazareintula ldfdn Ay u3Tedfssdudnwimaniiy
Awmunganlunisadaluduitueanana1sissufise1dauan IneienssuIunIslaninen
ANNTAUIIWAUNTLUIUNNTN aNINeIE15azaty 19l Weu e lansluduadunauunly

a

Ustlowilnllugvedluduitulnsoonled dduavitlaseanleddutnniuieuiulunsudn
Luduatiune luduatuneu weslsluduntdy dwsuldnulugsamnssy

INNITANBUDNAITNIITINITAN. ] WUITNTZUIUNITLANINGIANNSDUTAILYS
fiddayrionsvindalosuazaiueu fe gamalimamnanssufizendenanmilowdsy
anwMEn 1NN ITmMIIEAUATYEATaNy LaENIEUIUNITIANINgIa1TaTay LABkUS
nsfnwuu 2 dumeu e

Fumeud 1 mvgavans FduduAuannsofiasgnuzasanldddioarsazansiid
gnsidusne Tawansavarefidenldlunsyrarsludufdy fe lafounsveiun aisazans
Fenammdalddng s1egn wanzuimsmaaesluviosufifinng wenaint Sdudsddad
denasianduaunsolunsvrazagluduatil A MNUTNTUYRIANTEAZANY SNTIAIUVBY
vosudwiovoaunar waznanildlunmsvzazae

Fumoudl 2 nismnaznauwenluiiouladuian i evneuseuludeuludunnazgn
iUl ewd sugdresansdsznevliiduluduivulnseonled Tnsauuians vos
Tudvitulnseenlediueg fuauuianivosmznouenludonluduiandae Fufu nns
fvuaanznisanaznouli olilduesludenluduiemiifanuuiqnigedadanudidny
Hadufidamadsnan ldun A1 pH vesmsazansuazmsiliasazaredinnauuiansfens
vinansuaiiudieisnisgadulossulavedoniutuiiud dwiunuidedld@nuisdnsna
203A1 pH TesasaratesoUsmvesluduAtiluasarats Fan1susuen pH awnsavile
Taeldnsnlelnsnaeindanduuenludoulensenled venand Selddnwiuisuiiou
auuiavsvesnznouneuludeuludunniiAad uszninsnsdiithansazanslunnazneu

Ingasauaznisiharsasansluiumsvinansuaiiulaensgaduieaiuiuiug



(Y 3 a o
1.2 'Jﬂq‘ijigﬁ\‘iﬂ‘lla\‘iﬂ'ﬁ?"ﬂﬂ

n1933eldTngUsrasdiiefnuifedauuseng o NdwasenisnAuluduaduin
a9 Asedeuan nalunsEuIuNstarIng1AuTeuswiulanineasazae 1ag

Y

Tdvatundaunlaeiilviedluuvesansusenevludvitulaseanlen

=

1.3 VYBULYAYBINTIIANEI

YAULIANISANWIIIYTNI SIAUAIAUVDITUABUNITNAADY TRl

131 TunaunsiUAguan¥UENIINIEAINYBITUIIUAIDE1S (@15.59UATeN
VEADUANIN) bW O LA UL AINTUNISTLAZANY IASANWIBNTNAVDINITLNIT UITUAIDY 19
gaumnail 450°C, 550°C way 650°C rianisiufiguwlasdiunauniuaiiuarnsiuaguguves
A15U5ENBUVBITUIIUF 1D

1.3.2  TUNBUNISTLALANE LALANYIR LU bY bUNISYLaLa18luaUA LI

' aaa a v a a <

a19seuisendonanin laud (1) nsileuiisuainuaunsalunsgeasaie vest uau
o | av o v v v a
mamwlugmmLLaszmmmm’gﬂma 1.3.1 (2) NI NI UVBIASATALYLA 8L
Asualundsldiuansvzavane (Leaching reagent) Aimaadudy 20 (0.19 M), 30 (0.28 M)
way 40 (0.38 M) NSUMANT (3) 9MT1dIUVDIVBILTY (U11invasTudiagle: S) Aavauna
(USumsansvearane: L) ¥SeAn S/L ratio M1 50, 100, 150 way 200 NSuAadns way (4) 1aan
Plalunsvzazany 0-3 9ILU9 WIBVNANIIE LN @NYINISTLALAY

133 TURdUNISANALNaULaNluTauluauwmn tngAnwUadendinasaninu
uiandvesnauludeuluduian laun (1) A1 pH veasagalIgnouviINITANAENaY

~ a = a A o
LLEJJJI&JLU'EJ@JIZLI@‘UL@V] ag (2) ﬂ'ﬁL‘LJiEJ'ULV]'EJ‘Uﬂ']iG]ﬂmgﬂ@umaﬂﬂqﬁﬁ8@’]8VIN']‘L!LL@313JN']u

U&= o s

nsruIUNIINIIgAdUAlBauinug Jenisgaduansavatenieauiududezsidunisvin

Y

s
=

ansuanulagvziinadonuuIansvewenluienluiunnuas AUV vedoulutey

q

= & a [ '3

luduanazdmalagnsaionnuuiansvedudvatulasesnles @ulundaduinlaainns

vy a ao ] aaa a v
QWUIZJaU@uu%qﬂﬁqiLiﬂﬂ‘ﬂﬂﬁﬁqLﬁ@llaﬂ']WLLa’J)



1.4 Usglowidldsu

Ustloviiildsuanmsided e niuldvinavesiauusning q fdmwadenisdau
lwavAdunasisaujasendenanin lnelududtduddaunleagvilveglugunes
a1susznevludvtulasesnlediignszuiunslaning1AusausIuiunTsUIUNITNS
Tovinenansazany fisil

14.1 n51wdvEnavesgamginsnidmaiensiasuudasdiunaunaaiiuay
MaAsugUvesensissuFAsendenann

142 niudniwavesiudsildlunsvzazarsluduAtuanaisssuiise
Aowanm Idun (1) gungdnswidusudiege ) anududuvesansszagans
(3) $nsrduveswosuiadoveanan (@) narililunisvzazans Adwmavinlildansazaneds
TududiiluTnauguasiansuafiuyTunnem

143 wywisedeiidwasiomnuuianivesnenludeluduian éud (1) A1 pH
Yodasazatunowinsanagnaukenliienluduen uag (2) msiharsazargluniunis
vinansuafiulaensgaduieauiuiudiseuisuiunisiansazasluanasnaulag nss

Taelainiun1svdnansuanu



uni 2

USNALIIINITULAZNUINNSI VDS

S ¢ v A Ao 1% Y o v o &
uninandenisadaluduady Usenaunieiitenis o Miiedtes fadl 2.1
nszutunsHanlangluduAtil na1tenisadaluduatinusiagnsaialuduatiiaInumas

LY a A ! aan J = o ! aaa ! aaan Al
maAuNIuAen 2.2 aslseisen nantednyurvesasiseuisen arnsewgiseildly
N3LUIUNITVTATALNDT SNuUsYRIa1T3 U AT LE 0UANIN NI5LE DUANTNVD
a19i59UA3en waen1sIansvsensidRsssUAsendenanin 2.3 mssledalufutiy
PNAsTUGAsendeuann nantmsdanluduAtInasiswfisedesanine e
N3EUIUNISANN 9 WA nszuiumslaninerauieu nssuiunslaninelasazany wag
nsrvIUNISlaIng1auieuswAulaninetaisazay 2.4 n1sgadulossuvetlangeie
auANdud kag 2.5 N15TIUTINRAETNUMIUINITeNN 81Tt un1 T AuluduATuaIn

a5 isendenanmeienssuIuNshavinennuseuswiulaningasazany

2.1 AsEUUNISHARlansluauALY
2.1.1  nsanalansluaunuuainis

T UAYY (Molybdenum: Mo) 1l ufifinnannatwinin 131 luduned

'
14 = o v

(Molybdos) a1 neia (Lead) insngddnaarendsnunzniuinauvinlimiaaaugnlaie

a

LLazgﬂmﬁlau%aLfﬁJu‘LuaUﬁﬁm (Molybdenum) Tud a.¢. 1816 (Elwell and Wood, 1971)

¥

luduadugnAunulusuvawsludualusd (Molybdenite) Tud a.a. 1778 Tag

Y

o

Carl Welhelm Scheele Wntafiwniaiinu duanansliiiuindevnsduvuiisendu
a a & a a a o . . y A wva &
nsnlunsnaziiaduansdvnfivay endn “Peculiar white earth” Nlinuaudadunsn lay
fiansAenanagnisendt nsaluaudn (Molybdic acid) uonainl Ganuindlodusiudualugian
i linaTudana (Sulfurous: H,S0,) ililueinusiududludfeaisusenoudalig

29 AUATY (NSUNSWYINTSIE, 2546)



Tnevhlusigluduitilusssundazlsioglusuvessindasy ussinaznueglu
sUvesansUsznouludualudnseluduiduladaluddundn (Molybdenum disulphide:
MoS,) uenanaznuluduavulusuvesarsusenaudalrdualdanuluduadulugUves
asUszneudy 9 168n Wy laaluduinaviousgaitlus (Wulfenite: PoMoO,) Tudulnsi
(Molybdite: MoOs;) tulalulas (Belonosite: MgMoO,) wazhaalfuuluduiannisuwslniia

lad (Powellite: CaMoO,) tHudu wenanil Sanuluduitulaainnanasslaainnseuiunis

a

DRI NBILALLAETIALAUBNAY WdsuTluduadun ddyvedlanagluuszinalu
ansgeisnT wawan 38 wazdlindln mswaslangluduidudilngdniuniseglulsene
3u Tnedidndrunandnlnedvindandu 47 Wedidud uio 100,000 Fused sesadluiiy
ansgeLuing (23%, 65,500 dusal) 48 (14%, 39,000 dunad) 1Ug (6%, 18,100 Aunsd)

uiin@ln (4%, 11,000 fusied) wasUsemedu q dauanslugud 2.1

(7), 9% \
(6), 3% m (1) 3u

(5), 4%

MW (2) anigeuism

@), 6% m (3%

W (4) w3
(3), 14% o o
B 5) wingln

(6) LAUIAT

| ?J'ug]

gﬂﬁ 2.1 dndhunsnanlavgluauainlulszmenng o ilan 1ud 2017 (M. Vemic,

F. Bordas, G. Guibaud, P. Lens and E. Hullebusch, 2017)



(%
Y

nsudaluduAtuInLsitunsunsHanLananslugun 2.2 Ingndnduei
\Nndueregluuresansusznaunn q Nanunsadluldusslevilugnamnssusieiiiodld

vienananlieglusuvedluaudtiuuiansle uumansmanluaudtiugsfinnsanaingud

2.2 Sdumausing 9 FaoSureasn 9 gead (M. Vemic et al., 2017)

)( Ngaed Ore P)[" Roasted Molybdenite Concentrate
L (Technical Mo Oxide)
Sodium
Molybdate ly ate hﬁ)b'lul.m-
Trioxide
Calcination

[ Pure Molybdenum Trioxide
Molybdenite Concentrate MoS:

9 Pare Molybdenum Trioxide
[ j Chemical Treatment or Ammonium Dimolybdate
Roasting

[ B nien Hapixmalybeinie ] [ First Stage Hydrogen Reduction

(Technical Mo Oxide)

[ Roasted Molybdenite Concentrate ]

[ Pmunl,u.n.n.mi.

Further
Processing

Smelting [ Second Stage l'[\ drogen Reduction ]

Pure MoS: Chemicals & I
Labricants Mo Metal Pewidl [ Briquettes ][ FeMo ] [ Pure Molybdenum Powder

o
Y

Uit 2.2 Fumeunsanmlanglaaufitiainug (M. Vemic et al,, 2017)

€aN

a) JUNBUNITHANLLAURTLINLITA b A L%:umﬂmim%'amLLs'Iﬂstiﬁﬂ
YUIR NITUA NISABELILATNISTLAZANELS Tenananiile Ao Twavituladalndfidainu

Y v a o ¢ o ! o ) v v ° o a <) a a o o saa
LUV mammsmmaanazgﬂuﬂﬂLﬂuaﬂimmuamsumsmamLﬂuimaumulfﬂ%aiﬂ/\lwu

[

ANNUTANTEY WagBnIomnitlsheaziluinisudndamesinenisgnus Jandnsueigarne

q

v Y

sglalangludvaduluguuuunng 9 taun Wwivadunsesng 9 luduatdune ludvatduiou

wazasisludumty

faa

b) Imﬁuﬁﬁmlm%’aimmmmLsumuamﬂmmmmaW\IaimamsmqLLi

v

ntugniluyTulsedieifnismaai waznszuIun1IsELAaL fondndulududi

lnseonlan ﬁ’;u'ﬁ%mmémmaLﬂﬁ%i@fmémﬁmsﬁﬂumiﬂisﬂauﬁaeﬂugﬂmaﬂmﬁsmiuﬁuLw

=]

A a dl’ = a ) 1< gj o ) [ a
vsewenluilloulaluduian Jawenludeulaludunazgninluiduasnsiudmsunisudn

a a

JundluduAtunnuuiansas wagdnisuilsdenisiillwniiewdeuslansusenaulieglu

sUvesluduithilaseenlusfitinnaniandas Geannsathmandusidsnanuiduasnsiuly
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nsudnnsluduAtuAuuTansaalameuiu vsetunUsawsisedsnsmaaiiivelila

Handaueieglusuvewenluiuueunzluduny

I3
a [

c) nswdnrduAuAtuALUIgVSasEnslalae i dansassunla

Y
a

PnuwINNNsHEn b) (udvidulnsesnleaiidanuuianiawiswesluieulaluduion)

msufalalasiauiaamn 450-650°C Jandnsdnanilaazegluslvedluduatulaeanleys

(MoO,) uarsmdluauiiulneanladmeuialalasiausnasaioamall 1,000-1,100°C wivaly

lonandungareneglusremaduiuituniaiuuiansg

Y

ludvadugnilvldnulunainuaggnaimnssy awansdugui 2.3 lae

Tdvdduazgniluldidusauanlunisndnminlassade (Constructional steel) 1niign

a <

soaaaluilunmsihluldidusiguanlunisn@aminndiliaiy (Stainless steel) wazindnndn

gilpdu q il Wesnnluduidudulansidgavasudigs Ianuudusaigumgligs den

9 Y

Dy

Ao a v A

nsdliigs dedudsednsnisveeiiiieninanuiouniaziununisinnioulaan

[
o )

gaumgiigs wenanil lwavAdudagnilUldlugeaivnssudu 9 wu ldduassewfisen 14

Y
a [

Viwed waziluansvaedu Naamalige Wudu (aflos anusnawi, 2517) dteg1euansiu

Y Y

fing q AluduATIdussAUsENOULARIRIFUN 2.4



(7), 5%

(6), 6%

(5), 6%
(1), 35%

(4), 9%

(3), 14%

(2), 25%

11

B (1) constructional steel

B (2) stainless steel

B (3) chemical

B (4) Tool & Highspeed steel
B (5) Mo metal

W (6) Cast iron

B (7) Super alloy

gﬂ‘ﬁ 2.3 dnahunmsinludvatululdnulugnainssusiig ¢ (M. Vemic et al,, 2017)

Y 1

JUT 2.4 dregandnsiaeiang o niludvitudussduszneu
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2.1.2  nsanalangluaudatianurasingaunagen

gu1aulud UA T UUIUIEIR (International Molybdenum Association) 161
eudiwldunisidnulangluduaduluningnavn s suiug W unuai Ay 1985
Juduun (IMOA, 2020) 91n3U7 2.5 Feuanausuanisndnluduatusialan sewuinlul
A.f. 2015 fifdanisuanlud vty 250,000 du waglul a.a. 2020 MasnswdnianTwdy
280,000 Ay W3eLNTU 12 Wesidud wasainnisalitwuliunisnanluduatuaziiugey
agwaiilos agalsinny wuddndruusinanisuanludiuavianurausugugiitesnin
Usnadadunanaseldninnszuiunisndslanegdu 9 (IMOA, 2020) ileswnluduftugnnu
Tuwsswdusindu 9 wu qaflludiludvivuduesdusenoutszunn 27 wWoesidudlag
wwiin ustwaaladdiluavitudussdusgneulszuna 20 Wesigudlaeumin usmaelum
fludvdduduesdusznaudszana 12 Wesifudlasumidn Wudu Wednisaqelangain

LA A A aAou A g % a & = =
wsllaeng 9 sedludvatuidunanasylaainnszuiunsudnlansiu o Wesiusiuusunm
a Adou oayy 1% a - I A A i a Ao
vasludvatunlianmanasglannnisnanlangdu 9 wudndivsinauinniinisagaluiuatiy
nusluaviludniivsunamedudvituuszana 60 wWesiwudlasumin 8nvia Jagtuiinas
Tdulanglufuaduiueg1eunivargdwalviuvausluduadudgugdaniegacuay
liifiganeranusoinstunslidanu dbiiauuifnnisitludvatunaunnlalng (Recycle)
Lo a = Yo = Aac a Ao g s |

Pnunasingfunien laud vendgananamnssundluduaidudussiusenay gy

'
1 aaa =~

a9 5eUfA3edouanIn Judiumiadmnssufidendnn wazaisvasdwdouanin tusu

v ! (% a I

youdefinaninduwnatluduitufsgivsewnasingiuniaden fntunisslodalans

q

TuavadunauunlgUselevilnidnase
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Million Lbs. Million Lbs.
800 - z - 800
Actual Production i Projected Production
700 - -+ 700
600 - - 600
500 - | I I I - 500
Primary
| e S m § N ' R R R RN E N EEEEEEREB - 400
300 —Other - 300
200 B0 Bal E  IEEEEEEEEEEREEEERERGES - 200
By-Product
100 50 SEEEEEEEEEEREEEEREENESB - 100
0 - -0
1985 1990 1995 2000 2005 2010 2015 2020p 2025p

U 2.5 Usanamswanlanslududtusiolan @eyas1n General Moly (GMO), 2017)

2.2 @1s9euf)isen (Catalyst)
221  AnWMEYRNEITLIIURAzeN

a19isaufnTengnaunuidenuandsIen 19 lagnuiinsauTuudey q

1%
a o

asavibiiiau]isenlalasladanieufnsentuyagiunisaatsudsld soun lufa
W15Uae (Michael Faraday) nuingniuvesunaiiduaunsatigliinujisereendinduse

ansusgnavtentuea danmiule andulddnistunandungunauiuuaglddu

'
aa o o

amsaufisennidaunsn lneasssufisenninandnduaissfisenidsmin Jednve

ee

' (%
aa o LYY

MmluvesansssufizeniimingdeiiuauannsalumainufAzeoldd faiu Sailns
T numsisaizoifddatussnaunivats (nen iFeansians, 2015)

J. J. Berzelius laflanuendn Catalyst v3e UfAsense 13lul a.e. 1836 9
UfAzess nie azaylada (Catalysis) ludfunannnisininaesdn 1dun azay (Cata)
wuefan19in wag lada urainain laleid (Lysein) nunefisnisiensonusonaneen oty
“a19139UAT81” Temneanudn ansiviliiAansuandavesiuseluluana sy
wandsiiduluanavuindn Tasaisissujaserdenanaylivilninnsdsundas
drudszneumanilvesndniamiuazyiliiinnisgyidenindueivesnszuiunisiey (Inen

\SOINTIANT, 2015)



14

222 asswisenldlunssurunisvdadainas
Tunszurunswnlulidemdsasyininauiasia CO, NO,, HC wagiwsiiadu

#19 9 pangussennAdudiuiugin Jaufasne o warildumeglifauaiyniseinieuay

3

nsnndunTuld omd i idamesiludiunaunuinnin 3,500 ppm avdwwaneliiiia

wiadaneslasonlealuuIuiauin (United Nations Environment Programme: UNEP,

L4

2014) Wauianinan19engusseIn1aziinn1ssudiiuinfiinanuiseinisitlng

e

v

nelnalunsadailnsn (H,50,) wardailasa (H,50,) %@Lﬁﬁﬁﬂﬂdnﬁqwéﬁmﬂiau AILLYAL
nsznsramndedSatmunlildiuiifidunauvesdamesliiu 0.05 Weddudlaatnin
(Wslung leian, 2543) Fahsuivuiazsialusssunaivadames 0.04-7.5 Wesidud
Tneunidn daedemnuading1r Sesndudesdnisedadamesludtuduiile
andanmsnelilinuiadaisnuazdaa

31NN1TTIIUVBIAN1GAAMNTTUUU sUsEINALNY (https:/Petroleurn_
refining, 9 1.8, 2564) nutlunsnduifuAvldiinsldnumnswiitelunsuindames
elldndnsuaifidauanaudefuaasnsinuaudainisvesnatn Jagiunis
sumaﬁasuaaﬂﬁmﬁmﬂimuﬁauLLazL%@Lwﬁqaﬁé’mwLﬁ'mqﬁ?ummmmﬁmmwaasﬁ’u%‘lﬂﬂ
aeludsema demaliiinislduaassufisoniugeludienutu msvdadamesly
gnamnssunsndulinsidond] 2 nszuiuns 1WA 1. nssuunslelasidamelsiedu uay
2. nszuumseendidamtelswtu fveaudensil

1. nszuunslalasfdanalsiedu (Hydrodesulfurization process)

Ly

lelashdaelsiwduiunszuiunisildasissufisorswmduuia

'
a =

lalasiaulunisvandamesaniiduau o igauazanuaugs FanseuIun1snenai il

9 Y
£%

v s A v v s o v a v I & o (3 1
Tnguszasdiiovindamesesnainuiuavuazdesiunisuassuiadamesineenludoandg
Ussena Lagiialdaisissudnsendldlunssuaunisvdadamesdnazidusidainiia
Tudufdy (NiMo) ievlialaveadludufivu (CoMo) Inedd8mduazgiui (ALO,) naln
NsAnUGATeINSUIAdaETIAAATUN 1.1 uazdiuvesuiseuansisaunisi (1.1) fs
(1.3) nampe Famesdulusinuaiuvesasisznaulalasmsveuazyiiisedulalasiau
=i a LY a [ o 3 = ' aaa o v LA 3
Noaumnigwaranusuaindulalasiaudalia lnediansiswjisevimiigadudames
Wowdsuduarsuszneulalasiaudalidlnduluduaduladalndununisuaesuia

lalasiaudalrineandussennie



15

ad v

2. nszUIuNTeandndaelswtu (Oxydesulfurization process)

nszurun1seandadamalstuidunszuiunisileisniseandlad

[y a

(ufAserdusendian) warlidndudeddlalasiaulunisadadames iWunszurunisi

(%
= ' v

anunsaintudeluansanmngiiuarauiun Inendamesiiudaduaisusenounlifi

sggnilinudsuguiludalnu (Sulfones) Fuduarsusznouilitafidresenisuanaanain

¥
A a ¥

Wamdwedsnisadasadiinazate agelsinig nszuaunsaenanlimanzdmsunig
windaiesaniniufunivsinavesdamesisuduas mslidunssuiunmasniendaindiu
1 v o ¢ v a o o v ~ SJ% v A a
mhprdndamlesaenszuiunisislasadamelsgduudy ielulaudufganiivunnues
Fanasru1nis 0.05 iesidusdlaguindn (Wiens l@suguuazussidn asaudng, 2555,
AUYOY FUAGA UaTDYYANT 1INATAR aenasrn, 2542)
AnuvukiulunMsldnuassuisenluginimsing 9 vedan uansislugy
= = ' | jaaa ag v U o o oa A
1 2.6 Fanuimainvesansiseuisenldnsruiunisnauiiiuauressemalneduunngs

¥ 1

U A aaa ° Y] 4 8w oa a =% A « v
uu@@uﬂq{LG{NquaqiLiﬂﬂﬁﬂﬁEﬂﬁTﬂ'ﬁUﬂigU'ﬂ‘Uﬂ']iﬂauuquu@USLUUiﬂiqmqq GUQLllallﬂ']{LsiN']u

'
aaa =

] [ < o Y a = ! aaa a 1 [y
a1sisaugnseniiasnasidunavimiiareudeussinvasisauasenludiunamnniyuiu
Tagiluunduinildldluniegeainssuszdesivsunavesdamasan dddunisndnuibu
sgaadldarsiselfisenievdindamaslutuneuveinssuiunisislashdanelsiwdu diulu

Ao & v v o o & a da & ) s o a a
geavnssuddudedltinduiomdsnivsinanesdaumesiadlusnszaiunsondnlaens
thdundunszuiumslalasidaumealsitunndidnszuiumseendndainelswtudaasyi
TilaunfunddamesludTuiudiuin (Ultra-low) 910015530509 83 80090 32UIUNT

v o 11 v Y Ay = a o o ‘:4' i
indamlasiutieiy d7ayan1sUTeuiguNIaeInIzuILNITLAAIAIAITINN 2.1 WU
o A v v & A a o 0% 4 dy
nszuIunIInandtdlunisvdndamesaenssuiunisialasfdaalsietu aewmni
nszuIuNIRIna i adunssuiunisiineiiiaveudeussanaisissufasenluiunauin
= = v ! aaa & a v K s
Fasrvazidunanyuzresasswisendonaninildlunssuiunisudadainesuaznig

‘3" 1 aaa U = o ¥ U
\Houan nuesansiseufisenvsnaniuitedaly
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‘8% 9
A

JUN 2.6 Aamuwiuvesnsldnuasiseuisentunmsnauiiduaulusaialan

A15199 2.1 Wsuiisunszuirumsialasagaalswdulasnszuliuniseandndainalsidu

(%%amﬂ mordorintelligence, 20 3.8 2564)

(1811 Bn3nn, 2544)

o

o 4 ASTUIUNS ASTUAUNTS
aauf| 518015
lalnsagawmalsiwdu 2andndainalsiytu
1 | vannsan nsiinUiRRe5EnINg Wasuanurezneudaies
Faes prmauvRITaasiuLNa nliiftaduanugiidn
lalasiauinduuia AENTTUIUNITOBNTLATU
lalasiaugalua waasendaaseonaies
¥avaneiii
2 | Sumeundn Tuneu %gumauaaﬂ%wffu, Sumouans
U89 Hydrodesulfurization wag | LaznRulBLenAUAIINazane
NYUIUNT SuneunsAadaesoen
PBATEUIUNITVRS Claus
3 | wande difufwadameden dfufwadamodmuaziiiy
Aadainesas
4 | wWesiuswald | u1nna 99 wWesidus Ustano 96 Wedidud Juog
Wafuiiwaidl fuUsunavesdamasisudy
Faasa)
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AN5199 2.1 WSsuWigunszuiunskalasadamalswdusarnseuiuniseandndamalsiedu

(18119 Bn3nY, 2544) (so)

o s N3TUIUNTS N3LUIUNTS
awun | s1ems
lalashdamalsiwu sandndamalsiwdu
5 | arsiivh whalalasiau feandlad wu lolay, NIn
UfAzeman Wesuedin uardu 7
6 | @S Judu Tddudu usenafila
Uinsen
7 | anweiulu g1 4 MPa UT38INA
N3ZUIUNIT
8 | ol gandn 300°C RANAHVLN
FluNIg
9 | pnumnnzan | winedulsinduwetve) fds | wngdulsandunnndn
114 AduLNANT1 100,000 UnsLsa Tl
wiswgaand | wangdulsanduauadn
10 | Fosrfnluns | annsaanUBinaesamlesann | limangfunisandauesng
anU3una hifufeaiiiviinnmesiawes | Viinngansizarldiosidus
Fawnes adld wionvazlimnglunisan | vesdEmisiundne us

Fawashiwmasluseausuin
(Ultra-low) ins1£las9a319ans
Fawlasurelildanan1sne
o 1 el' I3 a 1
AILNRUINLDN NN VDIFITLIS

UAsen

Hlosnseendlagiiaunndn
AUNSLUNDI0LHBUVD
Falasla avvilvaunsnan
Famloslaluseausun

(Ultra-low)

2021) wudnwwldunsndnansissujisenvianfiinfauaslududduduesdusznoui

l
aaa =

WHRUANIN

223 dnwuzvasansisauisend ldlunssuiunislalasadaalsiwdun

1NNTINYNUVDN BASF’s Catalysts (%'afgamﬂ https://catalysts.basf.com/,

'
a

29y fawandlugun 2.7 Fadunaunanitludagtuiiaudesnislidauiifudemand

diunauvesdamasanioiiue1gn1sldauvesg unInuens a3 093ns vinlideany
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Pdudesddansissfiseviadinaniiiosdadaesaininduiv anuwildunisudaiiiiu
Wondsitiusntuisdndudesddansisaufisenlunssuiunsaenan Auunty dawe
MiAneudsUssinnansiseuiseridonaniniiuuintusie logveddsvinaananil

TuduAtudussrusenaundn

2013 2015 2016 2017 2018 2019 2020 2021 2022 2023 2024

= Platinum Carrler Catalyst =3 Carrier Carrier Catalyst Nickel Carrier Catalyst === Nickel Molybdenum Sulfide  m=m Others

JUN 2.7 wnildunisldaumsisaujisensiiaiig q (Market Intellica, 20 dL.e. 2564)

! aaa = A aAa a aAou g 3 a o < I3
ansiselfisendenaninviandluduatuluesnussnaulidnwasidunde
< [y ¢ ' v Ao ad A Y o a a
UIALEN JUANYALTULYIIAUARNT UWUNRUINAUTENIU 2x2 daawns kaseUszaia 4
fladwns anvazninenmvesaIsssfisendovaninydandluduavidussduszneu

wanaalugun 2.8 uagmegedinlsENaUMuANLEAIRINIIIN 2.2



19

Ww,wz% Xg ,\
-’ /

f

¢ \,. <4
". .\i .

JUN 2.8 fpesdnuen1anIenImYesansisauise ndenanmyllaniluduaiy
JuesAusenou (http://locandatlantide.com/understand-more-getting-

started-with-catalyst/, 15 Au1Ax 2565)

q' % ' | = ] aaa o a Ada a aou &
M1 N 2.2 G]'JaEJWﬂﬁﬁumaumqﬂLﬂm%aqaqiﬁﬂﬂaﬂiﬂqlﬁ@Naﬂ’]W%u@W@JI@JaUWUNLUu

psAUszney (Weduslasduidn) (L. Zeng and C. Y. Cheng, 2009)

Element (wt. %) Mo-Fe Mo-Ni Mo-Co Mo-V
Mo 5.00 18.50 8.14 1-10
Fe,Os 48.00 : : ,
NiO - 4.00 3.2 (Ni) 1-12
Co 2 - 1.94 -
V,0s - - - 1-15
ALOs 15.00 52.50 24.30 -
Cu 1.00 - - -
Si - 4.70 - -
P - 2.00 - -
C+S 30.00 - 25.37 2-12

others

1.00

18.00

37.02

1-40
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lngmluansisalgisenildlunszuiunmslalasidamelsiwtuiiongnisldauy

[ | a

Uszanay 3 oy audedseana 6 U Juediuladusne q loun YSunuvesdamesainingdu

Y
1%

By Usinameshdufuiiidamesidussdusznauuazsiuuamesnisinduuldan
Hudu madesanmvesaaisUfitenguifiauvnmnannisuuteusessniiiinainnis
uandvesnszuaunsnaudlnsiden Juinuszneusedamesuazaiveudundn laoi
avnvesnsdenaninvesansissUfizenagnanluidedaly
FloansissufAsendenanmasazgnauuniduvende (Solid waste) lngves
Fodananilaneninidussdusznou dufu veudedndniagnialieylunguvonds
Sumsy (Hazardous waste) Inglavgiiniifiegluresdeviniazegluguresarsusznou

U L3

Tavedaliduazlanzeenlad lasvalundransissufisondenanndviinumiudutures
Tududdudaud 1-25 Weosidudlaeimin (L Zeng and C. Y. Cheng, 2009) luusiazaziiin
voudsUszianansisajizenannsruiunanduhiiufuiialangsils 150,000-170,000 fu
(T. Chiranjeevi, R. Prag, S. Gupta, D. Gokak and S. Bhargava, 2016) #minlifin1s3an1sves
Fesananasieisnsimuzaufzviliiiansgadelavedaiiidussduszneundn
vosensseiiseluegadasglond Snvislaveluduituiidussdussnouremondeia
Aanaidyarigade 1,600 Unseilansu (https:/tradingeconomics.com/commodity/
molybden, 2 n.a. 2565) et vliiinisdnwviiseisafunisTludalansdaiain
asifsendouanminenssuaumsiunivas ﬁw’LﬁamﬁﬂUﬁﬁ%mLﬁauamwgﬂé’mﬁu
unasndnlanyluauituyAogiviound wanluduitumadon esandlansfidndy
93AUsENOU
224 nadouanmussassUfizen

anssfiserdimauiethidayjaze st elinuniiniedhsiau)azens

=

P 1 v = v < o v A ! aaa a a
LlIEJNWUﬂ’ﬁI“U\‘ﬂu%iEJGUm%I‘?NWuLUur}Ja‘VI"ISLMW‘L!N'J?J@Qﬁ?ilﬁﬂﬂg]ﬂiﬂ']‘l/l’mﬂlﬁ LNANNILEDUANTN

(Deactivation) auldaiuisainujAseuselasn Fenalnnisidevaninvesasisaufisen

(%
% a v A

TMagauanefeguil 2.9 Feanrnveensidonan nyesasisaufisen deail

1. nsiinnERyUNaNsisIufisen (Catalyst poisoning)
2. NSINEAITBULTUURIVDIENTSIURTEN W siialanAs (Coking)
3. NSANNTEUIUNIINIIAMUTIUTDIUATE (Thermal process) wag

N3EUIUNITIINEIN (Sintering process) dsralviansissuisenaayduauiodhs

YRS

a. nsgadeansiseuisentiesanniinansusenevvedansiisenele

1Sun71 langsene (Volatile metal) lawn n1siinansusenauasuatiavadlanelneiinann
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nMssudIfusenIndlangiuwiaasusutauanled 1wu Ni(CO), wag Cr(CO)s Wudu (ades

gAUSNANI, 2517)

Catalyst

Sintering particle Fine

Pore plugging
Attrition

=D

7

N

)
S

Fouling @ = active site

O = support
(O = species in reaction medium

Leaching

JUN 2.9 wuudnaesnalamsidesan mueansiseufise

Aefivuuasisaisenieannansznumaaiivagnisifiaiussiiudass
seriseznaueluianaiiinfisertuiuiavesaaisswiise wu BERRFARLATRHZH
lelasiousufialany slfgyidetuiauinaidedhdenainuiiten ulsinnnedy
Aenanuuasissufisetuliinadesfiannsoitlinisgaduvesaisseuisenantosas
ot dsaliuAze msinndnfuridiauasiliuiRzenduge tneflassenoufidy
ﬁ?gﬂ@ﬂ‘flluLLﬁ%VTﬂﬁLﬁ@ﬂ’]’JSﬁ‘HUuﬂﬁLi\‘iUﬁﬁ%m%QLﬂuﬁl’ﬁuEi‘lﬂ’]iLﬁ@Uﬁﬁ%m (Inhibitor)
Fanszuaumsvesannssuitemarianeliiinnsidesdnm (sdnvesmsdenann) uang
Fansnail 2.3

asiswFAToidulansdemieshdedaiovuinn uiieiidaiovuly
UiinaufisadntiesfianunsoviliAnanefislding mudufiveesaassfizoniiiulans

1&un (1) loveuveselany (2) loveuveaslany uwag (3) luanaiiliduda (Unsaturated

molecules) mewwail Jwihliiinvesdeuseinnansisaufizenluusunaun
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A5 2.3 NSEUIUMIYRsEssiteuagmineliiinnsidenanin (afies anuswawn,

2517)
NITUIUNT Aanawe (vllansideusdnn)
UfAsedunsen Msna1sUsEnau S, Se, Te, P, As kg @15Usenausilalau

=
wouluLie

(ANNMENWDYILTI)

0,, H,0, NO (1inn1eNwee1309U)
CO (Annmeiin waziAngaduds)
Co, (Andniuda)

arsusenaulalasansusuviinludud (Judiduda)

Ujnseneenaatuues

=
wouluLte

a@15Usenau P, As, Sb waglave Pb, Zn, Cd wag Bi (Hinn1eiy)

panlanlanzoamta (AaN1IERY)

Ufnzenlalasdudu

Msna1sUsEnau S, Se, Te, P, As kg @15Usenausilaau
ANNIENYBYIILTI)
O, (1AANIZNY)

CO (nasusznauasualavadlane Ni)

ATZUIUNITLATNNG

H,O, Ni, Fe wag V (\Ansaduds)

1An (ARN1IZAY)

Unseneenaatuued

Fawasineanlyn

A15Usznau As (NANTIENEWAZFHIEULI)

Ufnsendunsnes

aa

6
wiausanlyn

asusznaulalasasuaurlnrassiumme (Hnfaduda)
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2.25  MIINIVTENIINAAGSISURAeHaNEA N
d1unauuntesdalinden (Environmental Protection Agency: EPA) 1a

MnualiveddeUssinnansssuisendalann asiseufisennldlunssuiunislalasvinma

'
aaa a

Mdouan1n (Spent hydrotreating catalyst: K171) wazansisauasennlalunszuiunig
lelas3luiaidouanin (Spent hydrorefining catalysts: K172) 1unaadedunsig (M. M.
Le and M. S. Lee, 2020) ilosanndlaveniniluesduszneu lneiilangriainanegluzuves
a1susznaulanedalidnielangaonled §935n1slunisidansenisdanisvaadeussian
] aaa = o v v as o Y  aa = &

a15L3UgAsendouanmanusavilavraieds Wy nsUTuUTIaeIsnImaall Nsiuy
a0 (Regeneration) vt aina1sisauasenauunldauluy nisuaisisaugasenly
Uszgndldlunszuiunsaunnesnisidansiseliseinaninei wagn1sienau (Land fill)
< v A Y Y v ] aaa = 1% o o

sy andlananludniu asssujisendenanindsznovnislanenin lnalanewin
wiagvllanaiuiiyaigs n13idnnsen1sInNIsAIeIsnTslnavazdwalminnisvsazaiy
vadlaveninfiegluansiseufiserasgunasiu unasln uagdeanisiuiienavvunalug
yzdwmadonodwindon aedy e ndudesdinisdnnisuionisiidnaisisaufasen
donanmilpanisuanidesnisilinay sgidlsinny Jagiuussinalveddhifivelulagslufa

langdiAnansisauisedenanin dillesusdinusiusauwazddituussniuiidnvends

v
Ly =

Fausmmandazsunalifivendslulimannnneundidedsnessludeiasema e
wnil {3deTdddasuisauddylunsiladalang dannanassufisendonanin e
Hunmdumstamunanuddsaeludsema asnansznusedaninden iuyaliiuves
Foiinannagraivnssy Wunsdanisvendedunieliedaninzay waziiieren

langdiannduunlauselovilndluguvesansusenausing 9 anaae

23 mslualangiiananansiseujisendausnim
91NNsANEIUTIAITsUNTTUNUIINITERALelangluduAtAINaLT UL T80

Fouanindisnszurunislanined awnsavld 3 nszuaunis taun (1) nssuiunis

1aring1mNsou (2) NsEUIUNTlamingngIsazats wag (3) NSEUIUNITIAINYIANS DU

Sufulanineransazaiy eilveyanall
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231 mssloRalansluduiinanaisissfisendeuaniwdaenszuaunis
Tanangndnuiou
nszurunstanivenaudou (Pyrometallurgy process) 1udsildnnuseu
Tun1siasundasdnwazneanmoanuazmaaiivesian Meeg1sweanszuiunislanine
mnufoudmiumssludaansiseufAtendenanm wansisluzuil 2.10 Fsazwudtansnsa
lalaenisvasungelagnse (Direct smelting) karN13KMITINAUNITNABUDAY (Calcining
and smelting) (A. Akcil and F. Veglio, 2015)
fofvesnszuaumslaninernnudou fe WunszuiumsiiAnujisetedn

¥

530157 Mades uwagliddedidaniegusiamiedugiuvesingiusudu egslsiny

¥ o U

nszvIunsiniidedesdniunmssiudalangainaissaufisendenann fe Snsinisdau
Tavediae Wesniinnisgadslanglulsunaunn 8nvsdadunszuiunsildndsnugs
wazinufiaasueulnoanlenluliuiuundsdmansenulnunsiviodwinaey Al

=% o § v a o & Aa = a a ] aaa
Jeilinszuiunislaninerauseuliidunienlunisslafalaneia1ainaisissdjisen

L%aﬂaﬂqw
Smelting
Catalysts without V
v y
Calcine to oxidise sulphides Direct smelting with coke in
1500 to 1700°C
y

Smelting in 1650 to 2400°C

JUT 2.10 N2UIUNIT3 MAREN SIS U RSeNlEeNan a8 ITNITNABNAAILUUAN 9

(A. Akcil and F. Veglio, 2015)
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1. nsraaNnadlaense (Direct smelting)

a

L. Zeng and C. Y. Cheng, (2009)la@nwideiigiunmsgauluauaiy

Y  ac ] aaa = A das a aou & s
@'JEJ'Jﬁﬂ']i%a@mﬂaﬂiﬂﬂmiﬂﬂqﬂaqﬁLﬁ\‘iﬂaﬂiﬁﬂLﬁailﬁﬂ']W%u@Wl@JIﬂJaUWUNL‘Uu@\‘iﬂﬂigﬂ@U IWEJ

@ v

fansssuisendevaninaananiiudsudussduszneuiissdnies Tagviiniswasy
aslugiegamall 1,500-1,700°C lngansisaufisendonaninazgninigaisasueunazly

Yuw17 (Calcium oxide: CaO) Wundndlunisnesuauan lneUnfnarvsiimainmanidaly

=

Wendndulansnanuaziioanyavasudivaslansnay Aae35n15aINaIa1uIsag Au

g =

TavAtulageda 93 Wesidud
2. NMSENFINAUNITUGRUARS (Calcining and smelting)
NSEUIUNISIHITINA VNI TN BN s 1T UNISH Aulaneain
asseUfAseideuaning 2 Tuneu fe Junou 1 M3wna T3 fasendeuanind

QaunQll 760-780°C Liaudndaios ASUBLLALANTURDNIMNATHIIUHATEMFoUAN N

9 U

[%
[ [ { a

Tupufnaiinnssemevesiuluduatulaseenlen deluilannsadnduldlagly

!
= =

szuugensesufiade Feanunsadnduulanediarainaisisfisendenann Juneu 2 1u

a v

n13Ua156 59U AN USRI LA M ImaaNA den rasu b uuuaisn (Electric arc

€

furnace) Tunauiazyliinnissemevadudufvulaseanlasmieunuy fsaunsasniule

a | ¥

Ingldsruugenseuiade lutuneuntsvasuazifnergiundrlvlumvasuiionasuauan

Y

Usznauiu@auiasssundinlvluilansiievdneandiaunduiieg furuiey laveas
waziiniia lngazyhlilangdsnandanmduinlaveeglum Janszuiunsiingnaunse
AAulavediilauszana 99 Weosldud (L. Zeng and C. Y. Cheng, 2009)

YBNINNNTLUIULANINGIANNSBUAINNA1IUN LU eA UL ANUNTOS LA LAy

'
aaa =

finnanarsiseuisendsnaninlasnisnandulaneniolansuaunas §sfinszurunis
1anIng1Auseud U 9 LU A15wW1 (Calcination) nistnliiduansusznesunaslsn

(Chlorination) wagn1swililduansusenouinde (Salt roasting) \udy Fenseulaunis

sanandmdudunsunisimisuaisisaisendesuaniwlbimuizdmsunisiiliidig

Y

AsEUIUNSIaTINeatsazanuladnmie f9aznaniluiite 2.3.3
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232 155 boLAalangluduATIAINa1 S IU AT T ONAAINA BN TEUIUATS
TanIngnansazane
U a a W ¥ a o o
ANSANAlUAUA T UR18NTZUIUNITIANTINEIE15azane vila laen1sun
a1s5eufisendevan e dluduAdudussdUssneuinszazaloniualsvzazaied
wingay lnefiansvvazarsonafiqydifunsarierenla antduhasasareAdludvadundu
asrUszneuluimsuenluduitulvieglugusng 9 lavaneds wu mannagneu nsnnazneu
P = ~ & v a Ay o
fuNSENUNlany wagnszuunsaaillidn Wusu nszuiunslaninetasazaneiidan
| I3 ~ ) a a Y] a a a B °
wanedsens W dunszuiumsfianunsosiafalavedrlaegadiused@nsnain funudn 13
AaduuaztafivnseInAtesninsyuiunnsianine1nnuiou \uisnisirAeudsUasnsde
wagduszdnsnings \udu egrslsinunszuiunisdenaniiideses wu \unszuiunisi
1 au1u Wansiaivarsvdanazdaaldlulsuiuuin Wudu nszurunislanined

[
v

asazaneldunounan Aulandgui 2.11

Resources

'

Dissolution Residue for
disposal/recycle

Leach solation

Purification

U

Effluent for <¢——— Recovery
disposalfrecycle
A4
Product
(metals)

JUN 2.11 Yumsunisanalaveslgnszuiunisianingransazany

(A. Akcil and F. Veglio, 2015)
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N3UT 2.11 wiuldidtuneulunisainlaneiddny 2 Tunau fie Tunoud

1 M3vgavay wavdunoui 2 Msvililansdauuignsuindy lukdasdunouaiunse

£%
v

95U18A317 9 aeal
2.3.2.1 n13vzazany (Leaching)
nsvzaransdunisihansazanedallandinarunsaduddvia

(% a

o o v o |
azaeffuarunzauuvibilaneineanisddegluingAvazargeanuioglusures
asazansuazinlilansyiadu q lidenisazatetesiian arsnlylunisvzavaisivany
win U vlianse (Acid leaching) ¥HinaA"g (Alkali leaching) Wagn13v¥zaraIunIguUAILTY
(Bioleaching) 1Jusu (L. Zeng and C. Y. Cheng, 2009) NstzavaleTuagiuviinvedlanyi
AosnIvzazaty ynuszasrvesnsyzarateealulavisnisyzararslansiisiesniseanain
Auusasdansavane wialunisyzavaledniovusenannusdelaneidenisdregluguues
YDITIIAZITYNUENDBNIINAITATAIEAEYES nsdinanandidimuieiieiiuaiuuians
vadlavwuy o Waawu Yadeidmadeninuaiusalunisveazatoivatglsenis wu via
YDIANTVEATANY ATUTUVDIANTVLAAIY VIRIVBINTITITALAY QUNTVRINTTYTATANY

(% ] [ [ a 1 a 4 . [ 4
WAZBRNTIAIUVDIVOILTY (INQAY) ADUBINAI (@15TZaraIuLIUAY) (SiL ratio) tUuAYW 217
nsfnwnudadedena niinarernuannsanazUssansamlunisveazarglane Ay
£ o « £ d‘ [ Y] 1 ~ v a & £% 1 =
3 ndudeamaniisNmunzauazamuanladudenatd welinisuenlansiindulaegned
Usgananm

2.3.2.2 mMsanngnau (Precipitation)
IS v oA o
nsenagnawdunisglanenduaunarsazay lagn1sm
TMaveiegluguvaaisararewisulvaglusivoswends Fswawdaiananazegluglves
a1sUsznauniojuredlansuiansnld nisenaznauatuisavinlanaieds wu nsiu
310U NTTEWBUIEEN NMTANAZNBUAIBNITUNUATdlany N15USUAT pH wagnsvinle
Tanzgiu o luansazasegluanzluasavarsdumdeianiaiadadiiaveinisazaiy
I [ 3 v a Ao = a | aaa a A aa
Wusu 3nn1sdnwinisd Auluduadulaenissleifaansissufisendevaninyidand
Tavatuduesusznausenszuiunislanivenansazans ansauteentailu 2 waide

a A Yo & vo &
mugiiavesansildvinduasveavarelassil

(1) msszazangmensn (Acid leaching)

'3
a

nsvzazanslangiludeuldansvvazarefdgnsilunsauinninans
gravareffignsidune iesinlangdulvgamnsagnizazarslansiearsyzavalend

gvisilunsn arsvzazarefidenlddl 3 9da loun nsalslasaasin (Hydrochloric acid: HCU)
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nsalumsn (Nitric acid: HNO,) waznsagailasn (Sulfuric acid: H,SO,) %3aluunansaieiay
15 duansazarensanay 1wy nsadaiasnsiuiunsalunsn (H,S0/HNO, 8ms1dU 3:1) N3A
lalasmasinsaudunsalunin (HC/HNO,) nsalalasmasinsaununsalunsnuazlalasiau
Waseanlyn (HCY HNOy/H,0,) nsaluninsauiunsalalasngesin (HNOy/HF) uaznsn
lalaswigeainuiunsaesaassniiuiulalasaaeinuarnsnuesn (HF/HCLOy/HC/H,BOs)
Judu widnsesdadinanidded Ae duszaniamlunsszavarslanegauazauisnoil
asavanensanduultlueily uinsifivszansamlunisvzazanogetumineainuinlavy
u 7 Aazgnuzazanslvieglusuvesansazaeiuioaiu Fedsmarodunounisatausnyin
voslanzuardsnalaonssiemuuiansvedlaveiifesnmsdiu Sniiasvzazarsuianinds
fiéﬂﬁl,ﬁ@lassmaﬁﬁqméﬁ@ﬂéau%ﬂﬁw (M. M. Le and M. S. Le, 2020)

S.P. Barik, KH. Park, P.K. Parhi and J.T. Park, (2012) 1@ & nwn
woAnssumsvzazarsvesluduAtiuanasissisendenaninusan CoMo/ALOs f
nsagafiinaududu 0.5-2.0 luans gl 50-80°C I1NNANITNARBINUI1AINTA
yrarasluauituanaisissufaseldiies 60% windu vied esainasssufasen
\douanwdsnanilmiuounazdae sunagueguuinvesansisalfiten daduaimmyils
nsaldaunsaveararsluduadulaegrafivsed@nsnan egrelsimy augddedenaiile
WIS N LA UE SNaT0INITYTAZAER8nsATaN 23 nTauiuaITeanTuauY A e
AuEnsalunsszazatsvadlans TneUsudsusiavesansoonduaudt eun lelasiau
Waseanlan (H,0,), nsalumsn, luneuaasisa (NaClos), lanaulalunasalss (NaOCl) wag
wassanaalsn (FeCly) Tuusunm 1, 1.5, 2, 4 uag 5 winlagluaveauSuiaa saunusves

Y] I

TudvdtuiifogluingiuiEudu uanafanssi 2.4 nuinmsldaseenduauivialalasiou
WaseanlgaluuTun 51 dnavinlviuszd@nsainnisvsazaivvesluduaiugedia 90
ol dus LazaINNISANIEIB N NAVDIVUINUDIT U089 BALEIN5TUANS
vyavareludunuy lnevgarantgniensagaiasnanududu 0.5 tuans scunulalasiaudes
ponlealuusuiu 5 ﬁqmwgﬁ 50°C Wuan 2 $2lus nudilovunnvestusuiiogis
anasa1n 150-300 luaseu 1y 50-71 luaseu dwmaliminuaunsalunisvsazansludumdy

WnFwdu 99 Wasigus
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AN51991 2.4 AUANNISOUNSTEATANE LA UANUAIENTATATNIS NS IUNUATBBNT ALY LU

USunausng 9 (S.P. Barik et al,, (2012))

Stoichiometric (times) H,0, HNO, NaClO; FeCl;  NaOCl

Molybdenum extraction, %

1 46.38 62.39 70.27 36.78 25.25
1.5 55.90 70.27 73.19 37.60 25.43
2 72.09 75.11 77.19 35.59 25.16
4 87.22 75.39 79.99 36.41 31.20
5 90.24 83.71 81.88 3.87 32.20

Cobalt extraction, %

1 64.09 69.88 75.29 63.32 54.83
1.5 73.74 72.97 76.06 57.91 54.83
2 75.28 76.45 77.29 55.21 57.14
4 81.05 76.06 80.31 55.98 58.69
5 94.95 77.61 80.69 56.37 59.46

Aluminum extraction, %

1 7.14 9.09 8.66 8.04 6.64
1.5 7.53 P 8.31 5.82 7.07
2 'y 20 8.47 6.72 7.61
a4 8.70 8.31 9.17 6.25 7.93
5 9.32 9.12 9.13 8.31 8.24

J. Liu, Z. Qiu, J. Yang, L. Cao and W. Zhang, (2016) la@nw1n1s
vy A Ao A a | aaa & a & A Ao &
AAuludvAtuazinifannansisauisendevaninlaenisudnduluduidulaseenles
wazinNaanaLan tneSeUIgUTERINNNISTLALANT U URAIDENAIYNTNDDNTIAN
(Oxalic acid: H,C,04) AUTUTY 0.25-1.5 TUaNS R1@IUVDIVBILUNAINDVBINTS 20
fiaddnsnensy gamgll 60°C LUuan 3 Falus wagn13¥EazaIunIenIneengIanAIY
Wudu 1.25 lwaissqudulalasiaulaseanlen Anududy 0.05-0.3 luasadns nulannis
YLALANLAILNTADDNYIANAMUIUTY 1.25 tuanssrunulalasiauuaseanlonninuudy

0.2 luasedns duszd@nsamlunisvzazarelududdulageds 99 wWesidud anduin
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asararedanandludvidueglusuvesluduAtuesnsianunnaznoudeiaalde
lansenlus (Calcium hydroxide: Ca(OH),) telsildngneuiloglusuveunadouladuiam
TnufAsenafivasnisnnazneu uanwisaunisd (2.1) mntdurzagarenznoudanaiadie
nsalusdnanududu 50 WesiudlneUinims Wunaviliueaesluduianiudsusuidy
Tuavatiiluesn nefufatenaiideunisi (2.2) uasanazneuasavanslududtiilumge
Aparsazatsnenlideulansonladninududu 50 Wesidudlaau3uing LinUfasen
Fraunsil (2.3) wazwadilddoiAnnsnnaeneuvosenladeuludunn nturnaznou
fananfigungdl 450°C Tnendndasifldainnisnazegluguvestuduiilasesnled
(MoOs) uananni Az 19uldAnvuiiadni vadungAnssunsvzazatevesiniiaain
prneufivdsainnsszaraesonsneeneiansauiulalasaulefoonlad Tnsvzazas
ansegrmenauludeulansenledmududy 50 Wesidudlaeusuies ilunan 30 undl
wazileudigaumall 105°C ileszimeuenlaioudunan 6 $alus wanfusiildde dnifa
ganyLan (Nickel (1) Oxalate: NiC,0,) 371NN52UIUNMTAINGY ansnsafauluduatiulvieglu

sUratludvadulaseanluduaz JAulinifialredluguvesinifasensnanfidanuuiansne

97.88 waz 99.91 1asidud mudau

MoO,C,0,4 + 2Ca(OH), = CaMoQ, + CaC,04 + 2H,0 (2.1)
CaMoQ, + 8NHO3; = Ca(NO3), + Mo(NO3)s + 4H,O (2.2)
Mo(NO5)s + 8NH,OH > (NHg),M00, + 6NHaNO; + 4H,0 (2.3)

(2 msrzazaienIung (Alkali leaching)

£ g

UonINMsTEazatefensauddiaansaldansveazarefifigniidy

aale Ao WU lwResuaisualun (Sodium carbonate: Na,COs), lotd sulansanlan

(Sodium hydroxide: NaOH), waulutd & (Ammonia: HNy), houlutd sulua1s uaiun

(Ammonium bicarbonate: (NHg),CO5) 1 udu ansvzazareiifigns iduasddedes fe

UsgAvdamlumsvrazanelavgen 1halunsyhufateiuu edslsfnm arsvzazane
o

Aanaiiiven Ae dauaiuisalunisdaidannisveazatglaveas dalangiiarunsagn

wrazarulafniansazatefidgvsidunig snfege Wy Weawu 1udey wasludufty
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Jusiu mnsisanislaneiinanfidanuuiandas asszazaneiiignsiluasfadudndend
flunsruIuMslaminetalsazale (M. M. Le and M. S. Le, 2020)
A. Akcil and F. Veglio, (2015) 15%@1miwqﬁﬂssuma%asma

TwavAduanaisissufisendesanineieniiludvidudussdusznounisasszazais il

gnsiduane ddnguszasdiiedadenvzazatgianizlududdunazinuisuainans

'
aaa = a a

] = v & v a' =
Li\‘ﬁjgﬂiﬂq PIDNAINUBDY ilLuEJ@JQﬂ%gagaqﬂaﬂlﬂiuaqﬁazaqEJ@I'JEJLaﬂuﬁ]ﬂ Iusﬂmgmﬁqg‘l@u 9

)
wWu dnifia laveaduazindn liawnsagnuzazarslddiearsazaofifgnsiduang nng
ygazaemesamsautieandu 2 wwama fuandlusud 2.12 Tasuuamadl 1 vzazans
Fuauiegedsasazatsalanss uaguuned 2 indunusegaiiewdsudnuas
MINBANLAT AN TTTaz e Igasarae ilgnE Tudn Fensinansissufazen

s

k%4 £4 A a & ! 1 v Y v
wazmUENsTEazaIemsasazateNlgnsilunnsaznailuidadinly

Spent HDS catalysts

Roasting/leaching Direct leaching

s| Ly ! , I
l l To Mo/V recovery Leaching Leaching Leaching
- - Dilute caustic Concentrated caustic NaOH/NaAlO. 1
Smelting Leaching 2 To Mo/V recove
(NH,),CO4 l Y
S Leaching
Concentrated NaOH
I To Mo/V recovery
Acid leachi
To Ni/Co recovery _+_

To Al recovery

To Ni/Co recovery

JUT 2.12 dupeunmstsavaelavieanansissufisedonannineaisavateiifignsidusng

(A. Akcil and F. Veglio, (2015))

K.H. Park, D. Mohapatra and B. Ramachandra Reddy, (2006) o

= VA

Anvinisgauluduaduainaisiseljnsendauanin lng@nwinginssunisveazane

Y

1% a =

ldvAdumelefenasueiunAududy 20-90 niuseding gaumgivies lWuian 1 Halus

1 a

' A a Y v a I v 1 a o Y]
NWUIN LM@LW&IF‘WWNLEUQJGUUGUENIGUL@EJN@'W‘UE)LUW‘Mﬂ 20 NFUABAAT LWU 90 NTUABANT @1U1TD

U 4
a =

yazarwluAuATUILTUINN 20 WU 40 Wesidud F935n1saenaniuszansainlunis

ya o

vazaelallaun auziIedaladnwAudulaen1svzazateng o guAISUBLUAAIY

Y

Wudu 20-90 nSusiaans saunulalasiauiueseanlas Anuuty 1-8 Wasiudlagusuing
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Hunan 1 $alus Ssarnnanismeassmuin msveazatesslaiouaiusunanududy 30
nfuseansiauiulslnsioueseenlasfinnududuiiuiuan 1 Wesdudlaeysuins (u
8 WodfudlnoUsuns anunsavsararsluduiduldunniuain 17.5 Wosidud 1Ju 72
Wesidud wasnuiannsiimnsaudmsunisszasansluduitusmslafiounsusiunay
Wty 40 nSusedns srudulalasuleseanlen 6 Wesi@udlagusung aunsavsazaiy
Twaudtuldunis 85 wWesidus anduiharsazaresenainduansdadureenszuiunis
andulossuvaslanziedudusiug lnedinguszasdiievdasinuaiudu q luasazae
neullasazatgnnalunnaznau Lagdia Ui Nt uAnInauIAegualeLen e
lansonled dsarsavansluduiduildaregluguvesenludeouluduem ndusnaznoy

wonluiealuduianeiensalalasnassn Ngamail 90°C uavtiinznauledluieulufuian

'
=

figaumadl 450°C isldsulvesludenluduiaveylusuredudvadulaseenlas ady

9 Y

'
aaa =)

aa [ 1 =~ a a o v A 1 a <
A8n1sfenananunsafiasdluduadunduauanasiselisendeuaninlaendnidu
WavAtuleseenleanianiuuiansis 99.4 Wesidud
233 0155 boLAalanzluauANNNNA195 U ATEE DUFAINA BN TZUIUNIS
TanIngnanusausunulaningrdsazane
N30 AULUAUATLIINAITIIUG AT 1A oUANINAIUNTEUIUNTNNLANING
¥ 1 [y a [~ el' 1 I~ QI'Q
AMUSausAUlamIneasazanglunszulunisnuaulaaztdunseurunisndeulunis
AAUluAUATNIINaI ST IUS AT ndaNAN N L9991 0 UNITTIVTINTDAVDINTZUIUNT
TaviINgIANUTOULALIANINGNENTALANUIN BN Y TILUTUNDUVDINTLUIUNITIANI NEN
% [~ ] aaa dl' 4{' ‘zl' (v ¥ o (v
Anusaudunsuianssslisedeuaniniveiuasuanyaznianienwliuinsdmsy
NIVLALANY LAZATEUIUNISIANINeIaIsazatenUteanidy 2 Junau Ao Tunaui 1. NS
gravany WutuneuidrAnlunisuenluduivuainvawddieglusuvesarsavats 39
yeuannauseansnnlunisvrara1gluauntung Ae tua1sazatgneelusunuueduaunuy
A a A v A a a A v )
wnkazlivsinusnuaiudes lnenusuiuvessiguaiuluaisazaienlaniendwinnis
YraraeIvanalnenswonUUIgVsvemaniueidavine Jsazidunisidmnaunsavinli
nrluduAtuLEN0aNINTIN Y 9 LAluTuABUYRINITYEAaLANY kasTuABUN 2. 113
& Y o oA A Ay =2 & a o = A & o o a &
anagnauvsenisinavAuluduaty Fadudntunesundanidudiivueniuuiansves
WAndueiganie Inedilngnuidenineitedainnsfnwiiisawdnssuiunislanine,
AMusaunazlaningrasazarsludunsuveIniIsszazatewinuy ag1elsiniu Adimedl

[

MAengtenlaviimMsfinune 3 Tuneu dveyadsil
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[y a

NSTUIUNTITIITUNUSREaSUAY (radv) Wunddunszuiunislaninen

9

'
aaan =

AMUTPUNTTAMT R TENTUMUAIDE1 (@195 9U AT NEaNANIN) LB AB U NBUEN
mamwmaﬂ%umuéfqaﬂwLLasaaﬂugUﬁmmsﬁm%’umi%azma We99Ina1ss U asen
donanmilansueuuazdamlosunaaueguuRilnenluduitueglugvesansusenaudalia
I o § v | aaa o = o & v ~ a

Junavilianuaiusalunisseazatslaneainaisiseuisendn Jsdudesniiowaeu
a1susznaudaludlynataduansusenavaanlamiiaiiualuaiuisalunisszazany 1nen
nswaEnsavilananeldusseniaunavseniglaussennianiinge lneaamgiinidly
n1snzTuegiuriaiazuszinnvesansissufiseondonanin Tuseninenseuiunism

NaUAsensiuasuulas wansiaaunsi (2.4) wag (2.5) auanu
nswnelaussenaung

ZMOSZ + 702 -> 2MOO3 + 4502 (24)

MswWnnelgusseniafisinde
MoS, + 3NaCOs + 9/20, > Na,MoO, + 2Na,504 + 3CO, (2.5)

nsvzazatoilud unoud g udieg el iun1sinn (@S §asen
Fouanmilniunisiun) snvzazaneieasazaeitauidusviasaeivngay Janns
yraraetuagiuriavaslangiifesnsurazans yausvasduaamstrazasoraduldvienis
yeazanelansdifoiniseanainduusasgansazars Meldunisvrarasdaiovusonannus
Falanziidiosnsdsegluguresudaazazgnuonsenainansazasnievds dsiladeiifinase
arwaninsolumsszavansuaztafefidmademsgnduaulanslutunouvainisanaznon
Ienamlilusaded 2.3.2 (wih 27)

MNNsAnUIHATITIUnIsuTA ertesmuinldinsfnungAnssunis
yraraeluduituainannswiAsondenanmimeismsilugduvusiie 4 saudunis

yyavarulanyluauatumsaIsaraustnmg o LanIRsluaII 9 2.5-2.6
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M19197 2.5 M3 LeAaansssu AsendaNanInAIunTEUIUNSlanIngIANous WY

lainenasazans (A. Akcil and F. Veglio, 2015)

Metal present in Metals recovered (wt.%)
Reagent
spent catalyst Mo \Y Ni | Co
V, Mo, Ni, Co, Al | Na,CO3; + H,0, 99 85 - -
MO, Nl, Al, C, S N82CO3 + H202 85 - 65 -
V, Ni, Mo, Al NaOH (10%), pH 8.8 91.8 | 885 | 20 -
V, Ni, Mo, Al NaOH (10%), pH 8.4 98.8 | 92.7 | 10 -
V, Ni, Mo, Al Aqueous NHs Soution (17M) - 98.8 - -
NaOH (atmospheric & pressure
V, Ni, Mo 97 92 - -
leaching in two steps)
Ni, Mo, Al NaOH (1% stage) & H,SO, (2" stage) | 84 - 98 | -
Ni, Co, Mo, Al NaOH (1°' stage) & H,S0, (2" stage) 97 - 92 | -
Na,CO; (roasting + leaching with 90- | 90-
V, Mo, Co, Ni, Al i} }
H,0) 95 | 95
Na,CO; (roasting + leaching with 90- | 90-
V, Mo, Co, Ni, Al - .
H,0) 95 95
NaOH roasting (1°" stage)
Mo, Co, Al 90 - - 90
H,S0, (2" stage)
NaOH roasting (1 stage)
V, Mo, Ni, Co, Al 98.9 | 958 | 98.2|98.5
H,S0, (2™ stage)
Mo, Ni, AL,O5 NaCl roasting + water extraction 90 - - -
Ni, Mo, Co, Al KHSQ, fusion + water extraction 96 - 90 90
V, Ni, Mo, Co Aqueous NH3; + NH4CO5 + H,0, 93 88 80 90
Mo, V, Ni Citric acid 94 94 85 -
V, Mo, Ni, Al Oxalic acid + H,0O 90 94 65 -
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M13197 2.6 N33 LELAaaNSISIURATENFoUaNINAIENTTUIUNITIANINGIAINT DU AU

laniveasazane (A. Akcil and F. Veglio, 2015)

Metals recovered (wt.%)

Catalyst Leaching reagent
Mo \Y Ni Co | Al

Mo, V, Ni, Co,

H,SO4 99.7 | 925 - - -
Mo, Ni, ALLOs H,SO4 93 - 98 - 96
Co, Mo SOsaq) 100 - - 100 | -
Co, Mo H,SO4 + NHO; (3:1) 96 - - 9% | -

stoq + Al(SOa)?) or
Co, Mo 92 - - 97 -

(NH4),SO4
Mo, Co, Ni H,SO4 + H,S - - - - -
Mo, V, Co, Ni H,SO4 >90 - - >90 | -
Mo, V, Ni Citric acid 94 94 85 - -
Mo, V, Co, Ni,

H,SO4 - - - - -
Al

Leaching by H,S04 9 mol
Co-Mo 99 98 98

1,90°C, 2 h

Fusion with KHSO, 91-
Co-Mo/Ni-Mo 90 86-99

(350-600°C, 0.5-7 h) 9

Na,CO; (40 ¢/L) + H,O,
Spent HDS (6 vol%)

99.4
catalyst Carbon adsorption - -
MoO5

(NiMo/ALL,O5) Desorption (NH,OH)

Roasting (450°C)
Spent HDS Na,CO; (30 ¢/L)
catalyst H,SO,4 (6 mol/L)

93 - 98 90 -

(Co/Ni/Mo/ Solvent extraction of Al
AlL,O5) (Cyanex 272)




36

M13197 2.6 N33 LELAaaTIURATENToNaNINAIENTTUIUNITIANINGIAIINTOUT INAY

lawiveansazane (A. Akcil and F. Veglio, 2015) (sie)

Metals recovered (wt.%)

Catalyst Leaching reagent
Mo Vv Ni Co | Al
600°C air roasting +
Na,COs (12 wt%) for 30
Spent hydro- min
92
refining Water leaching (90°C) - - - -
N32M004
catalyst Chemical treatment
Adsorption/desorption
method
900°C air roasting + NaCl
Spent hydro-
(20 wt%) 90
refining - - - -
Water leaching (90°C) Na,MoO,
catalyst
Chemical treatment
Two step alkali-acid
procedure
(1) Alkaline leaching >
Co-Mo dissolution of Mo (10 g/L;
80 - 97 80 | -
Ni-Mo NaOH; 80°C; 1:20 S:L)
(2) Acidic leaching >
dissolution of Co/Ni (10
o/L; H,SOq; 80°C; 1:20 SiL)
Acidic leaching, 70°C
Spent HDS
(NHO3/H,SO4/HCL = - - 90 99 -
catalyst
2:1:1) Electrolysis
Acidic leaching, 50°C
Spent HDS
0.5 mol/L H2C204 +3 - - 90 65 -
catalyst

mol/L H202
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M13197 2.6 N33 LELAaaNSISIURATENFoUaNINAIENTTUIUNITIANINGIAINT DU AU

lawiveansazane (A. Akcil and F. Veglio, 2015) (sie)

Metals recovered (wt.%)

Catalyst Leaching reagent
Mo Vv Ni Co | Al

Aacidic leaching, 80°C
(H,SO4 + H,0,)

Spent HDS

Alkaline leaching, 80°C 81 - 72 - -
catalyst

(NaOH + Hzo2) + Al

precipitation at pH 8
Ammonia

Water leaching (90°C, 15
leaching - - 91 - -
min, 50% S:L)
residue

S. Suzuki and L. Gao, (1982) la@nw1n1s3 iAalansiianainaisisaufizen
A Sy a Ao =~ A a s 3 Y o |
denan wndlua iy 1Ay dnfia waslaveadiduesruseney lagwn3uauiiegis
Aelumnngdaladiuniigumail 800-850°C FINTEUIUNITAINAIINLTENTT “metrex
process” F911TUNUAIBY WARNIUNTINNTEaZA8A8AIATaTNITNAILTUTY 30-70
Wesidudlaeusunns gaumginisssazany 100-200°C 3NUNLIA1TALAILUANAZNBUAEY
werludleulansenleduazninlalasaaeiniiadndvauludusty 1uudey laveasduas

[
o w v 1Y

nLia AUEIAU PUABUNITNARBILAAIRIFUN 2.13 Mgiansaenanaiunsainauaulans

=D

Y a a

Twavdd dnifauaslaueadliaats 90 wWesidud
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Spent catalysts

Natural gas
S |
Air =
—>| Thermal pre-treatment e U HY d fl
Lime . Flue gas cleaning Aamaihes o

h 4

HxSO4, H,O Leaching of metals, —»Dried alumina
filtration, washing and
drying of alumina,
separation of aluminium

———> Al sulphate

Recycled v
sulphuric acid Separation, purification N0
NHOHHO R mation. | >co
Recycled y
Sulpnunic acid Acid bleed regeneration

'
a

JUN 2.13 Fumsunisfaulaneanansiseaufisefidouan naignssuiuns

metrex process (S. Suzuki and L. Gao, (1982))

A. Rojas, O. Fajardo, F. Gonzalez, N. Castillo and M. Gomez, (2012) 1o
Anwinsadaluduitimnasissufisendenanin Tnofduneunsvaassuandegud 2.14
Tunsvaaeslduntusuiegadimin 20 n¥u gumad 450°C (Hunan 4.5 d2lus angls
UTIINIAUNA 2NNIVRReINUIITMINYe UL MEIINNI SRS 14 nTY
uagldvmanaassryaratsunuiegiinunswdaelndeilensenledaududy
6-20 WesldudlaUsans gumgdl 25°C Wuan 1-8 $alus wuimsvzazatedieleafion
lensonledaaududu 20 1Wos i dudlnsuiuins Meungdves idutian 2 $lus
Uszavsnmlunisvrazansluduiiiigeis 95 wWedldud avsavaneiilddaduludealuduiam
¥gniiludsuan pH Tfeglutas 1.5-20 daensalelasranin il elwlududivudiegly
a1sazargnnazneusenuttusveduduadulaseenled Anuan1IAaRINUIIEINITE

AluduAtundufuld 95 wWasidue
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Spent catalyst a Calcination , Combustion
(20 g) [450°C, 4.5 h] gases

v
Spent catalyst roasted

(14 g)

A 4

NaOH ac. —| Leaching

Filtration J»—— .Residue_
: (Nickel, Alumina) |

\ 4

Filtrate
Na,MoO,, NaVO,
¥
/" pH adjustment \._\

0 y
HCI 37% ac. >\\ (1.5-2.0)

|
¥

/,,

'\\ Filtration /}—’VﬂQ M003§

Effluent i
i (H,0, NaCl, HCI) |

JUN 2.14 Fumaun1snaasinisanaluauatuainaisisaisendeuanin

(A. Rojas et al.,, 2012)

H. Arslanoglua and A. Yaras, (2019) lafnwin1sanaluduatduuasiiniiaann
ansiseufisendenan1nussinn Mo-Co-Nify-ALO; Belldrunaumaaliuandsianisei 2.7 Tu
N15MAABLARTIAIATIZNA NWULVOIT UITUA DY 1A DULAYUA UNIABINATA Scanning
Electron Microscope and Energy Dispersive X-ray Spectrometer (SEM-EDS) lagduanis
a ¢ o = = = o oA I gy s |l
WATMUAAIRIIUTUN 2.15 FanuTunuiiegeiiunssuunM s iidamesunaguag
AalalUTeuuiviununewr duiswiuasilaindamesnunagueguuiivesduny

meglignudneenivainnisenduanuiiedis Inenannnsvindamesviliasissizen

1%
a

= ad A = ! ~ =y o o c{'
LEDUANTMNUNUNNININYY @IUNFNNINLAUUDIYUITUARAIN LLﬁ@QﬂQIu@Yﬁ'NV] 2.8

M58 2.7 diuraunuaiivesansisufisendeuanimysenn Mo-Co-Ni/y-ALO,

elements Al Mo Co Ni Ca C S P other

wt.% 3742 935 218 172 034 1371 073 0.28 balance




40

M Spectrum 135
% o

BARTIN UNVERSITY

JUN 2.15 nainTeninuinTunuiieg e sisauisendiy SEM iednwiil

nsudngaes (a) noua (b) #auN1 (H. Arslanoglua and A. Yaras, 2019)

[
[ a a

M1399 2.8 KANITIATIERNUNRIVIETLIIUGNT N UAN NN BUHIULALVAUH DU

Y

825°C (H. Arslanoglua and A. Yaras, 2019)

sample surface area (m?/g)
unroasted catalyst 148.9
roasted catalyst 225.7

MNMsAnBNEnavetsgumniiuaziarludeanuansalunsyzaraty
YOIGUNUAIBEN YIINsVAaeINgamngll 200-700°C WJunian 15-240 Wil Tnansmaass

namaagul 2.16 uaz 2.17
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70

e

e | an

§ 50 f @Mo

& DAl

g

2 30

w

E 20

AU

0 5 | - =
200 400 500 600

Roasting temperature, °C

JUN 2.16 navesgumilun1siIsian a1 U1TaluNTYLArA18YBUNUMIBENY

(H. Arslanoglua and A. Yaras, 2019)

70
2 6o | WCo
_°'~ DNI
o 50 £ @Mo
2 40 DAl
= 30
2
s 20
%]
= 10

0

15 30 45 60 90 120 180 240 360
Roasting time, min

JUN 2.17 #av0e1a1lun1sNIieA a1 I NI aY aNEVDITUNUAIBEN

(H. Arslanoglua and A. Yaras, 2019)

3INNTVABBINITUNUFIBENITDUNNTFT N 200°C 18U 500°C WU
anunsoyzarateludvituladinunniuain 20 wWesdud 1Ju 60 wWesidud usilloaamad
NSW1E9NT1 500°C ANNEINNTalUNSYvara1eluduAtuwazs1ndyY 9 liuandagldainnis

dl a Qg’ o 1 dl a 1 = L) 1 a v o o U

WITRENAH 500°C KAENITIITUUAIBENNNANAUNTY 90 Wil IildenasesiitdudAtyse
n13vrara1sluduatukarsIndy o 31nN1IaaetaINsaasulein an1en st U
Aaeganmugandmsunisvraratglany Ao n1svigamgdl 500°C vwaan 90 uii
wenNAEE I lafnwIngAnssuMIvEasansuuilegamensanesin (Formic acid:

HCOOH) AMLTUTY 0.1-1 11afoans 9R1d1UYUDLNaINaVDILTY 2.5-25 Haaanse
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a

n¥u Agamnil 20-120°C 1aan 10-240 undl §a51M1319U 300 FOUFDUIT 9NKHANITNIAABA
wuInszazatesensanesinaududy 0.6 wans dasdruvesvenraineveuda 10
faddnssionsy figamnll 80°C 1uian 90 wnii awnsadaulaueadls 97.15 Wesidud,
finifia 94.46 Wesidud, lwaufu 76.42 Wosidud wazergiille 19.56 Weosidud

M. Marafi and M.S. Rana, (2017) la@nwinisanaluduadunazidniiasin
arsiseufAsendevanmlagnisvzaratedisarsazats EDTA Chelation (Ethylene
Diamine Tetraacetic Acid) fifunaunsvanosianifasud 2.18 TnsFusudiegidldnly
vty Faled LLazmﬁuauﬁUﬂﬂqmﬁﬁyumuéhaemdauﬁ%ﬁﬂﬂmazma wAEIATIEN
1158 suslasnisaansfavaslasaadiavaginidaewmaia TGA (thermogravimetric
analysis) nan1snaaesuansdsluguil 2,19 Tnenwud 19299 ungll 500-650°C LAANTS
Wabuuaniminvesiunufedny Wesminiiansaaeivesaive unasdaesd

UNARUOL UURIVBITUINUAIDENY

Carbon+ |
Combustibles|

GrindingBall Mill ~ Sieving

E—LW (e oty Powaer )
=

=S (v Temperature 60°C
‘ v EDTA conc. 10wt %
= verdl O \ ¥ pH1011
Residue Extraction with complexing agent
Oit ( (EDTA) and Ultrasonic sgitation
v Acdd Treatment
F— A |
| Aq.EDTA + Metshs r——j—
R2 ] v
Residual ALO; EDTA Recovery Solvent Extraction Recovery Metal
Recovery (<95 %) (Mo < 97 %, Ni <95 %, V <94% & Al (< 14 %)
) D D

JUN 2.18 Fumaunisnaasenisanalanslagn1sveazaignigansazaty EDTA

(M. Marafi and M.S. Rana, 2017)
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100
- 1E-17
90 £
=] ‘. OU
X - _0.005 5
& =
o
2 80 + g
z L -0.01 P
@ -
= 70 T ' “a—TGA, Yowt loss g
i 2 - -0.015 E
3 f o> DTA, Wt/°C
60 — SRS W— 0.02
50 200 350 500 650 800

Temperature, °C

'
=

JUN 2.19 madinevinisaanemvesansusenaumeimaiia TGA

(M. Marafi and M.S. Rana, 2017)

assaiisendenanmiiiunsungnualvaziBenuaziluszazaidae
ansarany EDTA Faiilassadraluanauansdeguil 2.20 Tunisnaaedlduduasudius
s q Adnadenuaiinsalunissrazats laun va1 gamgdl wazamduduvesans
yzavans Taewuinnsarazateseansazats EDTA han 6 9lus gaumgll 60°C Anuidudy
1 n3usie 40 fadans dwaliiAnnsvzazaeluduitilsnnnds 93 Wedldud uaziflennans
anmesnaniauiumsniudisndunmigs (Ultrasonic vibration) wuinnisniusenay

ANudgedanaliluszavEn nn1sYEara1elafiniIN1sNILLULUNG 1AUNANITVIARDILARIR

a

5U# 2.21 anduiiansavay EDTA a1 Dechelation fiensaluninlagusuan pH veq

a1savangliwnny 1.8 Feazvinlmannisnnnznauaed EDTA (H,EDTA) d@uaisavaiayidl

a

Tanggnihunannemedvinazany Cyanex-272 anududu 20 Wesigudlaguin g

Y

f
Y
40°C 9 nuuUsuAT pH ansazaremensadaiiisnuazlaisulonsonlan Inawuinluauat

v A

d' a a = ¥ aa v ! b4
WHANAZNBUN pH 0 LasuUnNannnenaun pH 3.3-7 AIYITNITAINANIFNITANNAUAY

Tuauatule 98 wWasidud wazdnuia 97.5 Wasiius
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HOOCH,G | _fH-COOH
HN-CH,-CH,-NH
HOOC-H, H,-COOH

JUN 2.20 Ipssasaluianaves EDTA (M. Marafi and M.S. Rana, 2017)

100 B Conventional stirring O Ultasonic agiation
s
-y
z
g 95T
k=
£
=
@
E 9 T
@
=
85 A T T

Mo Ni v
Metal leached (at 60°C, 1:40 ratio & 6 h)

lﬂl Tl = ldl U U U
E‘U‘V] 2.21 Wisuigunaresnsniudkanaeiuluvas vsazatesonuannsalung

%3azawaiaw31ua'lil,ﬁ'qﬂ§ﬁ%mﬁammw (M. Marafi and M.S. Rana, 2017)

A. Yaras and H. Arslanoglua, (2019) la@nw1n1sanaluduaduannans
SRz NFRNAN MUTEAN Mo-Co-Ni/y-ALO; HaIUNANNILATLAAIRINITIN 2.9 Fuu

megnaukarndaunlagninludiasieniuiiamemeaila Scanning Electron Microscope

and Energy Dispersive X-ray Spectrometer (SEM-EDS) ﬁmamﬁmeﬁLLamﬁﬂugﬂﬁ 2.22

M3 2.9 druraumualveansisufisedenanIn (A Yaras and H. Arslanoglua, 2019)

component Al Mo Co Ni Ca Fe C S P

wt.% 36.85 857 192 187 049 0024 1402 0.68 0.36
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JUN 2.22 nallAsEvunuiiegsasiseufisennie SEM iednwdanisviadaes

(a) NOUNT WAz (b) %89 (A Yaras and H. Arslanoglua, 2019)

INATIATILIAE SEM Tuauiieg1afiiunseninudaimesunngueg

VUNUR99TUUFIDE19 FTUN1TUIUNINNISTENTUIIUAIBE19a 1S dndaIasAUn

(% 12 12
a a

AaNag uuAITuumettlilasdwmalidusnudiog el Nuiiiududney lnenants

[ ' [
aAa A Y 1

AATEANUIRITUNUAIDYUEAINTLUAITIN 2.10

¥
13

M99 2.10 AT LASIEAN U
A

a

H2U99T WIUAIBE19A B U LA ENE UN N BN T 600°C

(A. Yaras and H. Arslanoglua, 2019)

Sample Surface area (m?%/g)
unroasted catalyst 148.9
roasted catalyst 259.9

A15LaLaNgTUNUA L9 N UM AeTwna s lansanlen (KOH)
iedenzazanslududtulegluasazarslaeiinifadmseglugurewends anududu
Yasa1sararelnwnadenlansanlanNnlglunisneass 0.1-1 TWa1s 9n51dIUVDIUBLTAING

vowdariniu 2.5-25 faddnssensu aamgil 10-100°C a0 5-360 Wil lngufisemiuad
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MAnTuuanIfsaunisn (2.6) Insluduiiuazavargeglugvednunadeuluduan 310013
naaeanuIndevrazatemglnunalduulansenlenainududu 0.75 as dnsdiuves
YouMaIevRds 15 daddnsdensy aamgll 90°C 13an 90 Wil aunsavzazaneluFUAT

Igigatie 93.82 wWasidud

M003 + ZKOH = K2M004 + Hzo (26)

Spent HDS
Catalyst

Grinding-Sieving
(+75-30 pm)

Roasting :
(600°C - 60 min ) :j Waste Gas

iy

Leaching
L/  matio: 15 mlg; KOH
KOH —N concentration: 0.75 M; Leaching

Solutions — temperature: 70°C; Leaching time:
90 min; Stirring speed: 300 r/min

1
L Filtration }:j Residue ‘
(pH: 8.7)
11

AAS/ICP-MS Analyze
(93.82% Mo and 46.91% Al)

JUN 2.23 Fumaunsnaaeinistrazangasisaufisedeuanin

(A. Yaras and H. Arslanoglua, 2019)



ar

S. Huang, J. Liu, C. Zhang, B. Hu, X. Wang, M. Wang and X. Wang, (2019)
leAnwnsdauluduitunnassewfisondevanmedaidluavitudussduszneu Tne
AnwfI8nEnareInIsiuiIsenINaINITatun1sysasa1elud uAtuINa1s UG AN
Fouanmuazsrazarstunuiiogeiniunisudideiile wefnwaiuanansnly
nswzavareludutuanasswiisendouanin Fumeunisinuiandu 2 ads Ao i

Asaf 1 Junisnageundunudiegamemailn TGA/DSC meldusseinaund gaumgd

100-1,000°C Wu3N1gauniinIsiuigendn 400°C @1115000nTLadBunufiieg 9 nkiuiay
saa o

lugUresluduidudalndnidnvauziduedugiu dwansluzui 3.24 (a) Wiegluguves

a

Lavitueenles lnenlududtueglusuresergiiilonluduinn (ALIMoOy)s) deuanslugua

Y

3.24 (b) NSLIASIA 2 A9 UITUINUAIDE A KHIUNISIHIBE LI UA AT IUIR 75 Tunseu

'
=

P1ndn 50 N5 wsaudulafsuntsuaiunUs Ui 5-60 Wasidudlaguiviin Nounnd

9 Y

=

500-700°C Hutaan 1-3 Falus ludumeuilifnguszasdifiofioinsudsusuanozgiidon
luduen WeglugUveslufeulududn (Na,;Mo,0,) ﬁﬁmwmmiﬂumiazmsﬂfﬂﬁ”qq
Mntduihfuenuiegafidiunneudaanveazaiodaeinile gungd 100°C 1an 1-3
Hlus Snsrdrmvesesvadievesuiaiiu 3-8 Tadanssensu aNMIMNARBINUIINNTLEN
Fuauiogresmiulnfeuniiveiun 20 Wodduflaeimin foamgil 650°C 1 2.5
Falus uazthumzaganemeiile ol 100°C an 2.5 F7las SasdnvesTeMaIe

Youdaindu 7 daddnsronsy awnsavzazarsludvitiuesnatnaisissujisedouanin

fasdis 94 Wosidug
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L0,
+A12(M004)3 *
yNa Mo, O . ¥ |
2792 ¥7 A ﬂ'. @
ol NN\
v
Y Y .
v IJ .
A °
+
o ¢ . ¢
’ *w‘” T | ®
PR TP TR TP TP SO SR SR RPN T P vt israss
10 15 20 25 30 35 40 45 50 55 60 65 70 75 80
26(°)

JUN 2.24 HaIATIEVRIAYSENUYBIUIUIIBE1MEWATA XRD Y8danstieufjisen
ADUANIN (2) AWK (D) MHWEIATIN 1 (C) RIS IUAUTBALUAISUBLUS

wag (d) niwzazatemeuiUsiaanlossy (S. Huang et al., 2019)

G. Chauhan, K. K. Pant, and K.D.P. Nigam, (2013) la@nwinisanalugaufiu

'
=

91na1sseuAsendeuaniniszian CoMo/y-ALO, lnefilududtuidussduszneu 8.7

v (%
Y

Wesdudlaenhwdn dduneunisvnasuaniiigui 2.25 Tumsveasdldiduauiiegisly

Ansginisvinasueukasdaiasingnismisienaia TGA gumngil 50-800°C Wuin

o w 1

gaunningendn 500°C lldsmaseildudfnydaauaiunsalunisyzazarglufuaty daty

gauniiingdwsunisvindaesuazasuununaquetuuRa fie 500°C Tuan 5 Falus

Y
WaSTYEATAEAILAITaZaNY EDTA AMULTNTY 0.1-0.6 1uans 9ns1d1ur0Iv0ILlawavadnan
1/5 i3 1/25 Nigaumgivies 9nn1snaaesnuinauisoszasa1sluduatuld 84.9 wWesidud

wazlauaan 80.4 LUasidus
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Spent Hydrotreatment Catalyst
(Co-2.6% and Mo 8.7%)

Pre-treatment
(Calcination at 550°C)

Recycled - 2™ cycle ‘l
» EDTA Chelation
; '
l Filtrate
Residue (solution mainly contains Co-EDTA and
(Contains Alumina as the major Mo-EDTA) complex)
content)
i H =2-3
l Washing Dechelation l p
EDTA comes in the Precipitated
Can be used as a support . . . :
i form while solution contains Co and
material in catalyst .
X Mo in sulphate form
preparation
. Filtrate
Residue (EDTA) (Solution contains Co and Mo
Washing l and some amount of Al content) el
NaOH addition | sed in
s » catalyst
Recovered EDTA Co Precipitated at pH=9 >
i preparation
Filtration ]
Filtrate (Mo and Al) Residue (Cobalt
NaOH addition | Hydroxide)
Al Precipitated at pH=11
Filtration l
Light Brown colored solution (Mo) Residue (White solid)

l H,S0; + Na,S addition

Washing and drying
MoS; precipitated l R

J, Sent for characterization
Residue (MoS;) l

.

Can be used in catalyst preparation

g‘dﬁ 2.25 Fumpunsvaaein1sanialaneanansissufisend@enann (G. Chauhan et al, 2013)

M. Marafi, M. S. Rana and H. Al-Sheeha, (2014) la@nwn1sanalanedian

NassUgAzendenan mlaensindumuiiegslunsiuiuinge 2 via laun ledey

N s

lansonlanuazlamauAISUBLUS LBLHITUIIUAIBE19 LA UTHLA IUATSUBDLUA bUUS U

a =

10-35 Woasiguslagumin Mgumngd 550-850°C 1381 10 w1l 69 2 T71U3 wagiun

asssugisensuduladenlansenled 15-70 Wesiudlagunidn flgamnl 400°C uay
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450°C 1018 60 UM WUITUUFIBE1NMITILTUTERENANSUBLUA 25 Wasidudlae
Wnidn gaumgll 700°C 1381 120 Wil anunsavzazatelududtule 99 wWesigus Tuvued

Funudregrnwisiudulafedlansenled 50 wWesidudlaeumin Neamall 480°C 1aan

(%
CY Y

60 uit Aanunsavzazaneluauatildas 99 WedGumauiu Snitedald@nunisnidusu
Fredrsuiulaiouasuaunuarlnioulenasenled 9ndutiduausneg e fiiiunsm
LLa”’ammazawﬁmﬁﬂﬁqmmﬁ 100°C 1uraan 10-120 w19 NUA1NITNIT UIUF1DE7S
fauffulefeunsuaiun gamgll 700°C arundudu 25 Weosifudlagtimiin 1ian 120 il
anunsavzazarsluduavuld 99 Wefidud wazn1siwnd uauiaeg19sauiuladeu
lansonlen anmgll 480°C wazvzavanemelufeulansonladaududy 50 wWesidudlag

i 1Wunan 60 ui anunsavzazarsluduatule 99 wWesidus

4 }2 1 LY U4 ¢
24 N13INAYUNIBOTUNNNURA
aufuuAnI e s uauA Nt U (Activated carbon w5e Activated charcoal) 3
1A59a319ARNE A UL UUTIARITIRANIRITUN 2.26 laaiilaseasisiuuadugiu (Amorphous
carbon) waziluaisidaruaiuisalunisgadugs audududiiuasiiniunszuiunis
[ A A aa A o v Pl <
N3gAUAIBAISLAI NI TN1ININEAIML oYl lATIET 199N 18 NI NI UV UIALEN

(1.8-100 Wwiluins) WudwiuannnsgaeegiieudayinlNunRaas (3397, 2556)

Small and large
organic molecules

Carbon
Matrix v C Y »
\ ¥ ‘-‘ Pores available
@l———— toboth small
TR and large
molecule
adsorption

Pores available
only to small

ll—————— molecule

adsorbtion

st 2.26 uuudaedlasadisvasduiusiud (https:/Awww.sod.co.th/activated-carbon,

15 flu1AL 2565)
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nalnnsgaduvesauiudumiinannisinigivsegnfniuvetloasusiia 9 91n

v
v A v (3 1

a1saza1suIgaRAnUNURITesUANTud A UTeI 1 uaE I TUVR WAL A ALandlugUT

2.26 WosnunaivessnguiddnasoudasyiiawnsauaniUdsulszalan Aau N3

9
¥ |
a A aa o o

anufuduaignguvunadnuasdiuniidwuniidauaudilunmsgaduwazauiodhs

o

lun1sgadugs agelsiau nisgeaduasiinduldlunsdnnuiivualvgninvuinves

Y Y 9

Tuanafvzgnaeduiantes Jslladeiifinasenisgaduvasauiudug lown auinnasiuiig

Y Y Y

Y o a

lunsgadu dnvarvesarsgadu eamgd Arrudunsn-aawaziaitunisgadu laei
auiududaunsauUwuriinvesasigngadu dell (@335 WY, 2562)
1. audududnldauieiiuuia (Gas adsorbent) Wududududnldlunis

anduwAany nau wazlavesa1sdunss lagdruunnazidununusiudnlaainnisnszauaiu

9

5

U L2

Fuaszsivdauds (Hard artificial char) Saduguiildarnindanalduazduldilaainnismn
ﬁﬂ’gmﬁuqq

2. sutususildluniswend (Color adsorbent) Wudufusuddildluniswen
duesansazans drulungidududuiudildannnisnsedududuasgiviageu (Soft
artificial char) aduguitldainauls druwudesannunay diuainiuinsiulasdiuain
Mntana

3, arusuTudldlunisusnlans (Metal adsorbent) Wugnuustudfildly

nsusnlansslngig 9 80nNAY WU DIUNITLENRY N99A Lnavidteonannus

'
a0 o

Wialdnuduiududluszegnilaasvilausednsanlumsgaduiaiiias iieain
' | | v U e Y ~ o @& v ° a | \ o @ v
gorirunglugnguvesnuiududiidesas Jednludesinniswisudeauiududlnididnly
NABLNUATUNUTUALFDUANINLAL IASTNDIUN LT UALE DUANINAINAIAINNTALNNaUNNTE91U
TulaensulUrIunszUINNIINIINTEAUET (Re-activated) Liovdndawtantasusig 9

v Y 1

ngnaadumenuiuiug

a v d' d' 174
2.5 JTUAVYNLNYIVDN
YN a a o 1 aaa a A aa a Ao ) L3
nspAuluduAtuInanssUisendenan nelinniluduatudussiusenaulag
nsuamduluduituleseanlansenszuiunislanineianusousiuiularinetaisazane
A A ¢ A A Y oA o &
fUsnssAissunssuMietasiuraula fadl
K.H. Park, D. Mohaoatra and C.W. Nam, (2007) lafinwingfnssunisszazans
luduAduainasissuisendananinvila Co-Ni-Mo/y-ALO; Tuntsnaasslainiguy

Meg1atmin 100 nfu Hgamadl 500°C 1uiian 3 Falus aeldussenniaund Wieasy
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na1nuan1zii nvuavassudadddiidusnisluen Jenssuiunisadanandeuali
Funusegaivsinawesnfusutasdamleddesasethadiulddn mndurzazarsduaiy
fegnafiunsnandslefonaiueiun anadidu 20-50 nfusedns gamail 30-90°C
Sns1dIur0IveILd s ove Al 100 nSUAEART 1281 1 F21N9 9INNITUAABINUIINTT
yrazargluauatumeasazaeleheunIsUBLUAAULTNTY 30 nSuradng gaumqll 90°C
Wunan 1 91l aansavzazanelududiiligeda 08 Wedldus

K.H. Park, D. Mohapatra and B. Ramachandra Reddy, (2006) léjﬁmﬂmafjﬁu
Tuduituanasssuiisondouanin lne@nviwginssunsvrarasluduituseleden

¢ Y o 1 a a v & o A a
ANTUDLURAINULVUYU 20-90 NTUADANT QMWQ&JWEN Wuan 1 GUQILN NWUILUBLANUAITU

I a

WutuvadlaReuAIsUaLUmaIn 20 nSusadns Wu 90 nSuMeans aunsavsasateludunty

WWUNINTURIN 20 LU 40 Wesidud 3935n15sananiiuszansamlunisveazarsluauny

loladddn fIdedsladnuiiuiulaenisvearatemelavsumivenanududu 20-90 n3u
sodns saiulalasiaudeseanled mnududy 1-8 WesidudlaeUSuins gaumglives {Ju

Y

a a o A

1187 1 92109 AINNANISNABDINUI1ANLA AU A NS UNISTEazaeluadUAYY A
AsvzazanumUlERgNAISUBIAANULTNTY 40 nSusadans shunulslasauilaseanlan 6
WosidudlaeUsuins 3ea1uisavzazateluduavulauind s 85 1Uasigdud a1nu

1815828707 LA 1NN15VLaLANENANIILNITNAADIAINAIT UANTHIF UVDINTLUIUNIT

'
[ a A

andulessuvadlangmenuiudus lnelinguszasdiiovinsinuaniuay 9 luaisazany

q

(% ¢ a

neulatsavaresenanluanngnau waztiauiududndun1saadulossuveslany
o i v v = ¢ = A Au ayy |
aananumedunioieuluieulansenled @eansavarsluduatuilavzeyluslves

wonludenludunn antunnagneusexlulleuludundlansalalasnaesn Ngumngd

'
a

90°C wazwnznauleulaiilouluduinniigamgil 450°C ietldsulvivenludeyluduian
aglusUrvasluduadulaseanlad ade3Fn1saenaiaiunsanavgnauAuluduatuain

ansissuisendenanmlaendnduluduidulaseonledniinnuuandds 99.4 wWesidud

9

B.B. Kar, P. Datta Uag V.N. Misra, (2004) la@nwinisainluduftuainansisaufizen

'
aaa 2

Wananin lagvinn1snaasurnasissufnsendevanindivin 20 nfu wauduluiney

a

Asuaiun 10 Wesigudlaeuntn Naamgll 450-700°C Wuian 30 wiil iefnwinaves

Y

guniuaziiatfioUsz@nsainnisvraralgvedluiuaty INN1INAaRINYIIEN1IET
WNZaN ABNI1SMITUNURIBE TR R 600°C Wuiian 30 Wil uavvraraleduly
< s

Y 1 a 1% % a [ 1 @ 1 s
mamwmumnmmaumla RILAZEARY 80°C 9MTN@IUVDIVDILYINDUDIUYNAT 10 LUDILTUR

TagUsuins [Wual 2 9alue nuanisneassnulnduseansnnlunisvzazarsluduatu
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=

389 99 Wesidus wazusuen pH vesasavatefinasiensalalasaassnlid A1 pH 1u
2 ieliAamsnnazneuvedaieunaslss andulduenluflonlsasonlemlunisusudn pH
Thdu 11 WelhiAnnsnnaeneuvesenludeuluduen andudrmenoudetingu 2-3
ads wozimmznauwenTuosluduemitonmnd 450°C WewAsuansusznouleglusuues

luduadulasesnlad a1nnszurunisasnanuiluduadulaseanlediiniuuians

£ v

92.4 Wosigud Feiiedndimnuuigndtes Jaarsazatenladainnisusuai pH Aaense
lalnsmaesnuningnssuiunsaadulessumenuiuiiudievinsauaniuluasazaisnou
Mn1sanagnaukazaeduatguenluidoulansenles Ngungil 90°C iveliiAnns
a a ° a a Y aa o | ' a Ao
anaznauwanluiualufunnuazinlum Nl 450°C MegTn1saenanInuinluduaiy
lasoanladiinuu3andgats 99.90 Wesidud
1NNSANYIUINTIAUITIUNTIUMALITBIAUNITI Lofaluduatuanalsiseuisen
VA DUANTNABNTTUIUNITIAMING1AIUITAYINER AT 10U NSTUIUNISLANINGIAINUS DY
ASYUIUNISIAMINYNENTATAY LATNTEUIUNITANINGIAINSDUIIWAULINYIE1TaTaY
Wudu egslsfiniu lulsswalnedslufimaluladslofalans daranansisau]izen
Eonanm Fsnsidnvendulszanaisssujisenlulszmalneyilasiusiusias
A 1 YV a o U U o = a o [ 1 Yal = a
PensaddlrinuusEnsuiumInvends IneusenninaazsiuslvivesdsludSunauin

AauApdIrIgnalUgIn1aUsendLiaudei1vendsninantlanaelansdarnduunly

Va o = v

Uszlowdlndeaaanszuaunisnisnislaninen aemed §33e3lddunudnaudifgy

QU o

TunsSlaAalanzannaisissdfasendenanin i oidunuimisluniswauinuive
Melulseme aaransenuAsAnAfe) WNYaAlAiNUveLdeIinINNARREMNTIH UL

Wunisdanisveadesunsiglaegramunzauiiauieansdainduulduse ol

[y o w =

NATeilaTumINewaTIERIINUTENTuidnvesdsuvianildlunsividiegeves

a | aaa = A Aay a Ao & '3 ° = ao
LﬁEJUiSLﬂVIﬁ’liLNUQﬂiEﬂLﬁ@ﬂJﬁﬂ’]W“tmﬂmﬂ@JaUﬂullL‘lJ“LJENﬂ‘LJi%ﬂEJU 1INNN1TANWYIIVYNIT

P2 a aou a o 1 A aa v = o av dAdd v Ay
QQUINGUWUN SZNSUENLaﬂ@ﬂﬂa’]'ﬂma?umaumq\ﬂﬁmmﬂa']ﬂﬁaﬂﬂ‘Uﬂ']u’)ﬁ]ﬂV]LﬂEJ'JGUENV]VL@ﬂa"I'ﬂU
5

[

'
a

Wten 2.5 fATe3alainn1sTIuTINteflusastunouYeIWINUTEENA LY UL

Y
lngauidellaulanazdnwinssloAaluduaiuainaisisalisendevanmyinn
lavAtudussdusznoudenssuiunmslaningianuiousiuiulanineiaisazans vive

afmeluduatundunildusslenilvailugUveduduatulnseanled dduudasnszuiunisdl

€

TgUsrasruazdadendanadonseuiun1snng § Al
N3UUNSLaNINgIAINTa UL T Ussasniafaen15vdndai s kazAs uaud

UnAquuuiiuivesasiseisendenann iiadsudnuuznisnigamlvimangdmsy
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N15¥zarany FeiuUsid1Ayaan1svIndaliesharAIsuau A9 QUNYINITNIENT

| aaa

eUisendenanIn nszuIumslanineasazatey ATuneun1sAny) 2 Tunau Ae Tunau
1 1 Myvzazane IingUszasdiiensnlududtiuesnatnarsiselgisendenanmlnglviogly

sUvesEnsarany lagdasnsiliasazangduTunavedufuaituguasdusuuvess

o A 1 I a

yaniuni TeuUsdfnidinanannuaiusatunisidsnsrazatsanisluduady Ae wile

<

Yosasvrazale (Leaching reagent) Lasanludvaiugnuzazanalanmsaisazaienians

Y

a s

using Feansvzarariidenldlunisvearsludvidy Ae lodsuaivelun arsazae
fananansavdeldie :1a1gn tanzunnismeasduosfifing dudsddaiidma
soauaINITalunITrzara1sluduAtYl Ao AULTNTUTDIANTTEazane (Leaching
concentration) §n31duvawaTs (wiinvesdunuiiogn) doveanal (Usmasvasi
Vazany) (SiL ratio) uwazafildlunisvzavats (Leaching time) fudssananndiudsuase
Umnamedluavitiluaisazats duneudl 2 madaulansluduituanasasanslasns
anagneuenluidonluduion visd aznsuneuludonludunvazgmirlumitowdsusy
yaansUsgnovliiiuluduAdulaseenleddulundndurigaving Tnsauuianiues
Tudvitulnseanlsdiuey fuaruuiansvosmenaunenlu fouluduimndas fadu n1s
fuunannzmsnnazneuitelildueslindenluaunviiiauuianigedaiaruddy 3
Haseiidamaronnuuignivesnsnoudana Teun A1 pH vesansazarsuazn1svinlel
ansaragnounIsmnagnauiauUIansinndulaeisnsvdnasuaiiudensgadulessu

Ya v 1

vo9langaru01un Nl UG (Carbon adsorption) H398WUI1TATEAINA1IAIUAINAGD

Y

' ¥

= Y

UszAnSnmlunsslufaluduituainaisisesufisendenanin dau lunsfnwideddsle

'
a a a1 1 a

NWD99NSNaVRIUTEFAINAN LN eNSIUNB NS nandinarnauszansninlunissleiAa

)

<

TwavAduanansissufizondevannuarviinniludvituiduesduszneulnonisudndu

Twavadulaseanlon
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A5n150 1 HUN15IY

unilnanfaisnsadfiunsive Fesgazdenlunisaniunisive wuaduiidenns o fedl

[y

1) dmgAuvuazansiail

e 1%

2) wnsesllouazaunsalfiieves
3) wIssilanavgunsallineaesdmsuinsevidiulsenaunaad
4 FunpuNIIANYIRY

5)  @n1En1SNeany

%4

3.1 AngAunarasiall

[y a [

npAvuazasadnlglunsnnaaelin

o

3.1.1  ngAunldlunisveass
] aaa - A Aday a au g I3 o & <
anssalfisendeuanmetiniiluauatuduesdusenauiianuwasiduingn
3 9 ¢ I v Ao = P VRN a a
wndn jusnwaliduuisdudalasdouiatuiniidauseunu 2x2 Jaduns wazeld

Usznau 4 Baduns anvasynimenmeesassiuiiservdaniluaviduluesiusenaud

dl' [ Ql' a (% U Y o a v o o o =] ! = =
Laauamwuammﬂugﬂw 3.1 vaudefananilaiiunannusensundnveadeuianie ¥

'
[ a a

Uisndananldlianuoaneiveadedwiuldiduingiususulunisinuided drunan
maafiveavendesenandalinsysisiemaida WD-XRF flanslun1sned 3.1 wudi
fusnavedluduity 11.46 Wesidudlnetmiin uaziniAa 2.46 WesiFudlasiwmiin Tag
TudvAtuuasdnfadulavgd uduosdussnouiugiuvesanassujaseniilddmiuns
adndanosarnutui vlunszurunislalasa dauelsiedu (Nickel Molybdenum
Hydrodesulfurization catalyst: NiMo HDS catalyst) Iamv’%&aawzgﬂ%’uﬁmimaimaa%’wﬁ
Huazgiiun (ALO,) Feulunsiesesidmmamanaiiiaisngdunauvotergiideuuas
pondlaude Inedunuiafuasnssfisondouanmiltundnuneassiliesgiidondu
psfUsznev 26.93 Weddurlnetwiln uazdleandiau 41.95 Wesdudlaevidn uazan
ﬂﬁﬁﬁ’lﬁlﬁlﬁﬂﬁﬁ?ﬂﬂLﬁlauﬁﬂﬂwﬁ\‘iﬂﬁ’ngﬂi?juluﬂ']’i“tlffﬂsffaLWa’gﬁ]Wﬂﬁé’lﬁuﬁu Foifu ans
S9UFA Tl uE R unauvesiamesie venani lunszuiunsuiadamesazinns

IN1EFONUNURIVDIEN S 59UAATE Tnaaidinafiansusudussdussnau fatuy
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arssisendenanmisddamesuasasveuluesiusznou Tasdunuihundnwily
asslifidamosuazasuowiuesiuszneu 7.16 Wesi@udlaeumin way 6.79 Weosldudlag

YINLUN AUAIAU

JUT 3.1 fegdnvurvesasiseuisendenanmyiinniluauatuduesduszney

d' | = ! aaa = a Ao a ao <) 3
®197191 3.1 ﬁ’JUNﬁin’NLﬂiJSUENﬂ'ﬁLiQUQﬂ’iEJ'WL?ﬂE]@Jﬂﬂ’?W?IUﬂV]@JI&J'ﬁ‘U@UlIL‘Uuaﬂﬂ‘ﬂﬁgﬂE]‘U

AAEIPEWATNA WD-XRF)

579 Mo Ni S C 0 Al B 9

q

UIad (wt.%) 11.46 2.46 7.16 6.79 41.95 26.93 3.25
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312  aswaiildlunisneass
1) aspiiflddmsumdsuasszavats (Leaching reagent)

ansvzavaredsldluduneunisvzavanslane e arsavaneledey
AduBlun FeanunsawmIeuansarateildainnisunleieuaisueiun (Sodium carbonate:
Na,CO;) ﬂ’J’]JJU%?!VIéZJ']ﬂﬂ’j’] 99.5 1Wosdudlaevmiin meﬁagﬂﬁ 3.2 §adwnsniildly
o3 UJURNISAmMSUIIUIATIEY (Analytical Reagent grade: AR grade) wazvareluile
(Dl water) Fafuihusimnnlossulusasdusiie 9 delildasavanelnfonmueiuniil
AUTNTUANS 9 U Tun1TneaeslaAneiAuNtTuresaITaza sl ALUAIS UBLUARD
auaunsalunsvzazarsludvivulnesudsuaianudud uresasazais LA
ASUBLLA 3 A Ao 20 (0.19 M), 30 (0.28 M) uaz 40 (0.38 M) nfusiedns lumsanwiised
ladenldansazarslafsuaisvatualunisvrazareludua duinsglud uaduaiuise
gnuzazangldidomsazaeiifgviiiuiasznouivladeumiveunduasiaifiansa

mladne 51190 wasmnzkin1sldeuluesUjufnis

JUN 3.2 fegrslidennisuaiun
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2) asinffilddmsuusuan pH
21 asalifilddmduuiuen pH vianse

arswdldlun1susuen pH vesasazanslidiantosamie
ananududamediiunrundunsannd udldlilunisineiseide ninlslnsaasin
(Hydrochloric acid: HCD 7iflarand udu 37 wedfuslasusuins §uduinsad 19y
Woa§UANTAIMTUNUTATIZA (AR grade) 3UT 3.3 uanadiegeansazatenini iy
eiAdell feansaranedinagnldlunismeass 2 dunou ldun dunoudl 1 Ae mawdsusy
Y9IATUTENOUVBIATALANEAYNEININNTVEATANY PINLANATAZAE Aena1IaglugUves
asazanoindeluduti (Na,MoO,) fiAn pH 9.30 Faensenisiasuasazanelveglugy
voswanluifloaluduem lutuneumaivdsusuansusznauvinlagldnsalelasnasinuiusn
pH sesasarasindeluduithiliinmdunsnunty Wunavhliasazasdsuleglu
sUvesansazaneluduitiienazaaslsd (MoCly) fesonisasulvieglusuveuenluiey
Tudunnlusumeudnly il Tu%umawuaqmiLU?%augﬂmiﬂszﬂaﬂﬁﬁﬂmmamawh pH VD3
ansaranesoUsavedluduiviluansazanslaeusudeus pH densalalasrassnidu
0.50, 0.75, 1.00, 1.25, 1.50, 1.75 uaz 2.00 uagludumouit 2 fie msmnazneuLesludo
Tuauian vinlaonsldnsalalnsnasindiue pH vesasazatsi egluguvesuesluioy
Tuduendien pH 2 Wieliiinnisanasneureswenluidenludunn deludunouvosnis
anmzneunenluidouluduiandensalslasaasinvinldarsazaredi ldnendaainnig
anazneusglusvesuenlidounaslss deannsailusladaiiothaisazansdsnanly

Uszgnaldlunseuiunisdu 9

Y 1

UM 3.3 fhegransalalasaassn

L2)]
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22 @sednlddwmsuusuan pH wiaeng
a Al ) ya 4 a
aspdinlelunisusu pH vesansazarglviauinumsoan
& = a & ' £ = ¢ Ao Ao P
anutdunsaunsaiiuauduasundudelaldlunisdnenideidas arsazatswauluidey
lensonlenunsawoulutdeun (Ammonium hydroxide: NH,OH) @ atd uansuansenang
arsavareuenluie (Ammonia: NH,) fuindlemnuidudu 30 Wesidudlaeuiuing Ui
3.4 WARIAIDENNVDIAITALAEANNITIUINUAITIT a1TavanefinanTanuziduveuvad la
= QI 1 a [ q' &Y a d: I~ d' Y o [ v a wa

waziindulanziuAiiunduniatenluies Juduasavarsinsailddmnsuiosufuninig
InealupuensgIu American Chemical Society (ACS grade) @sansazanfananignidlu
N15NAaes 2 Tunau Laud Tuneud 1 fe Tuneun1siudsuslaisusenauainalsazaiy
ludvAduenazaaslse WeglugUvesansazarowenlufouluduen lalduonlaiey
lansonladusulvaisazaiedia pH 11 WislvansazaigeglugUresenludanluduinndy
MU ANAINTUNNSANAZNoUWaN LT eUIUAULAN hazIUnaud 2 Ao n1sAnedulenaued
luavdtuesnanauiugiug (Desorption) lngldansazarsusuliiiisulansonlanlunisas
lossuvaslududdusonainarunudud kasludunaunananilaAneINaYeIANUTUTUYD
ansavarsnauluieulansanlunmeuszansninlunisaeduleesuvealuaufduainau
fusfud Tneusuilasuaanuutuvesaisazanswauladeulansanlen 5, 10, 15, 20, 25
wae 30 wWastgudlaeusuins Y98 lun1sdnwided aidenldarsazaenauluriay
lansenlemiiesanniduseandninlunisandaniaanizleesuvedluduAtusanainaiy
Auudled I31angn amnsamelane sulvisansasaisniendininnsanazneuszedlu
sUrasasazansuanluiounaalsd Fwmusathasazarodenanluiuynaninwaziily

Usegnaldiuanuau 9 la

JUN 3.4 Megrueuluilvilansenled
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3 asillddwsurdnsquadulutuneunisanazneuvesionluien
lduan
ansfilddmivrdnsueivluiunouvesnmagedulonsuvedlany fio

dufususivomsueuiuius (Activated carbon vde Activated charcoal) Baifunsndily
TueaufuRnisdmsunuliasent (AR grade) Tdnuwauzlunsde fvwiadnnii 40 luaseu
35 Wesldud uazvuelvginin 40 luaseu 65 Wesidud fogrstufuiuduanafagud 3.5
Tunsnaaesagliludunounisvdnansuafiuresansazarsdeunismnnznouuesluie
Tuduen lngendendnnisnisgadulossuvedanglilugnsunazidenldarsazaneis

ANUAINsaluNIsARLdananIzlansiifesn1seenaNa 1 UANT LS dewaliansazals nne

MRINNIRAFUAIEAUANTUATANLUS VT INTY

UN 3.5 Feg19a1unusTug

&aN
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32 asesiiouazaunsalitiendas
wisnaflaunzgunsniillfluniamaaes sl
3.2.1 A3esdaaa
\n3esdananuazBen 2 sums 8% OHAUS Ju PR wansiagudl 3.6 19

'
v v

dmdudanavestuauiedduusazduneuveinisnaass Iaun Fusuiiegrasudu
FUNUF10E19018NFIINNTTVIUNSIHNA AENDURLNEDIINATTEATANY UminvesaIL
fusuglud umeunisgadudaoduiuiud aznousonluidouluduinnuay nsludufdy
Tnsoenlednendsainmsnt Tnsazuansdndudaeiiiuriuiaresdusuiiog sy

ninaeLAsasluntensy (Gram: g)

JUT 3.6 iastainavesduauiiegunuazideanailuy 2 A
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3.2.2  ATNLVEIATUNTY
\ATBAUVLINZUNTY (Sieve shaker) Lananaguil 3.7 lngnzunsaliaiuasiden
40-500 mesh Tun13Any 3T dlalddnsuns198aUn13N388AIVUIADUYNIATDITUIY

f7981997 LA NUNFIINATAAVUINVDITUINUAIDE NS U

JUN 3.7 1ATDUYE1AZUNTS
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3.23  dlila
wafvlifla (Muffle furnace) 8%e CARBOLITE $u CWF 1100 a@nunsnlv
paunnfigean 1,100°C fawanslusud 3.8 Hunilslunsiduanudegaiedeu
Snwagynamenmrestunuiegdlimngdmiunmssrazans uarliludunsuninandie
wWasuansuszneuuenludouluduanliidulududdulaseenles lngerfendmwiouain

Yaadnmensiuasunseualnihlidunnudeuvih il saandsuieunitinainnsin g

JUN 3.8 lonsiniila
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3.24  wasluAuia

wiesluduila wilaw (Type K) 8%e Daiichi $u TH 205 uanafasud 3.9 lag
wesludTavhunanlavgini 2 vilafdnaautBuandeiu fe dnifalandouuaziniia
azgiliiloy (Chromel: Nickel Chromium wag Alumel: Nickel Aluminium) Tneiilangiani
wgninideudeuasiaendifetu Varedunis BenitgetagamaiuasUaredndiu
nilsiilalldidoudau 3unin 9adBe dgundfivatesia 2 Fulivitu asAenseualih
Inalulavgsts 2 1du Davareyasoduniseanudaindnseualiiindlnalulansdae
Taadfimes (Voltmeten) a¢lsusandouluiirsznindavy 2 dunazuiasdusandoulii
aenadueamad vliaunsosuarganginigluainflawazsuaigamgiildain

¥ a a oA = 1

wiveRinea dunesluduilavdaniiden Ao danuwsiudigs, sianlige, fanuades
fivrsnsingamgifinauazanunsaldluvssernaiiinnisesndledls Tunisfnwmaaes
JuhmsAndanesluduidasinalifuemiie Wedunsioudsugungifiuanauy
uthasveanuazgangivinudununiglun Tutuseunswtunudegiaiiodey
Snwagvnamenwlivzdmiunssrasansuarldludunounismiiewdsumsuszney

nenlubsuludunndulududdulsseanles

5UN 3.9 mesluduida vilae
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3.2.5 1AT99NIUEITAZANYAELYIiANTATATRANTau
LAS BINIUAITATAUA B SLULAN (Magnetic stirrer) AifiAalR AN

%

(Heating plate) 8% IKA $u C-MAG HS7 wanafaguil 3.10 Tumsfinwmeassagldludumeu
veansvravarluduitueanainaisissufAsendevanin duneunisusuen pH vos
asavaneuartumeunsanazneukenlulnliduan dulnthiinuasavanelusswinenis
npaewnuanzrmualumieseudewnd (rpm) lnsandendnnisvesuameilunisasi

AnLssavrRamimanuazlrausauanuaulrausou

gy

JU7 3.10 1ASeINIuaIsazaemerisimaniiidalinnuiou
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3.2.6  YANTBIATAZANY
YANTOIANTAXAIUUUUAAAIINGU UTENBUMIEY VINAAAIINAY (Suction flask)
nsasyLLes (Buchner funnel) nTzaunses (Filter paper) 8% Whatman Lues 42 (vunn
sv83nTEAy 2.5 luasew) Ivuiavesduriugudnalsueinszay 110 Jaduuns wazinied
yhaana (Vacuum pump) 8% GAST 1 DOA-P504-BN Fsgunsaifananaifiuyngunsal
dmsunsesaTavaIuLUUanANLAUY 1150 5a9lMEINIINIINTBIRUUSTIUAT WARIAS
sUl 3.11 lunsfnwmeaedliluduneunisnsosusnarsazasuasngnaudiuiiiazaisoon

NAY

JUN 3.11 YanTesansavany
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a

3.2.7 wsesinAnnuiliunIa-aeuaciaingungil

v

[

w3 eeinarnudunsa-nrander pH (pH meter) ﬁﬁﬁ'smqmmﬁ §ve
EUTECH INSTRUMENTS 51 pH 700 LLamwﬁ“qgﬂﬁ 3.121pg pH g8u137n Potential of
Hydrogen ion adudiuansisananiunsn-aswoseasazaneiu 4 lavedeufiserves
lalasiaulosou (HY) fdudsznoundn 2 @ ldun 818nTnsa (Electrode) uaria3osin
Fnlaliln (Volt meter) wn3asindndlniinazihadnglnifitnldulandue pH lnedaed
n1saeuLigy (Calibration) ﬁ’umiazmammgmﬁ'mwm pH wuueaw (Buffer solution)
reumslduynadiuasnisaouifiouiidenlddmsumsaeuiisuados pH Ao seuu Three-
point calibration sazaauiiiaudn pH Aidein1sineasazanetvines 3 a1 ielwlden
figndfessnniigauaziimasoungulutasiidesnsin leuA pH 4, 7 uay 10 lums@nwmaaes
1ol TnA1 pH U99815aLa18A1ENAINNAITVLALAY Tudunaunisusuen pH Wazng

ANnENau

a

U7 3.12 wnsesiaAnnudunsn-nanasiingnmgl

U

328 gunsaldmiuanulasndenig 9 wWu gedesns niinindesduaisiadl

wiumiuased gaaaiunarleszve (Judu
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33 inseslauazgunsaiifeadasdmiuimseidaulsznaumandl
esflonargunsnidmiunsiemesidulssnaumand fids
331  ATeddlezinsiesvesidiand
1A% 09711295 0399095981804 (X-Ray Fluorescence Spectrometer:
XRF) 81 PANalytical Ju Axios max uansisgud 3.13 \uiaTesdiofianunsniinesildinly
\WanunnLasUTIe TnsendandnnaFestesiididnduastunuogn Tinsgilasnisds
Ydndinlufitunufogaionsedulfernonvessinsing q Midudiudszney Sudueglu
anugiuliegluaniuznssfuuaraendanuoonulusuresigesisawuiienduganiug
i ﬁﬁwmLma%mw%’UU%MW&'@@WW@@L%&muﬁﬁﬁwé’muuazﬂ'gmmfmﬁmawwm@;
LLazLLUaﬂﬁmmwmwQaaLiawuﬁﬂuﬁuﬁmLLazU‘%mmaamaﬁ?u q lunsdnuidelaldia3asdle
fananlutumeunisinneidunaumaaivestunuiodefifanusnduveuddluusios
Funounismaass i Fuanufediniudy Tunudeg1siiiunsmiigumn s
pgneuiiindesinnissrazans nznausenluisaluduemilldandunounisannenou uay
ngneulududdilaseenlodnendsainnisien iensuiimsasuuUasdiunauniaadl

YITUINUAIDENNIYNEINNNITHIUTURBUNTNAADIlULARZTUN DU

en A4 a ¢ & v ad e
E‘UVI 3.13 LATDIIATIZINTLIDIVDITIALDNDY
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332 esasinninaudsuaniminvasasiasendsudinisaanuiou

wiosTiasinisdsuulasiminvesansiasenduautfnisaudou
(Thermogravimetric Analysis Spectrometer: TGA) §va Mettler Toledo ju TGA/DSC 1 STAR®
System wansfaguil 3.14 umadailiiieszinnuaiosvesiandeldsuanusou Tne
mﬁ’wé’ﬂmﬁmﬁmﬁ’ﬂmaﬁa@ﬁLU?{eruLLUm”LULﬁaqmmﬁLU?{EJuLLiJaﬂUIuLLGiammqmmﬁ
aeldussenmaf Amuadieiad oededi fianulinazainuazifengs amnsaiingizy
n9d suutasivinuesianfiinnisgaduuia n1sseeveaun nsaatefives
a1susznaulaznIIuianIsinuisesendndunasufizessndu lunisneaedleldinaiia
Anszidananlunmsiinneiguugiiaasivesmsusznousestunufogaiuduiold
pumgfifiAinnsaanefvesanssznauidugumgisnadslunsuntunuiiesiswenis

Nnay

JUN 3.14 esesiiaszvinisasundasiminvesasiagedeaudfinisainusou
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333 \sediensineidenuuvesiiing

Lﬂ%‘laﬁmiﬂzﬁmﬂﬁmLuu%ﬁﬂﬁlﬁﬂﬁﬁ (X-Ray Diffractometer Spectrometer:
XRD) 8% BRULER §u D2 PHASER wansfisguil 3.15 1uirdesdioflinsaaeuuiinlassaiie
wAnuedlaveuaslavenauienisiinmeidnas madenuuresiadidng Jnseilasnisly
$eEEndgRiANeNAAWAEY (Monochromatic wavelength) BennnssnUaIULTUILLAY
WasuuuannszuesidiindonuasdeiniAnunngnisainadsnuuwmanasaain
N3N3343990959FINT WINYUANNTZNUASIAULNVBILUINA (Bragg angle) azvibiiAnng
unsnaemaiufuuuuauysaiiasyilfanuduresddiindifiugatu Wisuifiousudand
fustuuumsiasnuunsgulsiiiansossysiavesnsUszneuiu o WHuasnaiildan
mMslnseinansogluzuresninieuuesiviiinduie XRD pattern lun1sAnunidudld
wadindesghinarlunsssyriavesssznourestunuiegwiidaouzfureuds
¥un Fusuiediadudu Sunuiednaniendminnisn sxnouueslindesludunniils

mﬂ%’umaumimﬂmﬂauu,azmzﬂauimﬁuﬁﬁulmaaﬂlmﬂ‘mwé’qmﬂmnm

A 4 a ¢ & A
EUVI 3.15 1AIDILATILVNITLAYIUUYDITIALD N
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< ]

3.3.4 nResRanssAUdIanaTaULUUdRINTIAsINAUmATlANITTANIINTERTY
WEIUVBISIFDNTG

N&999an33AUSLANATOULUUE83N31A (Scanning Electron Microscope:

SEM) 8% JEOL U JSM-6010LV 32iuwmalinn133nn1snseatenaanuuesssdand (Energy

Dispersive X-ray Spectroscropy: EDS) &%e OXFORD INSTRUMENTS U X-Max'" LLamﬁqgﬂﬁ

3.16 Fadundesgansmididnasouiiendevdnmininindunsiionsznindidnaseuain

UWAAIAILHEAAUDEABNYDIT UITUA20819 TaaldAnalnesns1adud Yy i ad uann

'
o

sunsnseuavidnruninanlvadradunmarefausavendnvauzas-maesiuanu Ti

Y

Aa o w

Amnimaeegazilnnuuendnlag ﬁﬂﬁgqé’qawmaaﬁm&qﬂmaﬂmaﬁué’zgzgwmﬁu q 7
\AnandunsAzendndie wu m3tanisnsgaendsnuresisdidnd Saudazsinaziing
nszeivesdididndlanzin Amameifnanagimihiuamdnuduriauas Ui
vossmludsisUimadinneid lumsfinuifeililindesganssmidiinaseunuudainin
denmiimdsesgeruluiadneaenisnizaedivessinvestunufieg i uiunay

FUNUFIBYNNNIUNTRINEN1IENITNARBDINA U

JUT 3.16 ndesganssAidianaseuwuudansinsiuiumadian1sinnisnszaenasnu

Y339 OnG
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33.5 Ia3esinseiuiuiasglagondendnn1saieuasuadsInaInnIInseduy
AN

13 097111 UT U9 IAB DA BNENNNTANBLAIIBISIAINNITNTEHY

paunaan (Inductively Coupled Plasma-Optical Emission Spectrometer: ICP-OES) G

PerkinElmer u Optima 800 wanswisgud 3.17 iuaiesdlefilddmsunsiinzviviauas

USunausinuessiauany 9 sagluaisazaglansoudu lnsendendnnisnszdulvsidnnsou

vosansaraefifiesediiioidsuaniuzainaniugiiu (Ground state) TUdsaniugnsedu

)=

(Excited state) magnanaunfilgaumniigedis 10,000°C Lasainanugnsyauliiatosiaing

9 Y

%4

anszdundsunaniugnseduludanugiulasmsnendsnusonuluguvesuasid
Snwnzlanzveusiazsn wasdimamesiianisaiinszinnuenuasanuduvesndu
LLmﬁL‘Ua'aaaﬂmLLé’aﬁwé’auJﬁymﬁqﬂa'nlULU'%'EJULﬁa‘uﬁ’umiazmamﬁmigwumaqamma q 7
nsrvamduduiiuiuou uanwadildiiurdauazarududuressindu 9 ludegis
Anseild lunsinuAfedldldivadadndnlunsinrgiviauasUiinasgluasasans
flFannisnanedluiriardunou Hun msagansmendinmatrarats asasansaends

NNFUIUAN pH KAZAITALANIAIUNAIRINNITANATNDY

gﬂﬁ 3.17 4309 Inductively Coupled Plasma-Optical Emission Spectrometer
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3.4 funpumsAnwIee

mMsdndunsifonansfeguil 3.18 wisesnlidu 6 Fumeu ¢ duneudl 1 s
wpnFunufegslaensUALaEARTLN Suseudl 2 mawnTunufiegisfigunginig q
Wladsudnuagnisnmeninvestusuiiegwiiimnzdmsunmsvzazans duseud 3 ns
Yrazarwtunuietafiednvidulsidmareanuannsalunsvzazareluduituan
asiseUfATedouanin Fumeudl 4 n1susuR pH vesEnsazaneLitefnuBviswavesan pH

A ' a A Ao & ~ P a
PasnanaUsunuvesuavatuluasaraty Junaun 5 Nsaneznauwaululenluduian tag

'
0 6 =

Wisuiflsunsnnagnauresansarateiukasliiunseuunsaadumenuiudug

s
a

magaduieauiuiudsdunisvinaisuaiuluaisazaielagsvdmanonnuuignives
Tnaviulaseenles wazdunouil 6 mamingnouwenludenluduamieludousy
ansusznovlveglusuneduduithilnseonies dneandeatunounisdiiiummanos il
Funeudl 1 mansuTunuiiegs

1) Funuiiedns @nssiisendevanmeiind fluduituduesiusznou)
gninanUALaEARYINAMENNTTEUNIUAZIATIYLIA 425 luATe

12)  Fuewuiiegsiifvuiadaniisunssgninlunaaeudieiedonaginzings
(sieve shaker) iloszyn1snszanefuemuInoynIATuLiIeE TnsinTasagnzunsad
PEUNTIVLIARILS 40-500 mesh 1efeuaaUAgainty 1 Wunan 5 und

13)  hFunuieuiiddlusiaszunsiddnindnuasmuradeya
Fumeuit 2 ManTuaudaegng

21)  Fusruiegrsdmin 250 nfu gnusselunInseneIinuazg N
gaumndl 450°C, 550°C uay 650°C iutian 5 $alus aeldusserniaund Taefimnsiiila
amﬁgamaﬂmﬁ’mﬂaLﬁaw%amﬁwqmmﬁﬁmewwﬁwaéﬂaqLmLLazqmmﬁU%nm%mm
fog1aneluwn

22) dleasunmiidvua Ydesliniafiussgtunuiegiadusianiglum way
Fohmiindusuioganiendmnmasnmuaniiznismasedduiade 2.1

23)  Funuieduiikiuuarliinunismngninnesaeudnuasesiuiiuay
N13N5EMIVeIINMEmALln SEM-EDS Ainsgidiunaumniuniing WD-XRF uayviinved

ansusenaumemata XRD



ansissufisendenanmudaniluduidudussduszneu

UAAZLDUALATAAYUIN
(uIALENNI1 425 luasau)

v

a @ ' A =3 !
v TUUAIDENNUYUINLENNIT 524 lupsou

WALIUF 08N
(gaumnl: 450°C 550°C wag 650°C) — >0 €02
(a1 5 L)

.

FUNUAIBENTHIUNITHTDUNYIFG <)

l )

Yrazany
(ANUTTUEsaranglafun1sUBiun: 20, 30 Lay 40 NSURDARS)
(BN51E1UVDIVDILTIFBVBMAD: 50, 150 way 200 NSUseANT)
(1781: 0-3 F71314)

(gaumgd: 90°C)

AENOUTIMEDANN
NSYEATATY

v a1sazaelafeuluauian (Na,MoO,)

ansazany Yo

UsuA pH
(nsalalasmaasnludu 37 V.%)
(pH = 0.500.75 1.00 1.25 1.50 1.75 wag 2.00)

asarangludviduenazaaslsn (MoCl,)

dl z o a a v
E‘U‘Vl 3.18 WLHUNTNWIUADUNITANUUIUIY
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l

asavarsludvathuenvzaaslsa (MoCly)

Andumeauiuiug

(40% pulp density)

' v o ¢a & v
v odududngulumeloosuvedany

AegUaUALTUR

(warludeulansonlamaudu: 5-30 V.%)

asazaneuenludenluduen (NH,),MoO,)

Usulviansazanedan pH 11

(waulutleulansonlas: 15 V.%)

vmiazmaLLaquLﬁsquauw ((NH2),M00,)

anaznoulolliduluduan lneusuliasavaisiian pH 2
(nsnlalaspaasndntu 37 V.%)

(a0unAd: 90°C)

9 Y

) <« d138zany -
Aaslsn (NH,CL) VDU

v fznouieslinienluduieyn (NH.),MoO,)

a1sazanswanlaiay

R NaULaNLReuTLAUAY

(gaunqil: 450°C)

(nan: 1 47lu9)

v

lwdvdduleseanien

JUT 3.18 uRun ndunaun1saniiuaulde (ve)

YUABUN 3 NITYLTALANYTUIIUAIDENY
2.1) wiguansvrararslagn1snaulglAguA1suasum (Sodium carbonate:
Na,CO5) waguusiaanleoeou (DI water) Tialaaaruduty 20 (0.19 M), 30 (0.28 M) uag

40 (0.38 M) NSUADANS
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32)  wraransdunusiedidiiusarliiunssuiunisundieasazansleioy
msuatuamdudy 20, 30 uag 40 n3udedAns gaumgRl 90°C Lan 1 Falaa Sasiduves
Yosudaiovrenal 100 nfusedns wagdnsIn15nIu 500 souseund iefnw1dvEnanes
paunpimamnFunuiegsufudrinavesnnuiduiuresmsrraraedonuaansnly
ns¥zazans (Leachability) Judufdu i epsumuaninzn1suaassfimuun a1sazans
fﬁ’qndngﬂﬁwmﬂsaaLﬁaLLsmmsazmsJLLazmﬂauﬁmﬁamnmwzasma Wil AwEnnse
Tunsvzazanemneda fesaznsvzavanslanzanveaudeiduingauEudulviogluguves
ansazans TnefunnUnalanduasaraedfiousuuiinalensluingiududu duy
WgreInuaNsalunsrraratediiviiaoduesidun (%)

33)  asazaneildainnisvzazaisgninluiinsgidunaumaniidemaie
ICP-OES LLazmzﬂauﬁmﬁamﬂmﬁ%azmaqﬂﬁﬂﬂ?lmwﬁd’auwawmaﬁé’ammﬁﬂ
WD-XRF

34)  annenmInaassiivanzanandunoud 3.2 gnirluAnsufadnfiea
Sn91dIuveoILT v Al 50, 150 war 200 NSUAEARS LEEASUANENTIZNITNAGBS
firmun miazmsJéﬁ’Qﬂa'ngﬂﬁwmmauﬁauaﬂmiazmaLLazmzﬂauﬁm%amﬂms%asma

35 ansazaneiildainnisszazaegmiluiessvdiunaumaadfemaia
ICP-OES LLawsﬂauﬁlmﬁamﬂmi%agmsgﬂﬁﬂ'ﬂ’?meﬁd’mmawwmﬁﬁammﬁﬁ
WD-XRF

36)  anmzmIvaaesimnyauaIntunaudl 3.4 grihluAnwudinidudadviwa
gaaafildlunssravaresaus 0 8¢ 180 wifl TnewiusegialSunng 1.5 fadans fivan
15, 30, 45, 60, 75, 90, 120, 135, 150, 165 waz 180 Wil leasumumanfinivun a1sazans
ﬁ’ma'ngﬂﬁwmmauﬁaLL&Jﬂmiazamamzﬂauﬁm%‘amﬂmi%asma

3.7) miazmsﬁléfmﬂmi%azmagﬂﬁﬂﬂﬁmiwﬁmumaumqmﬁé’ammﬁﬂ
ICP-OES LLawzﬂauﬁmﬁamﬂmi%azmsgﬂﬁﬂﬂﬁmeﬁdaumawwmﬁﬁammﬁﬁ
WD-XRF
sumauit 4 n5USuAM pH vasdEsazane

4.1)  vgavaefunudiegaiiiunsniiguuad 450°C feansazaelndoy
ANSUBIUAAMULTLTY 30 NSUABART dRTIEIUTITBILTIRBYeLal 100 NSUARARS a1 2

Flus gund 90°C uardn31N15nIU 500 sRUABUNT MNTUUTUAT pH YBsaNTazany

Aananmensalalasrasinlidan pH 0.50, 0.75, 1.00, 1.25, 1.50, 1.75 uag 2.00
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42)  asazaeiildannnisuiuan pH gniludesssidunanmaaiivnemaia
ICP-OES
fumeuii 5 Mafisuiisuitnisanasnauvasansazansiiiiuuarliiiunszuauntsgady

Argguiugiud

asazaneiildainide 4.1 gnihluieuifisunisannzneuvesansazanefiinuuay
laiknunszurumagadudeiuiusiud fneandeanisduiunimaaes feil

51 msanagneuketlullsnludunnlagliniunssuiunisaaduiieauiuiug
(MInnmgnaulagnsy)

5.1.1) a1sazatedildaniated 4.1 gnunanusuldiian pH 11 a2
asararsuesluidoulansenlodanududu 15 wWesidudlnguiung e susuves
arsazarganluduaduiansraaalin (MoCly) leg luguveswesluideuluduian
(NHq),M00,)

5.1.2) anpgneuleuludeiluduianlaslsuliaisazatadian pH 2 910
arsazaredildainiaded 5.1.1 densalalasnaain iguvgd 90°C 9ntdurhaisazany
fananunsediiensnansaraieuaznznBUTiva NI YA ANy

5.1.3) a1savanedildainnisided 5.1.2 gnihluiienesidiunaumand
mewmatla ICP-OES

5.1.09) Fungnausenludesluduianildaniite 5.1.2 dediusaain
looau puwswaydamiin

5.1.5) Awnsenviinansuseneuvesmznaumieatia XRD

52)  maanazneulenluilenluduianlagniunseuinnsgaduiigaiuiudud
(M3nneznaulagkIuNITUIAaITLATIY)

5.2.1) vawiuiudasluasazaei ldaniaden 4.1 lushsdau 40
Weddudlatwiindouuas

522) aedulessuveslududtuanaiudutudluiided 5.2.1 fe
arsaranswauludoylansenlafainududu 5, 10, 15, 20, 25 way 30 WaswudlagUsuns
iioRnwdnswavesamituduresansararsnenluifonlonsenladseuszansamlunis
meduvadluduithimnduiuiug anthuhasaraedinarannseaiiewsnansazanseen
NawiuLug

5.23) asazaeiildainiided 52.2 gnihluiesiesidiunanmanaiisae

WwiAlA ICP-OES
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5.2.4) arsaratedileianiaded 52.2 gniunuulwien pH 11 fae
asavanguesluiedlansenlodmnududu 15 Wasi@udlaeUsuns
525) anazneukenludelidunnanaisazateiilaaintided 5.2.4 ¢e
nsnlelasaanin Tnsmsusuliiansavanedien pH 2 flgaumgdl 90°C 9ntuansazaefina
Qﬂu‘fflmﬂsaqLﬁaLLaﬂmsazmaLLawzﬂauﬁmﬁamﬂmﬁmazms
5.2.6) asazanedildanided 5.2.5 gnihlulienevidiunaumaniisae
wAlA ICP-OES
527) &emznounesludeluduandldaniade 5.2.5 dethusiaan
losou suLFaasdaimin
5.2.8) Aanzrriinasuszneuvesnznauniemaiia XRD
Funaudl 6 Mawnznaukauluduluduian
6.1) vssynzneuueslufonluduiendldanniide 5.1.4 uag 5.2.7 adlunszan
wRnmuaznnzneussnanlumiidiafiguuad 4500C Wunan 1 $alus meldusserne
Uni ensunaniidmusiiiesnanmuasdsimiinaendsannisen
6.2) thnvneuildanduneudt 6.1 lAwsseiinvesansUseneudismaia XRD

ey AT IERUTIesNMmEmATA WD-XRF

3.5  dn12en1INnaed
miAseildRnvnmsateluduitinansiswiisendevanmeiaiidluauitindu
asrUsznaulaendnduluduidulasesnlennieifnislanineaauseusudulaning
ansarans Tudunouveanisvearaslidnydndnavesnmydinsmnusuiiegissiuiy
AN UTUYRIATYYAEANEABAINE 1N TatuN sYEazasluAUATY Han13en1sneaes
wanIians1edt 3.2 uagludureuveanisieuifisunsanaenoutesansararsfiiuuaz
lisinunszuaunsgaduseaufusiug dsmsgeaduasazateseauiutud azidunsuda
arsuafiu Insagiinareruuigrivesusuluonluduianuasauuiavsvosneuludon
Tuduinnazdsnalnonseieninuanuuignivesiududhilaseenled fan1nznisvaass

LAAIRINITIN 3.3
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AN5197 3.2 AN1IZVDINITNAFDINITVLALABTUINUADE 1M UNI T AL LB UNITIHN

Y

A1funNISNAABY FUUADENY AMuNTUANTZazaNY (NSURDANS)
1 20
2 i unsLan 30
3 40
aqa 20
5 KUNIETIgauma 450°C 30
6 40
7 20
8 FUNSIENTIgaMYIl 550°C 30
9 40
10 20
11 UM TIgamndl 650°C 30
12 40
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ANS9N 3.3 AN1ITVDINITNABDINITANALNDUVDILaN UL UL UM NTNIUNTLUIUNITNIT

cal 1

AndumeauiuiuduaslinunszuIunsmMIgaduaiea LA pH #19 9

A1AUNITNAADY A1 pH nsgadusigauiuiua

1 0.50

2 0.75

3 1.00

4 1.25 LdshunseuInnsnsgadumea i
5 1.50

6 1.75

7 2.00

8 0.50

9 0.75

10 1.00

11 1.25 HIUNTEUIUNNSNSARgUMe Ui
12 1.50

13 1.75

14 2.00




unil 4

NaN15gkaLaNUsIgNa

= a A o d‘ 1 1 v a Ao ] aaa d‘
nsfnuansnavesiwUsidwasiansnauluduatuanasissuisendeuann
A day a Ao & 13 a & A Ao v a
yiandluduatulussrusenaulaendnduluduitdulasesnledaionssuiunislanine,
Auseusuiulanineraisazats wiseanidu 7 @1u Usznaunie (1) 8n3naveanismn
FuauitegnrensilisulUasdinaumaaivaznsilisusuvesesdusenau (2) Jadeq
danasiaauanusalunsveazagluauAtINa TS UG ATEEeUN N (3) BNSNaTDIAT
pH ¥8sa1sazatgnouinnIsannznaulenlutdouluguiansoUsuuveslud ua du
(4) MInnpnauYesaITazaginIuLaz iU TEUINNTNMSAAdUMEURNTUG (5) A3y
usgnsvesluduidulnseanlud (6) msgauludumiuainaisiseldisedeuanimlnenis
a ) a a o 3 v [ = o
nanduluduatdulasesnled waz (7) Kenslvauasaunaianueenssuiuns Jeinanis

GGRNISD

4.1  INSWAVINITHNITUIIUADE1969N15UASURUAIEIUNEUNIILAL A

msw?iaugﬂwaaaaﬁﬂszﬂau

mawdusuiegadutuneuwsisusognsnoufiasinluvhnisvzarats Futumeu
N191k13 w0 Ussasdii aiUd suuUasdnunsniinign wesd ususiegng
(@sigeUfATendomann) Ieglusuflimngdmiunsssazats dvludunoudeisueu

o ¢ 1 a ! aaa = Y ‘&J g.JI
LL@%"?J@LWEJiV]‘LJﬂV"IQQJEJEAUUN’Q“U@Q?H?L?Q‘UQ?WEHLﬁ@llﬂﬂ']‘wﬁ]%gjﬂsﬂ’ﬂ@@@ﬂlﬂ UBDNITNU VUNBU

o
a v

& < a a t4 S o 1 ~ Y 1 a Ao <)
Hazdunslaiint1vesduanumsgrauieliiesenisszazateluauaty anadunns

Wiguguvesansusenavannlavedalianianuaunsalunisveazangsilvioglugivaslany
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annenInaaesd mauun Jaeslvduauiogrnuiifegumgiives dusnuiiesis
Aendsannisvaasuiivivin 4.9709 fadnfu vaneaa1udn ansnisaatsfives
a13UsENauaINNaHNTuufIegis 0.2031 dadndu uieAmdu 203164 Wesifuslng
thwiin UM 4.1 wanaman1singinisaniedesansussnousemaia TGA nuindusu
fegeFuinnsaanedivesasUsEneuldniosfigumgiuszann 100°C Fsanindunis
sugvasautunelutuuiiogg wardminnsaaeiivesasusenoudnadifigumgd
Uszana 350-400°C Fadanmldannmsasunvasmudureansm Taefnsmiianudu
110 uanslivsuiailddunusegiiansanieiesasUsneunariinsidsundas
dwinainniuiu Ssnmswdsuulasenuduresnsiludisgumnd 350-400°C vavenléin
TuduithudalndSugneandladieeandiauluoinia uazgneandladunniudogumainig
wngstu agndlsfiniu UATeIRenannZunafifivszana 700°C Feiinnsanldaneudures
nsifaudutes (mrududlndrud) uazainngdnssunisiuasuudaunanes
asUsznevlududtusalndlugaseumad 400-700°C Afutisgamaliiviauls desdnu
dufufangfnssunsdeusuresansusgneutestunuiogaildlunisinuni Tnodide
#idenAnunBvsnaresguminiawTunuiaegieil 450°C 550°C way 650°C Fsnsouaqu

gauniluyae 400-700°C TnguUsiiUen1sAN8vENaveIgun)INITNITUINUAIBEN Al
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Juauiegrasununlilunisfnyitelianvaeduanslugui 4.2 (1) uae

FuauiI0g19MHIUNTHT gunn T 450°C 550°C Way 650°C LaRdFaIguR 4.2 (24)
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) ' | = I3 @ I3 Y & @ Ao A & ) 1
Megnnaurnlnsueulazdamlasunaaueg TR Imwlude Weluaudleg19gnian
melaussemeunilainlinniveuiasdalesgnesndladiseandiaunieglumimiuay
wQNEaNTLAgUINT UM MAINTHINWY tneUfAsensiineendinturedlufuaiiy

Falig Fe.0usidusznaundnvedassiufsendenanIn uannsaun1si (4.1) uas (4.2)

2MoS; + 70, 2 2MoOs5 + 450, (4.1)

C+ 0, > CO, (4.2)
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swannsavonuualiumaiiutuvioanasessniiy ¢ wesnuihiunusiegisiiiunis
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(3) Funuieg N uNsWIgamgi 550°C  (4) Fususieg 19k uMIEIgamil 650°C

a
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Y
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AN5199 4.1 AUNANNNLATIYDITUINUALDE 197 IR IUNTHLAS T UIUADE 19NN TN

gaunnd 450°C, 550°C uay 650°C

USunauvasdiunauniundl (Wasigudlagwiiniin)

aaunn ANty lunIsn (°C)

517 , ) |
NBULANI

450 550 650
TuAuAy 11.46 12.38 12.44 12.61
dnfa 2.46 2.79 2.73 2.78
FaNog 7.16 1.45 0.78 0.09
AISUBY 6.79 3.86 4.00 3.64
avalifley 26.93 30.35 30.86 32.21
29NTLAU 41.95 45.75 45.87 45.21
QLT 0.60 0.47 0.36 0.30
Woavada 2.04 231 2.35 2.50
Fanou 0.200 0.20 0.21 0.21
Bu 0.41 0.44 0.40 0.45
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PNENTNA 4.1 WUTUUFeg UL TEdUIIvesaes 7.16
Wosidudlaguviln wasduaudieg WNRIuNISwIRigamnd 450°C, 550°C way 650°C
WUIHUTUIYeIT BT AN N N TN1TIHIN LR NgIT uAe 1.45, 0.78 uag 0.09
Wasiiudlagunin mua1su nsalvesnsuounUITuUmegsllaunsidinueu
Tud3une 6.79 wWesidusdlagmin wazduaudiegniiiunswmifigungiisng 9 wuind
USunawesansveulnalfesiuisaugumgll e 3.86, 4.00 waz 3.64 Wosidudlaguniin

PN s a a I & A A al Y A d' o § v
nsfmsueudivsinaanatliuniiliewnaineaumginidluniswndaaddiiesmenagyinly
WNanseendlaglinTusuaaILfii00nNNNTUIUAIDY1SLANLA

av oy Y v ' A Al 2 o ! \ o
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Mg Feaznandluimitednly
4.1.2 BvswavasauniinsidanisiuisuzUvesasusenaululusuiiegig

Y o \ | laaa P ~ ¢ & & a Ao

FuNuAeg 1At sUise ndeuan nilesdusenauiugruuluduady
Falua (MoS,) lnunan153tAs 18R UsenounIuAi vl usuf1eg19a181Atla XRD
Aauanalugui 4.4 TN BuENI5E 8 UNYRITIELENT VeI T U199 LN

gy & = A aou o s a & ¢ ] aaa
nsnddaneasiiugin iesnluduadudalnanidussdUsenauvesansisauisen
Houannddnwaziduud uid nvuiauilu (Nanosheets) @ 921 undn (Crystal
structure) UaeiaziiUTunias dunalaniia o suvdsuaeiuy 26~14, 45 Usenau
Auaguuiidudnergiiug (ALO,) FedudulagdnuymznITa e uuYeeIdendinseiu
AUNASULIRNTEIUYRIDgIuT () FunusIAEIUY 26237, 46 way 68) Iflanuiduedy
o o8 v @& o & o N eaq 1o
§7U (Amorphous structure) Wunaviliiuanwzn1sae UL dBngNlidTaau was
TuraueNaN BN IS URYBITUIURIDEIITIN NI TN UNYTAN 9 USINgRAYDS

Tavddueanlysn (MoO,, MoO,) Aflaruidundn o sunsydediuy 26~24, 26 uag 36

1% '
a v o

FaunTunugniinisimiasdu luvasiediu deveduduidudalidanamiugumgd
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u AlZOS L MOOZ o MOO3 A MOSZ * SIOZ

a a

WUyl 650°C

Counts

D

a

® WUyl 550°C

10 20 30 40 50 60 70 80
2 Theta (Coupled Two Theta/Theta) WL = 1.54060

‘:4' ) & v A& e 2 Y A v & Y] oA
ETJ‘W 4.4 aNWULNITHRYIUUYDITIALDNYYDIVUITUFIDYILIUA UL TUIURNIDY WYY

MswnTigamdl 450°C, 550°C Az 650°C 1aan 5 7l

\Hef915ufednSnareIN S TUNUMBg1ansUR UL At dIUNENT

IS N Ay v ! ! Y1 s (% s
wilkarnsidsuguresasusenavluguanumedis aunsavsvenladimiveunasdaines
MnegueguuRivesiuIiteg1aligninesnaNTuILme 1 ludunaunIig YenaNnil
ldvAtudalradigniuasuliduluautueenledaig og19lsfinu N15ITUUGIBENS
LdaunsavdndaosuaraivsununaqueguuiuRivesiunudiegelanun Nl n15LHN
< ] o a (Z ! ! d' o o Py (Y ! I dl
Juiilesdunaunisiaieusiegnsuiiszinluszazaty lngviliguaudiegeeglugun

wingdmsunsanaelangdwanglutunausaly
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4.2 Uajendnasiannuarunsalunisszazaigluauatuainansisaufnsen
o
\Haunm

4.2.1 BINFTWAVIQUNYANITHIABAINEINITALUNTYTALANY

A = a

WA nuanswavesguunniif ldlunisiuidawasaaduaiusalunis

(% '
a

yrazarsluaudy Sueuiegeithiniuninm Guanuieg asug) westunuiieg
[1UNN5LHTT g nl 450°C, 550°C war 650°C liignazavatonisaisazaisleifon
msuatuRmLItLT 20 ndudedns (0.19 M) an 1 Halus Sanduvesvesudeievednan
100 nfusedns $n5111519U 500 F0UABUNT 9aIMnll 90°C HARNNITNIAABILARIFIUT
4.5 ei‘qum'wQm‘mﬁmim’ﬁjyumuﬁaashqa'qmaimsJmqm'ammmmiaiums%azmEJ
TuAuAT

defasaneuannsalunisvravansludviduantunusaogeilany
MIWLAEKIUNSTiguMnTen q nuinFunuiegisildiunsenianuaansolunis
%azmaiuﬁuﬁﬂ’uﬁaﬂﬂ’h%umué’f’gaﬂwﬁmumﬂmnﬂqm‘mqﬁmﬂm ilesangus
fregneii lkuntsniandveunardamesUnaqueg uuiuiia Sntslududvuddu
psfUsznavresd uruiieg1veylugurasluduitudaluddudusufisindenissrazans
Fehldnsvraraneintuldlid luvasilduiduiiduesdusyneuvestunusetsiiniu
Mswniigumgiiang q eglusuvesluduituesnlendsgnazaraisldfnia endegns 1wy
Fuauiegadildiunmswndauaunselunssrarareluavivuiies 28 Wesidus
TuraugAitunuiesafidiuniswniigumg 450°C anunsnszazareluduituldgeds 93
Wosldud

definsanauaansalumssraraeluduiifuresiunusiegiefiniunms
TR 450°C 550°C Wag 650°C Wu113 uauRI98 Tk U TN Ti g 450°C
ﬁmmmmsa‘iumﬁ%azmsﬂu%uﬁﬁfmQqﬂiw%mm&hasmﬁr;humnmﬁqmwgﬁ 550°C uag
650°C Ll D99 NN 15N T UTuFeg 19l TuAUATIIUA BugUansUszneululududt
oonladuasnsiivgamgfimannililuduitueonlsdimimaiosnntudunarilion
AONTYTATANY GTfamﬁmﬁsz?yumuﬁaasJ'Nﬁ'qquﬁqaéﬁ?umwaiﬁmmmmmiums
Yrara1gluauAtuanas 8nfieg19UY %umu&hashqﬁmumﬁt,mﬁqmmﬁ 450°C, 550°C
ua 650°C finuanansalunisvzazansludufitil 93, 89 uay 89 wWasiiudnudfu Fawa
nsAnwmeasduadiiisnvaradrofunanmsnnasdu q ildinsdnuliieuuda
D. Mohapatra and K. Ho Park, (2007) na12f® Fusumegrasuduiauauisalunis

yravagluduatulosnITuume 19NKUNSIN NIRAMHATY 9 B NTUNUIIDENS
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a

S UAUNTDVUINUAIDENHI USRI UTATH1NI1 400°C TaeRlududdudinsaglusuvag

9 Y Y Y

o a = o

ludvatdudaliduaziaisuoudnaguiiy Jailiauaiuisalun1sveasaion Lagn1sie

= o oA a = v ! Iy o A
YUY 'JBEJWQV]QNMQN 650°C Nﬂ'ﬁqmaqﬂqiiﬂUﬂqTﬁzagaqEJu@EJﬂ']']ﬂ'ﬁLN']GUUQ']UW'JE]EJ'NV]

a

gl 450°C LHa99NMIENIUUFIRE TR Ige (89031 600°C) AgvililAnn1sUns

YoalUFUATINY UV UEnREg i LI d USauanTinveiITudnavaiiul vl

Y
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fhagraranuausalunsvzaratsludvatudadunuraulalunisfnedednaely
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ANNEILTalUNSYzazatslane (%)

JUN 4.5 Bvignavesgaumniinidlunisirenuanunsalunisuzazanglave
(AanEN1IVAae: lulAgumsusiun 20 niusedns 1At 1 9alue dnsdiu
< U v A v ! ]
YBIYBIUT 46 8YDUNAT 100 NTUFOENT SMIINIINIU 500 TOUR OUNT

gaunnil 90°C)
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4.2.2 BNTNAVBIANMUIUTUVDIANTVLALALHDANNEINITO IUNSVZazaNe

WaAne1dNENaveIANNITUTUIBIATTITazany (Leaching reagent) &slu

1Y
= ¥

i1 fo aududuvesarsazarslefuasuaiunfidwanannuauisalunsszazaiy
Tudviu §3duldvhnmenssrazats Fusuiegiliiiuuagiunnunfigumg d
450°C, 550°C Wag 650°C figaungil 90°C 1an 60 unit SmsduvesveLdaovaanar 100
nSuReAns SnsIN1INIU 500 seusewndt Tngldmanududuaisazanslafouaisuoiund
20 (0.19 M), 30 (0.28 M) az 40 (0.38 M) NSUABARNT mamiwmaaﬂfﬁfaﬂdnLLamﬂugﬂﬁ 4.6
Faflefarsananuawnsalunisveazarsluduituanduaudiegadildsunismagae
a1s¥rarateAududur1e o nuinisiuaududuvesasvraratelidmaog 198
HudrAgmneauamisalunisszazargluauai ed 1lesanndusiudiegiadansuen
wazdamlasunaauusad uindunariliAansezazarwldlid wasidefiansan
mmmmiﬂumi%azmeﬂuﬁuﬁﬁfmm%umuﬁ'gaemﬁmumil,mﬁqmmﬁ 450°C, 550°C
WAz 650°C faeansvrazatefdanududusig q wudtauansalunisvrazaleves
Tuduitufiuduidiomnududuresanstrazarafiaty onded1agy Tunusiog ey
Msnfigamgil 450°C gnazavanesisasazatsleidsuasusiunanududy 20 n3y
Rodns anunsavzavarsluduituld 93 wWesdus wasdlafivanududuresasvzazaiy
30 nfusiedns anunsavvavarsluauatuly 96 Wesiiud sl esandimududu 20
nduredns Usunamesluduivylessuiinnniiusunavedeiioyloseu wazifofivainy
Fuduvesansararoidu 30 ndureans ylriusuiaveslufsyleosuliuanniy Sufn
asuaniUdsuleseulduinninfinnududy 20 nSusedns Sedwmalinnuaiuisalunis
sravarotiiniy egaslsiniy Woueududuresasvzazaigain 30 nusedns Wy 40
nfusedns anuannsalumsvzavasluduitufiugeiufisndntos andu 96 Wosidusd
D 97 Wesidud esnUSunamesludvidulossuilldifissmednsunisuaniuasui
Tofoulossu feowni nafiuanududuresasvzazansTanliuiinumeduduituly
ansavanereudenei warAnuansalunsrzaansluAURTIN T U LS eE TR LA
WTgamadl 550°C WA 650°C ﬁiﬁmaLﬁzi'uLﬁmﬁ’uﬁ’u%umuﬁaasmﬁmumﬁLmﬁqquﬁ
450°C
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* —e— TuNUMBEN
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—— TUIUAIBEN
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JUN 4.6 BvSnavesnnududuresansteazatgsaauansalun1szarangluduaty

(AN12N15NAADY: 1181 1 T2138 9RT1d1UVRVRIT I aUaNaT 100 NSUADARNS

8n31N13NIU 500 TOURDUIN UazgaMQil 90°C)
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423 BNSNAVDIOATIFIUVDIVRILTIABVDUNAWBANMUFIUITaTUNSYZAZAY
LN OANYIBNTNAVRIONINEIUVDIVDILT I (FUINUAIDE19) #oVDILNAD

va o

(asagansloifouniivaiun) donuaiuisatunisvrazarelududy g33elavinisee
Q’l 0 ! lﬂl 1 dl a ¥ = s
aga1eTunuAlIeg iU TN g 450°C Alea1savarglalAguAIsuBlunAIY
WUt 30 NSUEBANS 1381 60 UM SNIINTINIU 500 FOURBUIN Ngaungil 90°C lagAnwn
NAUDISNINAIUVDIVBILT IR BB Mad LU 50, 100, 150 waz 200 NSUFADARNS NAN1TNAABY
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JUT 4.7 BvidnavesdnindiuesresuiievennalsenduaNIsalunstzazany
(01921151989 BUNUAIBENAKIUNTHT RN 450°C 1A 5 Falu
lgifgnasuaiun 30 nSusednT 13a1 1 HIlue dwsIN15NIU 500 TeUsBUNT

LazaNAN 90°C)
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InnIsMeaesnUI il afius nsdiuresuendseveanainn 50 nfuse
ams 10y 100 nfusiedns dwmaliauaiunsalunisvrazarevesduduiduiisduain 89
Wesidus 1u 98 Wesidus Tuvasfidefiusnsduvemwemiweoreunainin 100 niuse
ams 10U 150 wag 200 NSumeans NuINANENNNSaluNSYTaratevedluduRtuanaaduy
76 way 55 Wesidud mugdidu wail 1esannisvzaratedunusiegslusnsiaiy 150
waz 200 ndusedns Usinawedledioulossuainasvzazarsldifissnenenisuandsy
lepoufuluauitilossuaniunuiiegis sy Wousnsdiuvesmendreveunadi

17AN31 100 NSURPARNT AN bIRINNEINNT UMY araneluAUATNanad

424 Bvswavesadildlunisvzazatesenuaunsalunsyzazany

Wefnwdnsnavesnafildlunisyzazarssennuaiuisalunisvzazans
Tududty §3deldvhnimenessraratstunuieseiikiunisunfigungi 450°C de
asazaneloAguAISUBLUAANLINTY 30 NSUABARS DNTdINYRIBILTRBYRIaIYINTU
100 n$usiedns $a3I1N13N7 500 oUsiaUT gaumgil 90°C Tnednwianililunisvrazans
Tuang 30-180 w1l Namiwmamuamé’qgﬂﬁ 4.8 %qwud%ﬁ'aLﬁmuaﬂumi%azmsﬁamaiﬁ
Tuauddugnuzazateniy Tnonatiunisyzazats 30 Uit aunsavvazanslududicy 81
Wesidun dlafiunalunisvzazsaodu 120 und aunsavzazarsluauic 98 wWesidus
Fensvzazareluyaeaan 30-120 wiil Iuﬁuﬁﬁu%gﬂ%azmaLﬁwfuasmsam%a esan
Jugrasuinnsuanidsulesouiussninmends Auduiidilossuaindumnusieg)
wazasyzavary (leeulonsuainaisaranglefeuaisuoiun) denaliusualuduaduly
ansavansuniuiionanlunisvraraefisanndy sehslsfany Weiiunailunsvrazany
WU 120 Wi nuemeaiuisalunsvzazatsluauiidusialnaldsetunsezazaned
a1 120 w1 LﬁaamnﬁLfamﬁaﬂénﬂﬁﬁ%mmiu,aﬂLﬂﬁauiaaaulﬁéuq@mLLé’% Farfu s

WA UNSYEara1eNuUIunNI1 120 w19 9lrnalnaAesnuiuNIsTzazaten 120 uid
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JUN 4.8 Bvanavesamldlunstearmedeanuainsalumsvrazaty (@n1ensmaaes;
FUUAIDENNHIUNITINTgUNYET 450°C lwifisuAsusiun 30 NTUADANS
[y ! < 1 [y I a (Y 1 =
8191 d711v09vUT W BYaUNAT 100 NTUABAAT 8ATIN1INIU 500 FOUMBUNY

aunnil 90°C)
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1AW BUNATINITINITUIUAIDENE AIUTIUTUYDIASTVLALANY LIANIT MUNSTEALABWAY

9 Y

a

§n3druveveudsreveunal deanunsaasuliinanngdiminzay (@ ldvimaassly
msfnwAdet) dwsunmswrazansluduity fe %‘umuéﬁasi'laﬁcimmsl,mﬁqmmﬁ 450°C
Wuan 5 92lus tanvrazatedgasaranslensnasusiunnu Nty 30 nSuseans
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43 BNTNAVDIAT pH VBIANTAZAYAIUTIINITANALNDULDN LULTBULURULAT

1 a Ao
fiaUsNuvaluAUATY
4.3.1 asazanenliiiunszurunsaadudiiegiuiusiug
n15USUAN pH V09 15aza187 1inIINNTSYEATaNe T g ungdl 90°C &

[y

nUszavdiloseansingneundeluduiduiiAansnnazneuluasazareiinnisazans
nduiinlueglugdresansazans vl egneudindrifninanuannsalunisazaisiianas
dogamgivesansazatvanas waznsUiue pH vesasazanedianansaiuasuguves
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Tuduian Fadwdudedldnsalelasaasinusuan pH leglutieiisianudunsags §3dels
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Aanaazgniluanazneuliduneuluilesludumvluduneusely
Na,MoO, + 8HCl = 2NaCl + MoCl, + 4H,0 (4.3)
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Tuansazane 0.37 nSusedns

12

l"\‘\‘/‘_‘_‘ —A—luduaiu
10 4

a

—0— DERULUYN

)

a

IUNDANT

o

——oanasa

PBunalangluaisazans (n
n
|
T

oo e

0 025 05 0v5 1 125 15 175 2 225 25

A1 pH UBYENTALaNY

JUN 4.9 8vSwavesd pH seUsinuvedlansluaisazany
1nNINAaesaInnsaasuleind pH vedasazanedinalagnsinayusunn
vosluduihiluamsavans Tuvaeiien pH lidsadeUTmnavesergfideunazeaesaly
a1sara1efiiIunIsUSuAT pH udd Feansazatsntendsainnisusual pH fanan QN
iluanaznoulnunenlideuluduen wuadu 2 anmgnsmeans fie
1. nsAnAzNeuYeIasara1edlii1unTzUILNITATRATUAIY
audutus (aneznaulaenss) Ineusual pH Yesasavalgninameatsazaisuauluiey
ulansenlaslilaan pH 11 Mt luanssneuliduwenludonludunn

v v (3

2. MIANAZNBUVBIENTATAETHTUNTFUIUNMINITAATUAIEa U LTUA

LY (3 (%

Feladendamarensnaduuazamedulossulanemenuiudug 1



98

4.3.2  @1sazanefiunszUIUNINIRRduAeuiuiud

Y
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FEaUNUT LR
[ 1< (% d' 1 1 U
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NNTNAABINUINANNAINTRIUNTAeduvedluduntulasauain
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AMEnFRINUTUAT pH vesansavarelvllan pH 11 way a1sazangazeglugy
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lelaseanin figamgdl 90°C ffnguszasdiiieliansaransfivssquanifiunniu Gsazdana
TiAansanazneuveaenluienluduem Tnefinslvoumgilussmitansuiuen pH 1y
mstaesdlAniigemannegneuteswesluiouluduemiaaldiitu Tasdufaseuad

LAAIRIENNST (4.9)
MOCLé(aq) + 3NH4OH(aq) -> (NH4)2MOO4(S) + NH4Cl(aq) (4.4)

ngnaunliannisanazneulagnsignilulnseiviinvesansusenauie

wAtla XRD lngranslasigvinauanduguil 4.12 wudwenauiildainaisazaneivnaniiey
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PV

nsnAaeTeanIEuTuAn pH Tuyae 0.50-2.00 aglusuvedwauludounaanaluduian
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ZTheta (Coupled TwoTheta/Theta) WL = 1.54060
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2Theta (Coupled TwoTheta/Theta) WL = 1.54060
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InensakaziIunIsgaduaauiudud nuuSinaevalideyluaisagaieinn1emasan

a a
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aa

Ufiseniivasnisiisuntasasianlulsuvaamnluiuenlansy

A[(NH4)sPO412M005] > 2[P,0524Mo05] + 12NH; + 6H,0 (4.5)
12NH; > 6N, + 28H, (4.6)
18H, + 90, > 18H,0 @.7)

aaa

Ufsenativesnisilasunlasvatianlulisuluduiny

(NH;),M0,0,5 = 4MoO5 + 2NH; + H,0O (4.8)
4NH, + 50, > 4NO + 6H,0 4.9)
n M003
k, .- 1 L | 1 a " m 0
s | m m} . mhH = 4]
) v *#_h TERE,
- b 1"‘“ PLL=
= LBy
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10 20 30 40 50 60 70 80

2Theta (Coupled TwoTheta/Theta) WL = 1.54060
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4.6 msfAuladuiduanasisalisendenannlaenisnanduluduidy

3

lnseanlen
lavatuleseenlaanlianaisazaneinnazneulnensalifevasnsnauluduatugs

| a Ao say v A o % i v o ed

niluduatulasesnlenflaainaisazateniiunisgadulessulanedisauiududinn
4N17¥N1590804 INUHANITVARBILARIRSLLIUN 4.18 Vil Wesnifnnsgaydalufuftiu
luduneunisgadunaznisaeduannauiudiuduaziluduatulessuusdiudinsgnaaduly
Ausaduiuiug JadunarilindedadinldannisgeaduaieauduiudinisgAuves
ludvAtntseninatsazareiinnaznoulaenss Wofa101AT pH U9sa1Taza18ABUNINIS
anaznaulalanlenlufuianainaisazareiinnazneulngnsuazH1UNTEUIUNIYATUMIY
a1ufuduAfNAY pH 0.50, 0.75 1.00 waz 1.25 wuininis)Auveslududdugenianan pH

1.50, 1.75 uaz 2.00 %91l tosa1nludunoun1sUsua pH 199819828180 18RAI91NNT
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4.7 AINI5VafILATaNNaTENYRINTEUIUNT
aInInaaeInstAuluauATnelFannensAnuidedanunsntiindasm

fanslvaduazaunaianvesnsyuunssluafaluduitiunnaaseafitondenanmeiad

TudvAduluesdiussneulpenisudnduliduidulaseanledmedsnisanasneulnenss

wazanaznaulaenunsandulossuvedaneimpuiuiug wanwidlugui 4.19 wag 4.20

Raw material (Spent HDS Catalyst)
(100.61 kg)

v

Calcining
(450°C, 5 hr)
¢ Calcined Spent Catalyst: 100 kg

—» S0, CO,

Alkaline Leaching
(Na,CO, 30 g/L: 1000 L)

.

Calcined Spent Catalyst: 96 kg
Mo-rich sol™ 1000 L

Adjust pH 0.75
(HCL 37%v/v: 52 L)

¢ Mo-rich sol™ 1052 L

Adjust pH 11.00

(Ammonium hydroxide 15%v/v: 893 L)

¥ (NH,,MoO, sol" 1946 L
Precipitation

(HCl 37%v/v: 426.5 L)

NH,Cl sol™ 2371.8 L
(NH,),MoQ,: 15.56 kg

Drying and Calcination
(450°C, 1 hr)

v

MoO,
(13.82 kg, 99% purification)

[y o [y

JUN 4.19 dannslvaduazaunaiandmsunisslodaluduituanaisseuisendouann

9

yianludvatudussdrusznaulaenisuanduluduitulaseanlosfiedsnig
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Raw material (Spent HDS Catalyst)
(100.61 ke)

v

Calcining
(d50°C, 5 hr)
# Calcined Spent Catalyst: 100 kg

—» 50, CO,

Alkaline Leaching
(Na,CO, 30 ¢/L: 1000 L)

v

Calcined Spent Catalyst: 96 kg
Mo-rich sol™: 1000 L

Adjust pH 0.75
(HCL 37%v/v: 52 L)
4 Mo-rich sol™: 1052 L
Adsorption
(Activated Carbon 40%w/v: 417.6 kg)
v
Desorption and Adjust pH 11.00
(Ammonium hydroxide 15%v/v: 974.4 L)

Spent Activated Carbon: 428.4 ki
(NH,),Mo0, sol™: 478.2 L

Precipitation
(HCL 37%v/v: 155.9 L)

NH,CUsol: 1130.3 L
(NH,),MoO,: 10.68 kg

Drying and Calcination
(450°C, 1 hr)

v

MoQ,
(9.48 kg, 99.98% purification)

JUN 4.20 dannslvaduaraunaiandmsunisslodaluduituanaissauisendouann
gianTluduatudussiusenaulaenisudnduluduiiulaseenledseisnig

anaznaulaenunsgadulessuvedaemenuiuiug
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[

mndsmsluadivesian annsaesugldded
Fuuiegiasudy @siswifsendevanmuiad Tluavituduesiusznev)
wiin 100.61 Alan3u Uszneuselavslududii 11.46 Alandu uwhnsiniigaumndl 450°C
a1 5 dalas agldBunusegnsiihunissniigumgl 450°C dwiin 100 Alandy uagthly
grazaneiieasaranslfsnnIsuaun 30 NSusedng SnT1dINTEBTIRBVDLMAY 100
nusiodns 1ian 2 92la gangfl 90°C wagdmIN13NIu 500 TeuseunT Antunsasusn
PLNOUIBNIINANTALANY Teansaraenendsainnissraratsy3ung 1000 dns gnunaun
U§up pH esansazansliien pH 0.75 saensalelaseassn 52 dns lnvansazansdilias
oglusUvaslududitienaaaslsd 1052 Ans anduthansasargluduituenezeaaslsd
1052 dns Wanagnaulaense lagldansazareweuluieulanseanledainududu 15
Wesidurlaeusuing 893 ans lun1susuan pH vesasavarelsiilan 11 wagldnsalalas
AaRsNluN1sUSTUAT pH vesansazaneludian 2 Usuins 426.5 ans Mlulanznauwsuluiiey
Tuauiam 15.56 Alansu thnznoudsnanilumnammgil 450°C an 1 Halue wagldnansias
anvhelduluduiiilnsoonledidanuuians 99.28 wWosidud TuuTuim 13.82 Alandu
Funuiogadudu (asssuftordosaninsiediiluauivuiuesdusznev)
wifn 100.61 Alan3y Uszneuselavslududiia 11.46 Alansy uwihnsiwiigaumndl 450°C
a1 5 s agldBunushosnaiiunissniigamgii 450°C dwiin 100 Alandy uagtily
Yrazanemuasazanslafieuasueiun 30 nSusiedns SnsdIuTeeIwlwaveImal 100
nfusiodng 1an 2 $1la9 gaumgfl 90°C wagdmIIN1INIU 500 TAUABWIT MTuNTadUEN
PENOUBBNIINAITALANY 9aNTALAIBANBNAIIINANTIEATABUTHIMS 1000 AR gniian
U§um pH esansazaeliiien pH 0.75 densalelaseassn 52 ans lnvansasaneiilias
oglusUvasluduituienaeaaalss 1052 Ans ansuiansazargluduituenesaaslsd
1052 dns TUrunnsvinsauaiumenuiuiud Tngthasazareildainnsuiuan pH
0.75 3iignszuruntsgadulessulanssenuduiudi 40 Wesidudlnemanouiuins
T dususiug 417.6 Alantu ndurhniseedulossuveduduitudsansavansueuls
dewlansenladanududu 15 Wesi@udlaeU3unes 974.4 das uazldnsalalasmaeinlu
n15USuAT pH wesansazateliidean pH 2 USuias 155.9 dns virlilanznounenluie
Tuduian 10.68 Alansu thazneusananlusneumgil 450°C an 1 Halus uayldndafus

aavherduluavitulaseenlydnfinnuuignd 99.98 wWesidud Tuusuna 9.48 Alansy
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9nTdIYRIvRILliBYauad uazafildlunisyzazany uavtuneun 3.nsAnwdadei
denasianuuigvisveswanludenluduam lawd A1 pH vesa1sazatenawintn1sanaznau
werlululuduian waznstharsasangluinunsvinansuaiulaensgaduiegiuiusiug
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a. %umuﬁaashaﬁmumil,mﬁqmuqﬁ 450°C danalyiiiansveazaleves

a

TuauATNLIANEALUNN 9 ANUITNTUYDIENTTTaZANY WaLUTBUNBUAUTU U981

q 9

mnmﬁqmmﬁ 550°C gy 650°C

Y

Y
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6. nsvrazatetunuiiedlusasduvewemievewras 100 nSusedns
dsmaliAnnsvzazarsvesludutuuiniigeid oiSeuiisuiudnadinveseand e
YounaIdu o 7ldnaaes lusasiisnsdiuvoiwewudrovonnaiiuiniu duwmals
AMNENNTalUNTTzazavRslAUATLanaS

7. ns¥razateduuiieg1dluian 2 Yalus dealdiinnisvzazaneves
Tudvitusnnigadefisufunaildlunisraraieiidundt uaznisszazanefienaii
guunITkalndidestufiunissravatedl 2 ilus

8. N15USUAT pH TesansazaenIevrasaInnITtzazatslidal pH 0.75 dswali
Tudvituegluansazasunnfianuaziiuiinasinuaiiuiesiigaidefivuiudt pH figsnin
waznsanaesan pH lialndifesiufuiian pH 0.75

9. n1siasagateluiumsvinansuaiulnenisgadulessulansieaiu
Fusfudvinliuesludonlud uiandanuuians unndinsiasazatgluannzneu
wonludeuluduianlnenss Tedawalnonssdonnuuignivesluavdtuloseonlediiiu
HERSNEAYINY

10.  mseedulossuluduitussnsndutusiudiewenluilonlensonled 7
mndudu 15 Wesidudlaeyiuns dewaliluduitueylusuvesarsazarsanniigaiile
Weutusenludoulansonled 7 At uduliesnia wazn1sii uarududuves
woulufleulensonledlinalndidestutuenludevlonsonledfinnududu 15 wWesidud
JCRNIE Tl
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12 anmviingaudmsumsdauluduitiananssufitendesanniad
Tuavidindussruseneulaenanduluauitulasesnlanmenssurunslanineininuiou
safulaninenansazans Aemsidenunansissfisondenanmilguvad 450°C wvazany
mglaifguasuaiuaAUITLTY 30 NSURDART PRTIEILTDIEILTIRDIDUUAT 100 NSUAD
dn5 a1 2 Falus grumgdl 90°C $m51MMINIU 500 saUsBUNT TABUTUAN pH Yasasavany
MenaInsvrazatemnsalalasaasinliiaisazateninanilai pH 0.75 sauluiienisih
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(1) FUIUFAIDYINBUNITLH

(3) Fuanuiieg N UNSHNIgamnl 550°C  (4) Bunusnegsinumsienignmnil 650°C

(%

JUN N-2 Junuieg ey dunuimeg i unsinnaungil 450°C 550°C wag 650°C

1387 5 Tkald
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A158¥A18NUNAINTVLAZANLTUINY A158¥A8N1UNAINTITVLASANLTUINY
089N LIHUNTNIANEESTEATANYAINY A0V LN 450°CA78
LUUTUANY AN3YLATANUANULTUTUAN

AN58LANUNYNAINITVLATAILTUINY ANTALANENNYNAINITVLATANLTUIU
H798719MK1 LN 550°CA28 A0V UNNTNTA 650°CA7E
A5V ATAUANULTUTUAI € AR AIUANULTUTUAN €

ANTAZANINNINAINATTZAZAE (78) uara1TazaInN1unaIa1nn1sUsuAT pH 2.00

1.75 1.50 1.25 1.00 0.75 waz 0.50 guaeu (1)

JUN N-3 ansaganeneviasannnisyzarangiaruiual pH
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pH ANAZNBULALNTS anmznaulagr1uN1sAndUAEaUiLTuG

0.50

0.75

1.00

1.25

1.50

1.75

2.00

d’ U I = a Ay v a !
E‘U‘Vl n-4 s enzneulenludenluduwnnilaanmsnnagneurssansazaneiian pH A9 9

meImInnazneulagnsearanaznaulaguN1sAAtuAIEaUALTU
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pH ANAZNOULALATI anmznaulagr1uN1sAnduUAEauiuiuG
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WD-XRF lnsfinaTinseivimnavedanzegluguresdedifudlasimin sndaogradu

Fusudegeitliiunmaniusinaluduitu 11,3317 wWesidudlaetin Fsawnsn
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[

29AUTTNOU
VUINYBIFVIIALUNTI (mesh size No.) 5ﬁwﬁhaqnﬂﬂuumzunia(n§u)
40 1.33
50 7.86
70 6.3
100 4.81
140 5.19
200 4.19
270 3.45
325 3.43
400 3.54
Pan (500) 8.05
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A1579 V-2 AVURAUNILATVDITUINUFIDEIUSUNDUUALASNAIUAARYUIAT 425 lumsau

Usuad (wt.%)

519 | ssseUfiten | svsssufitendenan il | ansssufizendauanin
dowanw  |Hvwralugindn 425 luaseu [fiflvunadnndn 425 luasou
AISUBY 7.23 6.26 6.79
20NTLIY 41.33 41.69 41.96
LT 0.40 0.11 0.60
avqililyy 27.51 28.12 26.93
Fanou 0.17 0.16 0.20
Nodwosd 2.14 2.21 2.04
Fanes 7.06 6.90 7.16
Tnunalgdey
0.05 0.04 0.04
by
LAALYE 0.06 0.05 0.08
wan 0.19 0.07 0.21
lAveas 0.05 0.06 0.05
uniia 2.47 2.48 2.46
NDILLAN 0.01 0.01 0.02
TuAuAly 11.33 11.84 11.46
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J3uad (wt.%)

A Taisunsiwn 450°C 550°C 650°C
AISUBY 6.79 3.86 4.00 3.64
20NTLAU 41.96 45.75 45.87 45.21
JLTCHY 0.60 0.47 0.36 0.30
availlley 26.93 30.35 30.86 32.21
Fanou 0.20 0.20 0.21 0.21
Woavada 2.04 2.31 2.35 2.50
Fanes 7.16 1.45 0.78 0.09
Tnuadou 0.04 0.05 0.06 0.07
WAL 0.08 0.08 0.08 0.09
Wan 0.21 0.22 0.18 0.20
lAuan 0.05 0.06 0.06 0.06
finiia 2.46 2.79 2.73 2.78
NBIUAS 0.02 0.03 0.02 0.03
TuAuAT 11.46 12.38 12.44 12.61
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A1519 V-4 AVUNAUNILATVDINENDUNMA DIINAITVLALANUTUINUA DY UNIUNTHIAE

A5 araN8NAMUTNTUA 9

Usuna (wt.%)
510 anududuvasigfeunisuaiun (nSusadng)
20 30 40
AISUDU 4.57 4.58 4.67
20NTLIY 48.59 47.87 48.40
QLT 1.48 1.87 1.97
araililey 26.62 26.85 26.51
Tanou 0.17 0.16 0.17
Woavesa 2.06 2.14 2.15
Faos 5.20 5.23 5.21
PTG 0.02 0.02 0.02
uniia 2.63 2.64 2.58
TuauAy 8.34 8.32 7.97
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M1519 -5 AIUNAUNILALVDINLNDUTNLNAABIINNITVLALANETUINUAIDY19NNIUNITLRT

9

Y

DUNAT 450°C MITENTYEara1uNAMULTNTUA 9)

Yo (wt.%)
5190 anududuvadigifeunisuaiun (nSuradng)
20 30 40
AISUDU 5.19 5.31 5.22
2ONTLAUY 49.37 49.37 49.58
QLT 1.57 1.94 2.25
araililey 34.94 35.07 34.93
Tanou 0.25 0.25 0.23
Woavesa 3.05 2.82 2.67
Faos 0.15 0.13 0.13
PTG 0.02 0.02 0.01
uniia 3.22 3.17 3.12
TuauAy 1.38 1.09 1.01
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MN519 V-6 FAFIUNAUNINALVDINENOUN A DIINNITYLALANETUITUAIDY 19T NIUNITLHT

9

DUNAL 550°C MIUENTTEara1uNAMULTNTUAN 9)

Y

Usuna (wt.%)
510 anududuvasigfeunisuaiun (nSusadng)
20 30 40
AISUDU 5.53 5.18 5.14
2ONTLAUY 48.84 48.87 48.91
QLT 1.59 2.05 2.26
araililey 35.74 35.52 35.39
Fanou 0.24 0.24 0.23
Woavesa 2.52 2.55 2.55
Faos 0.11 0.12 0.11
PTG 0.03 0.02 0.02
uniia y L4 3.15 3.14
TuauAy 1.41 1.44 1.34
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MN519 V-7 AFIUNAUNILALVDINENOUN A DIINNITVLALANETUITUAIDY 19T NIUNITLHT

DAL 650°C MITENTBLATA1LNAMULTNTUA 9)

9

Y

Usuad (wt.%)

} %4 v = I3 % 1 Aa
AMULINTUVBALBLATUATITUBLUA (NSURDANT)

5160
20 30 40

AISUDU 4.40 4.31 4.01
20NTLIY 48.55 47.64 48.22
QLT 1.44 1.57 1.91
araililey 36.59 37.51 37.09
Tanou 0.27 0.23 0.23
Woavesa 2.46 2.42 2.37
Faos 0.08 0.07 0.08
PTG 0.03 0.03 0.02
uniia y & 3.27 3.24
TuauAy 2.17 2.05 1.97
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M1519 V-8 ATUNAUNIILALVDINLNDUTNLNABIINNITVLALANETUINUAIDY19NNIUNITLHT

9NN 450°C MIYENTTLATAUATNTY 30 NSUABARNT NILIA64 9

9 Y

Usuew (wt.%)
516 naildlunisszazans (Falus)
0.5 1.0 1.5 2.0
AISUDU 5.56 5.18 5.95 5.66
99NN 49.72 48.87 49.77 48.88
QLT 2.01 2.05 1.93 2.31
avalifley 34.45 35.52 34.56 35.34
Famou 0.27 0.24 0.23 0.21
Woavesa 2.72 2.55 2.67 2.59
Faos 0.12 0.12 0.11 0.12
PTG 0.02 0.02 0.02 0.02
Uniia 3.09 3.15 3.05 3.14
TuauAy 1.16 1.44 0.86 0.85
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M1519 V-9 ATUNAUNILALVDINLNDUTNLNABIINNITVLALANETUINUAIDY19NNIUNITLRT

a (% Y v [y Ia gy ! <
U 450°C MIPAITULALAYAIUVUIU 30 NIUFABANT NBHTIAIUVDIVDILUY

FOVDIMAINN 9)

J3uad (wt.%)

9n9187UVIVDITIADVDAT (NSUADANST)

5160

50 100 150 200
ASUDU 6.44 5.31 5.50 5.37
99NN 50.00 49.37 49.61 49.19
QLT 2.05 1.94 2.03 1.59
avalilfley 34.56 35.07 34.49 34.95
Fanou 0.27 0.25 0.24 0.25
Woavleda 2.11 2.82 2.91 2.95
Faos 0.12 0.13 0.16 0.21
Tnuadou 0.01 0.02 0.02 0.03
finiia 2.99 3.17 3.06 3.18
TuauAy 0.59 1.09 1.13 1.40
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Usuad (wt.%)

519) A1 pH

0.50 0.75 1.00 1.25 1.50 1.75 2.00
ONTLIU 36.20 37.67 38.26 34.23 33.74 34.41 35.18
avglilew - 001 | 001 | 003 | 002 | 003 | 005
Tamou 0.04 0.03 0.05 0.04 0.03 0.04 0.10
Weavleda 0.70 0.69 1.35 1.25 1.30 1.26 1.32
Wwian 0.03 - 0.03 0.03 - 0.02 0.02
Tuaudy 63.03 61.60 60.29 64.43 64.91 64.24 63.33
51nNaY 0.77 0.72 1.45 1.34 1.35 1.35 1.49
mmu%q‘vfé 99.23 99.28 98.55 98.66 98.65 98.65 98.51

M504 U-11 dunaunaaiivesiuduadulaseenleanlaannisanaznaulagiunisgady

PuaUANITUA
Usunal (wt.%)
519 A1 pH

0.50 0.75 1.00 1.25 1.50 1.75 2.00
DONYLIU 35.56 35.10 35.21 35.68 35.69 35.29 35.45
ozgiildlon 001 | 001 | 001 | 001 [ 001 | 001 | 001
Fanou 0.01 0.01 0.01 0.02 0.01 0.03 0.02
Woanaa - - - - - - -
Wan 0.02 - - 0.04 - - -
TuauAuY 64.40 64.88 64.77 64.25 64.29 64.67 64.52
ﬁ?ﬁ]iﬂﬁﬁu 0.04 0.02 0.02 0.07 0.02 0.03 0.03
ﬂ%?iﬂ‘U%E‘leé 99.96 99.98 99.98 99.93 99.98 99.97 99.97
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catalyst used in petroleum refinery. The spent HDS catalyst still however contains significant amounts
of valuable metals such as molybdenum and nickel for example, thereby recovery of such metals are
of great interest. Pyro-hydrometallurgical process was utilized in this research to selectively extract
molybdenum from the spent HDS catalyst using alkali leaching reagent. The process start from
calcination of spent HDS catalyst, alkali leaching using sodium carbonate, purification by carbon
adsorption-desorption, precipitation of ammonium molybdate and finally calcination to give molybdenum
trioxide (MoO3) as the final recycling product. Effects of calcination temperature (450°C to 650°C)
together with alkali concentration (1 M to 3 M NaxCO3), solid to liquid ratio (100 g-L™* to 300 g-L!)
and leaching time (30 min to180 min) have been investigated. Calcination at 450°C has shown to
give the highest leaching efficiency. The optimum leaching condition, giving 97% leaching efficiency
was determined to be 40 g-L-! sodium carbonate concentration, 2 h-leaching time, 100 g-L-! solid to
liquid ratio and 90°C leaching temperature, by controlling the temperature at 90°C and the pH at 2,
ammonium molybdate then precipitated. Calcination at 450°C finally converted the obtained precipitate

1. Introduction

In the petroleum refinery process, to meet fuel specification with
clean and low-sulfur level for environmental requirements, undesirable
sulfur must be removed from the oil via hydrodesulfurization (HDS)
process in a temperature range of 260°C to 280°C over 5 barto 160 bar
[1]. To capture sulfur which appears as organosulfur compounds
or sulfides, HDS catalyst is used and where the HDS involves the
breakage of C-S bonds and give the resultant hydrogen sulfide
(H>2S) gas and sulfur free from hydrocarbon, causing much reduced
toxic SOx emission. Clean and high quality oil with low sulfur level
then results to meet high specification of fuel production. HDS
catalysts used are mostly based on MoS: with Ni and Co in small
amounts, which are incorporated on inert supports such as cost
effective y-ALO3 or more stable SiO2. Nominal composition for the
Ni/Mo HDS catalyst is typically 4% to 13% Mo, 1% to 5% Ni, 8%
to 10% S, and 15% to 30% Al for example [2]. It was shown from
ex-situ microscopic data [3] that MoS: nanoislands comprise one or
more layers of S-Mo-S sandwich in the truncated triangle shape where
their active edges serve as active sites during catalytic reactions [4].

‘When activation reaction efficiency has gone under an acceptable
level after several years of operation, several approaches dealing
with the spent HDS catalyst are necessary. The first approach involves
regeneration of the spent HDS catalyst to reuse them in the system,

J MMM | Metallurgy and Materials Science Research Institute (MMRI), Chulalongkorn University.

to molybdenum trioxide as the final recycling product of 99.5% purity.

which is the first priority prior to disposal if possible. Secondly,
deactivated HDS catalyst waste may be disposed to landfill. However,
such an approach is restricted to waste management and environmental
regulations since the spent HDS catalyst is categorized as hazardous
[5]. Disposal to landfill is harmful and not preferred since it requires
large area. Moreover, heavy metals such as molybdenum, nickel,
iron and cobalt along with hazardous elements, i.e. arsenic might be
leached out to land and water resources in communities unfortunately.
The third approach is been the recovery of valuable metals such as
molybdenum, cobalt and nickel to be recycled back as the raw
materials for re-manufacturing of spent HDS catalyst, applicable to
the zero waste scheme. The amount of the spent HDS catalyst is
estimated to be approximately 150,000 ton/year to 170,000 tons/year
in the worldwide [6]. Therefore, recovery of valuable metals from
the large amount of the spent HDS catalysts is interested from an
environmental and economical point of view.

Many research works have focused on recycling of valuable
metals from the spent HDS catalyst, following the conventional
pyrometallurgical and hydrometallurgical process routes along with
the bioleaching route [6-14]. The hydrometallurgical route includes
leaching by using different agents for example; i) acidic agents, i. e.,
sulfuric acid (H2S04), nitric acid (HNO3), hydrochloric acid (HCI),
oxalic acid (COOH)s, and citric acid (CeHsOy7) to selectively recover
molybdenum or vanadium, ii) alkali leaching, i.e., sodium hydroxide

DOI: 10.55713/jmmm.v32i2.1252
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(NaOH) and potassium hydroxide (KOH), iii) ammonium salts
leaching using ammonium hydroxide (NHsOH), ammonium carbonate
(NHz4)2CO3, and ammonium sulfate (NH4)2SO4, and iv) bio-reagents
involving microorganisms in which their metabolisms require aerobic
oxidation of reduced sulfur compounds such as bacteria and fungi.
The bioleaching has been claimed to be more environmental friendly
due to less chemicals used. The pyrometallurgical process involves
salt roasting the discarded spent HDS catalyst with NaOH, sodium
nitrate (Na2NO3) or sodium chloride (NaCl) followed by leaching in
water or in sodium carbonate (Na2COs). Other routes such as roasting
in air carried out over 500°C to 700°C followed by acid leaching
and smelting directly or after calcination have also been studied [7].
Nevertheless, effectiveness of individual recycling routes selected
has been also based on original waste compositions. Therefore,
more investigation should be further explored in order to extent to
the commercial scale of recycling to serve both environmental and
economic issues.

The pyro-hydrometallurgical route or (roasting-extraction method)
has been of great interest and reported to be effective. However, limited
research works have explored the use of NaxCOs as the leaching
agent. Recent technology has been reported to obtain 92% Mo
efficiency via roasting followed by pressure leaching using 45 wt%
NaxCOs over temperatures of 180°C to 190°C [2]. The process
nevertheless consumed quite large amount of Na>xCOs. In addition,
work by K. H. Park, et al. [13] employed alkali leaching using NaxCO3
at 40 g-L! concentration with 6 vol% H2O> as an oxidant without
preceding spent HDS catalyst calcination. Work notable molybdenum
leaching efficiency approaching 85%. Though spent HDS catalyst
calcination has been incorporated and studied in some research works
and patents [ 7,15,16], the investigated temperature ranges were in
the regime of higher than 600°C. Further, the effect of calcination
temperature in the lower temperature range of 200°C to 600°C
on leaching efficiency has been reported [17], which defined the
optimum calcination temperature at 500°C for the recovery of spent
Co/Mo-y ALO3 HDS catalyst.

Accordingly, pyro-hydrometallurgical process has therefore
been applied to recover molybdenum from spent Ni/Mo HDS catalyst
in this present study. Waste treatment or calcination prior to alkali
(Na2CO3) leaching has been incorporated to investigate effects of
calcination temperature in the range of 450°C to 650°C on leaching
efficiency. The proposed recycling route started from pyrometallurgical
process via calcination of spent HDS catalyst to remove excessive
organic pollutant (carbon) and also to convert metal sulfides into
metal oxides. Following the subsequent hydrometallurgical process,
alkali (Na2CO3) leaching has been selected due to its selective leaching
especially to molybdenum. Variables such as alkali concentration,
leaching time, and solid to liquid ratio were investigated to assess
extraction efficiency and determine the optimum condition required
for the succeeding steps of purification, precipitation and finally
calcination to obtain the recycling product.

2. Experimental
The extraction and recovery of molybdenum from spent HDS

catalyst obtained domestically from a petroleum plant can be envisaged
in experimental flow chart in Figure 1. Through sequential steps,

spent HDS catalyst will be subjected to waste preparation, calcination,
leaching, adsorption-desorption, precipitation and calcination. Analysis
of the starting waste and products obtain from individual recycling
steps has been performed using various techniques such as ICP-OES,
XRD, WD-XRF, and SEM coupled with EDS to identify phase
evolution of the products obtained from certain recycling steps and
also to quantify the final product’s composition, % purity and %
recovery.

2.1 Waste preparation and calcination

The as-received spent HDS catalyst appeared in a cylindrical
shape having 2 mm diameter and 4 mm high was subjected to crushing
into the form of fine powder. The particle size of the powder prior
to calcination and leaching steps was less than 210 micron (70 mesh).
Chemical composition of the crushed spent HDS catalyst was
analyzed using WD-XRF model: Rigaku ZSX Primus IV.

In order to remove residual oils and carbonaceous species, the
ground spent HDS catalyst was calcined at 450, 550 and 650°C for
5 h, and with the intention of converting metal sulfides into metal
oxides prior to proceed to the next step of leaching. Phases obtained
after calcination at different temperatures were identified using
XRD model: BRUKER model D2 phaser. Comparison was made to
that of the as-received condition to identify phase evolution taking
place in order to determine the optimum calcination temperature.

Spent HDS catalyst containing molybdenum

‘WD-XRF/
SEM-EDS

Temperature: 450, 550 and
650°C
Time: 5 h

‘WD-XRF/
SEM-EDS

Na,CO;: 20, 30 and 40 gL!
Temperature: 90°C

S/L ratio: 50, 100, 150 and 200 g L
Time: 05hto3h

ICP-OES

Ratio: 40% PD
Time: 24 h

NH,OH: 5 vol% - 30 vol%
Ratio: 30% PD
Time: 24 h

ICP-OES

Precipitation

MoO; # WD-XRF/XRD

Temperature: 90°C
pH: 2.00

Temperature: 450°C
Time: 1 h

Figure 1. Experimental flow chart of molybdenum recovery from spent HDS
catalyst.
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2.2 Leaching

The as received and calcined samples were subsequently leached
using Na>COs as the alkali reagent. In order to determine the optimum
condition, variables such as Na>CO3 concentration at 20, 30 and 40 g-L*
were investigated. The catalyst to leachant (or solid to liquid; S/L)
ratios were varied at 50, 100, 150, and 200 g~L‘1 with leaching time
ranging from 30 min to 180 min. Leaching was controlled at a
temperature of 90°C and a stirring speed of 250 rpm. Chemical
compositions of the leached solution were analyzed by ICP- OES
model: Perkin Elmer/Optima 8000).

2.3 Carbon adsorption-desorption

Activated carbon of analytical reagent (AR) grade was utilized
as an adsorbent for the purification of the leached solution in order
to selectively adsorb molybdenum on the activated carbon surface.
The adsorption was controlled by using ratio of the activated carbon
to the leached solution of 40 w/v% together with pre-adjustment of
the solution pH within a range of 0. 5-2. 0 using hydrochloric acid.
Desorption of molybdenum loaded on activated carbon was then
followed by using NHsOH varying at 5 vol% to 30 vol% and at the
adsorbed activated carbon to solution ratio of 30% pulp density (PD).
Both adsorption and desorption were controlled at ambient temperature
for 24 h. ICP-OES analysis was performed to characterize the
composition of the obtained desorption products.

2.4 Precipitation and calcination

Precipitation was carried out at 90°C using HCl till pH of the
solution reached 2.0. Finally, the precipitate was calcined at 450°C
for 1 h to obtain molybdenum trioxide (MoO3) as the final recycling
product. Phases obtained after precipitation and calcination were
identified using XRD analysis while composition of the final product
was determined using XRF analysis.

3. Results and discussion
3.1 Waste characterization and calcination

Chemical composition of the as-received spent HDS catalyst
analyzed by XRF technique is listed in Table 1. It can be seen that
the key element is molybdenum having 11.40 wt%, with other elements
such as nickel (2.55 wt%), carbon (6.81 wt%), and while aluminum

(28.2 wt%) and oxygen (40.55 wt%) are present as the support materials.

3.1.1 Effects of calcination temperatures on phase evolution of
the calcined spent HDS catalyst

Since leaching of the originally obtained spent HDS catalyst
might be somehow inefficient, calcination was then first performed

Table 1. Chemical composition of spent HDS catalyst.

to convert metal sulfides to metal oxides to facilitate the succeeding
step of leaching. Therefore, effects of calcination temperature over
450°C to 650°C on phase transformation of the spent HDS catalyst
have been investigated. It can be seen in Figure 2 that the ground
spent HDS catalyst in the as-received condition appearing as black
powder has changed its color to yellow, pale yellow and yellowish
white as the calcination temperature increased. This color change has
been linked to phase evolution of the calcined products detected by
XRD analysesas illustrated in Figure 3. The results showed comparison
of XRD spectra of the as-received and the calcined spent HDS
catalyst over the range of 450°C to 650°C. The XRD spectra of the
as-received spent HDS catalyst exhibited peaks of various compounds
in which the main peaks being Al>Oz and the minor peaks being
MoSz. After calcination, transformation of molybdenum sulfide
(MoS2) to molybdenum oxides (MoO2 and MoO3) has been detected,
as addressed in equation (1). It appeared that the higher the calcination
temperature, the more evident the molybdenum oxide peaks observed.

2Mo0S2(s) + 702 () = 2M0Os (5 + 4S02 g) (1)

(a) (b)

Figure 2. Ground spent HDS catalyst (a) as received, calcined at (b) 450°C,
(c) 550°C and (d) 650°C for Sh.

= ALy03  MoOy ©MoO3 4MoS, *Si0

r ' -
g MM, Ao, .

calcined at 650°C

* -

Counts

o
2. oo " calcined at 550°C

=] o ®
.
w
raw material

10 20 30 40 50 60 70 80
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Figure 3. XRD spectra of as-received and calcined spent HDS catalyst samples.
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In addition, it is worthy to mention that after calcination at the
lower temperature of 450°C, phase evolution has been towards the
formation of mainly MoOs with the relative minor being MoO:.
Then by raising the calcination temperature up to 550°C and 650°C,
the appearance of MoO> was much more evident than that of MoOs.
This might be due to the tendency for MoOs3 sublimation toward a
temperature of higher than 600°C reported by [17,18]. No evidence

of insoluble complex compound formation was detected since the
calcination temperature was less than 700°C [7]. Furthermore, SEM
and EDS investigation on as-received and calcined samples revealed
the depletion of sulfur and carbon (organic pollutant) after calcination,
as depicted in Table 2, corresponding to work by D. Mohapatra, and
K.H. Park [17].

Table 2. SEM images and EDS maps of as-received and calcined spent HDS catalyst samples at different temperatures (scale bar at 10 pm).

Asreceived sample Calcined at 450°C

Calcined at 550°C Calcined at 650°C

SEM

Mo

104m
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3.2 Alkali (sodium carbonate) leaching

3.2.1 Effects of calcination temperature on molybdenum leaching
efficiency of spent HDS catalyst

Effects of calcination over 450°C to 650°C on molybdenum
leaching efficiency of the spent HDS catalyst using Na>CO3 will be
first discussed. As illustrated in Figure 4 showing effects of calcination
temperature on leaching efficiency, it was found that non-calcined
spent HDS catalyst obviously gives inferior leaching efficiency in
comparison to those of calcined spent HDS catalyst. Calcination at
lower temperature at 450°C seemed to give better leaching efficiency
in this case. By considering at 20 g-L-! NaxCOs concentration, leaching
of calcined spent HDS catalyst sample at 450°C gave the highest
efficiency of 93% whereas that of spent HDS catalyst sample calcined
at 650°C gave the lower efficiency at 89%. It could be explained
that this slight reduction in molybdenum extraction efficiency as the
calcination temperature increased from 450°C to 650°C might be
due to the preferential alkali leaching among molybdenum oxide
species, i.e. MoO2 and MoO3 compounds. Since the XRD result
previously revealed more evident MoO: spectra towards the higher
calcination temperature and subsequently become the dominant phase
at 650°C. The greater content of MoO: attained at higher calcination
temperature might be responsible for a less tendency for Na>CO3 alkali
leaching accordingly.

3.2.2 Effects of sodium carbonate concentration on molybdenum
leaching efficiency of spent HDS catalyst

By considering effects of NaxCO3 concentration over 20 g-L! to
40 gL! on leaching efficiency, it was found that molybdenum extraction
efficiency tended to increase slightly with increasing Na>CO3
concentration. For leaching of spent HDS catalyst sample calcined
at450°C, it was found that molybdenum extraction efficiency increased
from 93% to 97% when the Na2COs3 concentration increased from
20 g-Lt0 40 g-L". The proposed equation is as follows where sodium
molybdate (Na2MoO4) and carbon dioxide (CO2) are the reaction
products;

MoO:3 (5) + Na2CO3 (ag) — Na2MoO4 (aq) + CO2 (g) 2)

3.2.3 Effect of solid to liquid (S/L) ratio on molybdenum leaching
efficiency

The effect of the solid to liquid ratio varied from 50 g-L-! to
200 g-L"! on the molybdenum leaching was examined at the following
condition: 450°C calcination temperature, 40 gL' NaxCQ; concentration,
2 h-leaching time, 90°C leaching temperature and 250 rpm stirring
spend as presented in Figure 5. It was observed that the optimum
S/L ratio was at 100 g-L-!. Beyond such an S/L ratio, molybdenum
dissolution declined due to insufficient amount of leachate ions to
leach molybdenum into the solution.
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3.2.4 Effects of leaching time on molybdenum leaching efficiency
of spent HDS catalyst

Over the investigated leaching time of 30 min to 180 min (0.5 h
to 3 h) using spent HDS catalyst sample calcined at 450°C as shown
inFigure 6, it was observed that the extraction rate of molybdenum
increased significantly during the early period of leaching till about
1 h and then becoming stabilized when the leaching time approached
2 h (120 min). The maximum molybdenum extraction efficiency
was found at 96%. Leaching of aluminium however did not
show a significant increase over the leaching time investigated while
leaching of phosphorus appeared to increase slightly with time to
less than 20% efficiency.

3.3 Carbon adsorption-desorption

Carbon adsorption of the leached solution, by using activated
carbon at S/L ratio at 40 w/v% at room temperature for 24 h, offered
high molybdenum adsorption efficiency >99%. There was no significant
effect in molybdenum adsorption efficiency when leaching the
solution having pH varying from 0.5 to 2.0. Subsequently, desorption
of molybdemum from load activated carbon was carried out at 30%w/v
of load activated carbon to NHsOH for 24 h.

3.3.1 Effect of ammonium hydroxide concentration on molybdenum
desorption efficiency

On the desorption of molybdenum from the load activated
carbon, effect of NH4OH concentration of 5 vol% to 30 vol% on
molybdenum desorption efficiency is demonstrated in Figure 7. It
can be seen that molybdenum desorption increased from 84% to
98% with increasing NH4OH concentration from 5 vol% to 15 vol%.
The desorption of molybdenum became level off when NH4+OH
concentration was greater than 15 vol%.

3.4 Precipitation of ammonium molybdate and calcination

After molybdenum desorption, the pH of the solution increased
up to 9.3 due to NH4OH addition. When proceeding to the next step
of precipitation, the solution was subjected to hydrochloric acid
addition to adjust its pH to 2.0, and the temperature was controlled
at 90°C. Precipitation of ammonium molybdates ((NHz)2MoOs) then
resulted, according to the following equations [19].

NaxMoO4 (aq) + 8HCltag) — 2NaCl(ag) + MoCls (aq) + 4H20(aq) (3)
MoClé ag) + 3NH:OHzag — (NH:):MoOs (ammonitm molypdses) + NHiClog  (4)

After desorption of molybdenum from activated carbon using
ammonium hydroxide, the solution reached the pH of around 9.30.
Subsequently, HCI was added to the solution till the pH reduced to 2.0
with the controlled temperature at 90°C. This proceeded to precipitation
of ammonium molybdate appearing as greenish grey powder. After
filtered, rinsed with deionized water and dried, the precipitate was
subjected to calcination at 450°C for 1 h such that ammonium
molybdate precipitate has transformed into MoOs as the desired
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Figure 8. XRD spectra of ammonium molybdate and molybdenum trioxide.

recycling product. XRD spectra as illustrated in Figure 8 also confirmed
the presence of molybdenum trioxide in comparison to that of pre-
calcined ammonium molybdate. Result acquired by XRF analysis
revealed the composition of the obtained molybdenum trioxide to
be of 99.5% purity. Based on this experiment, the recovery efficiency
of molybdenum from spent HDS catalyst as molybdenum trioxide
was approximately 82%.

4. Conclusions

In present study, the combination of pyro-hydrometallurgy process
has been utilized to recovery molybdenum from spent HDS catalyst;
detailing in the 5 key steps of i) calcination of the spent HDS catalyst,
ii) alkali leaching, iii) carbon adsorption-desorption, iv) precipitation
and v) calcination to obtain molybdenum trioxide as the recycling
product.

Effects of calcination temperature, on molybdenum leaching
efficiency have been evidenced, giving the optimum condition at
450°C for 5 h. Increasing calcination temperature above 450°C led to
the formation of molybdenum dioxide (M0O>) compound in a greater
extent, which might not be readily leached by alkali in comparison
to molybdenum trioxide compound. Apart from leaching efficiency
dependence on calcination temperature, effects of sodium carbonate
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concentration, leaching time and solid to liquid ratio have also been
observed, giving the optimum condition at 40 gL sodium carbonate
concentration, 2 h-leaching time, 100 g-L-! solid to liquid ratio and
90°C leaching temperature.

To produce molybdenum trioxide of high purity, purification
has proceeded. Carbon adsorption followed by desorption with
ammonium hydroxide assured the promising molybdenum desorption
efficiency of 98% at 15 vol% of ammonium hydroxide addition.
After precipitation by using hydrochloric acid to control the soltion
pH at 2.0 and the temperature of 90°C, ammonium molybdate was
subsequently obtained. Finally, the precipitate was subjected to
calcinationat 450°C for 1 hto achieve the desired molybdenum trioxide
0£99.5% purity. The recovery efficiency of molybdenum from spent
HDS catalyst as molybdenum trioxide was approximately 82%.
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Hybrid Recovery of Copper and Silver from PV
Ribbon and Ag Finger of EOL Solar Panels

T. Patcharawit, C. Kansomket, N. Wongnaree, W. Kritsrikan, T. Yingnakorn, S. Khumkoa

Abstract— Recovery of pure copper and silver from end-of-life
photovoltaic (PV) panels was investigated in this paper using an
effective hybrid pyro-hydrometallurgical process. In the first step of
waste treatment, solar panel waste was first dismantled to obtain a P\”
sheet to be cut and calcined at 500°C, to separate out P\ ribbon from
glass cullet, ash, and volatile while the silicon wafer containing silver
finger was collected for recovery. In the second step of metal recovery,
copper recovery from photovoltaic ribbon was via 1-3 M HCl leaching
with SnCL and Hz0: additions in order to remove the tin-lead coating
on the ribbon. The leached copper band was cleaned and subsequently
melted as an anode for the next step of electrorefining. Stainless steel
was set as the cathode with CuSOs as an electrolyte, and at a potential
of 0.2 V, high purity copper of 99.93% was obtained at 96.11%
recovery after 24 hours. For silver recovery, the silicon wafer
containing silver finger was leached using HNOs at 1-4 M in an
ultrasonic bath. In the next step of precipitation, silver chloride was
then obtained and subsequently reduced by sucrose and NaOH to give
silver powder prior to oxy-acetylene melting to finally obtain pure
silver metal. The integrated recycling process is considered to be
economical, providing effective recovery of high purity metals such
as copper and silver while other materials such as aluminum, copper
wire, glass cullet can also be recovered to be reused commercially.
Compounds such as PbCl: and SnO: obtained can also be recovered to
enter the market.

Keywords—Electrorefining, leaching, calcination, PV ribbon,
silver finger, solar panel.

I. INTRODUCTION

HOTOVOLTAIC or PV panels have been increasingly

used for decades and in recent years have been recognized
world-wide towards circular economy, not only in developed
countries but also in developing and undeveloped countries due
to energy dependence on economic growth. For renewable
electricity generating capacity, solar cell is taking the lead,
accounting for 57% of total renewable energy capacity,
followed by wind, hydro and bio power. Installation of 22.5%
(115 GW) was reported in 2019 [1], due to government support
schemes and policies on the grid connection in most countries
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ranging from self-consumers to large scale systems. Despite the
decline in China, India and Japan, Asian countries are the
majority for new PV installation around 50% of the global
addition. This indicates great amounts of end-of-life (EOL) PV
panels piling up in the following 20-25 years.

Directives concerning waste management and recycling of
EOL solar panels have become effective across Europe and
America, along with Asian countries particularly in Japan and
China [2]-{5]. In Europe, first enforced in 2003, the WEEE
directive has been the most comprehensive scheme especially
in Germany and UK to drive EOL solar waste management
through producer responsibility from the take back, recovery
and recycling, regardless of manufacturing facility locations,
along with environmental impact and public health safety [2].
The policies also encourage product development based on
easy recycle with less raw materials used and simpler design
for dismantling as well as boosting up awareness of cost factor
on collection and recycling of EOL panels. In the USA,
regulations for EOL solar wastes have been treated differently
depending on each state such as California and Washington in
particular [3]. Various schemes have been exercised to promote
PV recycling awareness through all stakeholders. Japan’'s
regulations include Specified Home Appliances Recycling
Law (SHARL) and Law for Promotion of Effective Utilization
of Resources, 2000, raising the awareness to increase recycling
ratio of materials used for electrical and electronics devices.
Japan’s roadmap for PV recycling announced in 2016 [4],
concerns guidelines for collection, dismantling, logistics,
pretreatment and suitable recycling. In China, Waste Electrical
Electronics Product Recycling Management Regulation has
been mandatorily effective since 2011 [5] for collection and
recycling by qualified institutions coupled with special rules
and regulations for EOL PV panel recycling to boost up
recycling rates. In Thailand, a new draft WEEE law approved
by the cabinet in 2015 is based on a hybrid scheme of Extended
Producer Responsibility: EPR and governmental-fund model
through the Ministry of Finance [6]. If enacted, that would

W. Kritsarikan is with the School of Metallurgical Engineering, Suranaree
University of Technology, 111 University Avenue, Saranree Subdistrict,
Muang, Nakhon Ratchasima, 30000, Thailand (phone:-66-4422-4483; fax:-66-
4422-4482; e-mail: m6200527@g sutac.th)

T. Yingnakorn is with the School of Metallurgical Engineering, Suranaree
University of Technology, 111 University Avenue, Saranree Subdistrict,
Muang, Nakhon Ratchasima, 30000, Thailand (phone:~66-4422-4480; fax:-66-
4422-4482; e-mail: tanongsak@sut.ac.th)

S. Khumkoa is with the School of Metallurgical Engineering, Suranaree
University of Technology, 111 University Avenue, Saranree Subdistrict,
Muang, Nakhon Ratchasima, 30000, Thailand (phone:~66-4422-4485; fax:-66-
4422-4482; e-mail: sakhob@sutac.th).




152

ribbon but appears in a bigger size. Both are usually composed
of electrical grade copper band coated with thin layer of
soldering alloy such as Pb-Sn or lead free Sn-Ag for electrical
contacts as shown in Fig. 2b. Ag finger however appears as
very tiny parallel lines running normal to the PV ribbon. The
Ag finger is positioned on the spiky surfaces of multi-coated
layers of crystalline silicon layer as illustrated in Fig. 2c. With
the complicated structure of PV cells, each recovery step
should be taken with care to conserve these valuable metals in
order to achieve final recycling products of high purity and
percentage recovery. Table 1 lists constituents in weight
percentage after PV cell sheet calcination giving PV ribbon and
busbar of 0.81 wt.%, along with Si wafer debris lined with Ag
finger of 4.17 wt.%.

The purpose of this research is the recovery of copper and
silver of high purity from end-of-life PV panels through pyro-
hydrometallurgical processing or a hybrid process. The EOL
PV panels locally and regionally obtained, were mechanically
dismantled to separate the aluminum frames/joints and junction
boxes, leaving the PV sheets to be cut into 15 cm x 15 cm
pieces, designated as cut PV cells. The cut PV cells were
calcined at 500°C for 1 hour and the PV ribbon and busbar
together with silicon wafer debris were retrieved from glass
cullet and ashes. The PV ribbon and busbar are of similar
composition, being the first type of waste to be recovered as
pure copper. The silicon wafer debris lined with Ag finger are
considered as the second type of waste to be recovered as pure
silver and silicon fragments.

B. Copper Recovery from PV Ribbon

Acid leaching was first applied for Curecovery, followed by
anode melting and electrorefining of pure copper. The calcined
PV ribbon obtained was subject to leaching using 1-3 M HCl
at 70°C over 15, 30, 45 and 60 minutes, and 400 rpm stirring
speed. The S/L ratio remained at 50 g/L, with additions of 2
wt.% HyO; and SnCl at 5 g Sn®/L. After leaching, leached
copper was sieved, rinsed with DI water and alcohol and blown
dried. The leachate was subject to cooling at 5°C for PbCl,
precipitation. After filtering, the precipitates were dried while
the solution was subject to precipitation using NaOH in order
to obtain Sn(OH); precipitates. Precipitates were heated above
105°C to obtain tin oxides. Best selected leaching condition
was employed for further refining of leached copper through
electrorefining. Therefore, the leached copper was melted
using oxy-acetylene around 1200°C and cast to prepare copper
anode. The electrolytic cell was set up using cast copper as an
anode and stainless-steel plate as the cathode while CuSO4
solution was used as electrolyte. The applied voltage was in a
range of 0.2 — 0.3 V for 24 hours to obtain the copper cathode
of high purity. Characterization of the calcined, leaching and
electrorefining products has been carried out via SEM coupled
with EDS and EXD analyses. ICP-OES technique was utilized
to obtain wet composition analysis of the leached copper and
to confirm the purity of the copper cathode after
electrorefining.

C. Silver Recovery from Silver Finger on Silicon cells

For Ag finger recovery, the silicon wafer debris containing
Ag on its surface was subjected to HNO;z leaching at
concentration of 2 — 4 M with the applications of ultrasonic
vibration using solid to liquid ratio at 100 g/L, 40 - 45°C for 2
hours. Leaching by using magnetic stirring at 250 rpm, room
temperature for 2 hours has also been performed for
comparison. Precipitation using NaCl solution prepared at
NaCl: HyO at300 g/L was carried out to achieve silver chloride
(AgCY)) prior to reduction using sucrose (CyH2,0y5) and NaOH
to obtain silver precipitate. Finally, recovery of pure silver was
conducted through melting of the obtained silver precipitate via
oxy-acetylene heating. ICP-OES was operated to analyze the
purity of leached products, and silver after refining.

III. RESULTS AND DISCUSSION

A. Calcination of PV Cell Sheets

The first step of waste treatment included PV panel
mechanical dismantling, PV sheet size reduction and finally,
PV cell calcination, to obtain PV ribbon and silicon wafer
debris containing Ag finger on its surface as shown in Fig. 3a
to Fig. 3d. The surface of calcined PV ribbon appeared rough
and dull due to oxide formation during calcination, as
compared with bright surface PV ribbon obtained by hand
dismantling.

PY ribbon

Glass cullet

a) cut PV cells (15x15 cm?)
calcine

b) calcined PV cells
hand dismantled PV ribbon

calcined PV

¢) calcined PV cell separation d) hand dismantled & calcined
PV ribbons

Fig. 3 Calcination of P\ cells to obtain PV ribbon and silicon wafer
debris lined with Ag finger.

Cross sections of both calcined and hand dismantled PV
ribbon are comparatively shown in Fig. 4a and Fig. 4b. It can
be seen that the cross section of PV ribbon originally contains
a thin layer of approximately 20-30 pum with Sn-Pb coating on
Cu band of approximately 0.2 mm. Analyzed by SEM coupled
with EDS, this section has changed into different interlayers
after calcination due to thermal diffusion designated as cracked
Cu-Sn layer and Pb oxide at the outmost layer respectively. The
thickness of the Cu band has also significantly reduced.

Silver fingers on the Si wafer substrate before and after
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facilitate collection, dismantling and recycling of the PV waste
more systematically by stakeholders involving governmental
bodies, private partners and public participation. Besides, the
PV waste is not yet clarified as hazardous waste according to
the Notification of Ministry of Industry, Subject: List of
hazardous substances B.E. 2556 (2013). With the Alternative
Energy Development Plan: AEDP2015 to boost up PV
installation in the country being 2,983 MW in 2019 and to reach
6,000 MW in 2036, the annual installation since 2011 till 2019
has been fluctuated depending on government support policies,
giving the average annual installation of approximately 380
MW [7]-[9]. Hence, PV waste of significant value has been
collected and accumulated gradually. Measures should
therefore be undertaken in order to prevent PV waste to be end
up in unauthorized recycle markets.

As the PV panel management and recycling schemes have
not yet been fully developed or administrated in most Asian
countries (except for Japan and China), it is also unlikely that
EOL PV panels will be treated systematically and ecofriendly.
Upon unawareness of local communities on solar panel
recycling and perhaps related regulations have not yet come
into effect, there is more chance of illegal household disposal
and later where valuable materials such as aluminum frame is
deliberately taken off and sold to the market, leaving behind the
solar cell sheet to be ended up in the landfill. This will
eventually cause economic-environmental issues within the
countries. Therefore, in order to solve the foreseen problems,
PV panel recycling scheme adaptable through local social
context would help to lead the way towards sustainability, in
complied with technological and economical feasibilities. This
paper therefore focuses on solar panel recycling via hybrid -
metallurgical process in order to obtain valuable metals such as
copper and silver to circulate back for re-fabrication or other
markets available domestically. The Department of Primary
Industry and Mine (DPIM) collaborative with the Innovative
Production and Recycling of Metals Research Center
(IPRMRC) have initiated the first sustainable recycling of EOL
PV panels in order to motivate local producers, consumers and
collectors involved in the scheme by the recovery of high
valued metal such as pure copper and pure silver along with
other materials such as aluminum and glass cullet that can enter
back to the market. General steps of mechanical dismantling of
the PV panel followed by thermal separation of the PV cells
[10] have been adopted in order to proceed to the recovery of
copper and silver from PV cells. Selective acid leaching of
similar kind of wastes from variable sources in many
investigations relied on HNOs, HCI, and H>SO4, depending on
waste compositions (Ag, Cu, Sn, Pb containing wastes)
followed by solvent extraction and precipitation processes
[11]-[16], were generally found to be the case. In the purifying
step, electrorefining [17]-[19] is considered to be effective to
give electrical grade copper where high purity silver can be
achieved by means of precipitation. Therefore, in this research,
following the mechanical and thermal waste separation,
hydrometallurgical process, electrochemical processes and
precipitation were selected as the feasible means of metal and
materials recycling with potential revenues, and sustainability.

II. EXPERIMENTAL
A. Waste Pretreatment

As the architecture of PV panel is rather complicated, as
simplified in Fig. 1, one of the most important aspects of PV
recycling to start with is to effectively dismantle the whole PV
structure while still containing highly concentrated valuable
wastes for subsequent recovery processes. Recycling of PV
panels is known to start from mechanical dismantling to
separate aluminum frame and corner joints used for
encapsulating the PV cell sheet and these frame and joint can
go directly to secondary markets. The cable (junction box) is
then detached, leaving a PV cell sheet to be cut and processed
in subsequent recycling route. The PV cell sheet consists of PV
cells laminated with EVA layer on both sides, which were
enclosed with tempered glass on the top layer and attached with
protective backsheet on the bottom side.

(6) aluminium frame
/ (3) tempered glass

¥y \‘ =

Fig. 1 Simplified architecture of P\” panel (crystalline silicon)
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Fig. 2 PV cell architecture showing PV ribbon and Ag finger
functioning as electricity harvesting components

TABLEI
CONSTITUENTS AFTER PV CELL SHEET CALCINATION

Constituent Weight Weight %

PV ribbon and busbars 18.77 0.81
Ag 1 Si wafer debris 96.41 4.17
Glass cullet 1,824.30 78.95
Ashes 3848 1.67
Volatile 33286 14 40
Total 2,310.82 100.00

According to a previous study [20], the whole EOL solar
panel weighed 21.4 kg, for example, giving the laminated PV
cell sheet of 19 kg (88.78 wt.%), aluminum frame of 2 kg (9.35
Wwt.%), aluminum joint of 0.2 kg (0.935 wt.%) and cable of 0.2
kg (0.935 wt.%). On the laminated PV cell sheet of interest,
laid PV cells containing high valued metals and materials,
having architecture of PV ribbon and silver finger are as
illustrated through Fig. 2a to Fig. 2c. On solar harvesting of
electricity, photon reaction at the p-n junction once directing to
the sunlight originates electrons traveling through fine parallel
line metal finger, then crossed with the PV ribbon and through
the bigger bands of busbars, heading for energy storage. The
busbars are particularly of similar composition to that of PV
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calcination are compared, according to Fig. 5a to Fig. 5d. Ag
finger underneath the fractured glass on top surface can be seen
as very fine deposits lining in a parallel direction and crossing
the PV ribbon in Fig Sa. Silicon wafer, found as debris after
calcination, had the remaining Ag finger on its surface with
contamination being observed as shown in SEM and EDS
result, while the intact one showed clean surface of both Si
wafer and Ag finger, as illustrated in Fig. 5b to Fig. 5d.

e i el Nt
b) SEM micrographs of calcined (left) and hand dismantled
(right) PV ribbon cross sections

EDS point analysis at different positions

Element Calcined Hand dismantled

Position | Position | Position | Position | Position | Position
)
Cu 100 | 7426 - 100 -

Sn 2574 | 29.85 - - 55.70.

Pb - - 56.89 67.44 - 25.26

) 5 s 19.61 - 11.45

C - - 1326 | 1295 - 7.59

Fig. 4 Phase analysis of intact and calcined PV ribbon.
Si wafer

substrate

Ag finger

calcined !
ntact

b) Ag containing Si wafer debris;
intact and calcined ones.

e ray

a) location of Ag fingers on the
EOL PV cell.

e o~

¢) calcined Si wafer containing d) intact Si wafer containing

Ag finger. Ag finger.
EDS area analysis on Ag fingers
Element | Calcined . Intact |
Ag | 83.36 P=ltllal
0 | 11.96 3.18
si - | 0.87
Pb - 0.61
Ti 4.68 <

Fig. 5 Structure analysis of intact and calcined Ag finger on Si wafer.

B. Recovery of Pure Copper from Calcined PV ribbon

1. Leaching of calcined PV ribbon

The oxide layer of Pb — Sn on the calcined PV ribbon was
leached out by using HCI solutions at 0.5 — 3 M, leaving the Cu
bands as shown in Fig. 6a, with some precipitate being clearly
observed. SEM investigation, as demonstrated in Fig. 6b to Fig.
6¢, shows different structures of precipitates and plate residue.
EDS analyses showed spectrums 1 - 3 consisting of mainly
copper with small traces of Sn and Pb. Plate residue as in
spectrum 4 revealed composition being mainly of Ag. This
silver band attached to the PV ribbon for electrical conduction
has not been completely etched by HCI, leaving it in the form
of Ag bands, which could be easily filtered out for further
Tecovery.

¢) precipitates on leached surface
(enlarged of b) in rectangular.

d) Plate residue 1) plate residue surface

EDS point and area analysis on leached products
Position Cu Ag Sn Pb cl 0
1 53.01 0.10 - 1.39 25.53 19.97
2 56.83 - - 22.67 20.49
3 61.62 0.80 - 0.24 31.51 5.93
4 0.65 92.02 1.46 0.26 - 5.61

Fig. 6 Morphology and phase analysis of leached products.

Influences of leaching time on leaching efficiency are
demonstrated in Fig. 7a to Fig. 7c for Pb, Sn and Cu,
respectively. According to experimental results, rapid leaching
was observed from the first 1-15 minutes and then became
stable until 60 minutes. ICP-OES results showed that Cu has
been leached out giving the greatest concentration of metal left
in the leached solution, followed by Sn and Pb while Ag has
also been detected in minor amounts. Higher HCI concentration
gave more leaching efficiency, as shown in Fig. 7d. However,
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Purity of Cu deposited at the cathode analyzed by ICP - OES
is summarized in Table 3. Comparison has been made between
the Cu cathodes after electrorefining using the calcined PV
ribbons with and without acid leaching. When using cast
calcined PV ribbon without leaching as the anode, elements
such as Sn and As were found in greater amounts than the
composition limit when compared with C10100 grade, yielding
lower purity of 98.580%. This indicated that it is necessary to
get rid of Sn — Pb oxide layer formed during calcination of the
PV sheet via acid leaching prior to electrorefining. In the case
of leached PV ribbon, electrorefining at 0.2 V potential gave
the maximum copper purity of 99.931% whereas higher
potential at 0.3 V led to deposition of Ag at the cathode, giving
the purity of 99.917%. XRD and EDS analyses of Cu cathode
recovered after electrorefining and anode slime are illustrated
in Fig. 9. Only Cu peaks were detected for the obtained Cu
cathode. Anode slime contained mainly Ag and Ag — Sn
according to XRD results and consisted of around 89 - 95% of
Ag analyzed by EDS. This Ag anode slime could then be
subjected to further refining to achieve Ag of higher purity.
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a) Cu cathode after
) 3 b) XRD spectra of Cu cathode
electrorefining
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d) XRD spectra of anode slime

¢) Anode with slime
after electrorefining

EDS analysis
Element %
Ag, 93.94
Cu 250
Sn 1.87
Mn 1.02
W0um | Cedion image 1
¢) EDS analysis of Ag slime N 49

Fig. 9 Cu cathode recovered after electrorefining and anode slime with
XRD and EDS analyses.

C. Recovery of Pure Silver from Silicon Wafer Containing
Silver Finger

1. Leaching of Ag from Si wafer containing Ag finger

Concentrations of Ag along with other metals in the leached
solution are listed in Table 3. First, comparison of leaching via
mechanical stirring and ultrasonic vibration was discussed

when using 2 M HNOs. Generally, ultrasonic vibration
provided superior leaching efficiency to that of mechanical
stirring. Greater amount of Ag at 89.23 g/L dissolved in the
leached solution using ultrasonic vibration was evident in
comparison to a value of 0.720 g/L attained from stir —
leaching. Furthermore, ultrasonic vibration leaching showed
Ag leaching efficiency dependence on acid concentration.
HNO:; concentration at 4 M gave the greatest amount of Ag in
the leached solution at 110.73 g/L, and where Cu, Si and Pb
were detected in much lesser amounts in the range of 1.56 —
4.84 g/L. It is also noted that Cu and Pb were leached out
possibly from the remaining PV - ribbon still attached on the Si
cell. Amount of Alis quite prevalent in this case as it was used
as the back surface shield according to the PV cell architecture
previously shown in Fig. 2.

TABLEIV
METAL CONCENTRATION IN NITRIC ACID LEACHED SOLUTION

Leaching HNO; Metal concentration (g/L) by ICP — OES
technique concentration
Ag Al Cu Si Pb
Stirnng 2M 0720 3886 152 1.62 322,
Ultrasonic 2M 89.23 64058 3.18 3.65 4.18
vibration 3M 9628 69982 361 484 434
4M 11073 72292 280 459 464

SEM investigation on the leached Si wafer surfaces also
confirmed the leaching efficiency dependence on acid
concentration mentioned previously, as illustrated in Fig. 10a
to Fig. 10d. Lesser Ag left on the Si wafer was observed when
using higher acid concentration. By using 2 M HNOs, traces of
unleached Ag finger were evident, while one using 4 M HNO3
gave much less Ag left on the Si wafer surface and with very
small Ag traces observed at high magnification. It is therefore
appropriate to select the acid concentration at 4 M at this
leaching step for further Ag recovery through precipitation and
reduction.

iz particle
ni\leamed\Ag fing

Siwafer

e, et | R0

a) Leached Si wafer at 2 M HNO,

cracks

¢) Leached Si wafer at 4 M HNO,

d) Leached Si wafer using 4 M
HNO; at higher magnification

Fig. 10 Leached Si wafer using 2 - 4 M HNO3 under SEM.
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leaching at the greatest HCI concentration of 3 M resulted in
rough surfaces evident on the leached samples. SEM
investigation revealed various leached products left as
precipitates. Leaching at lower acid concentration offered
cleaner copper surfaces. It is therefore appropriate to select 2
M HCl leaching as the optimum condition for further step of
electrorefining.

8
H

500

3 a) ©0.5 MHCI 5 b) 205 M HCI
) > * 1.0 M HCI
= = 420 M HCI
é 1000 %
£ £
£ a6 o a & g
g x g
g o x x H g o o ]
S i 2 2 = 8 s
a ° g ° ° H
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e - o ° ) S s00
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Leaching time (min) HCI concentration (Molar)
Fig. 7 Concentration of Pb, Sn and Cu in leached solution in a), b) and
c) respectively, and d) effect of acid concentration on leaching of Ag,

Pb, Sn and Cu for 60 min of leaching time.

As the leached solution contained Sn and Pb in significant
amounts, it was then subjected to a low-temperature
precipitation approaching 5°C to obtain Cu and Pb chlorides in
the flake — typed and needle - liked morphologies, respectively,
as demonstrated in Fig. 8a to Fig. 8b. XRD spectra confirmed
the existing phases in Fig. 8c. The possible precipitation
reactions can be explained according to (1) — (3) in the present
of H>O; as an oxidant.

2Cu, +2HCly) —2CuCl, + H, (1)
Phy,, +4HCl, — H,(PbCl,) + Hi ) 2)
H,(PbCl,) ) —=" 5 PhCl ,, +2.HCI,) (3)

After filtering of the leached solution to get rid of
precipitates previously mentioned, tin oxide can be further
obtained via precipitation using NaOH at pH ~ 2.0 — 3.0. Other
Cu and Ag compounds were also obtained. The related
reactions are expressed in Equation 4 and Equation 5 to obtain
hydroxides of tin and copper. Tin hydroxide is known to be
subsequently heated to finally achieve tin oxide, that is ready
for the market.

[snc1, T, +20H, , - sn(OH), ., +2CI,,, (4)
Cugy +20H — Cu(OH )y, (5)

2. Electrorefining of copper

The leached PV ribbon was subjected to melting to make Cu
anode for electrorefining and 304 stainless steel is for cathode.
Electrolytic cell was set using CuSOy solution as electrolyte
and controlled the potential at 0.2 and 0.3 V for 24 hours.

Comparison was made between the calcined and the leached
PV ribbon to study the effect of Sn - Pb oxide layer on the
recovery and purity of copper in the step of electrorefining.

ICP — OES result of the deposited copper cathode is listed in
Table 2. Electrorefining of the calcined PV ribbon led to
precipitation of PbSOy in the electrolyte, calling for a halt after
proceeded for 20 hours. Recovery defined in (6) is obtained at
94.01%. On the other hand, electrorefining of the leached PV
ribbon performed well and no precipitation was obtained,
giving 96.11% recovery (%R) according to (6) when the
potential was controlled at 0.2 V. Increasing potential to 0.3 V
gave a little lower recovery at 96.03%.

W,
%R =| — |x 100 (6)
Wh
where Wy is weight gained at cathode and W}, is weight loss
at anode.

e S5
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) a) Copper chloride (CuCl)
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¢) XRD spectra of precipitates after HCI leaching

Fig. 8 SEM and XRD analyses of CuCl and PbClL precipitated from
leached solution.

TABLEI
RECOVERY AND PURITY OF COPPER
Condition Voltage Time % %
W) (h) Recovery Purity
Leached PV ribbon 0.2 24 96.11 99.931
03 24 96.03 99.917
Caleined 03 20 94.01 98.580
TABLE IIT

COMPOSITION OF COPPER (METAL IMPURITY)

Condition ICP - OES (% element)
Ag Pb Sn Fe Zn Mn As Sb Ni
Leached (0.2V) 0.000 0.000 0.011 0.045 - - 0.000 0013
Leached (0.3V) 0.015 0.000 0.010 0.053 - - 0.000 0014
Calcined (0.3V) 0.000 0.000 0.200 0.050 - - 0.017 0.000
C10100 0.0025 0.0005 0.0002 0.0010 0.0001 0.0005 0.0005 0.0004 0.001
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Related reactions are expressed in (7) and (8) for low and
high acid concentrations respectively.

4HNO,, +34g,, —>34gNO,, +NO,

ey +2H,0, (7)

2HNO, , + Ag,) — AgNO,, + NO, , + H,0,, ®)

2e)
2. Precipitation and Reduction of AgCl
After ultrasonic leaching, the leached solution containing
silver nitrate (AgNO3) was then subjected to precipitation using
NaCl to produce AgCl appearing as opaque white precipitate,
as shown in Fig. 11a to Fig. 11b while the solution remained as
sodium nitrate (NaNO3). The related reaction is expressed in

9).

Fig. 11 Ag recovery; a) ultrasonic leaching, b) precipitation of AgCl
and c) Ag metal.
AgNO,;, + NaCl ,, — AgCl],

(»p)

©)
(10)

NaOH together with sucrose (CyHxOy) were used [21] in the
later step to reduce AgClto Ag powder. The reduction reaction
is given in (10). Then the obtained NaCl can be reused in the
previous step of precipitation. Further melting of Ag powder
provided Ag metal of high purity. Composition of the
recovered Ag by EDS analysis showed 100% purity.

+NaNO,,

24gCl + 2NaOH + 2¢” (sucrose) — 2Ag + 0%~ + H,0+ 2NaCl

IV. DIsCcUSSION

The recycling routes to recover Cu and Ag from PV ribbon
and Si wafer containing Ag respectively can be summarized as
follows and are illustrated in Fig.12. In the first step, the
process starts from PV panel dismantling to give aluminum
frame and junction box for the recycling market. The PV sheet
is then cut before calcination at 500°C. Glass cullet can be
separated and reused in small addition in the float glass industry
while ash and volatile are collected and neutralized . Then in
the later step of recovery, first in the case of copper recovery
from PV ribbon (left hand side route), the calcined PV ribbon
was leached using 4 M HC1 with H>O> and SnCl prior to being
filtered and cleaned to make anode material for electrorefining
purification in the next step. The solution is then through 2-step
precipitation; first, cooling to 5°C to obtain PbCl, and CuCl,
then followed by NaOH addition to precipitate out Sn(OH)»
that requires heating > 105°C to give SnO». The impure Cu is
then set as the anode in electrorefining cell and stainless steel
is used as the cathode in CuSO; electrolyte. The potential at 0.2
'V was set for 24 hours to finally achieve Cu of 99.92% purity.

For Ag recovery (right hand side route) the Si wafer
containing Ag finger is leached in4 M HNOs3 for 2 hours in the
ultrasonic bath. The leached solution is subjected to
precipitation using NaCl to give AgCl, which is then reduced
using sucrose and NaOH to finally obtain Ag powder. Via
melting, the high purity of Ag metal is obtained. The leached

Si wafer can be leached with NaOH to remove the remaining
element and can be further reused.

Preliminary feasibility study for local investment on pure
copper and silver recovery from EOL PV panel of 1,200 tons
per year, will arrive at the breakeven point in 2 years with the
internal rate of return or IRR of 100.37. By year 2060, local
accumulated PV panel waste predicted due to AEDP2015 will
be over 700,000 tons [22], [23]. Therefore, it is feasible via the
integrated recycling technique employed to recover valuable
copper and silver of high purity. The process can be sustained
by using accumulated domestic waste within the country and
also from neighboring countries. Collection centers should be
decided where logistics cost is minimized. Furthermore, panel
dismantling can be handled manually by local skilled labors
along with automated machines. Metal and material
concentration in the waste can be increased and in turn raises
the efficiency and recovery of those high valuable metals and
materials.

PV module waste

Step I: Waste treatment
> Al frame
Junction box

Dismantling of PV panel

PV sheet

Size reduction

Cut PV sheet —» Gilass cullet

Copper recovery

500 °C/ 1h Ash/volatile

Silver recovery Step II: Metal recovery

Calcined PV ribbon

Ag - Si wafer

-[ 59C Cooling H*FbCL
L

L »CuCl |

Precipitation
and heat |
s i
$n0, i

AgCl
Precipitation

Electrorefining

v

Reduction

Pure silver

Ag slime

Cleaned Si wafer

Pure copper

Fig. 12 Flow chart of EOL PV panels recycling to obtain Cu and Ag
from PV ribbon and Ag finger

V.CONCLUSION

According to the hybrid pyro-hydrometallurgical process,
recovery of pure copper and silver can be achieved via the first
step of waste preparation through dismantling and calcination
of the PV sheet. In the second step, leaching of the PV ribbon
by using 2 M HCI with H>O; and SnCl» was found effective to
recover pure copper of 99.93% via electrorefining. Pure silver
was recovered from silicon wafer containing silver finger by
HNO; leaching followed by AgCl precipitation and reduction
to obtain Ag powder, and finally by melting.
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Abstract. The aim of this study is to investigate the extraction of molybdenum from the spent HDS
catalyst. The experiment was performed by using the pyro-hydrometallurgical process; calcination
and leaching. The spent catalyst was calcined at different temperatures in order to investigate the
effect of calcination temperature on the recovery of molybdenum in the subsequent process. Leaching
of the calcined samples was subsequently performed by using the different concentrations of leaching
reagent. The leaching was conducted by varying the concentration of NaCO; of 20 g/L, 30 g/L and
40 g/L with a fixed leaching temperature of 90°C, a S/L ratio (weight of calcined sample/volume of
leaching reagent) of 100 g/L and leaching time of 1 hrs. under the stirring condition at a speed of
250 rpm. It was found that carbon and sulfur contained in the spent HDS catalyst could be reduced
by the calcination process and resulting in enhanced extraction efficiency of molybdenum. The
extraction efficiency of molybdenum increased with increasing concentration of leaching reagent. At
a certain concentration of leaching reagent, the extraction efficiency of the sample calcined at lower
temperatures was higher than the sample which was subjected to calcination at a higher temperature.

Introduction

Hydrodesulfurization (HDS) catalyst is widely used in petroleum refinery plant in order to increase
process efficiency. Typical HDS catalyst are Ni, Mo and Co on the alumina support [1]. During
Hydrodesulfurization reaction the activity of the catalyst gradually decreases, and the catalyst
becomes inactive. When the catalyst is completely deactivated, it become the spent HDS catalyst and
causes a large scale of solid waste problem in petroleum refineries. The spent HDS catalyst is
classified as one of hazardous waste because it contains various hazardous components, such as Al,
V, Mo, Co, Ni, As, P and Fe as well as nonmetallic elements, such as S, C, and oils that are hazardous
to the environment [2, 3]. The spent HDS catalyst is prohibited for landfill since the heavy metals can
be leached out. This type of waste is increasing significantly depending on the demand of the catalyst
in the petroleum refinery industry. The amount of spent HDS catalyst is estimated to be approximately
150,000-170,000 tons/year [4]. Due to the spent HDS catalyst contains high valuable metal such as
19-30 wt.% Mo, 1-12 wt.% V, 1-6 wt.% Ni, 1-6 wt.% Co, therefore, it can be recycled by using them
as raw materials for recovery of available metals [5,6]. The recovery of metals from spent HDS
catalyst can be carried out by hydrometallurgy and pyrometallurgy processes. Advantages of
hydrometallurgical process may be more environmentally friendly, and lower temperature required.
However, some reagents are expensive, the reactionrates are quite slow and the process requires large
amount of concentrate solution.

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

Experimental

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

Spent catalvst

Crushing

«

Temperature  : 450, 550 and 650°C | Calcination |
Time :Shr
Na,CO3 20,30 and 40 g/L ‘
S/L ratio : 100 g/L : |
Temperature  : 90°C Leachmg
Time S5kt v‘

Filtration {mp Residual

¥

Leached Solution — ICP-OES

Fig. 1. Experimental flow chart.

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

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

Element | Mo Ni | Al P g (6] S Fe | Ca | Na | Other
mass % | 11.40 | 2.55 | 28.2 | 2.21 | 6.81 | 40.55 | 7.18 | 0.12 | 0.06 | 0.29 | balance

@ (b)
Fig. 2. Ni-Mo spent catalyst (a) as received, (b) crushed sample.
Calcination. The spent catalyst was calcined in a muffle furnace at different temperatures ranging

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

Results and Discussion

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

2Mo8S; + 702 =2MoO; + 480, (1)

Table 2. Chemical composition of calcined samples.

Calcination Chemical composition [mass %]
temperature [°C] Mo | Ni Al P & O S Fe | Ca | Na | others
Non calcination | 11.40 | 2.55 | 28.2 |2.21 | 6.81 | 40.55 | 7.18 [ 0.12 | 0.06 | 0.29 | balance

450 12.60 | 2.74 | 30.19 | 2.35 | 4.08 | 45.94 | 1.10 | 0.18 | 0.08 | 0.35 | balance
550 12.252.72 | 30.26 | 2.34 | 4.06 | 46.13 | 1.13 | 0.21 | 0.09 | 0.45 | balance
650 12.51 | 2.77 | 32.18 | 2.47 | 3.36 | 45.53 | 0.25 | 0.19 | 0.08 | 0.28 | balance

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

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

The significant increasing tendency of Mo extraction efficiency was observed when the
concentration of leaching reagent is increased. According to Fig. 4, for the sample calcined at 450°C,
the extraction efficiency is of 93% at 20 g/L. NaxCOs3, whereas the extraction efficiency is raised up
to approximately 97% when using 40 g/L Na;COs.
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3; 4

(c¢) calcination at 650°C

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

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

o v Na>COs Chemical composition of leach solution [m

Calcingsibn condition concentration (g/L) Mo Ni i Na P Fe : %]
20 0.3295 | n/a | 0.5669 | 0.0296 | n/a | 0.0135
Non-calcined 30 0.3209 | n/a | 0.9657 | 0.0407 | n/a | 0.0184
40 0.3379 | n/a | 1.4255 | 0.0370 | n/a | 0.0097
20 1.1775 | n/a | 0.3158 | 0.0082 | n/a | 0.0143
Calcination at 450°C 30 1.2114 | n/a | 0.5400 | 0.0158 | n/a | 0.0178
40 1.2202 | n/a | 0.8026 | 0.0252 | n/a | 0.0199
20 1.1000 | n/a | 0.3070 | 0.0182 | n/a | 0.0203
Calcination at 550°C 30 1.1474 | n/a | 0.5920 | 0.0316 | n/a | 0.0244
40 1.1572 | n/a | 0.9505 | 0.0426 | n/a | 0.0269
20 1.1229 | n/a | 0.3553 | 0.0299 | n/a | 0.0226
Calcination at 650°C 30 1.1492 | n/a | 0.4828 | 0.0428 | n/a | 0.0203
40 1.1745 | n/a | 0.7247 | 0.0562 | n/a | 0.0213
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100
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Sodium carbonate concentration (g/L)

Fig. 4. Effect of Na2COs concentration on Mo extraction (leaching temperature: 90°C, leaching
time: 1 hr., stirring speed: 250 rpm).

Conclusions

In present study, the recovery of molybdenum from spent HDS catalyst was investigated. The
experiment was performed by using pyro-hydrometallurgical process. Effect of calcination
temperature of sample together with the effect of concentration of leaching reagent on efficiency of
extraction of molybdenum was clarified. It was found that carbon and sulfur contained in spent HDS
catalyst could be reduced by calcination process and resulting in enhancing of extraction efficiency
of molybdenum. Efficiency of extraction of molybdenum is increased with increasing concentration
of leaching reagent. At a certain concentration of leaching reagent, the extraction efficiency of the
sample calcined at lower temperature was higher than the sample which was subjected to calcination
at higher temperature.
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Abstract. The aim of this study was to develop a recycling process to recover silver metal from solar
panel waste. Experimental procedure consisted of mechanical/physical separation, leaching of silver
from silicon wafer and precipitation to retrieve silver chloride (AgCl) precipitate. The precipitated
AgCl was reduced to silver precipitate form which was subsequently heated up to produce silver
metal. The leaching process was first conducted by using 4 M of nitric acid for 24 hrs. The silver-
containing leached solution would then be added by sodium chloride solution to precipitate AgCl.
The precipitate was filtrated out from the solution and was rinsed with water ready for further step.
The rinsed precipitate was dissolved in water, then sucrose and sodium hydroxide were added to
achieve precipitated silver. Finally, the precipitated silver was burned with acetylene gas to finally
obtain silver metal. Base on the experiment the purity of silver metal of 99.98% can be achieved and
by considering recycling of solar panel of 1,000 kg the recycling product of pure silver of 0.23 kg
could be acquired.

Introduction

Electricity generation by solar cells is recognizably acceptable as clean renewable energy with no
emission in services. Currently, there are three main types of solar cells available, crystalline silicon,
thin film and new concept solar cells, Generally, a useful lifespan of solar cells/panels is up to 25
years. After service, when it fails to function efficiently, the end-of-life solar panel then becomes
undesirable waste, and could be quite problematic if there is no appropriate waste management
integration as shows in Fig. 1 will however result is an example of End-of-life solar panels become
undesirable waste and can be quite problematic if there is no appropriate integrated management.
Suitable recycling technology and management is however required not only to suppress burden cost
on disposal and environmental issues, but also to give value added to the recycled products. Recycling
of end-of-life solar cells can be conceptually divided into two distinct ways; i) recycling for reuse in
the solar manufacturing process and ii) recycling for other purpose. The first concept aims for
retrieving crystalline silicon to be reuse in the manufacturing process. This comprises long recycling
steps such as 1) mechanical/physical separatio, i.e, crushing, magnetic separatio, floatation, 2)
hydrometallurgy process including acid leaching and solvent extraction, 3) pyrometallurgy process
including roasting, smelting, melting and slag forming, and 4) disposal [1-4]. In Thailand, 85% of
solar panels are crystalline silicon typed and will account for cumulative amount of waste in great
number. It is therefore worthy to aim for recycling of end-of-life crystalline silicon solar panels.
Recycling of end-of-life solar panel as shows in Fig. 2 starts with panel dismantling by
mechanical/physical means, giving aluminium frame, bus bar and junction box as well as silicon
wafer with plastic coating on the back end with glass laminate on the top. Aluminium frame and bus
bar can be directly recycled/sold to the market, leaving the cells to be rid of glass cullet, which can
again be directly recycled/sold .However, Plastic backsheet and EVA have to be rid of from the
ripped cells in order to readily extract silver for recovery [5-6]. Experimentation on silver extraction
from such solar cells involves mainly chemical precipitation. Research on extracton of silver from
solar panel has been published [7-13], however, the purity of acquired silver has not been reported.
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Tech Publications Ltd, www.scientific.net. (#542478981- 28!08!20 11:35:50)




166

138 Material Engineering and Manufacturing Il

The objective of this research is to develop the recycling process and study its feasibility to extract
silver from end-of-life solar panels.

Fig. 1. Example of end-of-life of c-Si solar panel (front and back cover).

‘ Aluminum frame

Back sheet & Junction

I Physical Conditioning/Separation

Temper glass

‘ PV cell with metal electrode - H
Metallurgical Process ] rmmmmmmmmmmmmm—————————— 1

Ag metal

Silicon wafer (Pure silicon)
Fig. 2. Recycling process of solar panel.

Experimental

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

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

The extraction of silver was performed by adding sodium chloride solution (300 g of NaClin 1 L
of water) to precipitate silver chloride (AgCl) seen as white precipitate. The ratio of silver leached
solution to sodium chloride solution was 1:1. Then the mixing solution was filtrated and the
precipitate was rinsed well with water. The rinsed precipitate of AgCl was then dissolved in water,
then sucrose (C12H22011) and sodium hydroxide were subsequently added to finally achieve silver as
dark precipitate. In this experiment the weight ratio of sucrose to AgCl precipitate was 2:1 and the
weight ratio of NaOH to AgCl precipitate was 2.5:1. The solution containing dark precipitate was
then filtrated to separate out the silver precipitate, which is then subjected to cleansing and drying.
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The dried silver precipitate or silver powder was then burned with acetylene gas to finally obtain
silver metal.

| Mechanical dismantling ll:> Al frame, Junction box

Acetone | Module smashing I E> Busbar, Glass particle

HNO; |

(2M, 3M, 4M, 200 g/L) Leaching (24hrs) ||f\> St wafer+EVA

&

NaCl: H,0 300 g/L | Ag leached solution ||:> NaNOs (solution)

«

CoH2,0, + NaOH | AgCl (solid) l E> Selnten

e

| Ag powder l
‘ Firing
Ag

Fig. 3. Recovery process of silver from PV waste.

Results and discussion

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

Fig. 4. Recycling product in this study.

Table 1. Component of the solar panel.

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

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

3Ag +4HNO; = 3AgNO; + 2H20 + NO (1)

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

Concentratio of HNO; | Silver in solution (ppm)
2M 12,348
3M 134,176
4M 208,040

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

NaCl + AgNO; = AgCl + NaNO3 )

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

AgCI

| taw
160001 | POF 06.0480 Ag CI Chiorargyrite. syn

RRRR}

Counts

SRARRRRRRR)

2Theta (Coupled TwoTheta/Theta) WL=1.54060

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

Ci12H2011 + H20 = 2CsH1206 3)
2AgCl + 3NaOH + C¢Hi1206 = 2Ag +CeH1107Na + 2NaCl + 2H20 4)

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

[1_PDF 04-0783 Ag Silver-3C, syn

8000

8000

6000

5000-]

Counts

4000

Silver Metal

3000

T T T T 1
2Theta (Coupled TwoTheta/Theta) WL=1.54060

Fig. 6. XRD spectra of Ag powder.

By considering recycling of end-of-life solar panels of 1,000 kg, aluminum frame weighing
102.8 kg, copper wire of 9.35 kg, glass cullet of 757.8 kg as well as EVA 31.2 kg and bus bar of
9.77 kg will be obtained .The tedlar of 79.12 kg and silicon of 10.11 kg are also achievable .The
desirable recycling product of pure silver metal weighing 0.230 kg is acquired.

Conclusions

The experiment of recycling of solar panel consisted of mechanical/physical separation, leaching of
silver from silicon wafer, precipitation of AgCl and reduction of silver. It was found that leaching
with 4 M of nitric acid gave the better results than using 2 M and 3 M. The precipitation of AgCl
from the solution can be done by using NaCl. The reduction of AgCl to silver powder can be achieved
by using sucrose and NaOH. Finally, the silver powder is burned to obtain silver metal with purity of
99.98%. By considering recycling of end-of-life solar panels of 1,000 kg, the silver metal of 0.23 kg
can be acquired.
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Abstract

Dry shot blast generated during stainless steel production contains high content of
valued metals such as iron chromium and nickel. These metals are in the form of oxides and it
can be used as a raw material in iron and steel. This work aims to 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 conducted in an induction furnace. The effect of
metallurgical parameters e.g. stoichiometry ratio of reductant, CaO/SiO:> of slag and CaF2 on
%recovery of metal product was investigated. The results based on this study showed that the
weight of metal product increases as the amount of coke increases up to about 1.5 of
stoichiometric molar ratio. Increasing of coke above this amount leads to decrease of the
metal recovery. Moreover, the weight of metal product increase when the ratio of CaO/SiO2
in slag decrease from 2 to 1. The chemical composition of the metal product is in the range of
commercial grade and it can be used as raw materials to produce steel and cast iron alloy.

Keywords: Dry shot blast, Metal extraction, Recycle of metals, Industrial waste

1. Introduction

One important step to produce cold rolled stainless steel is surface preparation in order
to remove oxide scale adhered on the surface of hot rolled strip. This step composes of dry
shot blasting which is produced a type of by-product like dry shot blast (DSB). It contains of
approximately 70 wt.% of valued metals such as iron, chromium and nickel. From the
economic point of view, this is valuable resources of iron and steel manufacturing. By this
reason, dry shot blast could be recycled to extract the valued metals for further uses as raw
materials in steel production industry. To extract the metals contained in dry shot blast,
pyrometallurgy or hydrometallurgy process can be applied. Practically, the pyrometallurgical
process is more suitable for extraction of metals from high concentrated ore or raw materials.
In the pyrometallurgy process, dry shot blast mixed with pickling sludge is used as additional
raw materials in the electric steel making process. In this study the effect of some
metallurgical parameters e.g. amounts of reducing agent and the ratio of CaO/SiO: of slag
former on yield of produced metals will be investigated.

2. Experimental
The chemical composition of dry shot blast used as raw material in this study is shown
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in Table 1 and Table 2. The reductant was coke flake with 90% fixed carbon and ferrosilicon
flake grade FeSi75. The fluxes were lime stone and fluorspar.

The raw materials were mixed together and put into graphite crucible. Then, the
crucible containing raw materials was placed in a medium frequency induction furnace. The
smelting reduction of raw material is take place during heating up of the furnace. Smelting
was completed in about 60 minutes and the melt attained a temperature of about 1550-
1600°C. After getting the melt, the crucible was took out from the furnace. Then the melt in
the crucible was poured into the steel mold. The solidified metal and slag were collected,
weighed and analyzed.

For each test the amount of dry shot blast is fixed at 1 kg. Stoichiometric carbon molar of
coke was 1, 1.5 and 2. Ratio of Ca0O/Si0; in flux was 1 and 2, while CaF, was added into slag
in the range of 0 wt.%, 2.5 wt.% and 5 wt.% of the mass of slag

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

Element | Fe Cr Ni 0] Mn Mg Si Al
wt.% 532 11 6.3 26.9 | 255 | 0.06 | 0.002 | 0.006

Table 2 Various type of compound containing in dry shot blast in wt.%

Phase wit.%
NiFe;04 25.17
FeCr204 20.98
Fes04 20.55
FeO 20.37
FeMna04 5.33
Fe203; (Maghemite) 3.70
Fe 03 (Hematite) 2.02
Cr0; 1.39
MgCr,04 0.46
AlO; 0.01
Si0: <0.01

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

Fe20s5 +3C = 2Fe + 3CO (1
NiO + C = Ni+CO (2)
3Cr0; + 13C = 2CnCy + 3CO (3)

The reduction might be divided into 3 temperature ranges. Below 935°C the following
schematic reactions take place:
Fe203 + NiO = NiFe:04 (4
2Fe304 + 6Cr203+ C = 6FeCra04 + CO2 (5)
The schematic reduction reactions in the temperature range between 730°C and 1158°C
were:
2NiO +C = 2Ni+ CO2 (6)
6Fe203 + C = 4Fe3;04 + CO2 (7
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3NiFe:04 +2C = 3Ni + 2Fe304 + 2C0O2 (8)

2Fe;04 + C = 6FeO + CO2 (©)]

FeO +C = Fe+CO (10)

FeCr204+ C = Fe + Cr20; + CO (11)
And the reactions above 1,158°C were:

Cr20; +3C = 2Cr+3CO (12)

7Cr20; +27C = 2Cr,Cs +21CO (13)
With the presence of ferrosilicon, the overall reaction can be written as:

3(NiO) + [Si+C] = 3[Ni] +(Si02) + {CO} (14)

(Fe203) + [Si+C] = 2[Fe] + (Si02) + {CO} (15)

(Cr203) + [Si+C] = 2[Cr] + (Si02) + {CO} (16)

3. Results and Discussion
3.1 Chemical composition of products and slag

The solidified metal or metal product was analyzed by using optical emission
spectroscopy (OES). An example of the chemical composition range of metal product are
shown in Table 3. Slag obtained from smelting process was analyzed by using x-ray
diffraction spectroscopy and an example of slag composition is given in Table 4.

From Table 3, it was found that the main elements Fe and Cr have been recovery. The
high content of silicon of the metal product is due to the soluble of silicon from ferrosilicon
into the melt. The content of sulfur and phosphorus in the product is low. The test showed that
%recovery of metal of the reduction test was about 88%.

From Table 4, the slag composition was obtained by considering to the CaO/SiO2 of
raw material for slag forming. B1 is defined as the weight ratio of CaO/SiO2 equal 1 and B2 is
defined as the weight ratio of Ca0/SiO; equal 2.

Table 3 The chemical composition of product in wt.% and %Recovery of some elements

Element C Si Mn Cr Ni Mo P S Others
Average 2.1 7.0 0.9 5.0 0.7 0.05 0.02 0.1 3.0
Range of 0.04- | 0.01-

composition 1-3.5 6-8 0.8-1 | 4.5-6.5| 0.5-0.8 0.06 0.03 0.1-0.15| 24
%Recovery 50.35 | 10.67

% Total Metal

Recovery .

*Fe balance

Table 4 The chemical composition of slag in wt.%

Phase | CaO Si02z | ALO; | CrO; | MnO2 | MgO TiO2 | Fex0; | Others
Bl | 40-50 | 30-40 1-2 5-7 24 1-3 102-04 | 46 |03-0.5
B2 50-60 | 20-30 1-2 5-7 2-4 1-3 0.2-0.4 4-6 0.3-0.5
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3.2 Effect of amount of coke on weight of metal product (%recovery of metals)

The amount of coke used as reductant on the %recovery of metal or weight of metal
product obtained from smelting reduction are shown in Fig. 1. In this study, the stoichiometric
carbon molar 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 up to about 1.5 of stoichiometric
molar ratio .Above this amount the increasing of the reductant amount leads to a bit decrease
of the metal recovery.
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g. | Effect of amount of coke on weight of metal product

3.3 Effect of Ca0/SiOz in slag on weight of metal product (%recovery of metals)

The CaO/Si0: ratio represents the basicity of slag and defined as the wt.% of CaO per
wt.% of SiO in slag. Fig. 2 showed the effect of slag basicity on weight of metal product. It
was found that decreasing of slag basicity from 2 to 1 resulted in the weight of metal product.
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Fig. 2 Effect of slag basicity on weight of metal product (slag without CaFz)
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3.4 Effect of fluorspar on weight of metal product (%recovery of metals)

Fluorspar is added into slag in order to increase the fluidity of slag and is effect 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 experiment on smelting reduction of metal from dry shot blast by using coke as
reductant and controlling of ratio of CaO/SiO:z of slag were carried out on the induction
furnace. The results can be concluded as following.

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

2. The weight of metal product increase when the ratio of CaO/SiOz in slag decrease
from 2 to 1.
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