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CHAIYASIT ~ LONGBUTSRI : RECOVERY OF HEMATITE AND STRONTIUM
CARBONATE FROM STRONTIUM FERRITE MAGNET SLUDGE.
THESIS ADVISOR: ASSISTANT PROFESSOR SAKHOB KHUMKOA, Ph.D., 172 PP.

Keyword : Metal recycling, Strontium ferrite magnet, Hematite, Strontium carbonate

This study aimed to develop a recovery process for hematite (0-Fe,O5) and
strontium carbonate (SrCOs) from strontium ferrite magnet sludge waste, integrating
hydrometallurgical and pyrometallurgical techniques for hematite synthesis and a
double-ion-replacement reaction for strontium carbonate synthesis. The process
began with sulfuric acid leaching to selectively separate iron from strontium, yielding
an iron-rich leach solution and a strontium sulfate (SrSO,4) precipitate. The effects of
acid concentration (1-4 M), temperature (25-90°C), and leaching time (0.5-24 h) were
systematically investigated. Optimal leaching conditions were determined to be 4 M
H,SO4 at 90°C for 12 hours, achieving high iron dissolution efficiency and complete
separation of strontium as SrSOq. The leachate of iron-rich solution was subsequently
precipitated with sodium hydroxide (NaOH) to obtain iron hydroxide, which was then
calcined at 700°C followed by a salt-removal washing step to yield high-purity hematite
powder. The SrSO, precipitate was converted to SrCO; via a double-ion replacement
reaction with sodium carbonate (Na,COs) solution. The optimal conditions for SrCO5
synthesis were found to be 1.25 M Na,COs for 1.5 hours, resulting in complete phase
transformation from SrSO, to SrCOs. The synthesized products were characterized for
morphology by scanning electron - microscopy (SEM), crystal structure by X-ray
diffraction (XRD), and chemical composition by ICP-OES and EDS. Collectively, these
analytical techniques confirmed the purity of the recovered products. Overall, this
developed recycling process demonstrated high efficiency, achieving recovery rates of

97% for iron and 87% for strontium.
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@1582a189A1 pH A9 9 (V) AFINANUFUNUTILHINAT pH wazUseansnw
NIANAZNDUVDUNAN LAz (A) gULLuumsLﬁmLuusuaq%’a?n,aﬂeﬁ (XRD) a4
AZADUTAATUTIAT PH 5.0 oo 86
NANITIATIERNTUASURUANINMUNAIETGA YIRS NaULMAN
lonsonlunNdasIznle (ANAZNDUN PH 5.0). ... 87
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#1503 (si0)

N
g‘dLLUUﬂ’lngEJaLuusuaa%hﬁLaﬂeﬁ (XRD) voawansaaifildainisulsann
S150, 18U SICO, reasaraty Na,COs imnududy 1.00, 1.25 way
1.50 THATS 1387 1 T3 oo 91
AMEEAIY FESEM Wanagusneves SrCO3 fdueszililagldansazane
Na2CO3 A2 sud 1.00 T0a05 5987 1 F2T89 oo 92
N13N38186IVB3519) Sr, O, C ay S Faududrunaunianives SO,
fdnasilagldansazans Na,COs Amtudy 1.00 Tuas 1an 1 4918 ... 93
AMEN8I8 FESEM Uanigusneves SrCO, fidnaseilalneldansazans
Na,CO; Adudu 1.25 1a5 W08 T 8 o 94
N13N5818IV83519) Sr, O, C kae S Fadudrumauninnaives SO,
fdnasilagldansazans NaCOs Autudy 1.25 Tuans 1an 1 4918 .. 94
Amdnesiy FESEM uanagusnewes Sico; Mdanneildlngldansazany
N2,CO5 AMIUAY 1.50 TS LHUAAT T FIEG oo 95
N13N389186V83519) Sr, O, C ey S Fadudrumauninaives SrCO,
fduasmeilagldansarats Na,CO; Aty 1.50 Tuand van 1 9909 o 96
sUMUUNMSIREIUUYesTALoNd (XRD) vesrAnusifldanmsduniei
SrCOs ngldansazane Na,CO; Ayt 1.25 Wans gaungilvios
ATl UM TELATIZARIU (0.5, 1.0 WAL 1.5 FATID) oo 97
AMENgeY FESEM Uanagusneues SrCO, fdnaseRlalagldansazans
N2,CO5 AMIANY 1.25 T0a15 1Juaa 0.5 T8 oo 98
N13N3¥M8FIBI519 Sr, O, C uae S Fadudrunaunanives SO,
fdnaseilagldarsazans Na,COs Amtudy 1.25 Tuans 1an 0.5 4ala ... 99
AMEN8A78 FESEM Uana3usneues SrCO, fdnaeRlalneldansazans
Na,CO5 Aududy 1.25 Tuans 11981 1.5 FaT0 100

N3N5M8MVIER S1, O, C kay S Fadudrunaunaaiivea SrCo,

nFumseilagldansazany Na,COs ANsUuty 1.25 Tuans 13a1 1.5 $alad........ 101



€an
c
=D.

4.26

a.27

#1503 (si0)

ANEIBIINNADIANTIAUBIANATOULUUABINTIA (FESEM)

o a = s Ao v
LAPIFUFIUIN1VDINIANTOUTLUAISUBLUA (STCO;) NANATIZA oo

[y ]

dansivadiuagaunadandmiunsiiuelnduasanseuideunisueiun

q

' [ = 13
*’\]’]ﬂG]%ﬂE]‘LlLLlILﬁaﬂﬁmiQUL‘USMLW@ﬂW} .......................................................................



uni 1

UNU

1.1 audrnywaznuiveslynin1sidy

wiwdnleslsddnfutaguindnansfifiviinanisudngaiigelulan Tnefidndiu
VNMIAANANINNTNTeEAE 80 YBINARS I LIS nasTavL (A, Gupta & Roy, 2024,
stanfordmagnets, 2024; Grand View Research, 2025) mm&mﬁ'ﬂﬁﬁﬂmﬁwLwﬁﬂﬁuﬁmﬁ
lasuanufiuy Lﬁaamﬂﬁﬂmamﬁ’ﬁmmmé]’mmumiﬁwLL@JLmﬁﬂqq TadesnImMmaAll uay
finnuuaAmaassgmansfiviondtianmiadendu o wu dadla (Alnico) suanies-
TAu@ad (SmCo) hazfiloftilau-an-luseu (NdFeB) (Le Breton, 2021; Dura magnetics,
2014; Caramitu et al., 2024)

= 1 =2

NN15d15TeYan et A aatauimvanmlaslsdnilandyands 35 Wuduneaans

Y

v
=

ansy (1,211.63 wuarwum) lud 2565 wazainnsalinvziuledudu 78.9 Wuduneaans
ansy (2,731.36 Wuauum) n1elud 2575 Tneilsnsinisiiulaadesed (CAGR) ag’ﬁ 8.7%
Fauandluzudl 1.1 Fauansuualiunsdulavesusindnanseiasing 4 faudl a.a. 2022-
2032 nsiivlneg s ol oeil i unaniainn1sUsEe N ld9IuT AsEUAqUMAINTIATY
gaamnssy litasdugravnssueiesldlwiuazdidnvsednd guamnssueuegud
9aaIMNTTLAs asdnsuaynIndn geamnssudurigulanuilnauazvesldludu
anamnssundsnuLazinsauwiny Wusiu
Jatduddyiindniuanudoinisulvanneslss dun 1) anudesnisudndnanns
fifinduainaiegiueud Mndeganisivlnvesgnainnssinisaneweuisendned wa.
2564-2565 Geiinaiulaein 2,860 Wud iy 2,950 Wudu Jalutadvatvayunisivls
yowa1AklmanaIstaense lnewimanaisgninluldeuvansegidlunindiueueud wu
msltluszuu CBS veseummuy Jeelisongnliegsasndonazidenismssitioniian
SV wildnansddldludinuarszuuidososmunmug way 2) nslduimdnamseds
unsvaglunandsnunyuidsulagndanuidsdueieunmafulnreanaiauiv Anonas
yalan 3ausimdnansgaldidusuannlumadiundsnuvyuisusazndsnudmiy

nyuluiinvastawesiavasandany



Global Permanent Magnets Market
Size, By Type, 2022-2032 (USD Billion)
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The Market will Grow 8 7% The forecasted market

At the CAGR of: size for 2032 in USD:

U 1.1 msmansaimadulavesusimdnmeslsdlud a.a 2022-2032 (Global Permanent

Magnets Market, 2023)

paAnasUyUIBulaniuladuain 856.0 Wudnudu 971.6 Wudusenined
2564-2565 patanasunyuiisuinansznulagnsswanisiulavenainwdindnanas

o w

idesnnndsnunyuidsusazndanudnlvgiinanmsliusimanlugramnssy Yaduddy
waniihdsdndunsiulavewmarnusiminanisiilan

Tuussawimdnmeslsdviamun ulmanansoudeumeslss (SrFe,0,0) oSunIu
TougegeiosnnanadRisumaneyszns Iiua Sanuvasefouaziusasgiuduindes
fusainumunisgatdeduanainangs (Higher Coercivity) dpauduaneusednsaim
(High Performance-to-Cost Ratio) LLazmmmﬁﬂﬂé’mLLUaasﬁugﬂlﬁwmﬂwma NITUIUNIT
nARLLENFIna s uneun1sIndnTng A (Sintering) Aigaumgd 1,000-1,200 83A7
wardoa laoldmgAundnde tauilnd (Fe,0,) Fudunanassldsaignaingaaimnssy
WANNa1 dankanfuanseulfeuasuaiun (SrCO,) (Verma et al., 2000; Huang et al.,
2024; Pullar, 2012) wimanansewdemmaslsdlagniluldessninevinddusueudini
szuutuindeuneined gunsalBidnnseiind gunsallulasim wazimaluladnianisunms

(Campos & Rodrigues, 2017; Egorov et al., 2023)



ogslsfinu audsnsldmuiifingetulimadafutundonsuuiinues
Yo def T uaInTuRoUN1IHER (Bian et al., 2020; Bollero et al, 2017) Inglanyly
Fupeuniniesudamannin farelfiAavendslugy "mnaznew’ (Sludge) Usinman
(Huang et al., 2024; Stanford magnets, 2024) mﬂmzﬂaummﬁﬂizﬂauﬁaaaumﬂamﬁsm
voundneenlefuazarssenavansoudeniivuioudedemdefu Tnsnnagnoud
Ignduuniiduveadesunmeiflavevinuasdanuduiiviedunnden anundstoya

Y

fundedeld nulmnazneu SrFe,,0q ﬁLﬁmsﬁumﬂiiamumﬁmmmﬁml,viwﬁqﬁﬂ%mmgqﬁq
220 dusiod FeUSinuvemedsfiieiwhlhAnanurmelumstaumaluledifedau
langdimnavunlauselovlsl ﬁgﬁLﬁamiLﬂuyam (Valorization) Tfureadessngr

A5 leAaveudsydaninagnau SrFe;,0 813LYNTEUIUNISLANINGIAIUS DU
aeslsfny nsuiouvesansduviaduazintuazieliiAnnisunndiiai s 3ounsean
FUNTIY LardINansenUlngnIIveaunanIuTeuYeITEuy (Hydrometal Tech, 2024;
Simoni et al., 2024) NSN3 MLAANIPNTLUIUNSLAMINYIE@1TaYaN8ILABITNTLUIUNTS
nanedunoulunisadelavzuasdosiianansadindunis (Organic solvents) FaisrA1ga
(Dutrizac & Jambor, 2000; C. K. Gupta & Mukherjee, 1990; Laubertova et al., 2024)

mswaunsiaulavzdaiainninagneuveudoflinangnamnssuniinan
wiwmdnansoudsueslsd Tnensugaamnssuiiugiuuaznismilons ((ws.) wui
nsvUILMSAlEWRILN U s iavanUsens Taun

1) nsldasvraramenianuidutugs Tnededdnsadaininiianuiduduged
10 Tuanedns sruAunsltuuissuaanlse (BaCly) dwalwnisdnnisaisinduazveade
frnududeu warddudedliininissesinseTadunsiganansiadl

v o

2) - nszviumsiviangduneu dwalinisaniduanulagsiuiininugaen aunu

AULATDIBLAENENIUGY uaziinnsgaydenandnaluseninatunousiing q

=< 1

& ¥ o v o av v 1 a v dy v a
Waandadinnei lana1un 91uiTed e ausulsenszuiunisnisdaning,
a1saranguiuamudidulazanuAuAIMaATEgMmans lngaduaudiniaaldinizves
Y A a [ v A I a 4 [
n3Agamain (H,S0,) lunsadnuenuwuudaiennielutuneuied Ingarlivangnuzazaie

sanunluaisazatendeudunsanaznauendivesanseuldenlusUanseudeudaivn

o

(SrSO,) Nhiavaetn Y998aAANUTULDUYBINTLUIUNT wazudntdesnisidansyinazans

v s ! a

a N oa & LY = Y a a & a 1 1
AUNIYNLUUDUANTIY LwaiﬁlﬂmammemmgamLﬁmwmﬂja 2 UM Toun



1) e lng (-Fe,0,) dusulssyneldiduidadduna (Red pigment) Tu
geamnssuasiadauiuaiy wse ldlunsdendnszay Bidnnselind uazUsuusenmunn
TldleluaTosdions

2 anseudeuasusiun (SrCOy) Fadutaneiundsrasddmivuszendldly

gRansILesdn Jududidnnsednd uazagnalu

1.2 nQUszaeAvaInsivy

1) Wefnwuaziauinszuiunsgaulansininuazansewdeon 1nveudsy
A a a 1 < = [ 174 a
MAnINnTEUIUMIKARLananseudsneslsd lngldnszuiunislanineransazany
' ) a v a a & 3 ¢ . . a
Sudulaningranuieu endnduvineanledduns (red iron oxide) uazansoudey

ANSUBLUSA (strontium carbonate)

=

2) WeUsulran e snaaedlilarifuysimunsauun 899ua1nuidy
1@AnEINLA1T AT UNITILUTZANS A INATEUIUNITIUA 1UAATEEZ1I87 ARTUADUNISNER

waztdulnsdoFawIndaunTu

1.3 YAULYAVDINITIVY

mﬁﬂmmi{jﬁﬂammﬁmmsamam%mnmmLﬁm‘?fLﬁmmﬂiimmmﬁmmmﬁﬂ
ansoulauNeslss AensEUINAISLaNINYIa@ITarane SIUAUlaMINEIANNSOU WUINTS
naasteandy 4 FTuneundn Ustnaudie 1) n15ugarans 2) N1SANATABY 3) AISLHN
(Calcination) Wasumesuansuszneulans uar 4) nsdanseiansoudouniiusiun
1) NNSYLATAY
AnwiAututuveInIngailain (H,S0,) aaungi S| RGP R RN
Youran waznadlilunisvzazatsninezneuvesdusiaudinananseudouneslsd g
T¥nsadaiasniiuty 1.0, 2.0, 3.0 wag 4.0 Tuans (M) aaumnil 25 (aaumnilviev), 70, 80 uaz
90 PIANLTALTYE PNT1EAIUVIVDILT IR BYRUNAT 20, 40, 60 Way 80 NSUMABANT WAy
syognatlumsvzazas 0.5-24 Falus Tnsaueudnanisnauasifl 500 seuseui
2) NNIANAZNDU
AnwiAn pH 7ideswanenisanaznaundnlansenlad (Fe(OH),) Tagld

Toienlansonlymdudu 30 WesiwumimdnlaeUsung lne@nwifian pH 1.0-5.5



3) 194 (Calcination) Wasunesuasuszneulany
nswldsunlesuansusznavanuanlensenlemidunaneanlenaae
nszUILMIeALTouigumndl 700 ssmwaldea iunan 2 9l
4) NSFUATITANTOULTLUANTUBLURA
Anwanududuresasuanudsulessu (ufauaisusiun : Na,COs) uas
nanfidwanenisdanssianseudounisuaun Tngldlafouasuoundudy 1.00, 1.25
waz 1.50 Tuans 1181 0.5 (30und), 1 waz 1.5 Falus sn3dIuresodmovonalnafif

1.8368 #ia 10 NSusoiladans @aumiivied WagdnIn13nIU 500 ToURBUNN

1.4 Uszlewdiilésu

Uselomiildduannisanensslafansneuwsivdnanseudoumodlsd deed

1) NIIUBNBNAVDIAUINNLAWINYT WU FRALATANUINTUVBIFIVINazae
gaunnd uaziian tludu fdnanaUszaNEnINN1STzaza1EMEN LAYNISUENANAZNDY
ANTOULTLNTANRBBNANUDUEY

2 wsudviwavesiudsidiwadonisdAunazanuuianiveundnlugy
asUsznoumaneenluduazansoudonlusUasusznovansoudouaiveiun ilelils
mﬁﬂizﬂauﬁlﬁmmgmmmmméfaamiéuaqqmmmw

3) a11150an70517nvesuiTeluein Tnen1swauInszuIunISATAIY
Fudaurosas anszaznatuazduneulunisudn dwmalvnssuaunisiludadaiudue

Tarsugaransuaz dulngsodundounn Uy



uni 2

USNAd255nI5uazUI8NN8T09

[

& & = a A av a o 19 ) Y] v
LUBMWIUUV]UﬂaWﬁﬂﬂﬁ/li]wgwugr]uLLagﬂqujﬁlﬁmLﬂHTU'P]Qﬂ‘UﬂqﬁﬁﬂﬂLLaZQﬂulIaﬂg"iﬂﬂ
nmnazneukivan lnensaunguiinaaURTeMIAaNa1IT NTTUIUNITHARLATAN BUE VDY
8 A a &£ a Y} aov o A v Y] o ¢ a <
VBILAYN LNV U LVW’]IUI@EJﬂ']ﬁﬁﬂ@Ia‘VW AZINTUIYN LA YIVDINUNITAIAINEHNIA LRGN
I3 Y ¢ = ¢ A 2 & a ¢ a
@aﬂlsdfﬂLLa%ﬂqia\TLﬂﬁqgﬁamiaumjﬁﬂﬂ']iualaum LW@LUUWUEWL&U?\’]T}LﬂiWSWLLagaﬂﬂiqﬁmﬁ

v

NsNaaeluLIdYl

2.1 widwananas

Tutlagiu wimdnansifenldnulunrgramnssuuazdwndud annsaduun
panlu 4 Uszanudn loun wdwdnmeslsed (Ferrite magnet) waiwdnilefiilou-1ndn-
Tusau (Neodymium-Iron-Boron magnet) Laitndng1usiseu-laueas (Samarium-Cobalt
magnet) wazuilinanegiiien-iniia-lauaas (AINICo magnet) lnguiivanuaazusziny
fautiemziuazvouwnmsldudiunnaneiu s

1) wdwdnieslsd

uiwmdnueslsddmdunimdnnonsnguesfind ndnanaisusznou

widnesnlamdussdusenounan town 1aulng (Fe,0,) %58 wunilng (Fe,0,) naufu
#15U5¢NaUA1SUBLUATBIlarekaanlatlds v LU @nsaulTeumisuatun (SrCO,) e
wuiSsuAsUBLUn (BaCOs) lneiluwsimdnadeadgninoglunguisnszinedlsdadaiby
(M-type hexaferrite) (Khojaste khoo & Kameli, 2021) %QﬁqmiLﬂﬁﬁavLUﬁ@ RFe;,019 Taed
R idudunuvessiglave 1wy wuiSoy (Ba) anseutdos (S w3e mxAd (Pb) n13s1uun
Uszanvesuiwanieslsdauesduseneunanil aunsauvseenidu 2 Ussinnudn laun

wiwdnansoudeumaslsd way wiwdnuuSeumaslss (Pullar, 2012)



Mnnsisuisuantivesianisaeviia nudwdmdnansouden
wieslsdldsumnudeludmndudinnniy e ndaudfimauindninienin lnsiawz
ANEAINUSAY (Coercivity, H,) 17{@3@ waziliafosnmyaaidiinb oy Jamnvausonisldau
Tugnavinssudidnnsedind weweslulih dlns uazgunsaiuaimannnsdu 9 ludanienw

[

wiwdnuleslsdinunszuunsnanziidnvazduiagudwddaiudsieg (Hard and

brittle) adneies13n og1alsiny anunsadusuliilududiuiidanuuiuggla dnuas

aluveudmanmeslsduansds gl 2.1

JUT 2.1 dnvagnienenmvssimanieslsaludamndednizunsaimainnaly (A uky
Adey uNuna wagaa) adidnvasaufedinnuuduniwaziussadne tan
Wws1in (ZHAOBAO MAGNET GROUP CO., LTD., 2025)

2)  wilvdndlefdleunaniusou

wiwvdnileAdsumanlusou dadumsimanonslunguutivanussiasmis
audinausindngefigaludonded Tutlhgiuudndnsdndldgniauiuanlavenauds
wian (Fe) iuesduszneundnsudusigmennegniledidien (Nd) wazglusou (B) lnad
lassasamdnuuuenselnuea (Tetragonal crystal structure) TugUaisusenau Nd,Fe;sB
Fadumandnilidmdsauudindngeiiaail oifisudvusimédnusziandu 9 uenain
psrUszneUndnud Tunszuaunsnansiniinsinsinlavevenviedu 1wy wdlefiden
falnaifon wazmesion ieusudgsaut@dung 1wy maiuaiosnmmsanadeulay

ﬁ’lamwﬂ'ﬁﬂﬁqﬁu (I et al,, 2023; Uenohara et al., 2020)



auURAureausindn Nd-Fe-8 Téun (1) famamdeniusindnasiig (High
Remanence, B,) g3 dnalidanuduauiuwdmanuin (2) drranindeduge vinlidl
AmNuAUMUsaNTaULMENAB o (3) TAWaRMNEINULIMANGIEn (Maximum Energy
Product, (BH) s 89110 %aﬁaaiﬁ’mmaaamumLLazJ"mﬂ’ﬂmquﬂiﬂiaalﬁimaﬁqm
Usgdns amAudean i lansudanan udwdnvidad dagniludseynefldon
pgeninslugaanssuimaluladdugauazndsnuazein ldud fudiuluueinos
UszAnsnnga lnolannzueinesdmivetusudliii taTesdndaliiindaiuay gunsal
didnnsedinduazaeuiiames 1wy ensadanlasnl wazaunsallsane aunsalnamsunng wu
irSesaianmenpaunumanl (MRI scanners) seuuidssaanimngs 1w lulasinuuas
yilsusiman Nd-Fe-B Sefioidutanimnssufiiunumddnlumsduindeumeluladadsln
LaZUIANTTUMUNS SN I

3) wilmdnguusenlavean

wilwdnguuiseulaveas aduwdmananslunquuaivdnussidsmyuusn
UsenauniglansnauseninesanigIngIkas ey (Samarium; Sm) wazlanensugdu
Tavoad Ineviluausasuuneenidu 2 siandnausnsidiuesdusznou 1dun Smcos
(Bn51d7u 1:5) uay Sm,Coy; ER51dN 2:17) (Zhang et al., 2020) Tudnuaudinisusinan

a A

widn SmCo A magundustmangudududvasssesainudinanileidenman

°o v A a

Tuseu egulsinu gaunuidAyfigavesmivanyieife w@lesnmmsgumvgiiieendey

Y

< a

lneilgaumniias (Curie temperature) g9 @3gaglianunsaldauluanmuindeunilgumniigs

Y q Y Y
<

laAnIudnan NdFeB pgsiitiadfay IﬂﬂlﬁgaglﬁaamwmmL‘flulmmﬁﬂuaﬂmﬂ'ﬁu wludn
SmCo faflmnudumunisinnseu (Corrosion resistance) NfLE o vinlstanansaldals
TnglisndudesdinisndeuRatesiu (Surface coating) Fasinsanualiudn NdFeB flinad
1ade (Schonfeldt et al., 2023)

wivdndadfieudneguasaninite Swieddnnussdnse Yadufim
I‘Llﬂiz‘U%‘Llﬂﬁf:fﬂﬂﬁiLLaSﬂﬁi(ﬁ'ﬂLLG]IQ%UE‘U AganUinunuNIUiea ) liazn1Iiansou
Fovinliiuivan smCo gmiluuszgndlilunuimnssuiamenadidesnisauaiosge
&uA nsldamluanimuindeniifigumgiigs Wy weimesuazdduind ou (Actuators)
TugmavnssuetusuduazeInirey gunsaliifesnisannuusiudigs wu Wuwes uay
punsalnmaiaaTodldininfidaufougs wu wneulilasivgunsainianisunmduay

uanssuneansianUaseaiy (Zhou et al,, 2021)



1 < a a a a (3

4 wimanegiifleudnifalavead
wimanegiifludniialaveadiduiaguimanansiBandvduiausn 9
7lasunisiaud uluyimadssen 1930 Lulanzuan Musznaunesiguan laun

zgfifley (A Gniia () wazlauead (Co) auAulman (Fe) uazsnnlansdu 9 1 Naduns

©

1 ]

= ~ . | & v as a o A a Aadaa !
Cu) viselmnilley (Th) uwdwdndaillaiiyawmudidnyde waliosnmmiseamiinfnaalunay

o 1 a

anuaimanansiavun lneda1duussanigamngivesainismidetiuimdns wasd

q 3

—~

)}

£ ' '
a

9UUNNATFN (g9dls 800 Bemiaaldya) usnandalinuduniunisinnseuniades

o Y o w 1

A
Tngludnludonndeunin uazdinuudusudnageedidlsiny dediinddyvouainin
vindded Aranmisdus dedsnaligadoanimaruduuingn (Demagnetization)
Ieeilegnsuniuanauuusimdnniguen
nszvIunINaawlndndatlaaiuisaduuneenidu 2 Ussianudn
punszuaunsugd T (1) wiimdndadlauuuvde (Cast ANICo) iunssurumssafa
Afioalld mmiamﬁw‘ﬁummﬁﬁgﬂiw%’u%uuazsummiwgiéf (2) ulmandadlanuurinin
(Sintered AINICo) tAnlngn1sdandlavguaziimin iuzdnsunsHandunurLIAEn
fifosnsanuwiugveuuings uazlianuudusmianaianiuuunas fonuaudd
msnuendougs wiindnvlniFedemniludszgndlflumdmnssnanzd Wy ewes
wimdnonsildniluiionmgiigs Wuwes uasiniesileinyignainnssy
Tuussmuszianaiméniiléng 1nudnsfuusimdnleslsdidundngnis
Agniiga uaztfuindunimdnilldiustaunsanefigamsslauandivesinanindadu
(coercivity) @3 finunuspaUINKIRANAIBUENKATIUAINS RS TANuadasnaTigs
wazruiumuliiigsfaandunsnsi 2.1 dsmaliuimdnmeslsdldsunrudenluns
Tty wermesluii vifouvas dunilonh gunsaldmfiudeya fgadunduuimanlin

wavgunsallulastanildsadduindnnaniamingsnugann (cin et al, 2023)



A wva o v 1 < 1 Aa Y
M99 2.1 antRdAgueaiinanansusziangg o flvelaeialy

(Constantinides, 2012)

10

Characteristic Units Alnico Ferrite SmCo NdFeB
Flux density (B,) Tesla 1.35 0.39 0.9 1.39
Energy product

kJ/m3 60 28 175 370
(BH)rmay)
Resistance to

kA/m 59 245 2400 1115
demagnetization (H,)
Usable temperature 4K to -40 to 4 Kto 150 K to

°C

range 520°C 150°C 520°C 100 °C
Induction change with

%/°C -0.02 -0.2 -0.045 -0.12
temperature (RTCg,)
2nd quadrant Normal

curved straight straight straight
curve shape
Recoil permeability B/H 2 1.04 1.05 1.05
outstandin
Corrosion resistance Excellent good fair
8

Physical strength MPa 55 65 120 285
Electrical resistivity T cm ar 10° 55 180
Magnetizing field

kA/m 120 480 2000 2700
requirement
Coefficient of Termal %/

11.5 10 to 50 7told | 751t0-0.1

Expansion °Cx10°
Approx Current Price

S/kg $40 S8 $100 $150
(ballpark estimate
Relative Cost at 20°C $/MGOe $5.3 $2.3 $5.5 $3.2
Relative Cost at 200°C | $/MGQOe $5.7 $5.6 $6.5 n/a
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2.2 assuunsHAnwimanansaudeaslsd
nszmumiwﬁmLuimﬁﬂamsam%mLwai“l,wﬂuL%aqmammﬁumﬁwé’ﬂmiﬁuﬁm

vounalulaglanewe (Powder metallurgy)Gz'fw‘juﬂismumisﬁyugﬂfaﬂimL?:uéfu

Mnusaziden iemuaulasiadisganiauazans i ndnlildnudeanis duneu

nskanunsIuAanslugui 2.2 Tneligazideansandunuluidagtunoudall

EMAGNEHCS
a7 2
5 = 9. i E
=y ‘t ‘

Weighing Mixing Pelletizing Pre-sintering
A— - &
8l LF SR s
gy [ ] e
§ 00080
Drying Moulding Dehydration : : .o:.°
v O @
e PN
d=a 3 -
- —
p Ll Dry process Fine crushing Coarse crushing
Moulding Drying & Dlspcrswn

Sintering Machining Magnetizing Inspection
~ a 1 I3 13
UN 2.2 nsrUIUNSKanuLmaniweslsd (Stanford Magnets, 2025)

1) mswseuingaukagnIsHay
Suduannsniouansneiundn ldun wdneenled uazansouden
ansvaiun thundsinnlilddadunuusinaasduiug (Stoichiometry) ifmun (n =
Fe,04/SrCO5) ﬁ]’]ﬂﬁ?ﬂﬁ%ﬁ’]éﬂi%ﬂ’mmiwﬁuLﬁ@lﬁmigﬂﬁuﬁﬂ’ﬂmﬁmﬁlaLaﬂ’ﬁuuﬂﬂ‘ﬁlﬁ’jﬂ
2 mswuealey
TngAuinauudrazgnirlunuaaletfiguvnfiuseana 1,000-1,200 8em
wafoa 1l evdnansszvonaznszduliiAnufAsenanuzvendenodudumausvdn
anseudoumoslsd dunouifienuddyediediunisimunarnianiveaanoutily

UnazLden
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3) ANSUNALLDYALALLANEITHAULE

[y

TanAnunswaaledazgniiuiunanvuIneunialiazdendsseay

[y

lulasuns Lﬁ@iﬁmmmaumﬂLﬁﬂﬂdwmm%ﬂqmaﬂ@LuuLLm'mﬁmLazLaumi@mmﬁﬁwm@
Wy 380 waz uraldenaniusiun TuuTiandnies (Ineviald 0.5-1.0 wt.%) Lileaduay
msdulmvennsy Jestuldlinsuveredivgdululuvasmnin Swsviliianindadu
LvANanas

49 msugy

[
=

mLL:u'mﬁﬂwgﬂﬁwmé’mugﬂluLL@Jﬁmﬁ TAgTINITLHS IURNITBANFIIA LAY
N3EUIUNNT NIaUgULIRginsHayansdausza1u (Binder) wu Wndlillaueanaged (PVA)
waza1svaeay (Lubricant) Wy F9RaLAELSH (Zinc stearate) Wiaelinaneiududounay
anustdunnuvnzaenluy nanduenladukivinlelelnstn (Isotropic) nsdlduguiden
' < Y v £ o | = A v o
awimanazgnuaudduasuvinassuazdadusuneldauuudivinniguen iednises
a =~ v v a ' I3 a o ¢ ay v | < a
AAN1NANTHVUIUAUT AN19AUINLUNA N WARA U9 Lot D Ul nwaulalelnsdn
(Anisotropic) @siflaudAuinangs
5) ANSLNINTIA
Funuaggnir iUk ninigaung dgeUseana 1,200-1,250 samwalded
luusserniaund arsiiuussiildativludunaun 3 assuviminiaruauveunsy (Grain
boundary) Ml¥¥uauIANUUILLLE FNTUAAA kaziilassasananiadee
6) N156A85WATUSULAY
999N NSNNT NV TR T UIUBAR1UTEUN 15-20% R399 Tude9unun
LRYTAIYA BN UTALNYTLN BUSULAIVUIA AU UGINIULUU T INTEUIUNITLRUTH A0 9Ly
’o’ | @ 1 ¥ = 1 Y a a a i " = v 1 <
Umaeldusiuniy Jsdaliiinuesdesia "nnagneau (Sludge)” BeUsgnaumensLtian
avideaUzUuiuhuazansiaiinadu Jsnnazneulgninuildduinghvdmsuauidel
7 m3daUszquivan
TUROUAAN18ABN1TUIT WU IUR IWAUINLN IENAI LT 1E (Pulse
. . A o oa s 1 I3 Y & = a a LY 1 Yo =
magnetization) 1edaisedluuudnimantidussilsuluiianiafedny dwaliiandann

Aaduudivanaisegisauysal
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a o

2.2.1  ngAuUvan

9

[
v v ] (% a !

TagAusaudmsunisudnuimanansoudemeslsdusznoudie 2 diu

a o

van leun 1eanlnd (o-Fe,05) nsaad1andnuuy Rhombohedral lngialuealdingaud
wisuu1a1nnssledadiadaina (Mil scale) adunanaseldainnszuiunisudnmngn
3n%ou (icin et al,, 2021; Icin et al, 2022) Wipanuuasusianeonles Inaunaswanmani
drryueslan laun Iu voanslde UTITa wardulAY Lazansawlona1sUBLUA (SICO,)
lannsagausanseulisavan 2 ¥ila Ao usiuadlng (Celestite; SrSO,) war uiansoudelud
(Strontianite; SrCO5) Imaﬁl,mdﬁwémﬁwﬁcyasﬁ Ju Windln wavwesudl

2.2.2  ANWUSVIVDNLEYIINNTZUIUNITHERN

Tunszvrunsuaaninanineslsd lasanizdunouni1sidssiazusunss

(% '
a A

Fusuielildvunuargusauuinsgududunsudidgiineliiinveands Feawise
Juuneendu 2 Ussiamvan Aadl

1) nnngnaullvdnnestsd (Ferite Magnet Sludge) vaaideusyinmnil
Anduluduneunisidestunuiiunsmanin lngeuniawivanvuinasdenigninesn
rgnazdweinaedulnarussszvglusuiuluveinagnau dnvaenanenmees

Ja o v - = < N ==1' IV Y &

nmnagneulliinnududeu esniluretlsazidennusuusgfiviwaziniuvde iuain
w309dns dwaliflanusiduninazneuiiu@einaenismidn dnvauznen nvemzneu

sananfananaluguit 2.3

JUT 2.3 dnwaisnieinmenmusinneuwivananseudeumeslsdiineinnisidesin
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v '
a =

2) Fuanunllannsgiu Wudunuwimaniidiunszuiunismanin
wazlIusuds wadvuevsedfrainndeuluandeivuaiinsgiu funumalfidnuazdu

1% & aa I 1 @ & o 1 = A So =
ﬂE]UﬂJ’e]\‘lLL"ZNVliJﬁﬂ']Wﬂ’J'mLiJULLZLIL‘VIﬂﬂﬁEJU“im mamwaﬂLawumummamﬂugﬂw 2.4

JUT 2.4 veadeviafeuwivdnansoudeumeslsindvunalilinnsgiu

INNFAATIEWBIAUTENBUNMNLATVRININALNBULILNA NN TBULT BN DS
lsfdanandlunsnedl 2.2 wuinflesduszneundnaenadasiuingiudeiu 1dud tesnlng
(Fe,0,) Uszannfosas 88.9-89.5 Inevimiln way ansewdouosnlas (Sr0) Ussunniosay
9.5-10.0 Tnehwiein wonand Sanudadevwdnides Wy 3801 (SI0,) wuSsusenles (Bao)
whaLgeNaanlys (Cao) wavargiiun (ALO,) Usziiiufivaulafe snandwlngluaves Fe,0,
ao SO luninaznou dA1USEUA 5.8-6.0 T idenad ot udndiuusurmasdunus
maai’mqﬁw"?ﬂﬁuﬁ%ﬂummﬁmﬁmé‘ﬂ%ﬁm M-type (SrFe;,010) Wil voudovingusy

AouudnTinIrUsznoUNLATINlNAR LI UNINAZ N UIULAEAY

A1 2.2 g 1sdiuNaunLATivaznauLLAnansouldsuaslsa

paAUIENBOU Fe,0s/Sr0O
- Fe,O; | SrO SiO, BaO | CaO | ALO; | MnO
NLAL mol ratio

) 889- | 95 | 0.25-
USunes (wt.%) <0.15 | <0.1| <0.1 | <02 | 586.0
895 | 100 | 045
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2.23  msian1svaadeludagtu
wiazdildfingszideuianzianzasdmsumsinnisnz noundimaneslsd

winenilavendedminnaesufuAniunses1vdyafalssnu w.e. 2535 uag Usenia

N3ENTIEAAIMNTIY 130e MIfdndsfnaviseTannldldud wa. 2548

q

¥
=

w1 sIanslutagiuiived fudnwugnisyudeu nsdinisduleou

o Y 1

Wy nMneznaudingnadlumdnlagdsniswieidudoindman (Fuel blending) Tutmnwn

Yuduue ieltaiausauanndisuaintuiiluilsnavegnavasnny nsdbuinisuuileou

Y

(%
o w =

1191y VoAYIZANATRUNITIANISIReNTSEeNauag1eUaanie (Secure landfill) a9a1n61U

Y

U a ) o Y Q ¥ I3 ¥
nsrUINNsUSULanesusevlmdunauldalan

23 walulagnsanauasiaulans
walulagmsSladauazdrulasdidannveadegeavnssulutaguanunsadiuun
gonilu 2 nszvaunmandnaundnnisniaeduazidnd loun nszuiunslaniveinnuiou

(Pyrometallurgy) LagnszuIun1slanineaisazansy (Hydrometallurgy) lnsusasg

[

NSYUIUNITUINUALLDYALATANWULLRNIZAIL
2.3.1  NSTUIUNISIANINGIANNSDU

nszvaunslamingrruseulumalulagnufunondendsnuanudouas

v

A o va N = o a a =~
Wovhliinnisiasuulaimaaiivaznieninvesingiv Sidmunaiiowsnlansfifednis
28NNA1TAUUNIUNITRABUAZANY (Smelting) N195%L1Y (Volatilization) ®30A15911

UfATeluan uzveuda (Solid-state reaction)

nszUINNTHTnUsTnauseduneudoefidfy Iaud nswioaaesa
arsUssnausine 1 vielanuty nsgieus (Roasting) WierAsusUansUszneudalrialiidy
oonles uar navaen (Smelting) Fadumslianuouaufannaouimauasianisuenty
szn119lane (Metal phase) wazninnznsu (Slag phase) Iauo1d8AIULANA 19U

AITUARUT LLLi‘lJLLﬁ%’ﬂqW/ia ULWRA

Yy o Y a aa s v v a = va
UBA a']ll']'ﬁﬂ"ﬂﬂfﬂiﬂ‘U'ﬂmﬂﬂUWﬂJaﬂﬂUﬁgﬂ@UsﬁUsﬁauwiaﬂaﬂLﬂEJNall‘lﬂﬂ

q

IS

n3NSAnUARENTINGT wazmngdmsunisdansveadeludsunamnn

o911 : AuiUfoandenugunn daununsandunisiaznisayu

4 IS

LA3ITNTEY nebiinuaivn1teIna 1wy Juazesuasingiiy (SO, NO,) Jsdndusesd
szuuUITRRd UL aU Wenand NAnA g lednidulanenay Feunnaonisenliusans

q

Tugunauien
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uiATeiiiigadas : Bian wazauz (2016) led@nwinisdaulanzmeinain
wiwdn NdreB Mlidouanmiaed3d Ingldnmsnasuusnduansusznoveenladiguugd
a9n1 1,400 ssawaldea ileusnilodidon (Nd) eenainivman (Fe) Tnsendoauiifinis
woslulaunindvasnisiineanledfiunnsieiu (Selective oxidation)

2.3.2  AszuaUMslanIneldnsazane

nszuumslavineansazanedumaluladildansaranewniiluinansiidu
deadnuazusnlaveiiguvnion (Gulngjeglutisgamgiiviesiis 100 sswnwaldea w3ee1
qaﬂdwﬁﬂﬁaa) NSEUIANSHUSENe U 3 Sumoundn (Habashi, 1999) oA

1) ns¥zazane (Leaching) : 1uduneunisaneleulansainvouds
Wngansazatelagldansiadl (Lixiviant) 19U N5 (H,SO,, HCL, HNO;) ina (NaOH, NH,OH)
WI9aENTUTENOULT DU

a

2) nsvinliuSanSuaznisuen (Purification and Separation) : tHu

9
nsMdndslevunazusnlangitmuigesnainiu wedefidenly laun n1sanazneau
(Precipitation) n1sainnaufaiiazate (Solvent extraction) wagnisuaniUadsulossu (lon
exchange)

<!

3)  nsfAundafel (Product Recovery) : LJudunaugnvingLite

s
a

Wasuleesulavgluasazarglinduunduvesudsluguvedlansuiqriovsearsuszneulans
WU N1SANREN (Crystallization) ¥5ens¥UIUNNTBANINTATH (Electrolysis)

428 : lindanuaniinseuiunimenusousg1aun Inudangugs
d11150AUANAINUTANS vaKAn S landey lunaliindurseuaiivniseinia uay
WgegngdmsunsanalanganusinsamvsenInagnauniusinalaneioy

v o o/ 4 o aaa = 4 ) a

Fa311a : IWailunisviufnseiuiu dnisldansiaduSunaunn was
Indusesdinisdnnisinde MAeTuINnIzUIUNITEENRTANY

[y

ANMNILANNVIUARY : LB TLANGNTTUIUNIS LA INgd@TaLans

' [ 1 [
aa A aa [ =

Jundn wesainingAuiduninaznountasidenil N ufiii 9un1zg 1esdosauans
n13¥zaraty anudimunevesnuidedesnisnandusindauuignigalusuiuy
a15U52naULan1ianLad (Fe,05 way SrCOs) F9nseulun1sn1eandsauliaiunsavinle

Tnensa
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24 wgufufizenmsunuitlessugduaznsudasaninansusznay

NTEUIUNTHUATIERARTOUT BUAISUDLUA (SICO5) AINAINALNDUAATOULT UL
Faun (Sr50,) 21ABNaNA15109UfATE UL lesoug (Double lon Replacement
Reaction) w3e UARTe WM 5Ta (Metathesis Reaction) lusanansiiidut fafuisnsiid
Uizﬁ‘m%quqLLasLﬂu:ﬁmm'aﬁ'qLL'Jmé’ammﬂﬂ’hﬂszmumﬂmwaﬁgjﬂLﬁm (Black ash
process) lngiflisetuind ounsgumnamaniinnisazaieiiuanAaiuresasUszney
(Yan et al,, 2021)

2.4.1  winmsmameilulaurfinduazdinsiinagunisazas (K,,)

Uﬁﬁ%mmmﬂ?aul,t,ﬂaqmﬂLﬂﬁa%’aw\lmﬁazmsjfwﬂﬂlmﬁumﬁaﬂﬁuammﬁ

Aara8u1eINNIN @unsaldeuaun1sAlsIulafeaun1sn 2.1 (Sulzbach et al., 2024)

SrSOq () + NaZCO3 (aqg) — SFCO3 ) T Na,SOq4 @g) (2.1)

anudululivesuiseliduey iy Arnsinananisazaie (Solubility

Product Constant, K.,) Y@dinfieviassaila Mgamgil 25 asanaaidiea A1 Ky, 189 SrSO,

uay SrCO; fiAdall (e, a5.058 Fumsanssay, 2023)
K,p (Sr504) = [S?[SO,2] #2.5 x 107
K,p (S1CO5) = [S*J[CO2] ~9.3 x 10710
{9991nA Ksp U89 SICO5 (1079) AT SISO, AR SICO; TAnY

= i Tvo i a I3 | A
wdesunniuwazazaieuilaennitluaniziilessumiveiun Ansiauna (K., 109

Ufsemsudasanmilanansadnlaanndasidiuees K, dw@un1sn 2.2

Keg = = ~269 (2.2)

[s03] K (5504  25x 107
[cO2]  Ky(SiCO) 9.3 %1071
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A1 Koy TiliANgeR1n (@109 1) Vet fAsenannsaduduludrentild
ogsauysimn3nusnndunnudndureslossuluasazaglnduluauiouly (50,21
/ [COs*] < Koy Farfu nsldansazanslafionauaiun (Na,Coy) ﬁﬁmnm%’m%’uquﬁuwa
YIUNANAUAUAALUNIIVIINY NENNI5UBUADYILABALY (Le Chatelier's Principle)
dawalianunsadsuanin srso, Wnanedu Srco, Igpeivanysal (Yan et al,, 2021)

2.4.2  nalnnisazarguazanuanivia

suiteananlag Sulzbach wagame. (2024) F9dnwUfAserdaemeda

In-situ Raman Spectroscopy WuitnalnnsiinufAzeriiuriadslalfiAnannisuaniuasn

a

18@@‘141‘14?1@’1148%@\‘1%%\‘1 WALNATUAIUNTZUIUNNTNITAZAILAEANHEAN AL UUAIUATIUS LI

Y

S08ADTLUNINVDILIULALUDUNAINTZUIUNTTHEIUNT0 05U LARUA T UTUNDUAIT

1) n1savany (Dissolution) : 8YN1A SISO, NHIMTNANNTAEAELAE

v

UanUaesleaau Sr** way SO.2 Whdduilauaisazaigsausunia

Y 9

a

2) A1UD UA2E 982ALaN1e9 (Local Supersaturation) : laoau Sr**
Aingaeenunagyiugnseniulessu COs* luasazateviuil vilinanaveadudy
[Sr**)[CO5*] gaLiuNdNAN Ky, UBe SrCO5 BENSHNN

3) ASIN AN AR 8@kaznN15LA ULe (Nucleation and Growth) :

[
=

AnN1sanNENee SICO; TuiiRantvasaynimiy tnatunandueininatuazidnuusdu
snyu Pewenlviansazanedurudnluviuisertuununans Srso, Neganidnlulasieiiies
uNTENAANNSWNIUNBE ANy Ta]
nalniiYigaiurednuardugiuinerveswdndugindnasgusiuiuves
o v 1% | v el' N = 1% Y °
aun1an i uld wndlassasientelui i suwdasld FeaenadesduiuuTiass

MIAAUNAAIERTTAIUANLAENITUNTHIUTUNER SualuszAuLnA A
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25  swAdeiiReatas

MNATNUNINTTUNTTH EnnsadunauideiiAsadesesndu 3 ngumdn ldun
m3dnnsuaznsiiuvenderinanamnisuudvngn nszuiunsduaseivaneenled uay
weluladnisulasaninansUsznovansoudon Tnefleandondsl

251  msianisvaadeuaznisiiulansainuiivan

Tudagdu wumensuyuilsuvesdenduitngnseuiunisndn (Closed-

loop recycling) lasuanuaulasgrsuinlunisdnnisvesdeaingnavinssuwiiivan tag
Bollero uagAmey (2017) IinsAnudassnszuiuninivendeiiAinduainnisunae

wiwmdnndualdiduingivlunisudndn (Re-processing) fauandluguil 2.5

m closing the loop
Manufacturing of
ferrite magnets

« M Residues removal by
external company “
W i
-~ &

AT

Magnetic waste

S

a v o 1 [ v a 1 < &
E‘U‘VI 2.5 WHURINsEnznauliiannauN gl un1SHaALIANENASI

(Bollero et al., 2017)
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¥
a Ya v

Tuns@nwil (33elainnMnagnauYasdLNIuNSEUINNSTNURRIEANUS DU

Y

iaridnansdunsduazdaiovu laeisuannswifigaugll 250 ssrwadua Wuan 1
F3lus LileMInansdunIdseiviediy ntuiuiiugumgiimesnsn 10 ssmgadyaseui
UNTLIITT 1,000 sarwaided wazasgauniiliidunan 1 9alue neuddesliudias

Aelua e (Furnace cooling) mznauilknunsunUaudrssgniniviuguiluiiuauwdngn

(%
(Y

WanegauautAnisuaivan nan1svageuUseuiisuiuwlindnindnainuaingAus s

'
a =

1 ' & a a a A wa 1 & a 1 v o X ]
nuIanINannveLdeliauuansuwamanfutaula Tnedaan nUeAuRNIUNG 3 Wi

[

A | 3 1 A £ v A o Y] a a v
LAZHATANTINWELN LA NAIAN (Remanence, Br) WU UTDYRY 25 LN@LWSUﬂU?WQ@ULiNWu

INASANWIFINA @1u1s0asuAneniniazvedninvesnisiivendsndvunlylngly

(%
=

NIEUIUNSHARLS Aatl
Y
a6

£%
=

1) ansandausivdnidautRunsusennsaau Wy A1 Coercivity)

v

2)  Wunsaswreadelindunndundadusindiyac

1) wanfauai v ldinusngiaansuseneuduitlideants Ssenadna
AsznuseUszansnmmsldnulussasanvsenuaiausvomans e

2) 115WIRISaa1ssuns g neliAnf1H A 85 N3 19 TEUIUANT B9
Sndudediszuuthtafiuiy

% L

nsugaAmnIsuiugIuLagmsniesus (nns) faudugudifeuinsums
wannagdlafalans uninerdemaluladqsund Iduiulasamideilednummundululs
lunssleifaveadeviianznouwimananseudeueslsdlussauiosu fURns wazlssau
dunuy Tnedinquszasdiieviveadogramnssudenanaiisyadiinlaennsainuas
wanduasUsznouiiiennuiansae liun wunlndlayanseuiouaivelun A msIuves
nsgurunIsamIsanUseenilu 2 aren1sndandnfe n15TANITINAN LAZN1TTANIS

= ] o c{'
ANIDULVYU IWEJLLNUQ’]Wﬂ?UGUUG]QUﬂqimﬂaaqLLﬁ@I\‘i@\‘iE‘UVI 2.6
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Iron Route

Solution [=»| Precipitation |= Roasting = Washing > Drying >
Raw materials
- NaOH 30% - Temp: -
- pH A
v RS S0 Hematite 98.3%
- Time:1h
Acid Leaching |#»| Water Leaching | =H»| Residual
- S/L : 20g/200ml - S/L : 30¢/1000mL
-H.50, : 10 M - RO Water High Conc. High Conc.
-Time : 24 h. -Time :4 h. SrsO, (solid) SrCl,(sol")
Leaching Leaching
= SrSO, 3 > Precipitation |
8 i Fe Reduction > purify SrSO, ipraty

RN/ R
! 3
) 4
7 -H:S0, 11 M - S/L:5¢/500ml - NaCO,:2 M
Strontium Route S/L : 5g/50 ml - HClO.75M:30.785 ml pHE.S
BaCl: 5.37g (stoich.) SrCO, 97.0%
- NaCli1m:2
- Temp.:80°C

- Time:4h

JU 2.6 ununmsleiAanynauvendeuimananseudoneslsdlaendnduauninduas

ARTOUTHUAISUBLUA

NTEUIUNNTLE B AN AgneuYe A B N1 un1Te UL ILE T g
NITUIUNITBzaza18a18nIA (Acid Leaching) laglansadaiasn (H,S0,) AMNLTUTUW 9 f19
10 Tuan$ Tushsdnvosesudsieveanar 20 nfusio 200 fadans iuszeznan 24 Falug
dlevhaneiuszsgninavdnuazanseudon MnduiarsuanlUiiunsyuiunisszazans
dedudunan 4 Falus waannszviumsiviliannsausnasdusznaundniiaseanain
fuldegretalau TnamdnazuendiosnuieglusUaesaisazats luvaeiianseudon
wanaznauueneenuiuvesdsdunlugivesanseudoudamln arsazaemanileain
nsusntusuazgmiluvifAsennagneulasnsiuansazanslnioylensenles 30%
LﬁaﬁummmLﬁuﬂim-ﬁhwaqmiazawiﬁag’ﬁ oH 6 Fsannvilavdmalimdniinnis
anaznousemluUinags azneuvaniildazgnihlunsesusnansagarseenudnhlusinu
N3TUIUNISLENT gungT 800 asiwaldua Wuszeziaa 1 Falus ilewdsusulassaing
Tinanewdusunlnd vdsanduiniludronauazerndsvdandofinndisuaziily
oUW nazuaumsivhlnldnansasinaenndfdunsiifianuuiansasieiosay 98.3 dwsy
ngnauvesLdvdvnansoudodams asgmirluidignszuiumsantiinamdniidevu ng
T¥nsadaiindnanududu 1 Tuand iievzaransieumdnilonanasviestoonlun dnuds
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TudruvesnisgAulangalgnszuiun1sniuall Hisyam uagang (2016)
IefnwiUSeuifisuussansnmnissrazasveadousivinasiitediulaveiien Taeidenld
Aiviazatensa 2 ¥l loun nalalasaaein waznsadailain n1snaassdndunis
Tnefnwanududuvesnsalutie 1 8¢ 3 Tuand fguugd 25, 50 uay 100 earwadoa
Tngmuausnsduvedaiovouvainiifl 1:50 n3udedns Wulan 2 9alus wan1svaaes
Fhdiui enududuresnsadulladeddaiitmuaviinamssrazarsveandn Tnensld
msdudusndsnalilangazawoonunlaliauysal esanuimalusneunioloss u
lelasiau (H) Tussuuiliifisanedenisifauifsedlowouiiisudssaviamsenineuie
yosnsn fauandly JUil 2.7-2.8 wuilaenmsiunsadaiiiindeuanunsalunisvzazae
Tanganveadeldfininninlelnsraein uenanidmuirtadedugnmgiidmansenuse

Uszaninmveansausiazyliauwaneneiu nanAensiudeullagungiidmadousednsam
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JUN 2.7 wavesnsadadlinidudu 1, 3 uag 5 lwarsndwadonuaiunsalunisveazaiy

Tangag 9 (Hisyam et al., 2016)
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JUN 2.8 waveansalalasAaeinludu 1, 3 way 5 luansvidwananinuaiuisaly

nsrzaralslansmng ¢ (Hisyam et al., 2016)

wan il Choubey wagAny (2021) ladnwkwInInIsiAulangmien
NVEzLLAnTloAuNAENTZUIUNSIAMINENaITaZaNY TUNBUNISLATELIRYAUSUAY
o [ < . . = a a
1NN1TAA18E1ULNAN (Demagnetization) Ingn15euilgaumail 300 aeAwaLded
Junan 3 92lus anduihidunullusansusbildeyniavuiauszana 2 dadwnsludiu
YDINTLUIUNTVLALANY ;ﬁi’]’mﬁaﬂwmm%%‘%ﬂLfﬂuéhﬁﬁazma TRevinNsANEIdNS WAV
AuUss1e 9 laua Adututuvesnsn (0.5-2.5 M) gaunqdl (60-90 ssAngaifed) uag
Fn5181UVD LT I VD UVAD (25-200 nsunedng) Inenimuaalvinuisennsii 60 uv
HANTNARBIRILARILUIUN 2.9-2.11 LLamﬂﬁLﬁu’jwamwﬁmmzauﬁqmﬁm%’uma%aza’lﬂ
< A v U a a v v ¢ A a a Yo |
wdnfAenisldnsadailisnidudy 2.0 luais eumgll 75 esriwalfea waylddnsndiu
Y9IuTIA0UUMAT 100 NSUABANT Fin1eldan1izfinanalliIsavrazatsmanaanuile

gutefesay 99.9
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Acid concentration (M)

JUN 2.9 wavesrMududunsadailis nndwadannuaiunsalunisvzazatglangsing 9
(Choubey et al., 2021)
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JUN 2.10 navesgaumiindimadennuainsalunisveazatelanesng 9 lagldnsadailasn

Wt 2 Tuans (Choubey et al., 2021)
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g 60 1
- —+—Nd
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S 0] Dy
=¥
) —e—Fe
0 e} —
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Pulp density (g/L)

JUT 2.11 navesdnsdiuveweudewevesnaiidmasenuausalunisvrazanslavy
#1499 Wngldnsadailsndiutu 2 Tuans gaumgil 75 ssriwaidea

(Choubey et al., 2021)

2.5.2  nsdaasieimianeanlenainveade

a o a v g a o ¢ ! I ¢
nsidsusumanainveadelmlundndueiyaniadusvvesmanaanlys

= ° v & o av A o &

FeanunsathlUladudied fauidenuraulased
Bian uazAug (2020) HANYINTEUIUNISHENLAZ) ALRENwAZ AN TOWT Y
ndndudians lngerdumatalalasimeiuea (Hydrothermal technique) iunaunis
naaefauansluzuin 2.12 MsfnwisuAuINMswIgNIFeIaedagn1SHaNan o uTLY
Aavlsa (SrCly6H,0) lwihusAannlesau anduduwassnaaslsa (FeCls-6H,0) winluiu
fiulesaurasEnsedaLLariinn1InEnauaanulnedanwaslun nouduinia antu
nzneuluouwisiigamadl 55 asrneaided Wuwan 10 lud aenouwisnliazgniunld
Huarsdesulunssuiunisvsazargnlensalunin (HNOs) Wudy 1.2 luans (M) wielsila
asazaneniiesdusenauvedlassy Fe* uay Sr** Tudunaunmsuenalsazatgasgnuiuan
pH Tidu 0.2 mearsavanslufeulansenlen (NaOH) WuduSesas 10 wazlRuansiiuLms
dunid laun woesiduidaniuea (Tertiary butanol) #39 lnaasa (Glycol) lauuusiu
ansrdulagluasialuesai 0, 0.2, 0.4 uaz 1.0 3ntuiansazarsusslundedaninufu

waeu Weaignszuiunistelasmesueaiionmail 160 ssrwaided 1Wuian 10 Falug
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& vy & < o - = Y
nsrurunsidwalivananaznoukeneanuntuuresudsduag luvasiansoudeudang
azawegluaisazany Feanunsanennavaulalunienddagnisiiulefeuaisusium
(Na,CO,) \ilalrinnaznauluansoudeuasuaiun (SrCO5) wsoansaualus (Strontianite)

i - = .:4 v 1Y) | ] =
HANINARBY WudtaneNmuzaungnaen1sly lnarealudnsdlasluadelumsni 0.4
= 3 Y o ¢ v A o ¢ & avw
Feanunsaugniraneendainaisazatelaiiovauysal (Sevag 100) NEASINANT LA
agluguves Laulnd (a-Fe,0,) NilANNUTanETeray 95.23 uavdvuineunirnislszunn
50 wiluns dmsundndaianseudeuasuaiuniladaiuuignssesas 96.8 uonanil

P Y] ' D s A Aa v v ¢ a a o voa o
ANzAREITguIMsldmefidestimuealvinadnsussansamnisuenilndlAeaiunig

T4lnanea

Prepare wastewater Add 180 mg/L. Sr-bearing slud
with Sr concentration || FeCl;-6H,O and stir at | se)p 2 g ge.
: 26.1% Fe, 3.5% Sr
of 5.6 mg/L 70 rpm for 15 min

!

Adjust to pH 0.2 by The sludge
J20% h?aOH_ }]4——[ dissolution in 1.2M
HNO,

butanol /

treatment at 160 °C | Fe precipitated as
for10 h )]

[ Hydrothermal

S hematites

Mix with 0.5 g/L
Na,CO; under constant _Sr_rccytclcd as
stirring at 70 rpm for S h

JUN 2.12 unuamdnaeenisdaasizviiaanlyd uaganseuldoun1s usiunainuide
(Bian et al., 2020)

Khanam thazame (2023) le@nwnssuiuni1sdaasiginedimanaanlas

a =) + 1

Tl imafAuaInNvewdsnTeUoduuTUMIIE NSEUIUNISSUAUIINANTUNTUAIUNTEUDINNIUY

9
a

NSWIEURINNIENTEUIUNTYEaLALMENTATaTIIN (H,SO,) 1N 2.8 luans Migaumgdl

Y

100 aerwaldea Wuian 4 alua wslilenznaumndndawn (FeSO,)
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9ty thngneumdndamaiiiunisouuaunaaufuf g les oy
lunsm (NaNOs) laefnunsnsidlulaeluavesnandannnelafeulunsawiniu 1 e
0.02 LLﬁ”JﬁﬂlUmumsmumiLmﬁqmmﬁ 600, 700 way 800 aertwalfed 1uian 3, 4
waz 6 F2lu9 MRy Lﬁamﬁaugmﬂwauﬂwﬁ (0-Fe,0,) Tnefifunsunisnnasasauans
Tuguil 2.13

H,S0,
(2.8 M)

NaNO, 1

Heating temp.= 100°C
Reaction time = 4 hrs.

Heating, cooling
and grinding

Calcined at high temp,

Condensed milk Ferrous sulphate Hematite
can in chips form

JUN 2.13 unuraraen1sdunsizvieun AUty o-Fe,05 31AN5eUasuutuniny
(Khanam et al., 2023)

HANISILATIEV A MR NYULVDINAAN U NUI1AN1IEN1TIHITENT Na

o w { LY

agilduddgydeauifveiag lnensiingumgilunisndimalindndaeinladouin

sunAlngunasianudundnguduandduun 2.14

o
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| 600
"4 -

.°C.4h ¢ - . by \ | [T Wasa Gie dinm
=~ & - o |

- = 2 “ » . £ =
Partichk 8ize (ww)

Partiche sae (nm)

(c)

T Mena dize g2em

(d)

Panicle Sice (2m)

(e) (e)

a t:l‘

U 2.14 2 SEM Uagn19n3¥183UInYeIeun1AuIlY a-Fe,0; Nfigumaiuaziiaii

Y

wAneneiY (a) 600°C, 3 2l (b) 600°C, 4 Flus () 7000C, 3 Falans (d) 700°C,
4 %531, (€) 800°C, 6 F2las (Khanam et al., 2023)
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Morales-Morales wagaag (2017) lAnwinszuiunisdunsgieyniauily

Loanlnd (0-Fe,05) seifnsannznauLuuaIuau TagiiuainnsiufAseonsening
a1sazatewman (Fe*) uavansasarennagnoulaiieulansenlas (NaOH) mmdudy 6
luang %gumaumiwmaaqﬁwLﬁumﬂmmauamé’mwmsmﬂmsazmm’wﬁ 1 iadanseeui
Junsziansararedanaudunsn-nig (pH) Aeiifisedu 6.17 ndurhnsuunznou
melFmsmunausaiiondung 24 uag 48 $2las muddungneufiiinduargnnoauen
wazvhauazaniionidnduievulnenisdsinsiindudamsunisldedudesnuigs
(Ultrasonic treatment) 91t utinagnoulusunszuiunsmuaaled Agumgd 425

a ] ) A A = a o ¢ Y o a I '3 aa
DIANTALTYE LUULIAN 4 Takug LW@LUaaugULUumamm%qmmaﬂamamaﬂaaﬂism Ufnsen

ALMLAATUNBDANTZUIUNSELATILVRERNINIALNIST 2.3 D9 2.6

FeCl3~6HzO+3NaOH(aq) —>Fe(OH)3(S) + 3NaCl(aq) + 6HZO(U (2.3)
Fe(OH)3(S) _)FGOOH(S) + HZO(U (24)
2FeOOH(S) + Fe2+(aq) + ZOH_(aq)_)Fe304(S) + ZHZO(U (2.5)

2FeO0H, (heating)—>Fe, 05 + H,Oy (transformation y— 0-Fe,05)  (2.6)

Liu wazany (2016) laAnunszuiunisduasizvidindmanaanlas lunn

a =)

(Iron oxide mica pigments) Ingld3ngAvainninaznauveudefiinainlseusaiu Jed
[ < & Y ) = [y a & £% Va o ¥ o

anwauzlupgnoululeuthiuluduneuniswisuingiuilewiu augideladininazney
LUHUNTEUINNITRUMAN gl 100 AL walded Wai1dnaudukazalsUulau
UTBNVENTIENe RANITIATIZV0IAUTZNBUTBINZNOURGINITOUWIAS WUINTIUTaLMEN
(Fe) Wupsdusznoumingsiieiosay 70.6 lneuniin lnelassasimdnysenausieinaves

13 < a s =) [

Bulnd (0-Fe,05) Wag man (Fe) 518a2188n0IAUTENBUNILATUATANYULNNIEAN
Aananelun1sen 2.3 wag JUN 2.15 MUaIAU AXnaUN1UNITOURAILAIEgNUNY1E
NITUIUNNITEAZANERIENTAtaTn3nluty 6 Tuans Neamall 85 asewaled (Junan 4
Flae arsazatenlnannsvzarateazgninunusvaniniionnagnaunIua1Tazany

wawluflewlansenlyd (NH,OH) Tneruauaiaudunsa-anslivingu 7.0
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N1 YINN15NTBILENAENBULATINKALTUaSazanslameulansanlyn

1A8ANUATATIFIUVDILTIRDVDUNAIAINT 1:12 NSUMADNARANT DAL 60 D9FLYALTOE

9 Y

arsazarenanazgnidignszuiunisialasnesueaiioduaszilladinineanledluni

'
a

Inedunuranisvaaasieuandugui 2.16

Ya o

Tuns@nul aueRIdelarinn1sinszrdadeniiansnaseuseansnnwes

[

nsguiunslalasmesuea lawn Anututuvedlusoulansonled ¥ae 2-12 Tuans uas
gaumgdl 929 140-240 eamwaldua HansMAaessEYd anmsiivinzando msldansazany
NaOH 1t 8 M figaumindl 200 ssmiwaifoa Ssdsualiildudndamifdauuiqnigededos
Ay 98.7

AT 2.3 AIUNAUNILALVDININAZNBUYBIANAINTSISALEY (Liu et al,, 2016)

Component Fe Ni Mn Cr Si V| Oil and moisture | Other

Content (wt.%) | 70.6 | 0.05 | 0.18 | 0.07 | 0.06 | 0.02 18.2 10.82

1-Maghemite (Fe,O.)

2-Iron (Fe)

Intensity (a.u.)

10 20 30 40 50 60 70 80 90 100
2 Theta (degrees)

U7 2.15 aaduszneunnaaiiveaninazneuvesiiingInlsssaiu (Liu et al., 2016)
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Oily CRM sludge

Acid leaching 4’1

Mixed solution of Fe2(SO4); and FeSOy4

Hydrogen peroxide —i

Fes(SO4)3 solution ——— Ammonia solution

Drop slowly Stirring

Ferric hydroxide precursor

NaOH solution —bld— Hydrothermal reaction

MIO pigment powders

N o o ¢ & & I3 a a a 3
E‘U‘V] 2.16 LLNUNQﬂWﬁﬁQLﬂﬁ’]%WLll@ﬁL‘Viﬁﬂ@aﬂlsﬁﬂlﬂﬂ’]f\ﬂﬂﬂqﬂmgﬂ@uw Lﬂﬂﬁ]qﬂiiﬂiﬂlﬂu

(Liu et al., 2016)

nsuweadognamnssud g nidussdsznovunduasgsiiunsd
i ndlasuataulaegiininarsludaasugiavguiow Auyuauideves Splinter
uazAny (2024) ARnwinsdauangsindisuilndannnuandams lngthasazaeman
Fammnanaznousisnerlnieuazihlumnfigumgdl 600 i 800 ssmiwaidea 1Wuan 1
fia 5 Falug nansmaaeanuIMsNg M TilazITEz AN WAl B YAATENEHID1N
seiuuTumsndulilasuesuasiinnmenguiuinntu nmsvenesivilfandvensulng
Wasuandumsairaduduaseudiady wagvinliasaunsalunisgaduinsuanas
pufiufifnsnziianas muitelduiuiannemenufouiinalasnsionisauay
YUINDUNIALALLANAVBINAANT N

Tuvueadeafiu Khoiroh wazaue (2013) lad@nwidnsnavesainiuduy
N39-A19 wazgun)in1skIfonun MYeINIdLaNlng Tneannznauaisazalaians e
Teidoulansenledfiseiuanudunin-ang 6 fs 8 neuthldiwfigaumgfl 400 f1 800

peralded nan153nszinuInszauanulunsa-asdnasgrsunaedugiuine) lng

msnnazneuiiszauaulunsn-ag 6 vilildeunavsinauvuiadniades 0.16 lulasiuns
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a a 0

Felvimenuunsuazafiausifan ssainnsldsedu 8 Mhlieynieiidnumzadiowiuay
fvualvigu venanddmuimawnfigamnd 600 esmuuaidea Wuanmgwanzauiian
lviAauainauazALLAsEsEn

1NuITRnanuamisaazUladn mMsauauanIENIRNRENeY
Taglanzsziuanudunsa-ss mugiumadenldgaumniiuassroznansenilmnzay
Juadendnlunisimusaadnsuznisdugiuinguasaaninniswansduomdn s ud
iulnd Favdnnsdsnanannsadunuszgndliiduwumsdmiunmsdanssieunlng
mnvesdslunuitetlfiduedied

2.53  walulagn1swanasusznauansauBeuainusiviasing
NNIANYIVNANUNIIYINITANNTOIMUNITNMTUUasan B udains

[d IS s 1 (% 1% 1
Juansewdeuaisusiuneandu 4 nszurunisuan lauwa:

1) 15n19119AuToU NI 1510101 (Thermal method / Black ash
method)

2) nsaanedilaenss (Direct decomposition method)

3) 3‘Smﬂﬁmm%’aué’wmm5§q (High frequency heating method)

a) Wn1snenalall (Mechanochemical method)

ludsgnavngsy nszuIuNsaateiilagnssluasazatalanney (Na,COs)

aaal v o Y a o ¢ a a < 1% | 3
Huisanuldves Tnelindndudiadauuigni Ussuiusevay 95 ogrslsina

1% o

Aegeamnssudulng leaudenlinssuiunsiHInadsaININNT1 LBRINA1NNTaNER

(% '
1Y P

AnsaUENATSUBANEANUTANTAININToEaY 98 WilTINTEUIUNTAINE1IALHTUADUT

[

%’U%uuaﬂ%wé’mmqqﬁmmwsazlﬁammLwiazmzmumimm’m‘i%’aﬁLﬁm%’m Te9tl
2.5.3.1 A5N15N19A1U3BUN505LH1AN
Chen wag Zhu (2000) laAN®IN15AS IUNENTOUT BUAITUDLUAINN

WILLAELNG (BIAUTENBUNIBALLEASIUAITINNA 2.4) AT 18T TA8LSUANNNTITUILS

ilaalndun3fig (Reduce) fmeauiinauIna (Brown coal) Mgamindl 1,000 BIAgaLds

al

& & aaa Aa sa a a a = ) ) &
Wuan 3 99k UgﬂimmﬁmwLﬂﬂmumammuqq%LUaauamsauL%maLWGﬂmmauJu

9 Y

Re

1%

ansouteudalie (SrS) Nanunsnazaretnle AeaunIsn 2.7 uag 2.8

SrSO, + 4CO = S5 + 4C0, (2.7

CO, + C = 2CO (2.8)
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M7 2.4 dunaumaniivesdiaalng (Chen & Zhu, 2000)

No. |SrSO,4 Sr, BaO |CaO | MgO | AL,O;3 [SiIO, | Fe | Mn | Zn | Pb | Cd

combined

1 |74.46 4.12 044 1188| 0.6 | 0.46 |8.240.08]0.01|0.84 | 0.26 |0.08

2 |62.18 23.42 1.02 11.22 | 0.22 | 0.32 |4.76 | 0.22]0.02 | 0.61 | 0.18]0.02

HARA NN 1UNNTTAITLA T NNINvEazaten8Ul (Water

a

leaching) NgnT1dIUVBLNAIRVRWMTNIINTY 3:1 gauugill 90 psFLaidad INUWIINIT

Y

o A

nyesLenaznoulaziasazaeflalununszuIuAIIAIdRasleUY laun
o W a 14 U ar a I
MAALULTEY (Ba) lnan1sanaznoumgnsndanisniioans
Admwan (Fe) waalfeu (Ca) waz wuni@en (Mg) Imenisusuan
pH vesansazanglmdu 12
TunougnN18ABNITUIAITaTaeN UTaNT LA IUIANAENBUA Y
woslanileyuluasuaiun (NHHCO;) Wty 2 luans figaumadl 60 ssmnwal@ea uag pH
9-11 Fadenalvilanznauanseuiua1susiun (SrCO;) BaNU1 AXNOUN IATYNA1NLAL

BUUMITIgUNAN 220-250 aernwaidea tnedlunuranszuiunisaaanslugun 2.17

Celestite ore o Calcium
| removal

Ammonium

bicarbonate
3
- Precipitation
S0y flue gas —

Water Acid Washing
leaching P leaching —‘
H2S gas
Preparation
element Se Strontium
carbonate

Strontium-containing solution

¥

Residue, discard Barium
removal

JUN 2.17 unudan1suanan soudeuasuelun LI Tiaalnda eI n1ennuseu (Chen &

Zhu, 2000)
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2.5.3.2 3511582189021 AgNTI

Castillejos wag Uribe (1996) la@nwin1susaninusiatagindidu

ANTOUTHUANSUBLUALALASILUAINANIENTAZANULBAUUAISUDLUS LABTUNBULINSUIINAIT

UAkskazYzavaeiInsInualiunensalunsn AugiITelaAnuladesing 9 A8nSnasie

Usgansamnsivaeugy laun anudaseulunisniau 150-1,600 rpm awineunia 58, 128

war 275 um gasadiulasluavesloisuaisvalunnaigadalng 1.0-1.5 gl 25-75

aarmwaLded Lazlahuiisengen 350 uii lnellunudinisaassiauandlusuin 2.18

Celestite

Y

Milling
Size <60 pm

Na,CO, solution
HNO, solution

Donle
- — Na‘,_SO4
Breakdown

Y

SrCo,

JUN 2.18 LUl INISRARaN TR T sNA1T UBLUARINLT BladlndineTTaated lagn s

(Castillejos & Uribe, 1996)

Han1INAasIsduandlugun 2.19 fe 2.22 wuinusgdniainnis

wUsanndluusldngauiiodiuaruiiseulunisniu gamgld dnsdnlaeluavesasaasiy

waztiavinunsen luvasiivuimeyniaiianasdwaliusz@nsnmadu lavaniazi

WLNTAL A
1)
2)
3)
a)
5)

AHL5I58UNNSNIU 800 SEURBUNT
mumaqmma?{a 58 lulAsiums
gasdulagluaves Na,CO5SrSO, 1.5
QUUNN 75 aeAaldyd

9 Y

1aiUfATen 300 W
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=

3N 2.19 NaAILIITEUMINIUEUsEAVBA MM ABulBSIaTUsEney
(Castillejos & Uribe, 1996)

i.0 T T T T T T
ay
0.8 |- Vv, = 800 rpm 7
[ f=1.1
9 A T= 45°C A
% 0.8} = =
]
Q
-
=]
=]
S 0.4 .
=3
o
St
=9
0.2 -
0.0 | 1 B I | 1 1

0 50 100 150 200 250 300 350

Time t, min

JUN 2.20 navunneynaseUsEansnmnsilasulesuansuseneu

(Castillejos & Uribe, 1996)
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Fraction reacted o

.08 - —L — L L 1
0 50 100 150 200 250 300 350

Time t, min

JUN 2.21 wadnsdruluadveslaniuednediadlndseUszdniaimnisiudgunesy
a19Usenau (Castillejos & Uribe, 1996)

1.0

0.4

Fraction reacted a

L ZelvisRNe

i~ 1 1 I | 1 1 |
0 50 100 150 200 250 300 350
Time t, min

JUN 2.22 navptgmgiiseUsavznmnsiUdeunesuansuseney

(Castillejos & Uribe, 1996)
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2.5.3.3 Fn1slianuiousteauige
Obut (2007) l#AnwinsiasusUusisaalud (Auugns unni
98 1Wasidus vuindannin 200 luaseu) Tiduansewdeudalvs (Srs) lnaldmnlulasiam
(Microwave furnace) fitliaalaidin 900 Snd uazmIad 2,450 wnutdsng (MHz) N159naes
vinlaonaunsigadlninuaiuaisveuludsunudiuiiusesay 50 way 100 3nUsuIe
ANTaURUS
NaNINARDINUIT anseuldsdanimldsuguiduanseuden

a

Falnangamiiusyann 500 s waided waggumnil 1,200 samwaided a1unsafeu

Y

[ b

suldAevanysal (Gewar 100) neluaniies 10 wiil wdnsioe Srs Mldavgnilundndu

ANSOULT LA UBLUAR BLUN TUATYUIUNITTE AL AUA 18U TLAYANATNOUA IY

6 & A L1 ]
Asuaulneanlunnsamsuaun@ald

2.5.3.4 35n15n139nawadl (Mechanochemical Method)

Obut kazAny (2006) LAANYINITHARANTBUTENAIT UBLUAAIY
nszuIunsMIenatadl Tasdusiviaalng (5150, 96.12 Wasidud) dnaunulaLs oy
AISUBIAKAZUINAY wddgnszuIunslduuuden (Wet milling) ian1uisiseu 500

i = = Y o P~ aaa & a & Y a
seusioudl Ingdlunurenismaaesnakandlusun 2.23 uazUiseniiindunansfaunise

2.9

SFSO4 + Na2CO3 = SFCO3 + Na2504 (29)
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Celestite Na,COs Water

(for wet milling)

High-energy
milling

Excess water

—_—
(for Na;S0,
removal)
Y
Solid-liquid
separation
Liquid Solid
Sulphate XRD analyses,
analyses dissolution tests

JUN 2.23 M3dunsgsiansouldenn1sualunaieisniena (Obut et al., 2006)

91NNNSNAABY NUTIN15LT UERI1EIUVeIaN5A A ulald swane
UsgAnsnnetaifedfny wazei91a1n1shfl 20-40 widi Winadnsailiwmnsnstunntn
dlowfieuiugaousn amazﬁmmzauﬁqmﬁaﬂﬁﬁé’mwdau SrSO4:Na,CO5 WA 1:1.2 wag
Tgvanlunisly 40 wnit %qmmmLﬂ?iwgﬂamam%sm%’aLW@IﬁL‘TJuamauL%mﬁuaLusﬂ,éf

feferay 93.3 Awanslugun 2.24 uay m13199 2.5



100 7

os]
(=]
L

(%)

2-
4

60

Dissolved SO

Milling time (min)

20

30

(%) 19H Ul uonnjossia

SUT 2.24 WisuiisunaAumsiUAsulesasUszneu (Obut et al,, 2006)

40

z-:l' a a Ql' L2 d' LY 1 a Y 1
15199 2.5 LU gULNgUNITLUA g UNDTUANTUTENBULL DA AAIUYDIENTDULT I UYL ALNAND

1YLAEUAISUBLUA WaLLIA17NA9AY (Obut et al., 2006)

SrSO4:Na,CO5; mole ratio 1:0.0 1:.2.0 1:1.2 1:1.2 1:1.2
Activation time (min) 10 10 10 20 40
Conversion ratio (%) 0 78.0 73.1 91.2 93.3

UBNAINT Aydosan LazAme (2006) lA@AnwIn1SYsazany

ANTOULT UTALNA AIUNTSUIUNITNIGATIUEITALA18N5ALELATAABS N SIUAUBULS 8y

Aaalss (BaCly) lnofiingUuszasAiofnyinavadanysnn 9 lawa Aududueensa

lalasmasin 0.05-0.75 luans Auiutuveskuiseuaaalse 0.0011-0.011 Tuans gumgil

40-80 asAnadud warA11i5259UluN19NIU 100-600 s9URBUNT TnaAIuANSRIIEI

< 1 aal (% I a aa o w r-:nl’d a
VBILUNDUBILUAIPINT 1:250 NTUNDUAANT ﬂﬁiﬂﬂ’]ﬂiyfﬂ@ﬂﬂi%U'}Uﬂ’ﬁUﬂ@ﬂ’]iLLaﬂL‘Ua‘EJ‘Ll

loeau (lon exchange) Inglosaunusey (Ba?*) asitviujiseniulessudamn (SO,%) Lin

[ a 1 aa a 1 n; o =
Wungnaukutseusatne (BaSO,) mm’nmaazﬁqqLLaslmazmst LYNRIDBNAINTEUU 29

dewalvilossuanseudou (Sr*) gnuanddeseanuiegluaisaraiglauiniuniunannis

aunaiaiifaanslugui 2.25
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0.01
18.25x10°
/
0.008
=
5 0.006
g
=
g 0004
o
0
0.002

a 60 120 180 240

Time, min.

JUN 2.25 M3dgundasvesrududuues Ba*uay St lussninnisveavangigadlng

(Aydogan et al., 2006)
NANISNAABINUIN U989 HNan oUseans NMnnisvearaneag 193

D anusaseulunisnay : nsiuauiseutisanmIy
¢4 ! N < & ' ' as v a a
AUNIUNITUNTVRIATS TneTiAd1usisaunus 400 seunsunfiduld Tiusedniain
NSYLaraLNALALAIY

2)  aududuvesansiadl : awanslugun 2.26 uay 2.27
NSEAIUTHTUYRINY BaCl, Wag HCL danalviusedninimnisyzavangansouideugely
Hesnidunsiinussduindauniuad

3)  guundl : g INigalwlesenInniaugnsen lag
‘dl 4

ANNTNMNLENIINNTANYILAD A5 BaCl, lWuw 0.011 la@ns saunu HCL 1udu 0.75

' 1
=

Tuans Ngaumnil 80 asmiwaldea dlinadnsnsvvasagansoudeganduansluzui 2.28



Extracted Sr, %

BaCl, cone., M

—o—1.10x10"

40 1
| —0—2.75x10"
" —&—5.50x10"
B —x—8,25x10"
—%—1.10x10"
u —'I_ ¥ T Ll 1 1 L] L] L
0 60 120 180 240
Time, min.

42

JUT 2.26 Anwannsalunisvrazalgansouldeunteaudutuves BaCl, Tunnaeiy

(Aydogan et al., 2006)

100

HCI concentration, M

—o— (.05
80

—x= 0.5 X

—*—=0.75

Extracted Sr, %

—a— 0,1
y ——025
60 /

0 G0 120
Time, min.

180

JUN 2.27 AruanunsalunisvgasaeansauldeunuAtutuyed HCL Auansieiu

(Aydogan et al., 2006)
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100

Temperature, °C

—0— 40 e

g0 4 —o— 350 7-———-——'!.
| —&—60
—X=T0 /

604 % 3”'

Extracted Sr, %

0 G0 120 180 240

Time, min.

a ol

JUN 2.28 aAvuanunsalunisyzaratgansauliuuigamilsneiu (Aydosan et al., 2006)

Y

[

Tulanvesgeamnssudidnnsetinduazenueus "wiwvdnans' Aevileddgyidundou

o

wialulad willeadnssuiunmssanvaty nauilveadenignuesiuet e MNagnauansou

I3 =i

Waunaslsn (SrFe;,0;0) FaiNIUAIIEMIHINAUNS 0N15TAN1T7 1T sl T8uNg e 9197
Tulleansmatuduluielavedamnanunsoinduanassyarmbmlliegwmena
a = a a aw
Aunauneenlunssigdanineznausliailudsenelng lnganizauise
AULUUTEMI NN TURRAAMINTIUANUT ULGEN1TMEBINS (MNT.) uag uninedemalulagasuns

lenengiuddald egnalshiny Werhinfinsanludsndasd ndunudedrdaniaunaiauay

ca o o

1 a a v Y v oA 12
WASWIANERINEINLY LYY 1) amazmqmmmuiﬂ Iﬂﬂﬂ’]ﬂ“ﬂﬂ’i@ﬂ'ﬂ’mmmﬁﬂu@ﬂlmL‘W‘ENLLGIL‘IJ‘LI

a wa

dunTedar U] TR uiddulvlssnuiesamuiuniednssAumInumMudensianseu

| i

N ﬁﬂNﬁiﬁ%ﬂﬁM%u%ﬂUV]N@@ﬂlﬂ 2) ﬂ’JW?,J"?jU"?jEJWUENU{]ﬂSEJ’] GU‘LlGl’eJ‘lJﬂ’ﬁﬁﬂLﬂi’]uﬂfiﬁmiaulﬁdﬂu

9 9

A vatuakUUANT ANy s nd asldansiadivateyiatauny vlinisaiuaunun ey
ANUUTEVSvRIHARA IR nlusTAURREmMNTTY

langifeludagduislilyue "msSlafala” wife "nmsSlufasgalinunIn’ Yoeined

o w I~

d1A A on1seantuunssuIunIsrrazatelivinaungldaniisd lusuusawn deaeld

o

FelsgAninmnsaiangenden ununsmeaedlralyaiulunnisiigadauufgiuidi "

WinUsgansnmnsvrazansludusuls azrivanniseludunsunsuenuaiuuassaunsIgi

TugavineadlaegaiitedAny’ nelimsfinududsitemyaauna (Optimization) fadl

1) ATUNITVLATANY : ANWIAIUEUNUS TENINANLLTUTUATA RIAE )NIIEIU

ﬁuawﬁwiasuaamm bAZEIAN



aq

2)  AuMsduATIEd : dNTEUINNTNUd leesuluug U gL o nd unaud

Fudeusenil neyaiudnwmanududuvesansuaniUdeulaasu (Na,CO,) tavtiattun1s

[l

ansen

NAANSNAAMTINTNAIUIWNIS L T dINa A ANSEUILNTS MR ANt T un o uduad
Inendnduenle wu nediennlng waransoudeun1suaiun iaNuUIanS g wATunou
o ¢ o & P A d 09V a w ¢ a £ faV v
wsnUeIN1sdBAsIzs ananudndulumsldasweiiieiiindadamuians Ysslevinlasu
JInsoUmaNITINITARNaTiBAINNINAgNaud Y NMaiuaulasndululsany wagnisas

Twagshamyuidsunanusailvldnulassdugaavnssuuimanveting



UNa 3
A UUINUIVY

[

Uninaniyisnsnliunside Yenvazunlunsaiidun1fidy LUwmIuidesia ¢ fall

(% a IS

1) AOAULAYAIILAL

2)  invesleuazgunsaiiineates

3)  inSedleuazgunsaiiifendesdmiviiengidmusznoumani
0  fupeunsfinuide

5) dN1MENINAALY

o/ a =

3.1 NNAULLATAILAU

-,

a IS v

rgRvkazasniinldlunisnaaasding

3.1.1  Angaunlglunisveaay

[
[ [y

a Oy Ao A =~ o’ = 3
npAuRwunllumAdeiine Mnrgneuvedsuniivananseudeumoslsd
Aldannszurum sl s sunuredssnuanamnssurdaudian Sngausdinaddnves
Dulraududiulewiiundedulazin dwandugud 3.1 (n)

TuRBUMIWIENIRgAUENAuAIen s M nngnaulUauwislugauausau
(Hot air oven) figaumgil 90 asmeades Wuna 24 Falus emdnauau a1ndul
NMNAZNBURANT LALHUNTEUIUNITUAGATINA Tagn1sunazidensielniaunas uagyinng
ARYWIALAENITIBURIUAZUNIIWINIFIU (Sieve) TuIn 50 W (Mesh) wielilanznauid
VAWMU IZAUTUNTTNARDY waEAIUALAIYEN LNV MABUNARILaRtUTUN 3.1 (1)
9 a A a 1% o a ¢ wa oA 3 =
TaAufHuNwIsuua g N U eiaudAnaal iiessyssnUsznaun1aadl
Tassadrana uwazdugiuiner dmsuldiduteyanugulunisieoudisvuasysaiu

[

Usganinmueanszuiunsatniaulave lnelsgasdennansiaeial



a6

UM 3.1 anwaringivawuiildlunisnaass (n) azneuiliinainnszuiumslesiowdinan

q

(%) MLNDUNAINTUNTOULIAY UABAYUIA LAZTOUNTUAZULATIVUNA 50 1%
fmduldgninlulinneiesdusenaumaniidag ICP-OES fdunsunsinios
Freg19lnunT58 paaeNInNoUR 188AIN5ITE (Aqua regia) JududruNaNTENT g
nsalalasaassn (HCD waznsalunsn (HNOs) Tuensndiu 3 e 1 lagUsuins namsiasivi
Fananslunnsied 3.1 nuainanagneulldrunauvniuailnedminUsenaudae Fe 59.22
wt.%, Sr 7.72 wt.% 1onand Sailansuul ousing o 1Wudrunay lawn Ianeu wulSeu
svaiiflon uwaalBeu muzdy way wemia dlefiansandnsdulaeunaves Fe s Sr wuin

Y

a1 =~ Y v W | 3 v = a
dAuseu 7.7:1 %Qﬁaﬂﬂa@\iﬂUaﬁiqa?uaﬂﬂUiSﬂE]‘UELUIﬂiﬂﬁﬁWQNaﬂ%@ﬂﬁ@ﬁ@umﬁﬂﬂ

1
P=~1

waslss (SrFey,010) AN MU AIMINTNTUINAUYOY Fe 59.22% waz Sr 7.72% U
sgnltduagiudmsunsannasesaznisainifu (Recovery yield) lutunaunisnaaes
galugnly

AN 3.1 AVURANNIATVBINENDUN T LUNTNAADY Imszsnemada ICP-OES

Element (wt.%)
Fe Si Ba Sr Al Ca S Mn
Strontium Ferrite  59.22  0.21 0.02 772 0.11 0.19 050 0.13
Magnet Sludge +1.33 +0.03 +0.005 +0.42 +0.02 +0.01 =+0.08 =+0.01

Sample
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MlAEResrUsEnounaniidemain msiaswuresdidiend (XRD)
ﬁmaimwzﬁﬁmamﬁlugﬂﬁ 3.2 NUINNRZNEUUTENEUAIENANYBIER SoUTBLENTE DI LSR
Fussrdssneundniiessiiniien Tnediumisiinnmsidieaiun (Diffraction peaks) asafy
31U ANINTFIU JCPDS Mu8LaY 33-1340 Tnglinsianuadu q wu wanesnled

(Fe,0s, Fe;0,) ¥30 ansaudaua1suaiun (SrCO,) dadunsustinnenawveadedinand

SrFe,,040 WuaarUsenauiieses1aien

3500
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JUN 3.2 ssAUszneumaaivasnnaznaunitlunisnaaesiinszvinigmaila XRD

N153LASIENAUFIUTNYIVRIBUNIATBININALNOUA IUNEG D93 ANTTAU
gidnasounuudeInsia (SEM) duadinsizviaeuandlugun 3.3 wudinznaulijusisuas
anuaiziuiadiaue vwnsynpdlngdvinadnndt 5 lulaswas (um) sgdlsiniy

= = < ! 0§ v ] Y o § ¥ |aaa a X 1%
msfeun1AfivuadnIvdmariliiedensvzaraemensa lagviliuaseintule

ashaiam%fmazma@ﬁu



a8

U7 3.3 nmdneuansanuyazaeinInagnauililunismaaewiendonqanssAibiann sou

LUUEBINTA

3.1.2  aswdiildlunisvaass
1) ansefiflddmsunSsuasszazans

ansazanefiliidusiviazany lunsatausnlavzesnainmnnznau
Ao nsnwatasn (Sulfuric acid : H,S0,) é’auamﬂugﬂﬁ 3.4 %ui‘]ummﬁ%ﬂuﬁmﬂﬁﬂﬁms
AmUNUATIE (Analytical Reagent grade: AR grade) fiflaudiudulosay 98 (98%)
Tunmsmeassaziinsadidunnieansiieisiaainlossu Ol water) ielnlaansvzazane
Fflanududunuiidiun Tumsmeaeddddnunddninavesianududunsaiiaz danase
Uszansnmmsvzavans taun 1.0, 2.0, 3.0 way 4.0 Tuans Feusasaududuagldusuiu
nsngaisn 54.4, 108.8, 163.2 Lay 217.6 Haddns sienswsuNalsazaty 1 8ns aud1au
nsdneiseildidenldidonldnsadaiins nifuanssrazaneiiiesnnnsadailnsnaiunse
yrazanewian (Fe) lusgluguansazanalad Tuvasieniuagyifiseniuansewdey (Sr)
Anfunznouansoudoudamn (Srs0,) dslautiliavaneth vilwanunsausnlanssisan
sonanfulalutuneuden wonani ﬂim%’a?\h%ﬂL“ﬂumimﬁ‘ﬁugﬂuiuqmammimﬁ%’mmlﬁ

NUWALIITIANG MUNZAUADNTVYIEHA LLTINRYE
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E QReC  J=

Sulphuric acid 98%

Grade AR

MWt 98.08 gwwol

ey

JUN 3.4 nsndaiasn

2) asndidmsumsusuainudunsa-ang

armadfldlunsuSuanmansazarelvdeunduinaiuduiieusu
anmasazanglfimanziunisanazney Tun1sfnei il Tnd sulensenles (NaOH)
Fauanduzun 35 Fadunsafililuiewfifimsdmiunudinned (AR grade) Aifiaam
Uiamdinnnirderay 99.0 Tnetntn Tumsvnaesldinduifienlsnsenledinazasluth
Useannlesau (DI water) diawssuasazanefidanududuiosas 30 lnsanasauiuing
miazmsﬁﬁmmﬁu%ﬁlﬁgﬂﬁmﬂﬁi’ﬂu%umaumimﬂmﬂamwﬂmﬁﬂ (Iron precipitation)
e susUlessumanlumsazanelieylusuresmznowvantonsenled lusgning
nmneaeslinenasararelufsnlensonledasiuluasazarsiiousuan pH uasfiserudn
oH #1499 Tevimafiufegsansazaneifieiluiwsgidriunaumand a1 pH fildviinas
Wiusieeng lawn 1.00, 2.00, 2.50, 3.00, 3.50, 4.00, 4.50, 5.00 kas 5.50



5UN 3.5 ladeulansonlyn

3) A5 LA NSUNTAUATIEVENTUTHUAISUBDLLA

arswiindnilgvimimduaiswanildeulessuwnuiig (Double

e ese—
- ROLsbscan

R€IFLabscan Limited

AR1168-P1IKG

SODIUM HYDROGEN
CARBONATE

AR.

NaHCO3
W g0 CASNo. 144558

50

lon-replacement agent) TunszurumsdunszianTouduunIsUslUAfAe ERguAISUDILA

(Na,COs5) Aawanslugunl 3.6 sadunsanldluiesfifinisdmiuauingedt (AR grade)

A a £ N Y o v o a 3
VlﬂJﬂ’ﬂﬂJUiEleﬁiﬂﬂﬂ’JﬁaEJaz 99.5 Imau’]ﬁUﬂ IUﬂqﬁmmaaﬂlﬁu’ﬂsM@ﬂﬂﬂqu@Lummqagaqﬂiu

% o = I - [ ! 1 = £ a s aa
s leduluihusaanlessuludnsidiunng o inslilaasazarglafsuasusiuniidl

AMUDUTUAIITY TUNNSNAADILA ANYIAMULTUYBIENTALAEIRAEUATITUBLUA 3 AN bALkA

1.00, 1.25 waz 1.50 luans Fauwsaveanusuduazlilafanmsvown 106, 132.5 way 159

QU U a a = a o é’ Y A ¥ = (3
nSuRpNISWIBLEISaTaY 1 ans tlumsAnyidedladenldasazanslafounisuaiunlu

msdauaseanseudisnnisuaiun e nduasiafifamnsonilidte s1angn wasmung

winsldanuluiesuusng
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' SODIUM CARBONATE

NeoCO3 1
MV, 210589
CAS 1487 -19-8
UN No. = NA
Class /PG : NA

-  KEmAUS

"

JUN 3.6 Tedeunnsusium

32 iAsedlauazgunsaliilinendas

winaflouazgunsniilldlumanaaos fed

3.2.1 asesdunanaiion 2 A

mawdsumaaiuasUTunavestun e iidasmaimutug

Tusgfunadion 2 dums Iidufunslaglfiasostdlnihbsa OHAUS fu PR Series fauans
luguit 3.7 indesisuilfivumeiaiuaziBenadunsnataussnauasuta sdyny oy
pthwinuansraduiauAirauuninne LCD dwhsanaiiuaainiadeuainniseiuaidae
a1m1 Tun1adnunideind ostelifingnihanldidlofsnsarslunnduneudidsy 1dun
Fauhudnninasneunousrarats azneudui lignavazans agnauansoudondams
fldannszurumsvzazany azneumdneenlediiiunisinuaalediazd uagaisiadl

Palunswseuansazae wu laweulansenles waslumoua1suaium
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UM 3.7 insesdanavesunuiieguanuazideanation 2 duni

3.2.2 A3esdananafion 4 duns

dmunswisuansaratedidssnisaududuiiuiveuuagnsfaansiad
Usunafesiifeanisanuazid snusiugigeanluszdunaden 4 dumia vie 0.0001 nfu
nAdeidenldinTesdlingzvitie OHAUS Ju PR224/E Garmdeniugfuandauansly
U7 3.8 1nFosdeiiaseviguil senuuusiilenisdeinuidnii fiaauaziBengs Tngode
mﬂiuiagL%uL%a'ﬁ%’Uﬂfwwﬁﬂﬁﬁmmhqq N fusEuUUsEnanady o R Ivadfiowdas
Ausanafuimiinfiuansuauuninge LCD ﬁam%«‘?mé?m:ﬂimﬂﬁuam An-Ynle 3 1
WietosiuusITUNIuAINNSELARLLAT AW HUNIUYBsg R e uen dadulladuddyy

v a L3 o

dl o v 1 A Y a 44' a o o o a

eonavilienegwlaiiaaueainedsuluseduiiadniy n3eeddinnmeigniunldly
TUNDUNIABINTTANYNAB MU U1 FUNDANAIIUABIALATOUYDINITNAGDY Lok Ferniin
ansaudisudaun Jumtnudn doueian seudisunsuaiuniiduaszilaiainluiuinies

azwnald (Percent yield)
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d‘ ‘ﬂl QIJ ‘;’ U 1 a a o !
E‘U‘Vl 3.8 LATDNWUIAVDIYUNUNIDYNNANUALLDYANAULU 4 ALLAUS

3.2.3  YAlNTIuAEs

mswousiegidl iegluguuesasaziBoniiionnumnzaulunisin g
vievinufiisen ddunslaglinlndsuaasduandusuil 3.9 gunsaiwaiiusznoudie 2
dumdn fe Tnss Fadunrvursessuiilinnnaudge uaz uwisun dmsulduaviane Tnoende
usenauarusudoaniuainmvguun Tunsdnel galnssunarsgnmiunldluduney
MTUABATLIANMNAZNBUNA RNV e la s wrzLnTssouwnassuld Taudanns
wisuagnauionildanurazduneunnaasdlinaeifunsas Bon tiiowm3suau
wondmSumsimsgimemeadang q idesmsfegidudnvaznai Wy wada XRD,
SEM s

U7 3.9 galnsaunans
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3.2.4 ATWNIINTY

dm3umImuauuazAnugnunoynrvesingivliiiawaiauenou
ihlullunmsnaaes mAdeilidenldnzunsseunnnsgiuie Endecotts fifauaziBon 50
1% (50 Mesh) vi3aiflsuinumiateada 300 lalaswns duandlusudl 3.10 Azunseseu
wnsguaindnantagaunuaaiifinunumusionisianseunazmadend lassadn
Uszneusieandgandniidvuindesdawsiuginuunnsgiuaina i Aauendag
yoaudemmvnansmenin lngeynmaiiivnadnninvdeatinazaunsariunsunsaaslule
Tuwned eyuninvuialvgininazdeeg unzunss lun1sdnundl asunsssounasgiugn
thainldluduneunisnionnnpzneuiiniuniseuniaazunanuuiouds Taeiinguszasd
it

1) AR ENIUIA : ARLENLANITOYNIAT T YUIALE AN 300
lulAsang (-50 Mesh) iethlulfifumwsisiulunmnaes

2)  mamuRufauls  deruaaliiiuifdudmeseyniafieueiiase
Faduildeinguiifinalaenseovaunamansvesujite wazlsvansamlumsvinujazen

willudunausial

JU 3.10 nzuNTINTes
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3.25 adinlila
n13nses Wliiian st sulUaamiauaiivazn1en1ne38A3145 auas
andunslagldinndwiiadiie CARBOLITE Su CWF 1100 siauanslugui 3.11 wnvilail

a1u15aviaumngiliasdn 1,100 ssrwaduva lnserdendnnisidsundsanulniny

(%
[ Y ad aa 1

nnuAMUTouduInaInAINTe NIRRT SOUTIBUNT MIliAuTeun1835 UllynAyY

9

o v A

dmAadunslinudoundouiiunaannswilniidemds lvaelufeaniianiay
flazenn Unanniinfuuasdsuuiiou Fudutladudfydmiumaniouiagideanis
AruUIavags Tumsinuil wnifdlagminaléluduneuddfe nsruiumsmiuaaled
(Calcination) HieuUsanmnzneumaniansenledlinaeiduasusenoumansonled s

Anuedeswariinnulundnauysainuan e iuasnafimunainmsfinm

U7 3.11 wnsilidila
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3.2.6 wasluauila

TUN1INTINFOURALAIUANDUMNTTENINNTEUIUNITIHY MIANwITIFaNTY

a

gunsalingamgil vise wesluAuWa (Thermocouple) §u TJ-K-SH1-8x1000+2M (PLUG)

a a

= & LY 1% [y A J LY 1 v
mmummqmmmuﬂ K (Type K) 1MWSaUNUENEDNADYNT 2 AT hazvinakuulan

Y

wwsguamandugun 3.12 wmesludAuilaviin K Ussneusisaindiilavesiwiniy 2

=

Ao Tasa (Chromel) Fadulanenanszuinetnifawazlasdlon (Ni-Cr) vty

a a

2 uay prga (Alumel) Fadulaverauszvinsdnifauas vguiuey (Ni-AD viutihd

Huihau Tnsuaedumilmesmetisaonzgnifeuinfudend "niagamad’ dautaiedn

funilaagd o esinidendn "gadede” ndnnsiuendy Usngaisaidiue

(Seebeck Effect) nanfle Wolauunniisesgamgiiseninmninuazqadneds agvinle

AaAusadngviousand oulwiln (Electromotive Force : EMF) 31ulu2993 Gea

LLiaLﬂﬁauIWﬂﬁﬁﬂzLLUsﬁumsaﬁuqmuqﬁ LLazgﬂLLana'wyfpﬂmLﬂuéf’;LasuaaﬁaL‘ﬁaLLamma
ado 191 a

DEUNOUNIN LAV

9 Y

forvoanosluduilavlin K fe fitasmsingaumadiinine (Ussuas -200
14 1,250 paAwalded) dadnuiatesgs MU USTEINATTINN SRR nTInTy (Oxidizing
atmosphere) 18 fianuusiugngs uagmamanzaumsUssy ndldlunuide Tummaaesd
Idvhmsinsanesluduiliandn K Bnelufenmvesaiidla Wovimihicd

1) nsaeuWiguaam)il : InsivaeunasUTe Ui o uA1 v 939
Uinafnastunuiudfikansuumthasmunuuennikn elihlaigunginldlunis
NARBIIAIUYNABIIUEN

2 aseuaunszuaumeen : Weeauenmniluduneunswnuaalad

WewdeugUansusznevanumanlansenledliinateilumanesnleded veEysal

JUN 3.12 mesluduaviian
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3.27 azgiuilun

dmFumsussansiegaiio luinszuiumameanufedl unnsiiila
nuATeEderldnmusesinnsade vie exgliutlun 4u1n 120 x 30 x 20 fadums (872 x
19 x g9) Fauanslugudl 3.13 nousiinanaintan evgiiun vide evgiidisuoenlus (ALO;)
AflmuuIgnsae (>99.7%) fnuantAiufennaumuniusogumnfiadldfe 1,700 aae
waldea wazfiaudosniaad FsliviFAsordvansiregrautluannzeungige
Tun1sAnuwi erqiuTungnihunldid uavugnuanudoudmiviosiunsnou
wanlensonlast iieiingnszuiunasuaaladagluniviia Taefiinguszasimdniiio
aa1Wusyua3y (Dehydration) LLazLﬂﬁﬂugﬂmsﬂssﬂaU (Phase transformation) 910

=3 v < < v o wa
widnlaasenlenlinaneilumaneenlaaniauaiesnidasiasn lnsoduraeaudfinismu

Y a a a = Y} k4 a Y
ﬂ'J']llia'LlLLagﬂ'ﬁLUaEJULL‘lJaQQﬂJ‘VTQN‘UEN@%Q@JU'] LW@ﬂ@\‘iﬂ‘Uﬂ'ﬁ‘UULﬂ@ULLaSLﬁ?J'V]']?J‘UEJ\‘i‘U‘N\‘i']u

JUT 3.13 agailunlun

3.2.8 A3pINUAITAzANBuUULiImAn W puwiuliaaTau
NSATUANANIENISNARBIP LRIV ILaY M IMUETazaty Andunislag
THiaTesmuansazarsuvuwsimanniesusilinanudoudvie KA fu C-MAG HS7 fauansly
STl 3.14 inFasdiotvhnulasendevdnnismienhuiminanuemeivgu ieduindeu
uisusindn (Magnetic bar) fiegnnelunwuzussgansliifinnmvyuin Sselimsazas
AansivaTouuas vy wionful faanunsaaiewmnduaudous uusduesiin
yiramdou i emrugugamnivesssuulmduluniudiifmun Tun1sfnwid 1nesdio

sanangniunldiiionIunuen INTNIY (Seudeuyl, rpm) war aamgil (eeALwalT )
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TinsamannenivualutunsudiAgaie 9 laun (1) nszuiunsvzazaty (Leaching)

(2) nszUIUMIANAENBY (Precipitation) (3)NTLUIUMIEUATIEARTOUTEUAISUBLLA

A o

JUT 3.14 3sanmiuansaganenisuiaulminidflinudeu

3.2.9 YANIBIETACANY

v
a o a

N32UIUNTULENVOIUT 108NNV Ina buIudded andunisiaeldyn
gUnsainsnsesmeldanuiuaadanandluguil 3.15 Feiuseansamlunisuonmzneu
avBunldimnndininsnseauuedousdiiugss (Gravity filtration) Mludruussneuuas
AudnuamadosioUsznousegUnsaindn &l (1) wananaudy vimihidunisuzsesiu
asavaneinusieussiuay (2) nmsyviued vienmienseasTiind miuTesfunIEA¥NTes
(3) dugryyime B9 AITCOOL u VP130N ynthilgaenAsenaINvINan AN ULile
aeanMEAINA (4) NSEAYNTes TuriAseilldnsenrunseswes Whatman wes 42 3

[ ¢ a a a a = = o
GUU']WLa‘UN'TUQUEJﬂa'N 110 UaaLumg LLa%Nmu’]ﬂEWEuazL@ﬂ@ﬂﬂ 2.5 13JIﬂ3L3JV’]3 INEY
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'
Y 1 a

AudIRyed1eBanIsiniAuAznaulvuneynadn 1aNN15Y9IUTEIYNg UN Tl

<

ANAEUUAUINIAASI9AIIU ANA VD IAIUAUTEAINTATUUULALA T UAIVBINTLATYNT D

LR A7)

1%
=

usagaTiAnTuRzdsdlivewmadlnaiiuiinaanisnsedlaningivu luvaeivodunlvse
nzneuargninaguunszatenses Tlumsanwilladanldlunnduneuindeinisuenaisazane
LAZAZNBUDBNIINAY LU N1INTRIMENNINALNDUNFINITVLALAIY WAZNITHIUTIVTI

ALNIUANTOUTLUAISUDLUNNEWATIENLA

JUN 3.15 YAnTosansavany

3.2.10 1nsasdnAanuidiunsa-ruaziaingumgil

n13ns9geuLazAruAuA1In1ulunsn -aswesaITazatslun1maaes
duiunsiagliiazesinnundunsa-ang (pH Meter) 8o EUTECH INSTRUMENTS §u pH
700 vﬁ’ummiugﬂﬁ 3.16 103 eadl oy ulpgendewdnnisTannusnadndluia szwing
SiErnImeBuardininnnatn Fsmusmeindiintussudsiunsaiunududues
lalasuleseu (H) Tuasavanemiuaunisiiuas (Nemst equation) Ardngbndindsnle
szgnuUasraLaziansandunine pH deszyaniuganudunsavionsvesasazans
uananiliad s dumieusuiingumgfiievaedn pH WA suwUawmugamgd
(Automatic Temperature Compensation : ATC) Lﬁaiﬁ%}agaﬁm’mgﬂﬁama3LL§J‘UE]”lgﬂ?jm

neunsldnunnasRgadunsasuisuiai owllondy a1sazansUninesuinsgny
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(Standard buffer solution) Ingldssuunsaeuiisusuy 3 9a A1 pH 4.0, 7.0 wag 10.0
MyaeUfieUITiaztIeas19nTINLINTgIUTIATEUAgUYIIAILTUN A AV IMUATNIA BN
= ! A v ! =3 Q’lj r-ﬂl (% ) :.:

Anw1 waztrganaueaamaetlumyinal Tunsfnuil wsesin pH gnihunldluduneu
d1iy Laun n1sAruauuazUsuan pH eg9aziBanlunszuiun1snnasnou Wi owenwmian

99NANAITAZAILNINYI pH LY

v o

U7 3.16 wsesinAraudunsa-anauazia inanmgll

3.2.11 favauioy

ANNSUNISANTAAINUT ULALNANTDUBAITUINUA DL LRI TN 91U7 98

denlddeuaueuuvuiinauvyuigueiniadvie JSR Ju JSOF-100 nUseimnaLnnale

[

sananslugui 3.17 devauseusuilinnulagedenannisnsmausounuudsdu anelug

(%
a (Y 1%

Aasauaaanuourng 1.5 kw vimihiwasundsnuliinduniiudou vhausaufu
Waau fitovudeuonmadoulinsyaredineluvioseuruin 100 dns Idog1eibs dawa
Tinstemanufeuludsunuiamaiiaogainiissuumeanufounuus i uas
annsnaruaNgamgilieguaiug) dovaufougminlfludunouniswdonuazifiudnw

fegnd wieliduladnAmlaannistahnindiaugndeswiugiasn fail

(%
a (Y

1) mewseuingau : ddwiusuingAunwuielaninuay feuid

q

dnsruiunsuaravsetaiviin
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2) ANSDULIINA AN UN WAZNINALADY : LTANNTUDUALNOUN HIUNT
NIDILALANWINAIUALDIALET WU MZNIUANDNtaR 1159 AENOUANTOULTEUAISU D LUA
lngvinmseuigamginanaunsensitegrsdumiinasy Wwethlumuiusesavualaagis

NADY
Y

“Sldnenldiveyy m"—l

At et m T P e e

UM 3.17 douauiau

&aN

3.2.12 aunsaldmsuanulaanadeniy ¢ 1wy geilaens wianinlesiuansiad

1 (4 IS4 [ ) 4
BAUAINUETLAL @@Jﬂﬂ'}uuaﬂa‘igtﬁﬂ \unuy
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3.3 ie3edlauazgUnsaiiiieadesdmiviinseidiuusznaumanil
wasllanargunsnidmiunsliessidiudsznovmand 8l
33.1 A3eddinTsiantindsnunazUsuna (TGA/DSCL)

N13A N UAD HTAINNANNT DUKAZ N ANTINNTAANEAIVOIE1TUTZNOU
fndunislagldiniesinseinisd sundasimingreannudou (Thermogravimetric
Analyzer : TGA) S%a Mettler Toledo ju TGA/DSC 1 STARe System ﬁ'ﬂLLamﬂugUﬁ 3.18
wiasiladveulngendendnnisnsiatatininveansiegeiiua sunvadld (Mass
change) og 9oLl aasia81A3 Bt afiiAduaziBung Tuvaeii gt uauld Yuanudeuniy
TWsunsugamadd ivun aeldusseniaiaiugy (Hu vsseniafimdesniedie
ponfiaw) nemarmduiusszriaiminfiudsuasfugumad (TGA curve) ld anunse
Uauandausngnisainienien1muazninaianng 9 lawn 355 UBIUUAZAIIUT Y

a aaa a

(Evaporation) nM5aagf1ue9ansusznau (Decomposition) NsiiaUin3e1eeniady

'
aao =

(Oxidation) ¥383Antu (Reduction) slayawatiuanidawaumginianiauadesias

madsusuvedaswase Tumsdnwillaldinatn TGA Wielinsgingfnssunisainuiou
Yamenaumantan sonlediiessygamainsaaiediiuuuey Jeyailavzgniunldilu
nainededdglunisimungamgiinminzan dmiutunsumsnnaalel Wedgugy

Y]

ansUsznaulidundn dusinidesnisegseuysal

JUN 3.18 ipsesliasgvinisiasuwlanimiinvesansingerdaudinieniiuseu
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332 iAsasinssinmaieauuresisdiond

n13nsIdeulasEsamdnuazszyrinvesasusznauludieg1sveuds
fdumslagldiadesiinsesinisdeuuvesiidiond (XRD) 8% Bruker Ju D2 PHASER
Fauwandlugufl 3.19 w3 sdiofvaulaserdendnnnsdesdiondd dauenind uiden
PNNTENUAIULAITST uUAIDE LAz ST UL IR NNTENU (theta) i p¥adiand
NAN15NTLTY (Scattering) NIUSTUNUVBINEN MINYUANNTENULAEITEYENNTENINTEUIY
wan (d) e uduiusidulunungueswusni (Bragg’s Law) #38 nk = 2d sin 8 aziiin
Usngmasinsunsnaenuuuiasufuegwauysal dwalinnuduvessdiond gt wdy
gonfia (Peak) namsilnesinldazuandlugivesnsnnrmdusiusseninsanudusediu
A B2LUU (2d sin 0) wFofliFundn JULUUMIA UL (XRD pattern) Faduondnual
amziveansuazein doyataggninluiieufisufugiudeyauinsguiiossy
yiinvasansUsznaudioglufiadis lunsAnundldldmeia XRD W oszyvinuaziusu
s Usznaumanasiaogiei fanusduvendslutunousis 4 ldunTogAuwazdua
MegaBudu nMnnzneuvemdsnivisninmvzazae wandusivdnsenludniendaain

AT NNNINAISUATIU AENOUANSAUTUUAISUBMUATEAAINNTAIATIZI

A 4 a ¢ =1 o N & e
EUV] 3.19 LATDNILATILHENTAYALUUYDINE LN Y
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3.3.3 naedganssAudidnasaukuvdaInsIasaniumaiian1sinnisnszany
G E R A L]

MylAszidnvuEnnMEn MLaresrUssnaunsaiivewemds auduns
Tnolindesqanssmiididnaseunuudesnsin (Scanning Electron Microscope : SEM) 8%
JEOL u JSM-6010LV 1‘7@@é'iu’qs'wﬁ’uqﬂﬂiaﬁmeﬁmiﬂszmswé’wmaq%’ﬁwﬂ“ﬁ (Energy
Dispersive X-ray Spectroscopy : EDS) §%a OXFORD INSTRUMENTS ju X-MaxN Fawen g
Tusud 3.20 S osiiodviaulngedunsbeddidnnseundanugennundariinasu
ffnvestunuegs vliAnsunsisen (Interaction) FENINBENATOUTUOZAOUVDIT)

Ty wavUanUaoedymiumne ¢ eenun @iy SEM yuihiinsiadudygiadiannsou

'
a [

(1u Secondary Electrons) Lﬁaﬁwma%fmﬁuﬂﬂwmwﬁﬁﬂawmﬂqq (High magnification)
wazdinudnin (Depth of field) vinlvaiunsaseudnuazdugi1uIngl (Morphology)
ALYTUTY LLazé’a’ﬂwwqq-ﬁwaqﬁuﬁa%umuié’asi’m%’ﬂLﬁ]u uay EDS vimihiinsa9dusad
nddneagianiz (Characteristic X-rays) l4{o8n11910115WE BUTZRUNS 191U
vosdidnnseuluoznon Tesandsnuresisiiond donduananziveausassin viild
amnsaszyvianazuTuawessinesduszneuludaegaldluseduisuuna (Semi-
quantitative analysis) Tun1sfnunilduszgndldinaiin SEM-EDS LitefinaumstGeuuda

[ o

aNuEANIUING aEN1INIEALAIV09519 (Elemental mapping) veswiagslutuneu

Wy T TngAunazninezneusudy nxneumaneenler ndumsmwaalsiwazdng

No

U7 3.20 NdeaganssAidianaseuLuUaeINsInTINAUmATANTIANITN SEAeNE 9

Y09593L5n%
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3.3.4 néewanssAmidianasaukuudaInsInTIBazBungs wiauyndaszisI
wuudftes (FESEM-EDS)
MIIATIARNYULNF UGN E0IAUTZNBUTIN V108 19D U4
anfunistaldndesganssaudianaseunuudeinsinsieazidends (Field Emission
Scanning Electron Microscope : FESEM) §%a JEOL qu JSM-7800F & afinsiasauiiumn
TATIREMAIENATA N1INTLINYNT I UVDITIFLeND (Energy Dispersive X-ray
Spectroscopy : EDS) ﬁﬂLLamaiugﬂﬁ 3.21 m‘%laqﬁm;mﬁﬁwmimamﬁmma'ﬁﬂLﬁmﬁL?mmiau
yilaflasdiatu (Field Emission Gun) @ dl#d1818naseudiinnuainigeuasvuinduag
@anun Qqawuﬁuﬂwm%mmﬁaaﬂwanwiéfaqummmagq RIS RGP REERIE
UanUdesdyaasine 9 senuiieldlunisnsiatn Tunisaneil 1@ldinaia FESEM-EDS
ilensavdeuTuazideaddnvesiethduiuneudde Idud ndnanseudonnisueiun

(SrCO5) HlaannszuIuNMIdLATIZRAElAAN1IZAY 9

U7 3.21 ndeganssaudianaseuluudsinsinsigazidengs saudumaidanisinnis

NLANYNSNUVDITIFD NG



66

©

14

33.5 IApdiassiUTunasIgdievannisaneuaInmsnssfudsenansan
N193LATIEAIUTULATITIR A NYBIBIA UTENaUsIA lua1Ta Ta Y
duiunslaglfinTosiinsgiviuunusmiendnnismouasInn e ude nataun
(Inductively Coupled Plasma-Optical Emission Spectrometer : ICP-OES) 1o
PerkinElmer 3u Optima 800 fauanslugudl 3.22 w3 asflotlviaulasedendnnisiou
W&IuANFougeIINNAIANT (Plasma source) 39l ganndgeUsyanal 10,000 8aA1
waidea Wiurernouvesansinegdlugazeosles ndwnuarmdouliaznssdulididnason
194519UA BuTEAUNS 1IN e Y (Ground state) TulUgan uznsedu (Excited
state) Faduanueiliiados Weddinaseuansediunduunduiuganiuziuasifnnisaie
wdanusenunlugUvesaduuas wasidseoninaziidnuazianizdy nanfe AmETIAGY
(Wavelength) 3g5U3Unv09519kA¥ANULTINYBILAL (Intensity) JzuUsHURTIAUUTUI
m’mwﬁ’u%’umaaﬁmﬁu 9 FEUURTININAYQIM (Detector) VINITATIVIAAININAIILAS
UssmnanaSeuiisufunsimiunasgiu (Calibration curve) fiad1sduanasavaeunnsgiu
(Standard solution) finsuanududuiiwiueu Tumsnuni wada 1CP-OES gninanlély
mnivwdnuazUiinaesinman (Fe) anseuden () uatlavzidevudu 9 lu

8138A18M1081991NYNTUA DUAIAYUBINTZUIUNTITY Lok

1) d15a¥aNEINNITL oL AME INgAUSUAY
2) a1sazangNlaannNMInnassvrazany
3) asarangaulanasnnIsnaasInnaznau

g‘dﬁ 3.22 1309 Inductively Coupled Plasma-Optical Emission Spectrometer
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3.4  JUABUNISANYIIY

n1sandun1sIdenansaguil 3.23 wuseanladidu 5 Tunau laun Tuneun 1
MASASEUTUINUAIDELABNITOULIAT UALBLAATUIA JUABUN 2 NMTVLATANLTUINUFIDE4
L 9 NIAUTN AIHAADANNAILIT T UN TV ALAULNANILAL NITANAZNOUANTO UL LI
Falnanaznaursudslanansoudisumaslss Tunaun 3 MInnaznaulaen1sUsUAN

d‘ = a a 1 d' 1 1 @ :; QII

pH UDIA1582aULNDANYIDNTNAVDIA1 pH 7 @INEADNITANAZNDUVDILNAN TUAOUN 4
mMsasunasuatsusenavlany lasvinniswiasunesuaisusznauwdntansonlas
av v I v 2 s o a 1Y) &
nlanntunsunisnnagneuleglusuaisusenaumanesnlan Juneun 5 nsduATIv
ARSOULTUAISUBLUN LALANWIAINUUTUYDIE1SHhaNUA 8Ulo0aU haziIan N diNans
AUATINITO LN TEIATIEVAN TOUTYUAISUBLIA  SI8AZDEATUADUNITANLUNITNA BB

[

fau
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AENDUVDNALTLANINNTLUIUNISHER
wumanansaudsuaslsn

LWSEUTUIUALDEN
(puwmafigugll: 90°C, 1187: 24 F3lue uaanAlNIWIAENNNIAZUATITUIA 50 mesh)

Y
n13vzazane

(a'ﬁ‘u azane: naYanisn)

. (mmmmu 1.0, 2.0, 3.0, QOIM&H‘E) .
(Snsraruveseudinaveaman: 20, 40, 60, 80 n3LABANT)
(gruugll: RT (25), 70, 80, 90°C)

(taa: 0.5-24 F7law)

(dn31A130U: 500 59UNDUIN)

Y
[
VDI

Y
NIIANAZNBU

(@sanaznau: d130z ma'lmmulamam%m)

(AaLy: 30 wWesiumimtinlagy3aunns)

(pH: 1.00, 2.00, 2.50, 3.00, 3.50, 4.00, 4.50,
5.00 Waz 5.50)

VBILNET l

ﬂﬁﬁ?muwuﬂaaau@j
(double ion replacement)
{m‘it.l,aﬂmaau“laaau Iﬁum&mm‘iumum)
{mmww‘uu 1.00, 1.25, 1.50 Tuan3)
(amwmmawaqLL‘Udma‘uaamm 1.8368 79

10 (ﬂiumauaaam))
v (t7@7: 0.5, 1, 1.5 Falu)
3L¥a7 A C
e ansazane (am51n1307U: 500 SURDUN)
= = @
VDI l9LAuugaLem
v
. IV  @15azany
nslasuWasuaITUTENaY Y T‘aﬁau%’as "
(@eumQi: 700 pamwaLTua) Vo4 W

(wm 2la)
g ANSaUTHUAISUBLUR

U7 3.23 unuifsmsvaaesiluAanznouvesdeiinanlsanunanuimdnansoudouineslsd
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JURDUN 1 NI5LAS IUTUITUADENS

[

ngAuildlunsfinund laud nneznewveadeudmanansowdeumeslsd

a

(SrFe;,01) NbASUAINNITUIUNITNEN LTSI UG AAIMNTTUULLAAN i unounisinToy
fegneuldgnsEUIUNINAGeN el

11)  nseunielaninudy - tininerneusied 19uHIuNTTUIUNS
suudlumeuaniou Tnsnunueumnlin 90 ssrwadea Wunaweles 24 §alus Lilo
fdnauTuLaransTmeLd ssduaunsysla i vTine s

12)  mMsunanvuaLaEAnLeneyna ; Wefetauisainuds sy
NSEUIUNITUAAATUIALATYIINITANLENTUINBYAIA IAENITIDUNIUALUNTWINTFIU LUDS
50 (50 Mesh) visaileuwivuindestadszuia 300 lulaswns lngdndenanizounin
dudionrunvunswaun Wothluldiduansaadulunisinuiladeiidnasensyuiunis
flangdialutunousioly
Sumoudi 2 n1svzazane

21)  wilsuansvzaranelnenisnaunsadaininuazinusimanlesauls
leaududy 1.0, 2.0, 3.0 way 4.0 luans

22)  wvavaetuUTIegesuasazanenIndaiiagn 1.0, 2.0, 3.0 wag
4.0 Tuan$ gaumgil 25°C (aaumgiivies) an 24 Halus nsndruvesvesudsieveunal 20
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414  anmEaIvesesivanzauiuNsTzazanenznauwivinansewdsaslsd
nuan1sAnutatenig q fdewmanenisvrazaradai dnailuiade
frnunannsaaguiazuansaalusud 4.10 Taefinslinsndaininidudu 4.0 Tuans anmgd
90 pemwaldea Shmdiuveseiwieveunan 40 nfudedns e 12 alus uar Snsn
113174 500 soUnowdl tadanarilisedniamnisvrazaaminlagegn vausdeaiu
fanunsouenansowdeusanainaisazatsldogradvszdniamlulvesninazneou

ansoulsNgamn (SrsO,)

(n) ) () [ o0

3500 .

o SISO,

w
(=3
(=3
=

[}
w
=3
(=]

@
=]
3

o

Intensity (counts)
(3=}
S
(=3
3

Leached solution

1000

3 ®olle o . % .
*lolll, © ,ﬁ‘o. PR ALY S
t i

.
I ‘
L AN U ) LL./ UM A nd
; - - v ; :

I A 3 10 20 30 40 50 60 70 80
g 2 Theta

Leaching condition

Acd  :H,S0, SrSO;
Conc.  :mol L14.0 precipitated
S/L :40g Lt

Temp. :90°C

Time :12h

String : 500 rpm

N
Residual attached to
the magnetic bar

JUT 4.10 Snvazninzvemznauilldannmsszazale (n) SnuaeINenInIesEsayay
THIUNINTOWALAZNOUTBINTIN LA (1) JURVUNITE B ULVReT9ELeNndg (XRD)

VDINENOU WAz (M) NMENY SEM UazHANTIATIZYBAUsENaUs IR YemENeY

n¥InAugansEUIUNMTIEaraeftsanefivanyan wanssifldgniily
nsesuesneenidu 2 @ loud asazanefigausemdnuazaznouveuds sglsiniy wui
falimnagneudnidniios @dluifinmsiufiten) wiedisey Samnazneuilsasdiaudi
Hundmén feildaunsausneenainazneu S50, @lsfiauduudman) 1degrsine

Inglduviawinangafinduandlugy 4.10 (n)
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WoethansazarsluTinserdiunauniuaiislsimaida ICP-OES Wuin
ansazanaiimududuvesman 23,540 Tadnsusiedns luvasiiieududuvesan seudey
a1 a a o Ia = A a1 6 a e v 1% 1 =2 o &
fiA 30 fadnsusedns @deindiaen) wanwssillaludeusvenisaiudniaves
nszUIUMSTlAiRWTY Melineldannznsvzazarefivanzauawnsaldueninanaanain

IS v 1 IS a a
anseulisulnogdiussaninm

nznauvewlsnuenlagninluinsziaig XRD uaz SEM-EDS fauandlu
JUT 4.10 (v) uag () NaM1TIATIER XRD Budumsusingiinnsidediuuiauden demseiu
walmaalnsdves SrSO, [PDF 89-0954] nan1siiasievilyieduduinlessu St fign
YanUassoanuiainlassassanseudenwesiselavinufisedulessudamn (S04%)
aa 1 1 1 % [ [ av o % v A
legagmudulussuukazana gnaugnateiluansuseneaudauailiazang urluriug
KA Tillasunisativayuiiniuainn1siessisae EDS Fuwandliliussiusznay
519 UURIYDINNOU LABNUIUTENOUAIY anTaULTEN 46.16 wt.% AUty 16.90 wt.%
waz 9aNTaL 36.94 wt.% WuasrUsznaundn ssruszneutinsiainalaann EDS U ey

IndifgaiuAmImaulves SrSO, UTang

< -3 v v o v
4.2 wWan1sanAznaumantansanten n1suUSENINAEAIUSBULAZNISNI LA
-3
walndusgns
4.2.1 wanisanaznauwiantansanlya

d15avanenandslaainnisveazalenlsvaniieimuizaulagniidag
nszuIuNIRneznouneldasazarelyfoulansonled (NaOH) aududuiosas 30 lng
UmtinaoU3u1ns (30% w/v) Wefnwinginssumnnagnausananlonsenlenlugi e

ﬂgj U = L4 dl v

pH Aaue 1.0 83 5.5 9101158 0NAN15UABURUAIVOE NYULNIINIENINTBIATATANY
Aananslugui 4.11.(n) wuddvesarsazargdnisiudsuwlasednesaiiiaaniuan pH
asavariFuduTdiaulalazidvdesdnla douluilunz neuiviuased@uimnadu g g
Folauilleasazateden pH agluyas 3.0 f 3.5 Usingmisallusiteanisiinu]isen

lalasla@a (Hydrolysis) wagnisnesivesarsuseneumessnlansenlan (Fe(OH),)
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(ﬂ)

—

23
—

= =8 PILCFY. PR
i S T T S e e

(&“) 100 - Q) o Fe,0,
1 #* Na,SO,
80 — 20004 L3 ¢ Fe(OH),

—

w

(=3

S
!

o

(=3

=)
!

Intensity (counts)

20 500

dl ! < ! ! v <] [
UM 4.11 1avesn1nu unIn-n e (pH) ABMINAUEN (M) SNYAEIINMENTNYBIENTALAY
A1 pH 119 9 (1) NFNAUFURUS 5317 9A7 pH wazUszdns nmnsnngnou

YBIAN Uay (A) JUKUUNSEE VLR Eond (XRD) vemznawiliinTufiAn pH 5.0

NaUBIN15UFUA pH saUszANS MmnIsnnaneuvenaniansfslusui
4.11 (1) wuiiszaue pH #1n31 2.5 UssAvBnmeuasmsanazsneumaniasunn (#inan
Sovay 20) usszAnsnmaniutulussiudunaadudosay 40 7 pH 3.0 gafihaulafe
UsyAvsnmnsmnaznauiinduegnend Tt pH 3.5 fa 4.5 lnefldgaAuninfesay
95 warmannmenauazintuldauysalidedn pH flawaust 4.5 July FeihdunsBuguldn
wandziinmInnazneuLensenanansazanslsieganysalien pH gaitesme

dothansuszneudldanmsnnngneuldsuwisiigamnd 90 esmwaifea
uaziinszsieadUsznoutladiemaia XRD nansiiesizsiuansluguil 4.11 (a) Idszyds
waiinduie wedsnlansenlus (Fe(OH),) as3noanlas (Fe,0,) uazlaisudamin
(Na,SO,) Msiin Fe,05 3IUAU Fe(OH), thi @unsaesUn8lEdAnaNNNTEUIUNNSAN BN
vnduveanlasinlansenledseninnisidegndluviniseuus dedulivpuiléunis
Judulnen1snsiasgiisie TGA/DSC awanisiiasgrinansslugudl 4.12 nuin
M9 Fe(OH), L‘%'maawﬁmazg ydehegroiiieniiolduanudou Tnenszuiunsienan
Auamnasiigamgiuszan 400 ssiwaidua Tasfinsgydeuasudesay 21.06 (Fenndas

AuUsununssEieuedn) Lagaundatan (Residue) §udu Fe,0; lnaAnduuiasasay
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78.90 @ msuinla Na,SO, MU0 luns19 XRD Huinduaina1nufisenasinussning
d15aga18 NaOH fdunsadailisniivauviesyluaisazais W eurssmeeeanlulutuney

N1IANAZNBULATTUABUNITOUWNY indelai sudamniufinn1sannanwazUsUueagiu
AYNOUMAN

100

95 A

90 H

weight retained (%)

80

75 T T T T T T T T T T T 5 T 1 T T T T T T T T T T T
0 50 100 150 200 250 300 350 400 450 500 550 600 650 700 750 800 850 900
Temperature (deg C)

JUT 4.12 nan153Le51zvin1sd sundasuinidnd 18 TGA apsnznowmantansenlys

duaTeile (anegneui pH 5.0)

PNHANTNARDINUINNAT pH Aus 4.5 wse 5.0 FulUazdwmarinlmiinnis
ANATNOUTBIMANALY Sl AW MInnmznawrewmaninenisuiuatalsazanelidian pH

5.0 3gnidenduanmenmueauuaglagnitvuniuaidedddmniunmmeas sludun ou
fnly
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4.2.2 waniswUsanmaznauliidumanassnlednaznisvinlimanaanlad
UTGNoEY

nzneumanlansenladiildainmsuuasazaneliiiien pH 5.0 legniidng
nsrUIUMILUsAan eI mfou Tns mahnzneulleuursuazii lumnfigaumgd 700
ssrwalea Wuszeznan 2 $alus Tuannzonmeaund dewdsulasaiisvesasussnauy
Tinaneduwawanesnles

AR Aueilandinsunagidiunausznoussmaneonles (0-Fe,0,) waz
ndelmioudamn (Na,S0,) TneUSunamedaion (Na) wastuzdy (S) Fuandunised
4.1 firndovay 23.05 + 2.45 uay 14.22 + 0.87 Iagthmiin audsu msmidnasievuidu
Na,S0, senanmanoanlas aunsaynlalngnsuneiinunsunludsdethilolaeld
Snsduvewendwievounan 1:20 nfusefadans 91ntanansiEIun1sa 9 udqly

auuwiaigamall 90 esrwailded Wunan 4 Hlus

a 3 o ' & | a ¢ v a
AN 4.1 E]\W’]‘Ui%ﬂ@Uﬁ?ﬂfU@\?@'ﬂE]EJ’]QIUGU‘UG]@UG]'N 9] IMNNTITILATISTATULNAUA EDS

(Zevaglnermiin)
v . 519 (wt.%)
A20819
Fe 0] Na S
NAINITANALN DU 34.01 +3.71 | 37.8+1.98 17.79 + 355 | 10.40 + 1.26
PAAINITLN 21.74 + 341 | 4099+ 288 | 23.05+ 245 | 14.22 + 0.87
VEINMTENEETN DI | 73.86 + 4.26 | 26.14 + 4.26 E -

NaMFIATElAsEE AN EIsUSENEUMEMATA XRD aNoULATES
Eaidauandlusudl 4.13 wudwenaufsumsenil 700 asriwaBua (feudn) Téuansdia
mﬂgmwuﬁizqiéw"jnLﬂuLWamaszjN 0-Fe,05llag Na,SO, asiw%’mwum”mamﬂugﬂﬁ
4.13 (n) InNshATIEiasdUsznaurasasUsenaundsnngnirludsiudaldwu il
Usngiaves Na,SO, mmﬁmﬁmgmwumﬂﬁymLuuﬁ'ﬁﬁmmammmz%’mw Fadu
SnwaLNEYeLeNlng (Hematite, a-Fe,05) namsieevilasuiuaudSadludiy
ﬂ’liLL‘Uiﬁﬂ’]‘Wﬂ’ﬁﬂi%ﬂ@USLﬁLﬁumﬁﬂaaﬂl“ljﬁﬁlﬁuy’iﬂjLLaz‘Ui%a‘ﬂ%ﬂﬁWsi,‘lmﬁﬁ’l’{fﬁﬂ’l’iﬂuLﬁa‘u

'
o faal

Fanndsdalnlandnsineiniianuuignsgs
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(1) 200 e ration at 700°C, 2h oo, (V)
2500 * Na,SO,

20004
1500

Washed, 1h o Fe,0;

Intensity (counts)
2 s
=1 =3 =1
L—— *
=¢
—
S
o
—
(-]
L3 *
%
&
£
»
=Y
o
»
*
31
*

: . , T4
10 20 30 40 50 60 70 80 m%ém 4
2 Theta 2 -

JUN 4.13 wamsilmserinaenilng (n) Uuuunmsideiuuresiediend (XRD) wWisuiiisy
TeMIafauane (UU-Ai9) wagnasaeedingy 1 93lue (@19-dunq) (¥) nang

SEM Waninuiizueseuna Fe,0s

J 14 fa & ! [ =
.ﬂTWO'WEJ"U’]ﬂﬂa’f]\‘i‘ﬂqa‘lfliiﬂUBLaﬂGﬁSULLUUﬁBQﬂTlﬂWQLLGWQIUEUVI 4.13 (%)

v

wangliiiudndndaaianinen laannn1sikai 700 esangalied wazaaiidnaisuaiiu

a

Usgnaunlgaunianiusislintuausasidnisiniznauiugs N uiidanyasyussiag
S| < = o a [ Ky < wa o = § o [ o

fanudugnsy dsduginendnuariifoluRuandiniiasvasddmiunmsihluldlunig
Hanind esnlaswasesnangiduaiunsnsrangdnaziiunsdaniznisnaniglu

1As9Es 193 NguasIulaf 89U (Bohlin, 2013)

v 6

NANNSIASIENBIAUTENUVDINARN UNIIUNATA EDS akanalumn1s199

4.1 BusuldUSnamdndauduesiusyneulundndasifidniutuenditod sy Tuvaed
Tnfsunagsuyduanas il drunaunaAivenansnsiUsEnousay Fe Yovay 73.86 +
4.26 Tngrwitin way O Sovay 26.14 + 4.26 Inevuiin diildtaenndestusnaiuesne
nuansiail (Stoichiometric atomic ratio 2:3) Y84 Fe,05 peMueN Fananlumsnad 4.2

= & A o LY L3 = £ Ao ¥
""U\‘iLUUﬂ’ﬁEJ‘UEJUL’e]ﬂaﬂ‘HmLLaSﬂ')']NUSE;W]ﬁ“U’eNﬁ'ﬁUiSﬂ@UV]ﬁQLﬂi’]%%ﬂlﬂ
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a (3 (g [} gj U a 6 v a
#1910 4.2 @ﬂﬂﬂi%ﬂ@Uﬁqﬁ]“U@ﬂ(ﬂﬁaﬂﬂﬂu%UG]E’]‘LW]'N 9 31NN1TILATIENAEUINAUA EDS

(Govarlagiutinosmaw)

v . Element (at. wt.%)
A29819
Fe O Na S
NAINTRNAZADU 15 58 19 8
PAAINIT N 8.9 58.3 22.8 10
W&aNIE1 9881 DI a5 55 - -

43  WANSEATIZHENTIUIRENATTUBLUA
neneuanseuTsudamn (SrS0,) Faldanntunoumsvravans lognuuudsann
TWduanseudsuasueiun (SrCOy) IngmsiinujAzeinisunuitlessus (Double ion
replacement reaction) &sldansavanelaifiauasuain (Na,CO,) Lﬁumﬂumimﬁwgﬂ
ndamalidunsuaun lunmsvaasdldusuaimududures Na,CO, 7 1.00, 1.25 wag
1.50 Tuans LLazszasmaﬂumaﬁwﬁﬁﬁ%mﬁ 05, 1.0 uay 1.5 $2lu9
4.3.1 WaANISANEIBNENAVIAMUINTUVDIWLALUASUBLUARDAMNAINITOLUY
N1IHIATIZHANTOUTBUATTUBLUA
msAnwAnENavesr UL Ut stanUasulosau (Na,CO,) fidnase
mMafnUfATemsdunsed SIco; ddmunsnadiuresvesud soveunari 14
lunsnaaeannmMsAwnlsIIuasduiusueInIsvinuise wadives Srso, fluasazans
LA 8uAISUBLUALINTY 1.00 tuans luens SrsO, 1.8318 n5u mednsazvaielaii oy
AvualuAllaty 1.00 luand Usuns 10 908803 uazaruaunailunsifizennsda 1
T
HamSATIzisrUszneunaaiivasndnsaeifiduan silasismaia XRD
ﬁﬂLLﬂﬁﬂﬂJgUﬁ 4.14 Usiansidaudunes Na,Co, Buthdefidfysenmsivasussivseney
maadl Tngaziiuléininnuiduduvesansazats Na,CO5 1.00 Tuad (n51uw) sUuuy
mit,gmLuwuaﬁﬁl,am?uammﬁﬂﬁﬁmmLsi’fquaaLWamié?aﬁu SrS0, (fydnwalisnauyiv)

(% (% L3

Tuvaugifinues SrCO5 (Fyanwaldnimaudnlusy) Usnngiuiisndntesuaziininududia

o

1%

AR1U1N HaN153 A1zl kanalfiuIUSInuasusualeaau (COL%) Seldiiaananiay
Hanauliiinnsunundaminlessu (S0,”) laegnauysal dwavilidadasnsiunnansey

TuuSunasnn
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5000 4Na,CO,1.00 M, Th ® SrSO,
4000 - ¢ SrCO,
3000
2000
1000
0 1 ?9 L) o ¢
@ 5000 INa,CO,1.25 M, 1h ® SrSO,
o J
5 4000 ] ¢ SrCO,
Q -
> 3000 y
'% 2000 ]
= 1000
= R 000
5000 4Na,CO,1.50 M, 1h ¢ SrCO
4000 -
3000
2000
1000 —
0] R 2 2RO
' T ' | T T ' T T T ' T T
10 20 30 40 50 60 70 80

2 Theta

UM 4.14 Uuuumsdedunvesidiond (XRD) veswanineifliannmsudsanin SrsO, Wy

SICO5 MEansarant Na,CO, gty 1.00, 1.25 wag 1.50 Tuans nan 1 $7lug

7t uduresEIsazans Na,COs 1.25 Tuans (ns1vnans) 1Sunung
WasuuUadlaswas1aves Srs0, eghedltedfa Ineanuduvesiin Srs0, ansnateeaiulidn
wlonfunsifiauvesmuduvesiia Srco, ﬁqﬂﬁﬁuﬂd%ﬁm Faanidn 1 MNanI 99N
AaufFselesaurasanvamniudunuilulasaswinvesdauialdundy

fmuutuveasazany Na,COs 1.50 Tuans (ngndne) asaalinuiosses
03fiA SrSO, wAsINgfissfiaves SrICO; farmandauasinrudugaiian Tufituan sl
U317 AT UYe9 Na,COs 1.5 Tuandasinn1sdutad suniand i ganef a gyl
Uffseduiuluuisandugn vilildnansusidaduansoudouaiveuniiiinnuianige
wazmsiifindenuidugesdfmnnudundnifvesdnsmiiAntudnge Fwsingnisal

fanandanaasanunatnniswanasulessunanuaunseiian (4.2)

Sr504 ) T NaZCO3 (ag) — SFCO3 )t N82504 (ag) (42)



92

S LA UTUVDS Na,CO, Wunisifuaududurosansieiuaes
NsAnUHAeNALRUNEaNN1SVBERY MDA (Le Chatelier's principle) AL TR THIIER
Fumdevludaneslalamning vilvaunaindidouluns@nsns dwalriamnsndougy
Y3 SrS0, Tilu SrCO; hagnadiszdnsningaan

el iiunwiidaauenszuiunsunuilossulaznsiuasuuami
98011A mu‘iaﬁ’ﬂﬁﬁﬂﬁﬁﬂmﬁmiwﬁé’ﬂwmsgﬂéw (Morphology) 483 SICO, fidaas1e¥le
AENd099a133AIBLANATOULUUADINTIA (FESEM) 4agnTI9d0UN15NT818A 2084570
(Elemental Mapping) wa4 SrCO5 Mduamild nmdrgainndesganssmidiana sounuy
donTAT8s SICO, TidunTeRlalngldansazany Na,CO; Wudu 1.00 Tuans éﬁ’ma@ﬂugﬂﬁ
a.15 uandlyiiiudnuazyeseynaiidnisiniznguiuegiamuuiuaulianinsowenues
youinvemANABaldtanu Tnsfiuinvesouniadsnsdiamnumeiuuasgusy Geasrouds
Tasaaefidadinundusudoui aenadesiunansiinszinisnszateiivessmnsauandly

d‘ = 3 U IS a v 1 1 1 4 @ a el'
JUN 4.16 FILLUUINENTOULY 8 Lﬂ@ﬂ'ﬁﬂi%ﬁmEJG]’JEJEAEJEJ'N‘VI‘L!’]LLUUVI'J‘Vl\‘i'UﬁL'JilJIu‘ﬂmg‘lfl

U
= A

ASUBUMAZRONTRUENUIING F g 1unsnaf Ul uus LAY widwutanianaanin

9
[

MINT¥MIvesdaasNinNUdua AL iLNN TneATauARNUANoUN NN vBY
naueunIA anwazainandunanguBuduinlasiaisdnlngdnaduanseudaudaing

galsiAnusensununedsauysol

G WIL0)
1123 %G,
23 Sl

JUN 4.15 nmianeaiy FESEM uaneguinewes SrCO, dunsienlatagldansazans NayCOs

AMULTY 1.00 Tuans nan 1 Talug
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U7 4.16 n3nsza1edivess1n Sr, O, C waz S Jududiunauniuadves SrCO, NdunTIe

Inglgansavany Na,COs AMENgu 1.00 Tuans 1ian 1 Fala

daiuaudaturesansazaty Na,COs u 1.25 Tuans anwaursUT19v09
sunaBuinsasuUasiulufiam s ud sz iuldanainaiesie FESEM Aawandly
JUN 4.17 wudnifianisnediveseuniaidveuwndnauiiuiasmsinznauiuvenous yna
a o I3 A ~ Y AV v ) v v v
Suflvunaanaailogunuanyazsd SrCO; NkwanNsdans1zitaelin U duduv e
a1sara1y Na,COs Wudu 1.00 a3 #amsinsIennsnseatenizessmasan slugud
4.18 WUI1aNSUT U TIUT UDIAUTZNOUNANT AMUNUIBLU LKA SNITNTLAYF AU LEUD
TUUUENANUA UL ULYDIANTU B ULE LN TLAUT AN UAUTALINTL FIdanAABINUNISHANYU
YasdnalIuansoUTELATTUBILS B819l5ANNYN N1INTLANYAYRITANBSSUNALIUIUINAILA Y

1 d' A a d! L7 Y & 1 [ o

MaAufalies lngusngegitesunsuinu ddlivuitlessudaingnidneanluain

lassasslaudiuuadnmnaneg
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JUN 4.17 nmaneniy FESEM uaneguinewes SrCo, nidunsienlalagldansagans NaCOs

AMILTY 1.25 a1 Wuan 1 9alus

©

Sty

f 2.5pm !

2.5pm

U7 4.18 M3ns¥a1edawees1e Sr, O, C uag S Fududiunauniuaives SrCO, NdwATIEN

Tngldarsazans Na,COs AUNTY 1.25 Tuans nan 1 9alug
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fianududurosansazats Na,CO, 1.50 Tuans dnwarsUsiavesoyna
SICO, AT zilduandlugufl 4.19 Fadiulsineuniaves Srco, Aiflamduszideugs
waziinsnszanesiiaiiaue uiveswdniiruEeuninaniduassildlagld Na,Co,
mudnduiisnnd definnsannsnszaedivessinlusiietnwes SICO, iduasesils ag
nansIAzisananslug Ul 4.20 nudnanseudon Asueu uazeondiau dn1snszane
é’aasmaﬁ%amaﬁ’aﬂgqaumﬂ Tneflsumngmasnszaefvesiamesios andnuneiiaty
FaNANILEAAANINNSEUATIEY SICO; tneldansazany Na,CO, Wudy 1.50 Tuans dena
THiAnusstuind ounaafiifsmedi azvililoseuasvetunidunui loseudainaly
Tassadrawdnldogsanysaluuy dawalsilenanfasiidnnuuigns gauazunaain

ansuuou

STAGOL MW YO ST:
30573 W% )
11556 MWt E

2.5um

JUN 4.19 nmignenie FESEM wandgusnawes Srco, ndunseilatagldansazate Na,COs

AMILTY 1.50 Tuans Wunan 1 lus
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2.5um

U7 4.20 n3nsza1edivessis Sr, O, C waz S Jududiunanniuaives SrCO, NduATIe

Tngldasazany Na,COs AMNYY 1.50 Tuans nan 1 galu

4.3.2 WANISANEIDINTNAVDIUIAINBAIINAINTTATUNTTHILATIZH AR TOULT Y
ASUBLUA
lunisnnaeildmuaAuAUTuTUYeIE1TaEaY Na,COs5 Ih AT IST 1.25
Twan$ @aduannzfiGuinnisunuiildianmsinelufideiiniu) Taesuldsua
Tunsviugisendu 0.5, 1.0 waz 1.5 las LilefnundnuarveunaiiAngy
HaNSIATIERaRA eaemalla XRD é’w’mamﬂugﬂﬁ 4.21 uandliiunig
LU?%WLLUawaﬂmﬁa%ﬂamﬁﬂashaﬁﬁfaﬁﬁauuﬁaisammLﬂ'uéﬁu fvian 0.5 4l (131vluw)
wadaszinansliiuinusngwawes SrCO; lnsdanalaainnsifinves SrCO, i fnan
1 44T wlavas SrCO; Idiugetu vndiila Srs0, funanadldednedau Heldung

Taanmsanaweaana SrsO, Tuvaeiauuesiia SICO, (Fydnwaldvaiudnlise) 5

'
a

fitamsfifiugeduasiinueudnmniu wansdssyansnmnisunuiiloseu 50,%
fn CO5> Rtunusresnanfianssanilddudaty fnan 1.5 4alus (hswidne) sUsuunns
Anuuesisdiendvomanfasiuandfifiumandeuuadiauysal Inedinseilivsng
finvag SISO, vsAfAveuNd SrCO, ANUANTALAZIAINUTUEY KANITNAAD

AMsdauAsIEh SrCos laeldszaziian 1.5 $2lus leduduinduszazinandieamediay
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AansianUasulessunazn1sdnsewnveswan dmalianudundn (Crystallinity) vas

HAnAalanuany sl a1u1saidnasaenunana1saganaul)iselugnandaeii

A99N5kA
5000 4Na,CO;1.25 M, 0.%1 ® 5150,
2000 ] o SrCO
3000
2000
1000 °
~ 0 ¢ 20 0 PR 0900  9RM00
£ 5000 JNa,CO,1.25 M. 1h ® SiSO,
§ 2000 o SICO,
2 3000
2000
8 i
£ 1000
0. ot ‘ . o0 0000 RO
5000 JNa,CO,1.25 M, 1.5h o SiCO,
4000
3000 —
2000 —
1000 -
0 :
10

2 Theta

JUN 4.21 gduuumaideniuuvesssdiond (XRD) vemaninmilaainnsdaunsie SrCO,
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2.5pm

2.5pm

U7 4.25 N13n3za1eiae9s19 Sr, O, C wae S Badudiunauviuniives SICO3 Nduasei

Tngldansazany Na,CO; ANy 1.25 Tuais an 1.5 931u9

ANaN1SANYIBNENaveIwl T anusaaguladnanneimuigay
dmsunisudsanin SrsO, b SrcO; agvauy sal Aonsldansazans Na,CO, idudu
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nznouklmananseudeumeslsiduandlugui 4.27

Strontium Ferrite Magnet Waste
(1 kg)

v

Acid Leaching
(HZSOa aM @ 251, Temp.: 90°C, Time: 12 h, stirring 500 rpm)

v

Magnetic separation

Residual
(11 ¢)

Fe-rich sol".(24.5L) v SISO, Powder (125.5 ¢)

v \ 4

Precipitation Double ion replacement
(NaOH 309% : 24.99L, pH 5.00) (5r50, 1.8368¢ : Na,CO, 1.25 M 10mL)

y NasO, sol". y

. L (40.18 1) L —, NaSO, sol".

5 (649.09 mL)

Fe(OH), + Fe,0, + Na,50, (2912.5 9)

A A

Calcination SrCO, Powder (113.06 g)
(Temp.: 700 C, Time: 2h)

 Fe,0, + Na,S0, (2825.125 ¢

Washing
(Dl water : 56.5 L, 1h)

‘L

L NaSO, sol".
5 (56.51)

F_ezgg Powder or Hematite pigment
(819.29 )

1Y o

JUN 4.27 fenisivadinavaunaiandmiunisgauieuilnduavanseuldounisuaiunain

1 < = 13
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Tnglisduseddnsmduiuguivanusniu luduvesdnfasidlsnuin Usnaseanlng
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1. nsaulUSualanzluninaenaunaaeng

Ay Y] 1 d' W @ ) 1 a LY} ]

Fuauitegefiegluglvewedndazgninluiiunssuiunsesouiiog1alaenis
1 v d‘l d‘ [~ gj = ) v a a '3
gosaatemensa Wewdsuaniusiduaisazaty antudunluusuUsunswazins1eimn
USinausnaiemaila ICP-OES tngran1sansgifilaanaiesisagegluniisnnnududy
voa1sazany (Jadnsunedns, me/L w3 ppm) 1wy lunismviualansivanuay

a 174 CY) 1 v} Y} o 1 Y a U
ansautey tngldninmznaudiagreandn 1.00 N5y dnungesaatewazUsuUsuInstuinin
USu1msvun 100 Haaans (0.1 ang) et luineimewases ICP-OES auAtAnuudule
WINAU 5,922 way 772 Tadnsusiaans auaiau a@1unsafwianUsunasesazlagunndn
Yadlanzluninnenaudlagng lnaudunauaall

AMINTUABUlA (me/L) x Usumsansazane (L)

Usunalanewanludeds (me/g)

UUINTUIIUAIDEN (9)
5,922 (mg/L) x 0.1 (L)

1.00 ()
= 592.2 mg/g

AMULTuRsule (me/L) x Usumsasazane (L)

Vinadlavizamseutienluiiee 19 (mg/d)

UMINTUNUAIDE (g)
772 (mg/L) x 0.1 (L)

1.00 (g)
77.2 mg/g

Wesnansiasunthedudesazlaginudn (%) a1unsafuinlaensdl

R YO Usunalangwanludiedns (me/g)
USMWmIaMBLwaﬂium’JaEJW\‘i (%) = X 100
1,000

592.2 (mg/s)
== x 100
1,000

=59.22%
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Usunalavganseudoulumingis (mg/e)

USunalavieansoudonludegne (%) = X 100
1,000
77.2 (me/9)
= —— X 100
1,000
= 772%
2. nsAuIMUsINalansngnyzazaleflensadailisn

asazaeiildnevdsannsmaasszazaisazgmilulinsgimuiunalanslu
asazanesewmaila ICP-OES Tnenaiiasigsiildazegluminomnududu Tadniudedns
(meg/L) Faanunsathanwmanfionmanuannsalunisszazaty viofosasnsveazaisve
Tavsidhmngld Wy Wi usnuiegns mnpgneudnsewdeumeslsd dhmin 20 n3u @
USinauwidnisudufesay 59.22 wieRmluiilolavewmdn 11,840 fadndu) anvhnisszazans
punsnUInIng 1000 Jaddns (1 ang)

PINNANITILASIZA15aLa18m28 ICP-OES 81UA1IAULT LT UYawnantd 5310

Haansusedns zdawinnisAuinUSinaleaniazatgoanunasuisuAuUSUISUAY
U d’J
91
Usinuwesmanluaisazais (mg/L)
ANLANTaluNIsYEaEaNe (%) = ; x 100
YIuawasnanninaenay (mg/L)
5,310 (mg/L)
= ——————— X 100
11,840 (me/L)
= 44.84 %
3. ANSATUIMSBYATNISANAZNBY

N1sNPaIRNAZNaULRaNaINaTsazans lavinn 1SS s Ui uAM LNt UYD L RENTUY
AN5A¥ANYNDUNITANALNBUKALNEINITANAENIU (FLATIZNAINUILENAINITNTDY) LD
AuUszansninlunismdnmanesnainalsazany

| 2 a v o v v A a o 1 a = |

WU A5ATANUMANSUAUTANULIUTY 23,540 HaansUABanT LiDNIUNTEUIUNIS

ANAZNIULAZNIDILENTDILTIENLAY UiunlaluTesizssnamaila ICP-OES wuadladu

L%’uﬁmaqmﬁﬂmﬁaagj 120 fadansusedns aunsarmuinsesaznsanaznaulaeadl



%’aaazmsmﬂmﬂaumﬁﬂ(%)

ANUTUTULTUAY (Mmg/L) - ANULUTUEATINY (me/L)

ANUDNTUSUAY (me/L)
23,540 (mg/L) - 120 (mg/L)

23,540 (mg/L)

99.5 %

X 100

X
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100

A1 -1 WAATIZANANSemALlA ICP-OES AANuuTunsa 1-4 Tuais 8msidiu

<& o i a a v &
VDILVINBDUDILUAT 20 NTUNDART BEUVNUIBY Waslian 24 GU’JIJN

AnfisuldanniaSas ICP-OES (me/L) au 1aa19ng 9 (Halua)

§01798N1INANRDY

0105 1 2 4 8 12 | 14 | 16 | 18 | 20 | 24
H,S0q 1 Tuans | 0 |0.187]0.258|0.417|0.657|0.882|1.004| 1.1 |1.187|1.204| 1.26 |1.356
H,SO, 2 Wans | 0 | 0.22 |0.334/0.549|0.735(1.046(1.317|1.342|1.508|1.525|1.594(1.771
H,S0q 3 Tuas | 0 |0.246|0.451]0.688| 0.92 [1.281|1.457|1.518|1.659|1.744|1.827|2.025
H,SO, 4 a3 | 0 [0.384/0.635/0.884/1.098(1.511(1.702(1.807(1.929|2.254(2.274|2.441

AN V-2 WAILASITAAATU suAENATA ICP-OES MANUuduUnsa 1-4 Tuans

dnsnduvelswiovannal 20 nfusedng aumgiivies uaznan 24 Falus

Anfignuldannia3as ICP-OES (mg/L) a1 1aa16ing 9 (F2law)

§0178N1INAABY

. 0.5% % 2 4 8 12 | 14 | 16 | 18 | 20 | 24
H,SOq 1 Tuans | 0 |0.273]0.282(0.314/0.361] 0.4 | 0.43 | 0.44 |0.431]0.419(0.397|0.371
H,S0q 2 Tuans | 0 |0.253]0.256| 0.33 | 0.43 [0.416]0.379|0.369|0.361|0.355|0.337|0.325
H,S0q 3 Tuars | 0 |0.156]0.191]0.245|0.269|0.294/0.288|0.288|0.288|0.285(0.277|0.263
H,SOq 4 Tuans |0 |0.126]0.165| 0.2 [0.209]0.196/0.195(0.193]0.193(0.192(0.172(0.172
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A5 9-3 NAILASIZAENMEWATA ICP-OES AUt unss 4 Tuans omns1aiuuauds

Aouavad 20 NSUADAAT auMNvies - 90 BarwAIlEd warIa1 24 Il

AMeulfa1INLATEe ICP-OES (Mg/L) ad 186N o (alus)
#0178N15NAADY

0.5 1 2 4 8 12 16 20 24

0.384 1 0.635|0.884 | 1.098 | 1.511 | 1.702 | 1.929 | 2.274 | 2.441
0.307 [ 0.383 | 0.498 | 0.645 | 0.825 | 0.935 | 0.978 | 1.023 | 1.053
0.354 | 0.49 |0.649| 0.81 |1.012]1.077|1.131|1.146 | 1.155

DEUNTIVID

9 Y

70 DIALTALTYE

80 DIF LA E

O]l o] O] O ©

90 DIALTALTYE 0.531]0.664|0.877|1.052 | 1.172|1.187|1.193 | 1.212| 1.22

ANSN V-4 WAIASIZNANTOUTEUMIEMNATA ICP-OFS NANUWLTUNSA 4 Tuais ons1du
[~ 1 v} 1 a a v =]
YOUT W BYBINAT 20 NSUADENT Baunniviod — 90 sarwalya uazkia 24

Yk

AnfiguldaniaZas ICP-OES (mg/L) a1 1aa1eing 9 (F2law)

FN198N1INAADY
0.5 1 2 4 8 12 16 20 24

qmiﬂﬁﬁaq 0.126 | 0.165| 0.2 |0.209(0.196|0.195|0.193|0.172|0.172

0.208 | 0.288 | 0.387 | 0.375 | 0.371 | 0.353 | 0.336 | 0.326 | 0.316
0.22810.406 | 0.437 | 0.387 | 0.378 | 0.371 | 0.345 | 0.323 | 0.312
0.49110.476 | 0.432|0.438 | 0.388 | 0.374 | 0.352 | 0.323 | 0.317

70 DIALTALTOE

80 DI E

O] O] O O ©

90 DIALYALTE

AN V-5 WATLATIZIMANA8ATA ICP-OES NAMNUTUNTe 4 Tuans ons1du

Yosulaaveman 20 - 80 NSusaANT Bl 90 esmwaled wazlia 24

Y4
Afe1ulAaNLATES ICP-OES (Mg/L) ad 1aa16ig & (F21a4)

A1172N15NAABY

0 05| 1 2 | 4| 6 | 8 | 10| 12|16 ] 20 | 24
20 NSUGDARNS 0 |0.531]0.664(0.877]1.052(1.132|1.172|1.178|1.187[1.193|1.212| 1.22
40 NSUMDARS 0 |1.035/1.312[1.699|2.046|2.122|2.238|2.295 | 2.354 |2.361 | 2.372|2.437
60 NSUADANS 0 |1.321]1.771(2.236|2.784|2.885|2.976 |3.056 | 3.132|3.201 |3.262|3.373
80 NSUMDARS 0 [1.477|2.183|2.885(3.431|3.503|3.722|3.821(3.910(3.979|4.011 |4.072
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ANSIN V-6 WAIATIZVANTOUTEUMEMALA ICP-OES MANUUTUNSA 4 1uans 9nsdiIu

Y0UDIR VDAY 20-80 NSUARARNT gl 90 asrwaled uazlian 24

S B8
Aa1ulAaNLATEe ICP-OES (Mg/L) & 1Iaeing & (2laa)
A019TN1INAADI
0105/ 1| 2 | 4] 6|8 |10|12]16]|20] 24

20 NINADANT 0 [0.491]0.476|0.432|0.438/0.389(0.388|0.378|0.374/0.352|0.323(0.317
40 NTURDENT 0 |0.377/0.397|0.413|0.424|0.387(0.385|0.363|0.344|0.307|0.295|0.294
60 NIUADANT 0 |0.350(0.388|0.405/0.375(0.375|0.349|0.324/0.287|0.287|0.287|0.281
80 NTUADENT 0 |0.345(0.374/0.3830.368|0.359|0.332|0.319(0.277|0.262|0.241|0.233

A5 9-7 - Usunalangluansaganafian pH fneiu Aasiziaaemadia ICP-OES

element (mg/L) U3ung

pH a1sazany
Fe Na | Si | Sr | Al Ca S Mn -

@99)

Leached 23540 | 4560 | 66.2|30.1| 22.4 | 78.8 |11050|69.00 0.2
0 13260 |24770| 2.8 |14.3| 158 | 30.2 | N/A |28.70 0.389
1 8550 [33360| 1.5 | 9.3 | 12.6 | 10.2 | N/A |16.30 0.5934
2 7020 |37010f 1 | 79| 113 | 83 | N/A |12.60 0.7002
3 1820 |38120| 1 |69 | 102 | 32 | N/A | 9.30 0.7887
a4 25.17 |44910|3.15|589| 7.5 | 21.7 | N/A | 7.30 0.8012
5 261 |4542012.14| 54 | 53 [19.54| N/A | 6.80 0.8042

6

0 40160| O |4.83| 5.2 |14.79| N/A | 4.30 0.8057
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ARTICLE INFKO ABSTRACT

Keywords: This study presents an integrated hydrometallurgical approach for valorizing strontium ferrite sludge generated

Sl"’""_‘“" ferrits nragnet from the magnet manufacturing industry by selectively recovering iron (Fe) and strontium (8r) into high-purity

iﬁf}'d{ns products. The process employed sulfurie acid leaching under optimized conditions (4.0 mol L™" HyS04, 90 °C,
emalile

solid-to-liquid ratio of 40 g L. 1), achieving near-complete Fe dissolution while simultancously precipitating Sr as
strontium sulfate (5r804). The Fe-rich leachate underwent pH-controlled precipitation followed by thermal
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carbonate (SrC03) via a double-ion replacement reaction with aqueous NagCOsg, which proceeded to completion
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1. Introduction

Strontium ferrite magnets (SrFe;2010) are among the most widely
produced permanent magnetic materials, typically synthesized via high-
temperature sintering of hematite (FeyOs), strontium carbonate
(SrC03), and selected additives at 1000-1200 °C [1,2]. Hematite, often
obtained as a byproduct of iron and steel manufacturing, can constitute
up to 90 wt%% of the precursor mixture, providing a cost-effective and
abundant iron source [3]. SrFe12010 magnets currently account for over
80 % of the global permanent magnet product [4-6], owing to their high
saturation magnetization, mature production infrastructure, and eco-
nomic advantages over alternatives such as Alnico, SmCo, and NdFeB
[7-9]. Their broad applicability, including electric vehicles, motor
drives, generators, consumer electronics, data storage, microwave de-
vices, and medical technologies [10,11] positions them as a scalable and
sustainable substitute for rare-earth element (REE)-based magnets.

As global demand for ferrite magnets continues to escalate, so too
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does the imperative to address the environmental and economic burdens
associated with their production and disposal, highlighting the need for
innovative recovery and recycling strategies [12,13]. The widespread
use of strontium ferrite magnets in the electronic and automotive sectors
is driven by their magnetic stability and cost-effectiveness [9,14,15].
However, the manufacturing process, particularly the post-sintering
grinding stage, generates significant quantities of fine particulate
waste. These particles, primarily composed of iron oxides and strontium
compounds, are typically flushed out with coolant fluids and accumulate
as sludge [3,16]. This sludge presents considerable challenges for
disposal due to its heavy metal content and potential environmental
toxicity, while also contributing to increased operational costs. With
global ferrite magnet production surpassing 300,000 metric tons annu-
ally, the volume of associated waste has grown in proportion, under-
scoring the urgency for sustainable, economically viable recovery
selutions [17-19]. Strontium Ferrite (SrFe;,019) magnets dominate the
hard ferrite market by volume. Their continuous large-scale production
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generates substantial amounts of complex industrial sludge during
grinding and finishing. While global waste figures are often proprietary,
the local magnitude of this problem can be quantified: A manufacturing
plant in Thailand that supplied waste samples for this study generates
approximately 220 metric tons of SrFe ;0,4 waste sludge annually. This
specific, real-world data demonstrates the significant local waste vol-
ume requiring valorization and underscores the necessity of our pro-
posed recycling technelogy for both environmental and economic
benefits. It is critical to recognize that the composition and handling
challenges of SrFe;2010 waste vary significantly based on the
manufacturing route. The waste sludge studied in this study is derived
from a wet grinding process, producing an oily sludge characterized by
high levels of residual cutting/cooling fluids (i.e., non-volatile organies
and oils). This organic contamination necessitates specific management
strategies, including the pre-treatment and two-stage separation steps
employed here, to prevent product contamination. In contrast, waste
from dry processing routes primarily yields a dry powder that, while still
requiring valorization, does not pose the same complexities in terms of
organic contamination and oil-water separation. Our proposed hydro-
metallurgical method is specifically tailored to efficiently address the
unique challenges posed by this organically contaminated oily sludge
matrix, thereby reinforeing the need for this recycling technology to
deliver both environmental and economic benefits. The complexity of
this waste, notably the challenging oily sludge matrix, necessitates an
advanced valorization strategy that overcomes the limitations of exist-
ing metal recovery processes. Pyrometallurgical routes require
extremely high energy input (typically >1000 °C), resulting in sub-
stantial carbon footprints and high operational costs [20,21]. Conven-
tional hydrometallurgical methods achieve separation through complex
multi-step processes such as solvent extraction or ion exchange, which
introduce costly organic reagents and complicated solvent recovery
circuits, thereby increasing both economic and environmental burdens.
To address these challenges, this study proposes an integrated hydro-
metallurgical approach that is more sustainable, cost-effective, and
simplified. By using one-step selective dissolution and precipitation in
H3504, our method eliminates the need for hazardous organic solvents
in the primary Fe/Sr separation, directly vielding twe high-purity,
marketable products.

The hydrometallurgical recycling of Fe-bearing industrial wastes is a
critical area of resource recovery, favored over pyrometallurgy for its
high product purity, selectivity, and relatively low energy consumption
[22,23]. Conventional hydrometallurgical processes typically invelve
acid leaching (HzS04, HCl, or HNOj3) focus on removing bulk Fe as the
primary contaminant through pH-controlled precipitation (forming Fe
(OH)3 or jarosite) or solvent extraction [24-26]. However, strontium
ferrite (SrFe;3019) magnet sludge represents a valuable secondary
source of both Fe and strontium (Sr), a Critical Raw Material (CRM).
GConsequently, Fe-Sr-rich waste is increasingly recycled rather than
landfilled, mitigating environmental impacts and enhancing resource
security. For example, FepOg and SrCOz have been extracted from
Sr-rich sludge via nitric acid leaching followed by hydrothermal pre-
cipitation [12]. While technically feasible, such multi-stage purification
and separation methods incur high operating costs and are often
economically unfavorable for iron compounds, which are widely avail-
able and inexpensive commodities.

To address the need for a simplified and economieally viable solu-
tion, this study presents an alternative approach that circumvents con-
ventional multi-stage purification. By exploiting the specific chemistry
of Hy804, in-situ selective separation is achieved: Fe dissolution oceurs
simultanecusly with selective precipitation of Sr as insoluble $r804 in a
single leaching step. This streamlined approach enables the efficient co-
production of two phase-pure materials (0-Fe;O3 and S1CO4), repre-
senting a simplified, economically attractive pathway for complete
resource valorization from SrFe;3079 magnet waste.

This study presents a novel dual-function hydrometallurgical strat-
egy for the valorization of strontium ferrite magnet sludge, enabling the
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selective recovery of two commercially valuable compounds: hematite
(Fep03), widely utilized as a red pigment in anti-corrosion coatings,
cosmetic formulations, and lithium iron phosphate (LFP) battery cath-
odes; and strontium carbonate (SrCOs3), a multifunctional material
employed in ceramics, electronic components, and pyrotechnic appli-
cations [27,28]. The proposed process integrates acid leaching,
pH-contrelled precipitation, calcination, and double ion replacement
steps. By enabling the recovery and reuse of these materials, the
approach contributes meaningfully to circular economy principles and
sustainable resource management [29,30].

2. Experimental
2.1. Materials

The strontium ferrite magnet sludge utilized in this study was
sourced from a Thai manufacturing facility specializing in the produc-
tion of strontium ferrite magnets for electric motor applications. Raw
material was consistently obtained from a stable, continuous production
process, ensuring reproducibility across all experiments. The sludge
used throughout this study was a single, homogeneous bulk sample
collected directly from one industrial source, thereby eliminating vari-
ability from mixed batches. The sludge was collected at the post-
processing stage in a wet condition, comprising water, coolant, and re-
sidual oil.

All chemical reagents used in the experimental procedures were of
analytical grade. Sulfuric acid (H2S04, 98 %) was obtained from QREC,
sodium hydroxide (NaOH, 99 %) from RCI LABSCAN, and sodium car-
bonate (NayCOs, 99.5 %) from KEMAUS.

2.2. Synthesis of hematite and strontium carbonate

Before leaching, the strontium ferrite magnet sludge was oven-dried
at 90 “C for 24 h to remove residual moisture. The dried sludge was then
subjected to acid leaching using aqueous sulfuric acid selutions with
concentrations ranging from 1.0 to 4.0 mol L™, These H3804 concen-
trations were selected based on prior literature [31-33] demonstrating
their effectiveness for dissolving Fe-bearing phases and promoting se-
lective 5180y precipitation. These values represent a proven operational
range for evaluating dissolution and separation behavior, rather than
representing a systematic optimization of minimum acid requirements.
Initial leaching experiments were conducted at approximately 25 “C and
a solid-to-liquid (S/L) ratio of 20 g L™* (i.e., 20 g of sludge per 1 L of acid
selution), using 1 L screw-capped borosilicate flasks to minimize evap-
oration. The initial oven-drying at 90 °C for 24 h removed moisture and
volatile components, while the residual non-volatile oil and organic
matter from the grinding coolant remained. During acid leaching, these
organic materials were insoluble in the HySO4 solution and formed a
floating layer on the aqueous leachate, potentially contaminating the
final products. After leaching, the slurry was allowed to settle, enabling
51804 precipitate to accumulate at the bottom while the Fe-rich leachate
remained in the middle aqueous phase. The floating organic layer was
first removed by skimming or decantation. Subsequently, the clear
Fe-rich supernatant was carefully separated from the settled SrSO4 and
filtered to ensure complete removal of residual oil contamination before
iron precipitation.

To optimize leaching conditions, comparative experiments were
performed at 25 °C, 70 °C, 80 °C, and 90 °C, with a S/L ratio of 20 g L-1
for 24 h. Subsequently, the S/L ratio was varied from 20 to 80 g L™ in
20 g L} increments at the optimal temperature of 90 °C. All leaching
procedures were conducted on a hot plate equipped with a magnetic
stirter operating at 500 rpm to ensure homogeneous mixing. The
leaching reaction proceeded under controlled conditions (temperature,
acid concentration, and $/L ratio). Leaching completion was evaluated
using two complementary approaches. First, aliquots of the leachate
were withdrawn at defined intervals (0.5, 1, 2, 4, 8, 12, 16, 20, and 24
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h), immediately filtered, diluted, and analyzed for dissolved metal
concentrations (Fe and Sr) using ICP-OES. Leaching was considered
complete when the dissolved Fe concentration reached a stable plateau,
indicating negligible further reaction. Second, visual observation pro-
vided explicit confirmation: the initial black strontium ferrite sludge
(SrFe1019) completely transformed into a pale white solid residue
(Sr504 with undissolved impurities), indicating complete decomposi-
tion of the dark magnetic phase.

Iron recovery was achieved by precipitating Fe(OH)3 from the acid-
leached solution through pH adjustment to 5.0 using a 30 % w/v NaOH
aqueous solution. Precipitation was carried out in 1 L borosilicate bea-
kers at ambient temperature (~25 °C), with real-time pH and temper-
ature monitoring using an OAKTON™ pH 700 Benchtop Meter and
compatible electrode to ensure precise control. The resulting Fe(OH)3
precipitate was dried in a hot-air oven at 90 “C for 48 h and subsequently
calcined at 700 °C for 2 h in ambient air to induce phase transformation
to hematite («-Fe03).

The calcined product, consisting of a-Fe;O3z and residual NaySOg,
was washed with deionized water at an S/L ratio of 100 g L' to remove
soluble impurities. The washed material was then dried at 90 °C for 3 h
in a convection oven. The efficiency of iron precipitation and the purity
of the synthesized o-Fe,O3 pigment were evaluated using X-ray
diffraction (XRD) and scanning electron microscopy coupled with
energy-dispersive X-ray spectroscopy (SEM-EDS).

The SrSO4-rich sludge remaining from the acid-leaching step was
filtered and converted to strontium carbonate (SrCOj3) via precipitation
with aqueous NayCOj solutions (1.0-1.5 mol L1). Reactions were con-
ducted in 50 mL borosilicate beakers, with Na>CO3 added at a stoi-
chiometric ratio of 1.8368 g of SrSO4 per 10 mL of solution. The
mixtures were stirred continuously at 250 rpm on a thermostatically
controlled hot plate maintained at 25 °C to ensure uniform slurry mixing
and efficient reaction. The resulting SrCO3 precipitates were recovered
by vacuum filtration, dried, and characterized by XRD and SEM-EDS to
confirm phase purity and elemental composition.

Intensity (counts)
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2.3. Instrumentation

Elemental Quantification: Dissolved metal concentrations in liquid
samples were determined using an Optima 8000 ICP-OES (PerkinElmer).
Solid samples were digested in aqua regia (3:1 HClI/HNO; v/v), diluted
with 5 % HNOj to bring concentrations within the calibration range
(0.05-10 ppm), and analyzed directly.

Crystallographic and Phase Analysis: XRD patterns were collected
using a Bruker D2 PHASER diffractometer (Cu Ko radiation, 30 kV, 10
mA) equipped with DIFFRAC.SUITE software. Finely ground samples
packed in PMMA holders were scanned over 10°-80° 26 with a step size
of 0.02° and a counting time of 0.2 s per step.

Morphology and Microstructure: Surface morphology and semi-
quantitative elemental composition were examined using SEM (JEOL
JSM-6010LA InTouchScope™ 15kV, 35 nm spot size) coupled with EDS.
High-resolution imaging and detailed microstructural observation were
conducted using FESEM (JEOL JSM-7800F, 10 kV), also equipped with
EDS.

3. Results and discussion
3.1. Raw material characterization

The strontium ferrite magnet sludge used in this study was obtained
from a Thai manufacturing company that produced strontium ferrite
magnets for electric motors. As illustrated in Fig. 1a, the sludge is
generated as a byproduct of the grinding process, during which magnets
are machined to meet precise design specifications using a coolant-
lubricated system. This fine particulate waste is subsequently trans-
ported via a water gutter into a designated collection unit. The collected
sludge, which contains water, coolant fluid, and residual oil, was used as
the raw material for the recovery of metal compounds in the investi-
gation. Following collection, the sludge was dried at 90 °C for 24 h to
remove moisture and volatile components. Before analysis, samples
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Fig. 1. Characterization of strontium ferrite magnet sludge: (a) as-collected strontium ferrite magnet waste sludge; (b) dried sample after treatment at 90 °C for 24 h;
(e) SEM image revealing the particle morphology of the dried sludge; (d) XRD pattern confirming SrFe; 5010 as the dominant erystalline phase.
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‘were finely ground using a mortar and pestle and sieved through a 30-
mesh screen to minimize particle agglomeration and improve sample
homogeneity, as shown in Fig. 1b. Elemental analysis conducted via ICP-
OES revealed that the dried sludge comprised 59.22 wt% iron (Fe) and
7.72 Wt% strontium (8r), along with minor trace constituents (Table 1).
XRD analysis confirmed that the dominant crystalline phase was stron-
tium hexaferrite (S1Fe13019), as illustrated in Fig. 1d. SEM provided
further insight into the particle morphology and surface characteristics.
As shown in Fig. 1c, the particles exhibited irregular shapes and het-
erogeneous surface textures, indicative of mechanical breakage during
grinding. The particle size distribution ranged from submicron to several
micrometers, with the majority measuring below 5 pm. This fine-ground
particulate nature is advantageous for subsequent acid leaching, as it
increases the effective surface area and promotes mass transfer effi-
ciency, thereby enhancing dissolution kinetics during chemical
processing.

3.2. Optimizarion of leaching parameters for Strontium Ferrite Sludge

The hydrometallurgical recovery of Fe and Sr from a chemically
stable strontium ferrite magnetic waste was investigated, with a focus on
optimizing sulfurie acid leaching parameters. This study evaluated the
effects of acid concentration, temperature, solid-to-liquid (S/L) ratio,
and reaction time on achieving high Fe recovery while enabling selec-
tive Sr precipitation. The concentrations of Fe and Sr in the leachate
‘were determined using ICP-OES to track leaching kinetics by monitoring
Fe dissolution over time, Leaching completion was verified when dis-
solved Fe concentration reached a stable plateau. Solid residues were
analyzed using XRD to confirm phase transformation.

The leaching process was initiated by investigating the effect of
sulfuric acid concentration on metal recovery (Fig. 2a and b). With the
S/Lratio fixed at 20 g L1 and the temperature at approximately 25 °C,
the concentration was varied from 1.0 to 4.0 mol L™!, A positive cor-
relation was observed between acid concentration and Fe recovery, with
recovery increasing from 11.45 % at 1.0 mol L™ to 20.61 % at 4.0 mol
LY. This is attributed to the enhanced proton activity at higher con-
centrations, which promotes the breakdown of the stable oxide matrix
through proton-promoted hydrolysis and complexation reactions [34,
35]. In contrast, Sr recovery exhibited a negative trend, decreasing from
2.85 % to 1.35 % over the same range. This is a crucial finding, as it
demonstrates the selective separation mechanism at play. The decrease
in soluble Sr is due to thermodynamic formation and precipitation of
strontium sulfate (8r504), a sparingly soluble compound in sulfate-rich
environments. The low molar solubility of 8rSQ4 (approximately 5.7 x
10~" mol L) supports the hypothesis that at elevated acid concentra-
tions, Sr is preferentially removed from the solution as a solid phase
[36].

Subsequently, the effect of leaching temperature was examined
(Fig. 2c and d), with the acid concentration fixed at 4.0 mol L' and the
/L ratio at 20 g L1, As the temperature was increased from 25 °C to
90 °C, a dramatic enhancement in Fe recovery was observed, culmi-
nating in nearly 100 % dissolution at 90 “C. The near-complete Fe
dissolution observed at 90 °C represents the maximum achievable sol-
ubility under these experimental conditions [37]. At high acid concen-
tration and low pH (typically <1), the thermodynamic formation of
insoluble Fe-oxyhydroxides (e.g., jarosite, Fe(OH)s) is suppressed [38,
39], ensuring that dissolved Fe remains stable in the aqueous phase as

Table 1
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soluble Fe-sulfate complexes. ICP-OES quantified total dissolved Fe. This
strong temperature dependence suggests a thermally activated process,
likely governed by Arrhenius kinetics, in which additional thermal en-
ergy facilitates the cleavage of Fe-O bonds within the strontium ferrite
lattice, In contrast, Sr recovery showed only a marginal improvement
from 1.35 % to 3.18 % over the same temperature range. This is
consistent with the known thermodynamic resistance of SrSO4 to
dissolution, even under elevated thermal conditions. The limited
mobilization of Sr highlights its stable precipitation as a sulfate, a key
advantage for selective separation.

The solid-to-liquid ratio was then investigated (Fig. 2e and f) under
fixed conditions of 4.0 mol L™! H380, and 90 “C. Fe leaching efficiency
remained high at S/L ratios of 20 and 40 g L™}, with nearly complete
dissolution. However, a slight decrease in recovery to 95 % and 86 %
was noted at higher ratios (60 and 80 g L ', respectively). This decline is
likely due to acid depletion, increased slurry viscosity, and reduced
mass-transfer efficiency, which hinder reaction kinetics. Sr recovery
progressively declined with increasing S/L ratio, further supporting the
selective precipitation mechanism. Based on these findings, the optimal
conditions were determined to be 4.0 mol L™! H2804, 90 °C, and an 8/L
ratio of 40 g L™, with a reaction time of 12 h. These conditions maxi-
mize Fe dissolution while ensuring the effective separation of Sr as a
solid Sr804 sludge.

The products obtained under these optimal conditions were an Fe-
rich solution and a solid SrSO. precipitate. The small amount of
remaining unreacted residue, retaining magnetic properties, was easily
separated using a magnetic stirrer (Fig. 3a). The leached solution,
analyzed by ICP-OES, confirmed the success of the selective separation,
containing a high concentration of Fe (23,820 mg L) with a very low
coneentration of Sr (30 mg L71). The solid precipitate was characterized
by XRD and SEM-EDS analysis (Fig. 3b). The XRD pattern confirmed
distinct diffraction peaks corresponding to the celestite phase of 51504,
corroborating that liberated Sr° fons reprecipitated as an insoluble
sulfate compound. This was further supported by EDS analysis of the
precipitate, which revealed that strontium (46.16 wt%), sulfur (16.90 wt
%), and oxygen (36.94 wt%) were the dominant elements. This inte-
grated approach offers a viable and efficient pathway for the dual re-
covery of both iron and strontium from this challenging waste matrix.

The effective Fe-Sr separation in this hydrometallurgical route is
governed by a one-step selective dissolution-precipitation mechanism
based on differential solubility in concentrated HpSO4. Iron released
from the Si1Fe);0;¢ lattice forms highly soluble ferric sulfate
(Fe3(804)3), enabling near-complete disselution into the aqueous phase
(~99 % Fe recovery). In contrast, strontium immediately precipitates as
8r804 due to its extremely low solubility product (Ks, = 3.2 x 1077 at
25 °C), with precipitation further enhanced by the common-ion effect
from the high S0%" concentration in 4.0 mol L~! HyS0,4. This excess
sulfate drives the equilibrium strongly toward solid S$r804 formation,
ensuring quantitative in-situ separation. The overall reaction can be
represented as:

SrFe 5010 + 19H804 — 6Fey(804)3 + SIS0, + 19H,0

The Fe-rich leachate and precipitated 8rS0O, thus constitute two in-
dependent, high-purity feedstocks for subsequent recovery processes.

Chemical composition of strontinm ferrite magnet sludge, analyzed by the ICP-OES technigue.

Sample Element (wt.3%)
Fe Si Ba Al Ca K Mn
Strontium Ferrite 59.22 £ 1.33 0.21 £ 0.03 0.02 £ 0.005 772 =042 0.11 £ 0.02 0.19 £ 0.01 0.50 = 0.08 0.13 £ 0.01

Magnet Sludge
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Fig. 2. Influence of key 1

Current Research in Green and Sustainable Chemistry 12 (2026) 100507

@2i=0 L molL* H:S0, (b)* Tmol L H,50,
2. ] 2maiLr S0, 8\3 o= 2 mol L H,S0,
209 o 5ol Hiso, 5 47 3moiL S0,
S ——smoiLrHso, % To-amolL1H;50,
315 g3
8 5
S S
£ 10 =P
g 2
8 54 S
3 5 E 1
0 T T T T 0 T T T T
0 10 15 20 25 0 S 10 15 20 25
Time (h) Time (h)
(e)'® (dy?
£ %0 : 4
& &
£ 2
E 60 3
s £
S S
£ 40 g
2 2
| k-
E 204 3 1
0 —&—RT —e—70 °C —+—80 °C —+—90 0 —o—RT —o0—70 °C—&—80 °C —0—90 °C
T T T T 1 T T T T
0 S 10 15 20 25 0 s 10 15 20 25
Time (h) “Time (h)
(®°
—o—20gL
w —o—d0gL
g4 —a—gLt
& —o—s0gLt
s
34
]
g2
=
E
g19
—e—s0gL 1
0 T T T T 0 T T T T
[ 3 10 15 20 25 0 5 10 15 20 25
Time (h) Time (h)
on selective dissolution of Fe and Sr from strontium ferrite sludge: (a, b) effect of sulfuric acid concentration (1.0-4.0

mol 1.7 at 25 °C with a solid-to-liquid (S/1.) ratio of 20 g 17! for 24 h; (¢, d) effect of temperature (25-90 °C) nsing 4.0 mol .71 H,S0, with an S/L ratio of 20 g | Fg
for 24 h; (e, ) effect of §/1. ratio (20-80 g L Hato0°C using 4.0 mol =y H,80y for 24 h. Left pancls (a, ¢, €) represent Fe leaching; right panels (b, d, f) represent

Sr leaching.

(b)

§ 8888

Intensity (counts)

. . 850,
N o
Soille
W . -
WLV D e

Residual attached to
the magnetic bar

Fig. 3. Products obtained from the leaching step: (a) Fe-rich filtered solution and strontium sulfate (SrSO4) precipitate; (b) XRD pattern confirming SrS0, formation;
(c) SEM-EDS micrographs illustrating the crystalline morphology of S§rS04.
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3.3. Iron precipitation and subsequent thermal conversion to Hematite

The Fe-rich solution obtained from the optimized leaching step was
subjected to alkaline precipitation with 30 wt% aqueous NaOH to
recover iron. The precipitation behavior was investigated across a pH
range of 0-6. Visual observations revealed a progressive color change
from clear pale yellow to a distinct dark brown precipitate as the pH
increased from ~3.0 to 3.5 (Fig. 4a), indicative of iron hydrolysis and
ferric hydroxide formation.

ICP-OES analyzed post-precipitation solutions to quantify residual
iron content, from which precipitation efficiency was calculated
(Fig. 4b). The results demonstrated a strong pH-dependent behavior.
Iron removal was minimal (<20 %) at pH values below 2.5, but rose
moderately to approximately 50 % as the pH increased to 3.5. A sharp
increase in efficiency was observed between pH 3.5 and 4.5, exceeding
95 % and signaling the onset of near-complete precipitation of ferric
compounds. Beyond pH 4.5, iron removal approached 100 %, con-
firming complete precipitation at higher pH.

XRD analysis of the resulting sludge (Fig. 4c) confirmed that the
primary crystalline phases were Fe(OH)s, Fea0s, and co-precipitated
Nay80,. The presence of Fe;(q alongside Fe(OH)3 can be attributed to
partial dehydration of ferric hydroxide during drying at 90 °C. Addi-
tiomally, NazSO4 formation resulted directly from neutralization be-
tween added NaOH and residual Hy504 in the leachate. As water was
removed during precipitation and drying, NasSO4 crystallized and co-
precipitated with iron compounds.

The high sulfate ion (SO%") concentration in H3S80,-leachate
required careful management during iron precipitation. Jarosite for-
mation, typically favored at pH < 2, incorporates sulfate into the iron
precipitate structure. By rapidly adjusting the pH to 5.0, precipitation
was directed toward amorphous Fe(OH); and basic hydroxide pre-
cursors, thereby minimizing structural sulfate incorporation. Under
these conditions, the primary sulfate-containing impurity was soluble
Na,80,, co-precipitated from the neutralization reagent (NaOH), which
‘was subsequently removed by calcination (decomposition to NapO4) and
‘water washing. Based on the high precipitation efficiency, a pH of 5.0
was selected as the optimal condition for subsequent processing.

To produce a high-purity iron oxide for potential use as a pigment
precursor, the precipitated iron compounds were subjected to a thermal
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conversion process. The dried precipitate obtained at pH 5.0 was
calcined at 700 °C in ambient air for 2 h to induce the oxidation of the
amorphous ferric hydroxide precursor (Fe(OH)1) into a thermodynam-
ically stable oxide phase. High-temperature calcination also eliminated
trace organic residues (coolant or oil) carried through the process,
ensuring the purity of the final «-Fey0; product. The resulting calcined
product, however, was a mixture of iron oxide and co-precipitated
NasSQ4 salt. To remove these soluble impurities and purify the prod-
uct, it was washed with deionized water at an S/L ratio of 1:20 g mL ™},
then dried at 90 °C for 24 h.

XRD and SEM-EDS were used to confirm the phase and morphology
of the transformed material, before and after the washing step (Fig. 5).
XRD analysis of the calcined material before washing showed distinet
diffraction peaks corresponding to both Fe,0; and Na,804. After the
water-washing step, the NaySO, peaks were absent, and the pattern
showed sharp, well-defined reflections characteristic of hematite
(a-Fep03) (Fig. 5a). This confirmed the successful transformation inte a
crystalline oxide and effective removal of sulfate contaminants,
demonstrating a high degree of purity. The combination of pH-
controlled precipitation, calcination at 700 °C, and water washing
effectively removed impurities, thereby maximizing the economic value
of the recovered iron product. The high purity of «-Fe,0; was confirmed
by XRD, which showed only the hematite phase with no detectable
impurities, and by EDS analysis, which verified the stoichiometric Fe/O
ratio and negligible concentrations of heavy metals or sulfate contami-
nants. This product quality meets the specifications for high-value ap-
plications such as pigments, ceramic magnetic materials, and catalysts.
SEM micrographs revealed that the final product consisted of irregular,
highly agglomerated particles with a rough, porous surface morphology
(Fig. 5b). This morphology is typical of thermally treated iron oxides and
is advantageous for pigment applications, as it enhances dispersion and
mechanical anchoring within resin matrices. Elemental quantification
via EDS showed a significant enrichment of Fe and a reduction of Na and
S to trace levels after washing. The final elemental composition of 73.86
=+ 4.26 wi% Fe and 26.14 = 4.26 wt% O (Table 51) aligns precisely with
the stoichiometric atomic ratio of 2:3 for FeysOg (Table 52), further
confirming the compound's identity and purity.
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Fig. 4. Evolution of iron precipitation under varying pH conditions: (a) photographic series of samples at pH values ranging from 0.0 to 6.0; (b) effect of pH on Fe
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Fig. 5. Characlerization of Fe,O5 synihesized via thermal transformation of Fe(OH)s: (a) XRD patlern of Fe,05 obluined by calcining Fe{OH); al 700 *C for 2 h
followed by deionized water washing; (b) SEM image revealing the morphology of the washed FezOy product.,

3.4. Synthesis of Strontium carbonate via double ion replacement

The Sr80, sludge, a valuable byproduct of the leaching process, was
converted to strontium carbonate (SrCOs) via a double ion replacement
reaction with a 1.25 mol L aqueous NapCOy solution. This conversion
is a critical step for producing a more versatile product with applications
in ceramics, pyrotechnics, and functional filler materials [40,41]. The
phase transformation over time was investigated using XRD to monitor
phase evolution (Fig. 6).

The XRD profiles revealed a time-dependent conversion process. Ata
reaction time of 0.5 h, the material exhibited a mixture of both the
parent SrSO4 phase and the newly formed SrCOj;. As the reaction time
increased, the intensity of the SrSO, peaks progressively decreased,
while those of 5rCOj3 increased. This trend, consistent with the exchange
of SO3~ ions for CO&™ ions, resulted in the complete disappearance of the
8r804 phase at 1.5 h. This confirmed that an extended contact time
facilitated the efficient and complete conversion to well-defined 5rCO3
crystals. Near-complete conversion within 1.5 h demonstrates that ki-
netic limitations commonly associated with SrSO4 conversion were
effectively overcome under optimized aqueous Na;COs; conditions.
While alternative pyrometallurgical routes (Sr504 — SrS at ~1000 °C)
[39,40], exist, this aqueous double-displacement method is significantly
more energy-efficient and operationally straightforward, making it a
viable and attractive option within the hydrometallurgical flowsheet.
The double-ien replacement process, also known as metathesis, is a
well-established industrial method for converting low-solubility sul-
fates, such as celestite (SrS04), into more reactive carbonates. The
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Fig. 6. XRD patterns illustrating the conversion of S180; to SrCO; at various
reaction times using 1.25 mol L% Naz(05 solution at 25 °C.

driving force for the reaction is the much lower solubility of SrCC4
compared to 81804, which causes $rCO3 to precipitate from solution
while the soluble NayS0, remains in the aqueous phase [42]. This aligns
with other studies that have achieved high conversion rates under
similar conditions, with some reports noting complete conversion in as
little as 30 min under high-energy milling conditions [43]. While the
optimized condition for complete conversion was found to be 2 1.25 mol
L~ NazCOy solution reacted for 1.5 h, a reduced reaction time of 1.0 h
was also shown to be effective if the NayCOsz concentration was
increased to 1.5 M (Fig. S1), offering a potential trade-off between re-
agent consumption and processing time.

The final SrCOz product, synthesized under the optimal conditions
(1.25 mol Lt NayCO3, 1.5 h), was characterized for its morphology and
elemental composition. Field Emission Scanning Electron Microscopy
(FESEM) micrographs revealed that the material consisted of densely
packed aggregates composed of fine, irregularly shaped crystallites
(Fig. 7). Predominantly flake-like and platelet-like structures were
observed, with individual particles ranging from submicron to several
micrometers in size. This morphology is characteristic of strontium
carbonate precipitated from aqueous solution and reflects rapid nucle-
ation and crystal growth under alkaline conditions. Previous research
has shown that the morphology of 8rCOs can be precisely controlled
using various additives and regulators, leading to spherical, needle-
shaped, or dumbbell-like particles [44]. The platelet-like architecture
observed in this study is a natural result of the unmodified aqueous
precipitation method and is advantageous for applications such as
ceramic precursors and functional filler materials, as it enhances pack-
ing density and dispersion. Elemental compaosition was assessed using
Energy-Dispersive X-ray Spectroscopy (EDS), which confirmed the high

Fig. 7. FESEM micrograph of 8rCO; synthesized under optimized conditions
(1.25 mol L™! NayC0y, 1.5 h).
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purity of the final product. The average concentrations were 56.76 +
1.02 wt% Sr, 30.75 + 0.58 wt% O, and 11.43 + 0.38 wt% C. These
values closely match the theoretical stoichiometry of SrCO;, and
importantly, sulfur was undetectable. This confirmed the complete
conversion of 51804 and demonstrated that the double ion replacement
technique is highly effective for product purification. The successful
synthesis of phase-pure SrCO; with a unique platelet-like morphology
makes this material suitable for a wide range of industrial applications.
Notably, the selective formation of SrSQ, presents strategic oppor-
tunities for downstream valorization. SrSO,4 can be converted into
strontium carbonate (SrCO;) via metathesis reactions with sodium car-
bonate, yielding a value-added product applicable in ceramics, optical
glass, and ferrite magnet manufacturing. Moreover, due to its low sol-
ubility and aqueous stability, Sr804 may serve as an effective immobi-
lization medium for strentium-containing radioactive waste, providing
environmental containment benefits in nuclear residue management.

3.5. Material balance of the overall process

Fig. 8 presents the scalability and industrial relevance of the pro-
posed recovery process. A comprehensive material balance was devel-
oped by extrapolating laboratory-scale data to a 1 kg input basis. In the
initial experiment, 40 g of strontium ferrite waste was subjected to acid
leaching; for production-scale visualization, this was proportionally
adjusted by a factor of 25. The scaled process yielded approximately
24.5 L of leachate, which served as the feedstock for subsequent metal
recovery via precipitation.

The precipitation step yielded 2912.5 g of mixed hydroxide solids
comprising Fe(OH)s, Fey0s, and NaySOy4. These solids were calcined to
convert the iron species into Fe03 and subsequently washed to remove
residual impurities. The final yield of purified hematite pigment (Fez03)
‘was 819.29 g. In parallel, 168.16 g of S1504, precipitated during the
leaching stage, was directed to a double ion replacement reaction,
producing 151.49 g of SrCO; powder, a commercially valuable stron-
tium compound.

Overall, the process demonstrates the potential to convert 1 kg of
magnet sludge into nearly 1 kg of high-value products, facilitating
reintegration into industrial supply chains and aligning with circular
economy principles.

‘While the proposed process effectively recovers valuable metals from
the pregnant leachate, it also generates secondary waste streams that
require appropriate management. The residual solution, predominantly

Current Research in Green and Sustainable Chemistry 12 (2026) 100567

composed of Na' ions originating from sodium-based reagents (NaOH
and NapCO;), presents an opportunity for further valorization. Rather
than being discharged, this sodium-rich effluent can be processed to
recover sodium salts in solid form, thereby producing a marketable by-
product, This additional recovery step not only enhances overall prof-
itability but also contributes to wastewater minimization and supports
sustainable resource utilization strategies.

3.6. Conclusion

This study successfully demonstrates a comprehensive hydrometal-
lurgical approach for the valorization of strontium ferrite magnet waste,
a challenging industrial byproduct. The investigation established an
efficient and selective two-stage process to recover and transform
valuable iron and strontium compounds into high-purity, value-added
products,

First, the research optmized the sulfuric acid leaching process,
identifying optimal conditions of 4.0 mol L™* H2804 at 90 °C with a
selid-to-liquid ratio of 40 g L', Under these conditions, a high iron
leaching efficiency of nearly 100 % was achieved, while facilitating the
selective precipitation of strontium as inscluble SrSO,4 sludge. This
strategic separation is the cornerstone of the process, effectively parti-
tioning the two target metals.

Second, the study outlines a successful pathway for producing a high-
purity iron oxide pigment. Iron was recovered from the leachate by pH-
controlled precipitation, and the resulting ferric hydroxide was ther-
mally converted into hematite («-Fe;O4). The subsequent water-washing
step was highly effective in removing residual salts, yielding a pure
product with an irregular, porous morphology suitable for applications
such as anti-corrosion primers.

Finally, the Sr804 byproduct was successfully converted into SrCQ3
via aqueous double-displacement. This conversion proceeded rapidly
(1.5 h under optimized conditions) and yielded phase-pure SrCQy, as
confirmed by the complete absence of sulfur in EDS analysis and by its
characteristic platelet-like morphology. This transformation converts a
low-value byproduct into a marketable material with applications in
ceramics, pyrotechnics, and as a functional filler.

This work demonstrates a viable, low-energy hydrometallurgical
approach for recovering high-purity o-Fe;0s and SrCO; from SrFe;204g
magnet waste. By circumventing conventional multi-stage separation
processes through in-situ selective precipitation, the method achieves
complete resource valorization while significantly reducing energy

Strontium Ferrite
Magnet Waste | kg =] Leached Fe FqOH)_} ;gl O5 +] Na,SO,
H,S0,137L —*Leachi solution 24.5 L, N | 29125 g)
&2 hing NaOH 30% | Precipitation
DI2Z363L — (2499 L) —>
Fe
Residual 560, precipitation Calcination
alg  |1es.15625g) at700.°C

Fe,0;+Na,80,

1.25 mol L' Na,CO,
(91549mL)

Double ion
replacement Of St

SrCO, Powder
(15149 ¢)

2825125

DI 56,5 L=

NaSO, sol™.
(869.71 mL)

Fe,O; Powder
(81929¢)

Fig. 8. Schematic representation of the overall material balance for the integrated hydrometallurgical recovery process.
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consumption and operational complexity compared to pyrometallurgi-
cal routes. The simplified flowsheet and phase-pure products demon-
strate strong potential for industrial-scale impl tion in inable
waste management and critical material recovery.
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Hydrothermal synthesis of ZnO
nanoparticles from recycled ZnO
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dust: morphology control and
applications
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This study presents a sustainable, value-added approach to synthesizing high-quality zinc oxide
nanoparticles (ZnO NPs) by utilizing ZnO recovered from industrial electric arc furnace dust (EAFD)
waste. The integrated two-stage process involved selective acid leaching for precursor purification,
followed by hydrothermal synthesis for morphology control. Optimized leaching using2 MH,SO,
achieved a high zinc recovery rate of over 90% while effectively minimizing lead contamination.
Subsequently, key hydrothermal parameters—including pH (7-12), temperature 100-200 °C, reaction
time (1-24 h), and NaOH concentration (0.5-6 M)—were systematically varied. This optimization
successfully produced ZnO NPs with diverse, tunable morphologies, including nanorods, nanoplates,
and nanogranules. XRD confirmed the high crystallinity and phase purity (wurtzite structure), and
UV-Visible spectroscopy showed a strong UV absorption with a calculated band gap of 3.34 eV. The
antibacterial activity revealed that the nanoplate morphology produced a larger inhibition zone than
the nanorod against both Staphylococcus aureus and Escherichia coli. These findings demonstrate the
viability of upcycling industrial waste into high-performance, morphology-controlled nanomaterials,
paving the way for sustainable and environmentally friendly production.

Keywords ZnO nanoparticles (NPs), Electric arc furnace dust (EAFD), Hydrothermal synthesis, Energy
bandgap, Ultraviolet absorption, Antibacterial

The electric arc furnace (EAF) process is widely employed in the steel industry for its ability to precisely control
the chemical composition of steel, enabling the production of high-quality products. It also allows for the use of
scrap metal as a primary raw material, contributing to resource cmcicncy‘. However, EAF operations generate
a substantial volume of filter dust from the treatment of off-gas emissions, which contains various heavy metals,
including iron (Fe), zinc (Zn), lead (Pb), and cadmium (Cd)**. Among these, zinc is present in relatively high
concentrations and possesses considerable economic value, making it a prime candidate for recycling into
valuable compounds such as ZnO.

Recent advancements in recycling technologies have enabled the conversion of zinc from filter dust into
ZnO by feeding EAFD into a rotary kiln at a temperature of approximately 950 °C, where a reduction reaction
occurs. Zine, which has a boiling point of 907 °C, vaporizes during this process. The zinc vapor is carried upward
by airflow within the kiln, where it undergoes an oxidation reaction with atmospheric oxygen, resulting in the
formation of ZnO, a compound widely utilized in ceramics, rubber, paints, and other industries due to its
safety, low cost, and ease of production®. To enhance its functional properties, ZnO is increasingly synthesized
in nanoparticle form (ZnO NPs), which exhibit superior physical, chemical, and biological characteristics
compared to bulk ZnO. Their nanoscale dimensions confer a high surface-to-volume ratio, which significantly
enhances chemical reactivity and facilitates unique physicochemical behaviors.

ZnO NPs have attracted significant attention due to their multipurpose applications across various fields.
In electronics and optoelectronics, ZnO NPs possess a wide band gap (~3.37 ¢V) and high exciton binding
energy”®, making them highly responsive to ultraviolet light and ideal for use in UV sensors and light-emitting
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diodes (LEDs). In environmental applications, they exhibit strong photocatalytic activity, enabling the efficient
degradation of organic pollutants in wastewater, and their ability to function under natural or UV light makes
them suitable for sustainable water treatment processes®. In agriculture, ZnO NPs enhance zinc uptake—an
essential micronutrient for plant growth—and demonstrate antimicrobial properties against pathogens such
as fungi and bacteria, making them valuable components in nano-fertilizers and eco-friendly plant protection
agents’. Therefore, synthesizing ZnO NPs from recycled ZnO recovered from electric arc furnace dust (EAFD)
not only adds value to industrial waste but also promotes sustainable resource utilization and supports circular
economy practices.

ZnO NPs can be synthesized using various methods, including hydrothermal techniques, sol-gel,
precipitation, and thermal evaporation®®®, Each method presents distinct advantages and limitations. The sol-
gel method involves transforming a solution (sol) into a solid gel, followed by drying and calcination to produce
nanoparticles. This technique enables precise control over nanostructure formation®!!, though it typically
requires complex procedures and the use of organic solvents. The precipitation method relies on the formation
of solid particles (precipitate) when two soluble salts react to form an insoluble product. It is simple and cost-
effective''%, but offers limited control over particle size and morphology. Thermal evaporation utilizes heat to
vaporize a solid material, which then condenses onto a substrate surface to form a thin film®!*!%; however, it
demands precise control over temperature, pressure, and atmospheric conditions.

The hydrothermal method, which utilizes heat and pressure in a sealed system to crystallize ZnO from
precursor solutions, offers several advantages: It enables high crystallinity without the need for calcination, which
is often required in other synthesis methods. Additionally, it provides precise control over particle shape and size
by adjusting parameters such as pH, temperature, reaction time, and precursor concentration. The method also
has minimal environmental impact due to the absence of organic solvents'” '*. However, its closed-system nature
under high temperature and pressure limits real-time observation of reaction mechanisms, posing challenges
for process monitoring. pH adjustment plays a critical role in hydrothermal synthesis, as it directly influences
the precipitation of Zn(OH),, the precursor to ZnO formation®’. Sodium hydroxide (NaOH) is commonly used
as a pH-adjusting agent due to its strong basicity, rapid and complete release of OH™ ions, high purity, ease of
concentration control, and minimal interference with the chemical system, since Na' ions have negligible effects
on chemical equilibrium?!. Alternative bases such as potassium hydroxide (KOH) and ammonium hydroxide
(NH,OH) present limitations. KOH is more expensive and highly hygroscopic, which can lead to moisture
contamination and pH instability. NH,OH is volatile and may release ammonia gas, posing health risks without
proper ventilation®'. Therefore, NaOH is considered the optimal choice for pH adjustment in hydrothermal
synthesis of ZnQO NPs, offering a balance of efficiency, safety, and control over product properties.

Although numerous studies have successfully synthesized ZnO nanoparticles using various methods, such
as sol-gel?, precipitation, hydrothermal, and even green synthesis?**!. Most studies continue to rely on high-
purity, analytical-grade precursors. This approach is inconsistent with the principles of the circular economy and
efficient resource utilization.

In contrast, this study introduces a robust and sustainable strategy by valorizing ZnO recovered from EAFD
and synthesizing ZnO nanoparticles through an integrated two-stage process: selective acid leaching to obtain
a high-purity precursor from waste, followed by precise hydrothermal synthesis for morphology control. The
novelty of this work lies in establishing systematic, finely tuned control over particle morphology (nanorods,
nanoplates, nanogranules) despite starting with a chemically complex, waste-derived precursor containing
residual impurities (e.g., Na, K, SO4*") that typically disrupt crystallization kinetics. This integrated approach
bridges the critical gap between industrial waste valorization and advanced nanomaterial engineering, offering
a scalable pathway for sustainable production of high-performance ZnO nanoparticles tailored for applications
in electronics, optoelectronics, photocatalysis, and agriculture.

Experimental

Materials

The primary raw material utilized in this study is ZnO, which was derived from the recycling of EAFD by
evaporation and condensation methods. The chemicals used in this research include sulfuric acid (H,80,, 98%,
Qrec), hydrochloric acid (HCI, 35%, Qrec), nitric acid (HNO,, 65%, Qrec), and sodium hydroxide (NaOH,
99.5%, RCI Labscan).

Selective leaching of ZnO from the recycled EAFD

Initially, ZnO obtained from the recycling of EAFD was subjected to leaching using three types of inorganic acids:
H,SO,, HCI, and HNO,. The acid concentrations ranged from 0.5, 1, 2, to 4 M, with solid-to-liquid (S/L) ratios
of 50, 100, 150, and 200 g/L. The experiments were conducted at room temperature (ca. 30 °C), 50 °C, and 75 °C,
with leaching durations of 15, 30, 45, 60, and 120 min. These conditions were investigated to evaluate their effects
on zinc leaching efficiency and the concentration of impurities in the leached solution. The experimental data
were analyzed and compared to determine the optimal leaching conditions, which would serve as a precursor
for the subsequent synthesis of ZnO NPs, as illustrated in Fig. 1.

Hydrothermal synthesis of ZnO NPs

The 50 mL leached solution obtained from the leaching process was adjusted to the desired pH using NaOH
solutions with concentrations of 0.5, 1, 2, 4, and 6 M. The pH was controlled within the range of 7, 10, 11, and 12
to optimize the solution conditions for nanoparticle synthesis. After pH adjustment, the solution was transferred
into a hydrothermal reactor with a capacity of 250 mL, typically a pressure-resistant stainless-steel autoclave
lined with Teflon to prevent corrosion during the process. Once sealed, the reactor was placed in a temperature-
controlled oven and subjected to hydrothermal treatment at temperatures of 100, 150, and 200 °C for durations
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Fig. 1. Schematic diagram illustrating the synthesis process of ZnO NPs in this study.

of 1, 3,6, 12, and 24 h. After the hydrothermal process was completed, the product was removed from the reactor
and separated from the solution by vacuum filtration using Whatman No.42 filter paper. The collected solid was
then dried in a hot-air oven at 90 °C for 1 h, followed by washing with distilled water to remove salts or water-
soluble residues, using a solid-to-liquid ratio of 1 g per 200 mL. Finally, the material was filtered and dried again
to obtain high-purity ZnO nanoparticles.

Instrumentation

In this study, various analytical instruments were employed to thoroughly characterize the material properties.
The crystalline structure was examined using X-ray diffraction (XRD) with a Bruker D2 PHASER instrument,
operated via DIFFRAC.SUITE software. Samples were mounted in polymethyl methacrylate (PMMA) holders
and scanned over a 26 range of 10° to 80°, with a step size of 0.02° and step time 0.2 s, to identify crystal phases
and evaluate crystallinity.

The particle size distribution of the powder samples was analyzed usinga HORIBA LA-950V2 laser diffraction
particle size analyzer. The measurements were conducted using the wet method, in which powder samples
were dispersed in deionized water (DI water) as the dispersant. To ensure complete dispersion and prevent re-
agglomeration, the suspension was subjected to ultrasonication for 2 min. Particle size was determined by the
instrument’s software based on light scattering data, using a refractive index of 2.0 for ZnO.

Surface morphology and chemical composition were investigated using a Scanning Electron Microscope
with Energy Dispersive X-ray Spectroscopy (SEM-EDS), model JEOL JSM-6010LV, operated at an accelerating
voltage of 10-15 kV and paired with INCA Energy software for elemental analysis. Additionally, high-
resolution imaging and detailed compositional analysis were performed using a field emission scanning electron
microscope (FESEM), model Carl Zeiss Auriga, operated at 3 kV and equipped with an Ultimax 100 EDS system
from Oxford Instruments. SEM images were further analyzed using Image] software to quantitatively assess
particle size and distribution.

The chemical composition of the leached solution was determined using Inductively Coupled Plasma Optical
Emission Spectrometry (ICP-OES), model PerkinElmer Optima 8000, with samples diluted in 3% nitric acid to
ensure that concentrations fell within the calibration range of 0.05-10 ppm.

UV-Visible characterization

‘The optical properties of the synthesized ZnO NPs were analyzed using a UV-Visible Spectrophotometer (UV-
VIS/Cary 300). Substances can be analyzed based on their light absorption in the ultraviolet (UV) and visible
(VIS) regions of the spectrum. The results are typically presented as absorbance or percent transmittance (%T).
Absorbance spectra were recorded over 200-800 nm to determine the light-absorption characteristics and
the absorption edge (A). The absorption edge is the wavelength range where a material begins to absorb light
significantly, corresponding to the electronic transition from the valence band to the conduction band. In the
absorbance versus wavelength () plot, this is observed as a sharp increase in absorbance at a specific A, marking
the absorption edge. The energy band gap (E,) of the samples was calculated from the absorption edge using the
following Eqs*>~*":

E; = he/X
where h is PlancK’s constant (6.63 x 10734 ]-s), ¢ is the speed of light (3.00x 10° m/s), and.

A is the absorption edge wavelength. The calculated band gap values were then compared to established
literature values?®.
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Fig. 2. Characterization of the ZnO raw material: (a) XRD pattern and (b) morphology analyzed by SEM.

6550 | 3.42 0.04 | 0.03 | 26.52

Raw
material

2.94 | 0.96 | 048 [0.11

Table 1. Elemental composition of the ZnO Raw material, analyzed using ICP-OES.

Antibacterial activity

The antibacterial performance of ZnO NPs, specifically nanorods and nanoplates, was evaluated using the agar
well diffusion method against Staphylococcus aureus (S. aureus) and Escherichia coli (E. coli), representing Gram-
positive and Gram-negative bacterial strains, respectively. Each strain, at a concentration of approximately 1017
CFU/mL, was uniformly inoculated onto nutrient agar (NA) plates (HiMedia). Wells with a diameter of 8.8 mm
were created using the broad end of a micropipette tip. A quantity of 50 mg of ZnO nanoparticles (ZnO NPs)
was weighed using an analytical balance with a precision of four decimal places. The weighed nanoparticles were
then mixed with 1 mL of distilled water in a microcentrifuge tube to prepare a suspension with a concentration
of 50 mg/mL. The suspension was homogenized using a vortex mixer for 15 s prior to subsequent testing.
Subsequently, 0.2 mL of ZnO NPs suspension was introduced into each well. The plates were incubated at 37 °C
for 24 h, after which the diameter of the zone of inhibition (ZOI) was measured. Measurements were performed
using three independent biological replicates (n=3).

Results and discussion
Raw material characterization
The ZnO raw material obtained from the recycling of EAFD appeared as a gray powder. X-ray diffraction (XRD)
analysis revealed that the sample primarily consisted of ZnO crystalline phases, with additional impurity phases
including Zn§, KCl, KFeCl o NaCl, and PbCIE, as shown in Fig. 2a, Surface morphology was examined using
SEM, which showed that ZnO particles exhibited a cylindrical shape with hexagonal cross-sections, as illustrated
in Fig. 2b, Particle size distribution was measured using a Laser Diffraction Particle Size Analyzer (LDPSA),
indicating a size range of approximately 1-5 um with an average particle size of 2.73 pm (see Figure S1, for more
details). The Elemental composition of the ZnO powder was analyzed using Inductively Coupled Plasma Optical
Emission Spectroscopy.

(ICP-OES). The results showed that the major component was Zn followed by Na, K, and Pb, with other trace
elements present in smaller quantities, as summarized in Table 1.

Optimization of ZnO powder leaching parameters

To optimize the conditions for leaching ZnO powder, we systematically investigated several key parameters: acid
type, acid concentration, solid-to-liquid (S/L) ratio, temperature, and operating time. The primary objective was
to maximize zinc (Zn) leaching efficiency to facilitate the subsequent synthesis of ZnO NPs. The initial phase
of the investigation focused on evaluating the efficacy of three common aqueous acids: sulfuric acid (H,SO,),
hydrochloric acid (HCI), and nitric acid (HNOB). Experiments were conducted at varying acid concentrations
(0.5, 1, 2, and 4 M) while maintaining a constant S/L ratio of 100 g/L, room temperature (30 °C), and a leaching
duration of 60 min. The results, presented in Fig. 3a, showed that zinc extraction efficiency consistently increased
with higher acid concentrations for all three acids. Notably, H,SO, proved to be the most effective leaching
agent, achieving over 90% Zn extraction at concentrations of 2 M and higher. In contrast, both HCl and HNO,
required a higher concentration of 4 M to attain a comparable Zn extraction efficiency. Furthermore, the 2
M H,S0, solution exhibited a crucial advantage: it selectively leached zinc while leaving lead (Pb) impurities
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Fig. 3. Influence of process parameters on zinc leaching efficiency from ZnO powder: (a) effect of acid
concentration, (b) effect of solid-to-liquid (S/L) ratio, (c) effect of temperature, and (d) effect of leaching time.

undissolved. This selective leaching was also confirmed by X-ray diffraction (XRD) analysis of the residual
sludge, which showed the presence of Pb, (as detailed in Figure S2), The finding of selective leaching of Zn
is highly beneficial, as it allows for the removal of Pb contamination by simply filtering the residual sludge,
thereby ensuring a high-purity zinc solution for subsequent nanoparticle synthesis. Conversely, leaching with
4 M HCl and HNO, resulted in the undesirable co-dissolution of Pb from the raw material (as shown in Figure
$3), which would contaminate the final product. Based on these findings, 2 M HZSO,‘ was identified as the
optimal leaching solution due to its efficiency and selectivity, and was therefore selected for further parameter
optimization experiments.

The impact of the S/L ratio on Zn extraction efficiency was investigated by varying the ratio from 50 to
200 g/L, while maintaining a fixed 2 M H,SO, concentration at ambient temperature (ca. 30 °C) for 60 min.
As depicted in Fig. 3b, increasing the S/L ratio led to a decrease in Zn extraction efficiency. Leaching efficiency
remained high, exceeding 90%, within the S/L ratio range of 50 to 150 g/L, but significantly dropped below 90%
at an S/L ratio of 200 g/L. This decline is attributed to an insufficient volume of H ions to fully react with the
increased amount of ZnO, which is a key factor in the reduction of leaching efficiency. Furthermore, the higher
solid content may also impede efficient stirring, negatively impacting the reaction kinetics. In addition, the
effects of temperature (ambient, 50 °C, and 75 °C) and time (15-120 min) on Zn leaching efficiency were also
evaluated at a fixed.

2MH,SO, concentration and an S/L ratio of 150 g/L. As shown in Fig. 3cand d, neither elevated temperatures
nor extended leaching times had a significant impact on Zn leaching efficiency. This suggests that the dissolution
of ZnO in sulfuric acid is already highly efficient at room temperature, making additional energy input for
heating unnecessary.

A notable observation was the effect of temperature on impurity leaching. The extraction efficiencies of Pb
and S increased with temperature, while Na and K levels showed only minor or statistically insignificant changes.
This finding reinforces the choice of room temperature leaching to minimize the co-dissolution of undesirable
impurities like Pb.

Based on the optimization studies, the optimal conditions for selective zinc leaching were determined to be 2
M H2$OAI, 150 g/L of S/L ratio, ambient temperature (ca. 30 °C), and 15 min of leaching time. These conditions
ensure selective leaching of zinc, effectively dissolving the target metal while minimizing the co-dissolution
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of heavy metal impurities such as Pb. The resulting leached solution, analyzed by ICP-OES, exhibited high
concentrations of Zn (107,366 mg/L) equivalent to 1.64 M., along with minor concentrations of Na (1,792 mg/L)
and K (3,638 mg/L). This high concentration of Zn makes the solution an ideal precursor for the subsequent
hydrothermal synthesis of high-purity ZnO NPs.

Synthesis of ZnO NPs
Following the selective leaching of the ZnO raw material, the resulting solution primarily contained dissolved
zinc ions (Zn®*) within a highly acidic medium (pH~0).

To create a suitable precursor for ZnO NPs synthesis, the solution’s pH was adjusted with the addition of
sodium hydroxide (NaOH), which supplied hydroxide (OH") ions. As shown in Fig. 4, zinc ions began to
precipitate at approximately pH 2, with the precipitation rate steadily increasing as the pH rose. Near-complete
precipitation (approaching 100%) was achieved within the pH range of 7 to 12. This confirmed that under
increasingly alkaline conditions, Zn>* jons effectively react with OH~ ions to form various zinc hydroxide
compounds. The percentage of Zn precipitation shown in Fig. 4 was calculated using the following equation:

Cinitial

% Precipitation of Zn =

Where C__ ., is the initial concentration of Zn in the solution (mg/L).

Cypa 18 the final concentration of Zn in the solution after precipitation (mg/L).

‘The pH-adjusted precursor, comprising both the solution and the precipitated compounds, was then
transferred to a hydrothermal reactor for the synthesis of ZnO NPs. During this process, the unstable zinc
hydroxide precipitates are converted into stable, crystalline ZnO NPs®. The final morphology and size of these
nanoparticles are heavily influenced by the specific hydrothermal synthesis conditions. To systematically
investigate these effects, the experimental conditions were grouped into four key areas, as detailed in Table 2:

« Effect of precursor pH: Samples HT01-04 were synthesized to explore how varying the initial pH of the pre-
cursor solution influences the final nanoparticle structure.

« Effect of synthesis temperature: Samples HT05-07 were used to study the impact of different reactor temper-
atures on nanoparticle size and shape.

« Effect of synthesis time: Samples HT08-12 were prepared to understand how the reaction duration within
the hydrothermal reactor affects the final product.

« Effect of NaOH concentration: Samples HT13-17 were synthesized to assess the role of different NaOH con-
centrations used for pH adjustment on the resulting nanoparticle morphology.

The results from these varied conditions will be discussed in detail in the following subsections, providing
insight into the critical parameters for controlling the size and shape of the synthesized ZnO NPs.

Effect of precursor pH on ZnO NPs morphology

The influence of precursor pH on the hydrothermal synthesis of ZnO NPs was systematically investigated within
the pH range of 7, 10, 11, and 12, corresponding to sample ID HT'01-HT04, respectively. XRD analysis, shown in
Fig. 5, revealed that only precursor samples prepared at pH 11 (HT03) and pH 12 (HT04) yielded fully crystalline
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Fig. 4. Influence of pH on zinc precipitation efficiency from the leached solution.
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HTO1

Z 7 150 12

Effect of precursor pH 10 2 10 150 2
HT03 2 11 150 12

HT04 2 12 150 12

HTO5 2 11 100 12

Effect of synthesis temperature  HT06 2 1 150 12
H'T07 2 A 200 12

HTo08 2 11 200 1

HT09 2 11 200 3

Effect of synthesis time HT10 2 11 200 6
HT11 2 11 200 12

HT12 2 11 200 24

HT13 0.5 11 200 1

HT14 1 11 200 1

Effect of NaOH concentration  HI'l5 2 D 1 200 1
HT16 4 11 200 1

HT17 6 11 200 1

Table 2. Summary of experimental conditions for ZnO NPs Synthesis.

ZnO NPs. These samples exhibited well-defined diffraction peaks consistent with the hexagonal wurtzite ZnO
phase (PDF 36-1451), indicating successful crystallization and high phase purity under these highly alkaline
conditions. In contrast, precursor samples prepared at pH 7 (HT01) and pH 10 (HT02) did not result in fully
crystalline ZnO NPs. This outcome is attributed to the insufficient concentration of hydroxide ions (OH") at
lower pH levels, which inhibits the complete reaction with Zn?* to form the critical intermediate, Zn(OH),. This
is consistent with the Pourbaix diagram of Zn®. Instead, the formation of undesirable secondary phases such
as ZnSO,-3Zn(OH),-0.5H,0, Na,SO,, and Na,Zn,(SiO,), was observed, likely due to unfavorable interactions
between NaOH and residual H,8O, in the precursor solution. These conditions hinder the nucleation and
crystallization of the desired ZnO phase, as confirmed by the absence of characteristic ZnO peaks in the XRD
patterns.

SEM results, shown in Fig. 6, further supported these findings regarding morphology. Samples synthesized
at pH 7 (HTO01) and pH 10 (HT02) displayed irregular morphologies with poorly defined particle boundaries
and non-uniform distribution, reflecting incomplete crystallization. Conversely, samples prepared at pH 11
(HT03) and pH 12 (HT04) demonstrated well-developed, rod-like morphologies with uniform particle sizes
and highly crystalline structures. These results underscore the critical role of precursor pH in governing both
the phase composition and morphology of ZnO NPs. Elevated pH levels facilitate the complete formation of zinc
hydroxide precipitates and promote efficient phase transformation into ZnO during hydrothermal synthesis,
thereby enabling the production of high-quality nanomaterials.

Effect of synthesis temperature on ZnO NPs synthesis

The influence of hydrothermal temperature on the crystalline structure and morphology of ZnO NPs was
investigated at 100 °C, 150 °C, and 200 °C, corresponding to sample ID HT05-HT07, respectively. The NaOH
concentration for precursor preparation was held constant, as were the pH (11) and hydrothermal time (12 h).
‘We chose pH 11 over pH 12 because it was more efficient in terms of chemical usage and preparation time,
without a significant difference in the final product’s crystalline structure or morphology. XRD analysis of the
post-hydrothermal samples revealed that all three temperatures successfully produced pure ZnO compound
(PDF 36-1451), with no detectable impurity phases, as shown in Fig. 7.

As shown in the FESEM images in Fig. 8, all samples exhibited a consistent nanorod morphology. This is a
direct consequence of the hexagonal wurtzite crystal structure of ZnO, where the c-axis ([0001] orientation)
has the lowest surface energy®**!, favoring unidirectional growth®' "33, This preferential growth results in the
characteristic nanorod morphology. A clear inverse correlation was observed between synthesis temperature
and nanorod diameter. As the temperature increased, the nanorods became progressively thinner, reflecting a
consistent reduction in diameter at higher temperatures. This trend was confirmed through image analysis, as
summarized in Table 3. This phenomenon is likely due to the increased nucleation rate at higher temperatures.
Elevated thermal energy accelerates the formation of new crystal nuclei in the early stages of synthesis. A larger
number of nuclei compete for the available material, which restricts the growth of each particle, ultimately
leading to the formation of smaller nanorods.

Effect of synthesis time on ZnO NPs synthesis

‘The hydrothermal synthesis time for ZnO NPs was investigated to optimize the overall process duration and
control the final product’s morphology and crystallinity. The experiment was conducted at a fixed temperature of
200 °C—a condition previously determined to favor the smallest particle size—with reaction times of 1, 3,6, 12,
and 24 h, corresponding to sample ID HT08-HT12, respectively. XRD analysis revealed that ZnO samples from
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Fig. 5. XRD patterns of the samples synthesized at different pH values. For sample HT01-HT-04.

all synthesis durations exhibited diffraction peaks corresponding to the pure ZnO phase (wurtzite structure),
as referenced by the standard (PDF 36-1451), confirming the phase purity of the synthesized materials, as
shown in Fig. 9, However, notable differences were observed in the intensity and width of the XRD peaks,
particularly in the 20 regions around 31.8°, 34.4° and 36.3°, which correspond to the (100), (002), and (101)
crystal planes, respectively. Specifically, the sample synthesized for 1 h (HT08) exhibited broad and low-intensity
peaks compared to those synthesized for longer durations, which showed narrower and more intense peaks. This
trend is consistent with the findings of El-Rafei & Zawrah (2014)*2. These changes can be explained by the crystal
growth mechanism over time. In the early stage of synthesis (1 h), a large number of nuclei are rapidly formed,
resulting in smaller crystallites and broader XRD peaks, as described by the Scherrer Egs. 5%. £ = 5557,
where D is the average crystallite size, k is the Scherrer constant, and its value is taken as 0.9, \ is the X-ray
wavelength and its value is taken as 0.15406 nm, P is the full width at half maximum (FWHM), and 6 is the
Bragg angle. As the synthesis duration increases, continuous crystal growth leads to an increase in crystallite
size, resulting in sharper and more well-defined XRD peaks.

FESEM imaging analysis revealed that ZnO synthesized with a reaction time of 1 h began to exhibit a
distinct nanorod-like crystal morphology as shown in Fig. 10a. In contrast, the sample synthesized for a longer
time, such as 3 h (HT09), still displayed a disordered and undefined particle structure. This morphological
difference can be attributed to the anisotropic growth mechanism of ZnO crystals during the initial stage of
the hydrothermal process. In the early phase of synthesis (within the first hour), the solution is in a highly
supersaturated state due to the elevated concentrations of Zn** and OH~ ions from the precursor. This condition
promotes rapid nucleation and directional crystal growth, particularly along the c-axis of the wurtzite crystal
structure, which is the fundamental structure of ZnO. As a result, elongated nanorod crystals can form quickly,
even with just 1 h of synthesis time*’. However, when the synthesis duration was extended to 3 h, the particles
exhibited a hexagonal prism, as illustrated in Fig. 10b. This outcome is attributed to the balanced growth rates
along both axial and radial directions, ultimately resulting in a uniform distribution of hexagonal prism-shaped
particles®”. At synthesis durations of 6 (HT10) and 12 h (HT11), well-defined ZnO nanorods were observed,
exhibiting directional growth along the ¢-axis (anisotropic growth), as shown in Fig. 10c and d, Additionally,
after a long hydrothermal time synthesis, 24 h (HT12), the nanorods were noticeably agglomerated, with some
regions showing interconnection between ZnQO rods. This phenomenon may be attributed to surface energy
minimization mechanisms®, resulting in the formation of mixed morphologies comprising both nanoplate
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Fig. 6. SEM-EDS analysis results of the precipitates at each pH value after the hydrothermal process: a) HT01,
b) HT02,c) HT03, and d) HT04.
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Fig. 7. XRD patterns of the samples synthesized at different temperatures. For sample HT05-HT07.

and nanorod structures. Both direct size measurements and crystallite size calculations from XRD patterns
consistently confirmed an increasing trend in particle dimensions with longer synthesis durations. This
correlation indicates that extended hydrothermal time promotes crystal growth, as shown in Table 4.
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Fig. 8. FESEM-EDS analysis results of the precipitates at each temperature after the hydrothermal process: (a)
HTO05, (b) HT06, and (c) HT07.

Sample ID | Length (nm) | Dian Crystallite size from XRD data (nm)
HTO05 1220 + 480 | 199.53 + 90.74 | 41.83
HTo06 1060 + 290 | 112.91 + 62.32 | 40.05
HTo07 760 + 240 7343 L 29.35 43.52

Table 3. Particle size of the synthesized ZnO NPs at different temperatures for the hydrothermal process.
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Fig. 9. XRD patterns of the samples synthesized at different durations. For sample HT08-HT12.
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500

Fig. 10. FESEM-EDS analysis results of the precipitates at various hydrothermal synthesis durations: a) HT08,
b) HT09, ¢) HT10, d) HT11, and e) HT12.

Sample | Length (um) | Diameter (sm) | G XD data (o)
HTo08 500 + 120 70.53 + 24.02 24.88

HT09 210 + 100 98.15 4 36.08 33.10

HTI0 | 480 & 150 |73.12 & 1200 | 3305

HT11 | 760 + 240 | 73.43 £ 2935 |3825

HTI12 800 + 260 100.00 £ 28.00 | 36.22

Table 4. Particle size of the synthesized ZnO NPs at various hydrothermal synthesis durations.

Effect of NaOH concentration on the synthesis of ZnO NPs

The influence of NaOH concentration on the morphology and crystallinity of the final ZnO NPs product was
investigated. The pH of the precursor solution was consistently adjusted to approximately 11 using NaOH
solutions of varying concentrations (0.5, 1, 2, 4, and 6 M), corresponding to sample ID HT13-HT17, respectively.
followed by a hydrothermal treatment at 200 °C for 1 h. This 1 h duration was selected based on our previous
findings, as it was the shortest time capable of producing a nanorod morphology.

XRD analysis, as shown in Fig. 11, revealed that the sample prepared with 0.5 M NaOH (HT13) contained
secondary phases, including ZnSO,-3Zn(OH),-2H,0, Na,0,, and Na,SO,. The presence of these phases indicates
an incomplete transformation from zinc hydroxide compounds to the desired ZnO. This outcome is likely due
to the insufficient concentration of OH™ ions, which were inadequate to fully drive the crystallization process.
‘The other secondary phases are thought to have formed from reactions between Na* ions from the NaOH and
residual SO,> ions in the precursor solution. At higher NaOH concentrations (above 0.5 M), XRD peak widths
tended to increase. According to the Scherrer equation, this indicates a reduction in ZnO crystallite size. Higher
concentrations of NaOH may promote a rapid nucleation rate, which limits the growth of individual crystals and
results in smaller ZnO particles.

FESEM images further confirmed that NaOH concentration significantly influences the morphology and size
of the synthesized ZnO NPs. At a concentration of 0.5 M(HT13), the synthesized particles exhibited a larger,
hexagonal prism morphology (Fig. 12a). This can be attributed to the low concentration of OH" ions, which
restricted the number of nucleation sites. With fewer nucleation sites, the formed crystals had more time to grow,
leading to larger particles®.

As the NaOH concentration was increased to 1 M (HT14) and 2 M (HT15), the particles exhibited a
well-aligned nanorod morphology. This indicates that these concentrations provided an optimal balance for
promoting a high number of nucleation events while still allowing for controlled, directional crystal growth®%.
The resulting particles were smaller and more uniform (Fig. 12b and c).

However, when the concentration was increased further to 4 M (HT16) and 6 M (HT17), crystal growth
was restricted by a very high nucleation rate, leading to the formation of smaller particles®’. At4 M (HT16), the
particles took on a nanogranule morphology. At6 M(HT17), the particles formed thin, sheet-like nanoplates. The
morphological transformation from nanorods to nanoplates at high NaOH concentrations aligns with kinetic
analyses reported in previous studies, which indicate that increasing alkali concentration alters the proportion
of soluble Zn species, such as Zn(OH),*". These species preferentially promote growth along the a-axis (2D
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Fig. 11. XRD patterns of the samples synthesized at different NaOH concentrations. For sample HT13-HT17.

Fig. 12. FESEM-EDS analysis results of precipitates synthesized via hydrothermal treatment using different
NaOH concentrations: a) HT13, b) HT'14, ¢) HT15, d) HT16, and ) HT'17.
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HT13 1260 £ 340 |550.00 = 66.00 |45.34

HT14 1700 £+ 740 |283.00 £ 103.00 | 43.99
HT15 500 £ 120 | 70.53 £ 24.02 24.88
HT16 220 + 50 46.98 + 13.10 24.47
HT17 190 £ 50 27.37 + 4.86 24.42

Table 5. Particle size of the synthesized ZnO NPs at different NaOH concentrations.
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Fig. 13. UV-Vis absorption spectra of ZnO NPs synthesized using NaOH concentrations ranging from 0.5 to
6M

growth) rather than the c-axis*®.(Figure 12d and e). Both direct particle size measurements and crystallite size
calculations derived from XRD patterns consistently confirm a decrease in particle size with increasing NaOH
concentration, as summarized in Table 5. These results clearly demonstrate that adjusting the initial NaOH
concentration allows for precise control over the nucleation and crystal growth mechanisms of ZnO, enabling
the synthesis of nanoparticles with tailored morphologies and sizes.

Ultraviolet absorption of ZnO NPs

The ultraviolet (UV) absorption properties of ZnO NPs with different morphologies—namely, nanorods and
nanoplates—were analyzed using a UV-Visible spectrophotometer, as shown in Fig. 13. All samples exhibited
strong absorption in the wavelength range of 200-372 nm, which corresponds to the UV region, particularly
within the UV-B and UV-C bands. In contrast, wavelengths beyond this range showed negligible absorption.
The calculated energy band gaps were approximately 3.34 eV for the nanorod and nanoplate structure, further
confirming their strong UV-blocking potential and morphological influence on optical properties.

This selective absorption in the UV region highlights the potential of ZnO NPs for applications in UV-
sensitive devices such as light sensors, photocatalysts, and sunscreen formulations. Furthermore, a noticeable
blue shift in the absorption edge was observed in samples with smaller crystallite sizes, particularly those
with a nanoplate morphology. This blue shift can be attributed to the quantum confinement effect, where a
reduction in particle size increases the band gap energy as the dimensions approach the exciton Bohr radius.
This interpretation is supported by our SEM and XRD results showing smaller particle sizes under conditions
that produced the strongest shift. Similar size-dependent optical behavior has been reported by Agarwal et al.
(2019)* and Bulcha et al. (2021)?, reinforcing the correlation between morphology, particle size, and optical
properties.

Antibacterial property of ZnO NPs

The antibacterial performance of ZnO nanoparticles (ZnO NPs) with nanorod and nanoplate morphologies was
investigated against Staphylococcus aureus (S. aureus) and Escherichia coli (E. coli), representing Gram-positive
and Gram-negative bacteria, respectively. The agar well diffusion method was employed as a preliminary
screening tool to compare antibacterial activity between morphologies. While this method provides qualitative
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Fig. 14. Zone of inhibition (ZOI) for the antibacterial property of the ZnO NPs.

and semi-quantitative insights, future studies will incorporate Minimum Inhibitory Concentration (MIC)
or Minimum Bactericidal Concentration (MBC) assays to establish precise dose-response relationships. As
illustrated in Fig. 14, the inhibition zones (ZOI) were consistently larger for S. aureus than for E. coli, indicating
a higher sensitivity of Gram-positive bacteria to ZnO-based treatments.

To provide broader context, previous studies have examined the morphology-dependent antibacterial activity
of ZnO nanoparticles. For instance; Goyal et al. evaluated*® ZnO nanostructures with different morphologies
against S. aureus and E. coli using the agar well diffusion method at a concentration of 10 mg/mL. They reported
inhibition zones of 12-13 mm for S. aureus when using ZnO nanorods and hierarchical nanostructures, whereas
no inhibition was observed for E. coli. The authors attributed this to possible sedimentation of ZnO nanoparticles
during testing and subsequently employed a sprinkle method, which confirmed antibacterial activity against
both strains. These findings underscore the significant influence of morphology and testing methodology on
antibacterial performance, aligning with our observation that ZnO nanoplates exhibit superior inhibition
compared to nanorods under identical conditions.

Among the two morphologies, ZnO nanoplates demonstrated superior antibacterial activity compared
to nanorods. The enhanced antibacterial performance of nanoplates may be partly attributed to higher ROS
generation. Under UV or visible light, ZnO nanoparticles produce electron-hole pairs that initiate redox
reactions, forming hydroxyl radicals (¢OH) and superoxide radicals (Oa+"), which damage bacterial membranes.
Morphology influences this process because nanoplates expose more Zn-terminated (0001) polar facets and offer
higher surface area, promoting charge transfer and ROS formation compared to nanorods. Similar morphology-
dependent ROS mechanisms have been reported by Sirelkhatim et al. and Abebe et al.!%2,.

The structural differences between Gram-positive and Gram-negative bacteria also play a role in their
response to ZnO NPs. Gram-negative bacteria possess an outer membrane rich in lipopolysaccharides, which
can act as a barrier to negatively charged ROS, thereby reducing their susceptibility. In contrast, Gram-positive
bacteria lack this outer membrane and have a less negatively charged cell wall, allowing for easier penetration of
ROS and Zn?* ions*2.

Additionally, particle size significantly influences antibacterial effectiveness. ZnO NPs with smaller crystallite
sizes offer a larger surface area, which enhances contact with bacterial cells and facilitates membrane disruption.
This size-dependent behavior has been widely observed, with smaller ZnO particles consistently showing
stronger bactericidal effects due to their ability to interact more efficiently with microbial surfaces.

Overall, the findings suggest that both morphology and particle size are critical parameters in optimizing
the antibacterial properties of ZnO NPs, with nanoplates offering a promising structure for broad-spectrum
antimicrobial applications.
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Applications of synthesized ZnO NPs

The hydrothermal synthesis process yielded ZnO NPs with diverse morphologies—including nanorods,
nanogranules, and nanoplates—each possessing distinct crystalline and structural properties. This ability to tune
morphology and crystallinity is crucial, as it directly influences the material’s optical, electronic, and surface
characteristics, thereby making them suitable for a wide range of advanced applications.

The high level of crystallinity, confirmed by the sharp, intense peaks in the XRD patterns, is a fundamental
property for many applications. A well-ordered atomic lattice reduces defects, which in turn enhances electron
mobility and charge carrier transport. This is particularly critical for high-performance applications in
nanoelectronics and sensors, where efficient signal transduction is required, and in photocatalysis, where a low-
defect structure improves light absorption and charge separation efficiency. UV-Visible spectroscopy revealed
strong absorption in the 200-372 nm range, with an average band gap of approximately 3.34 eV, consistent with
the known ultraviolet responsiveness of ZnO.

Furthermore, the specific morphology of the nanoparticles directly dictates their functional behavior based
on dimensionality.

«  Zero-dimensional (0D) nanomaterials: The synthesized ZnO nanogranules fall into this category. With all
dimensions confined to the nanoscale, their high surface area-to-volume ratio and quantum effects make
them ideal for applications relying on surface interactions and broad-spectrum activity, such as UV-protec-
tive coatings and photocatalysis**.

«  One-dimensional (1D) nanomaterials: The ZnO nanorods exhibit a high aspect ratio due to their anisotropic
growth along the c-axis. This unique directional property enhances their electrical conductivity and UV emis-
sion, making them well-suited for a broad spectrum of applications, including nanoelectronics, chemical and
biological sensing, and piezoelectric nanogenerators*>,

« Two-dimensional (2D) nanomaterials: Characterized by their large planar surface area, the ZnO nanoplates
have high electron mobility along the surface, which is beneficial for applications where surface-level inter-
actions are paramount. This makes them highly effective for chemical sensing, gas detection, and various
electronic devices'®?7.

By precisely controlling the synthesis conditions, it’s possible to tailor the morphology and crystallinity of
ZnO NPs to meet the specific demands of these diverse applications.

Conclusion

This study successfully presents a sustainable and value-added approach for the synthesis of high-quality ZnO
NPs by upcycling ZnO recovered from industrial electric arc furnace dust (EAFD). The research demonstrates
the viability of a two-stage process: a highly efficient selective acid leaching, followed by a systematically
controlled hydrothermal synthesis.

The initial leaching stage, optimized with 2 M H,SO,, proved critical for achieving a high zinc recovery
rate exceeding 90% while simultaneously minimizing contamination from heavy metals such as lead (Pb).
This selective purification of the raw material is a cornerstone of the process, ensuring a high-purity precursor
essential for producing functional nanomaterials.

The subsequent hydrothermal synthesis successfully achieved morphology-tailored control over ZnO
nanoparticles derived from recycled precursors. Systematic variation of synthesis parameters, particularly NaOH
concentration, revealed a strong correlation between pH-driven nucleation kinetics and particle morphology.
Increasing the NaOH concentration from 0.5 M to 6 M accelerated supersaturation and promoted anisotropic
growth, leading to a transition from nanorods to thin nanoplates. Structural characterization confirmed high
crystallinity and optical suitability (band gap~3.34 eV). Importantly, this morphological shift translated into
enhanced functionality: nanoplates exhibited superior antibacterial activity, producing larger inhibition zones
against S. aureus (20.37 mm) and E. coli (15.78 mm) than nanorods. These findings provide mechanistic insight
into impurity-tolerant hydrothermal synthesis and demonstrate that morphology engineering with recycled
ZnO can directly optimize performance, offering a scalable pathway for circular-economy-driven nanomaterial
design.

This research contributes to the field of sustainable materials science by demonstrating a clear and scalable
pathway for valorizing an industrial waste product into high-performance nanomaterials with controllable
properties. While the synthesized ZnO nanoparticles exhibited high crystallinity and optical properties
comparable to reported values, this study did not include a direct comparison with ZnO nanoparticles
synthesized from high-purity precursors under identical conditions, as the focus was on valorizing recycled ZnO
from EAF dust. Future work will address this gap to quantitatively assess differences in crystallinity and defect
concentration. The ability to precisely tune particle morphology from a recycled source holds significant promise
for a wide array of applications, including advanced electronics, environmental remediation, and catalysis. This
approach represents a significant step toward integrating circular economy pringiples into advanced materials
manufacturing.

Data availability
All data generated or analyzed during this study are included in this published article and its supplementary
information files,
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Abstract. This research aimed to study the recycling process and the feasibility of recovering iron as
hematite or red oxide powder (Fe203) from spent pickling acid (hydrochloric acid). The spent
hydrochloric acid waste from the pickling bath in the sheet rolling steel industry contains
approximately 233 g of iron dissolved in one liter of the spent acid. To recover iron, 2 M NaOH was
added to the spent acid until reaching pH 7. The iron was precipitated as iron oxide and/or hydroxide.
Next, the oxidation of ferrous oxide was carried out by adding H>O» 35%v/v to control the shade
color. The precipitates were subsequently separated from the acid solution by a filter press. The
precipitates were dried at 110°C for 24 h and calcined at 700°C for 2 h to synthesize and modify the
crystallinity of ferric oxide. Ferric oxide was subject to water washing, where contaminating sodium
chloride could be dissolved and filtered out. After drying at 110°C for 24 h, high-purity hematite was
achieved. Hematite recovered from the spent pickling acid via this process provided more than 97%
purity at 94.4% recovery.

Introduction

In the sheet hot-rolling steel industry, the oxide scale has occurred on the steel surface. The scale
must be removed from hot-rolled steel before cold-rolling process to produce high-quality cold-rolled
steel. These oxide scales can be removed by the pickling process, in which hydrochloric acid and
sulfuric acid were commonly selected in the industry. Advantages of hydrochloric acid are viable for
operating at ambient temperature, high corrosiveness, low diffusion of hydrogen in the steel, and less
attachment of salt to the steel surface. However, hydrochloric acid can be vaporized, and the recovery
system of acid was expensive. Though sulfuric acid was easier to recover than hydrochloric acid, but
it has a rather high corrosion rate, hydrogen diffusion, and must be heated. In Thailand, hydrochloric
acid was preferred to use in the steel industry. Chemical reactions between hydrochloric acid and
oxide scale are given in Eq. (1)-(5) [1-4].

Fe;0; + Fe + 6HCI > 3FeCl> + 3H:0 (1
Fe304 + 8HCI 5 FeCly + 2FeCls + 4H,0 @)
FeO + 2HC] 5 FeCl; + H,0O 3)
Fe + 2HC1 > FeCly -+ I @)
FeCls + 4, - FeCl; + HC1 (5)

Normally, there was 180-200 g/L of HCI concentration in the pickling process (or 18 wt.% of HCI)
and the operating temperature would be around 80-90°C [4]. The reaction rate decreased when the
acid was repeatedly used, and the ferrous ions will be accumulated in the pickling bath. If the pickling
efficiency of the acid was not sufficient, it would be considered a waste. Chemical compositions of
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the spent hydrochloric acid contained overall metal of 150-250 kg/m®, or 13 wt.% of iron dissolved
in 1-2% of HCI. Iron can be found either in form of ferrous or ferric ions [4-6].

There were various recycling processes of spent pickling hydrochloric acid, e. g., evaporation and
crystallization [6], solvent extraction [7], membrane separation [3, 8], chemical precipitation [9],
pyrohydrolysis [10], and ion exchange [11]. Each process had different advantages and disadvantages
for different objectives. However, all processes had the same principle to first separate iron ions out
of the acid, and later the acid and/or iron will be reused or recycled in different ways. Nevertheless,
the chemical precipitation process of iron and iron oxide (hematite) production was the most suitable
on cost effective, less complexity, simple chemical used, and for the appreciable demand for hematite
products in the pigment industry in Thailand.

Materials and Methods

Raw Materials. Spent pickling acid (hydrochloric acid) in this research was obtained from the sheet
hot-rolling steel industry in Thailand. The chemical compositions were analyzed by ICP-OES as
shown in Table 1. The initial pH of 0.33 was measured by a pH meter.

Table 1. Chemical composition of spent pickling acid (ICP-OES).

Element Fe Ca | Al | Cr | Ni | Zn | Mg | Si Sn | Pb
Cone. [mg/L] | 232,967 | 636 | 127 | 126 | 79 40 24 | <50 | <50 | <50

Analytical Methods. The chemical compositions of raw materials and solutions were analyzed by
ICP-OES technique (PerkinElmer® Optima™ 8000). The chemical compositions of solid compounds
along the process were analyzed by WD-XRF technique (PANanalytical AXIOS™¥, 30 mm. beam
size, and scan time 18 min.). X-ray diffractometer was used to determine phases and compounds,
using Bruker model D8 ADVANCE Cu Ka at condition 40 kV, 40 mA. The solution’s pH was
measured using a pH meter METTLER TOLEDO Five Easy F20). Field emission scanning electron
microscope (FE-SEM, Zeiss AURIGA FE-SEM/FIB/EDX) and laser diffraction particle size
analyzer (HORIBA/LA-950V2) were used to characterize the morphology and size of the hematite
powder.

Hematite Powder Production. The spent hydrochloric acid was through various processes,
starting from precipitation, oxidation, filtration, calcination, washing, and drying. The flow chart of
hematite powder production is illustrated in Fig. 1.

Spent HCI Solution

- Precipitation
NaOH (0.54 M
aOH (0.5-4 M) —» ptEn

Drying and Calcination
(110°C, 24 hr; T00°C, 2 hr)

Water
(S/L 1 g/10 mL)

Drying
(110°C, 24 br)

High purity Fe:05

Fig. 1. Flow chart of hematite powder production.
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In the precipitation processes, sodium hydroxide solution at 0.5, 1, 2, and 4 M concentrations was
gently added to the spent hydrochloric acid. The solution’s pH was monitored by pH meter while
sampling of the solution at each pH was carried out to analyze the amount of iron by ICP-OES.
Subsequently, 35%v/v of hydrogen peroxide was added to the system to oxidize ferrous to ferric iron.
The powder was separated from the solution by a filter press machine. The powder sludge was dried
in the hot air oven at 110°C for 24 h before synthesizing the hematite powder in the calcination
process by using the muffle furnace at 700°C for 2 h. Hematite powder from the calcination process
was washed with water to eliminate the sodium chloride salt. Hematite powder without salt was
filtered and dried in the hot air oven again to achieve standard quality hematite powder.

Results and Discussion

When sodium hydroxide solution (0.5, 1, 2, and 4 M) was added to the spent hydrochloric acid, the
pH increased. The concentration of iron in the solution decreased due to iron precipitated from the
solution as iron oxide and/or oxyhydroxide. The iron concentration at varied pH in the precipitation
process, due to sodium hydroxide addition is shown in Fig. 2. Complete iron precipitation was
obtained when the solution reached pH 8. However, it should be noted that excessive amount of
sodium hydroxide solution was used to change from pH 7 to 8. Further, in wastewater management,
a high volume of the chemical solution should be avoided. Thus, precipitation at pH 7 was considered
to be more suitable than at pH 8 for wastewater management and iron recovery. The lower iron
concentration, as shown in Fig. 2, when using low concentrations of sodium hydroxide (1 and 2 M)
is due to the dilution effect.

200,000
180,000
160,000
140,000 +
120,000
100,000
80,000
60,000
40,000
20,000
0

_ ++®--NaOH 0.5M
--k--NaOH 1M
——NaOH 2M
---4--- NaOH 4M

L
T

Fe concentration (mg/L)

7 8 9 10 11 12

Fig. 2. Concentration of iron in the solution at each pH and NaOH solution concentration.

To meet a required shade of hematite powder, 35%v/v of hydrogen peroxide was added to the
system to oxidize ferrous to ferric iron. Hydrogen peroxide can react as a reducing and oxidizing
agent. To optimize the volume of hydrogen peroxide, 35%v/v hydrogen peroxide varied at amounts
of 0, 40, 50, 60, 70, 80, 90, and 100 mL were added to 600 mL solution at pH 7. The precipitates
obtained after oxidation were filtered and dried for the XRD analysis. The diffraction patterns of
precipitate when adding various amounts of hydrogen peroxide are shown in Fig. 3. Ferrous iron was
found in the form of FeCl:2H>0 compound when hydrogen peroxide addition was lower than
70 mL. When hydrogen peroxide addition was higher than 80 mL the compounds were found as
hematite and sodium chloride. The precipitated from all conditions in the oxidation process were
filtered, dried, and calcined at 700°C for 2 h to examine the appearance color. The apparent color
from each condition is shown in Fig. 4. The apparent color when adding 80 mL of hydrogen peroxide
was closest to the commercial red iron oxide pigment.
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Fig. 3. Diffraction patterns of the precipitates from various amounts of hydrogen peroxide addition.

50 ml 60 ml
70 ml 80 ml 90 ml 100 ml

Fig. 4. Apparent colors of hematite when adding hydrogen peroxide from 0 to 100 mL, then drying
and calcining at 700°C for 2 h.

The precipitate at pH 7 using 80 ml of 35%v/vH20: was filtered and then dried in the hot air oven
at 110°C for 24 h before calcination in a muftle furnace at 700°C for 2 h to completely synthesis the
hematite crystal. The main impurity of hematite powder was sodium chloride which can be removed
by washing with water due to the solubility of sodium chloride in water being much higher than
hematite. The precipitate was dried in the hot air oven at 110°C for 24 h again after washing. The
diffraction patterns of hematite after calcining and washing are shown in Fig. 5. (a) and (b)
respectively. Disappearance of NaCl peaks was evident after washing.
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Fig. 5. Diffraction patterns of hematite after calcining (a) and after washing (b).

The final hematite powder was analyzed for the chemical composition by WD-XRF as shown in
Table 2. The purity of 97.6% was calculated from the WD-XRF result after powder washing. The
recovery of iron was 94.4% based on the weight of iron in hematite powder (Wee in hematite powder)
divided by the weight of the total iron in spent hydrochloric acid (Wre in spent acid), as expressed in Eq.
(6). The morphology of hematite powder analyzed by FE-SEM exhibited very fine polygonal shape
as shown in Fig. 6. Laser diffraction particle size analyzer as shown in Fig. 7 reported the mean size
of hematite powder of 2.52 pm with standard deviation of 2.58 pm. Other parameters such as Diq,
Dso, Dgg and Sy, are inserted in the graph.

Wre in hematite powder
Iron Recovery (%) = — e bowiet o (3() (6)

Wre in spent aeid

Table 2. Chemical composition of hematite powder after calcination and washing.

Element Fe (0] Na Al Cl Cr Mn Bal.
After calcination, (Wt.%) | 53.93 | 33.98 | 3.367 | 0.09 8.22 0.16 0.10 0.16
After washing (wt.%) 68.265 | 30.366 | 0.61 | 0.089 | 0.23 0.16 0.13 0.15

Fig. 6. SEM image of final hematite powder.
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Fig. 7. Particle size distribution of final hematite powder.

Summary

The spent hydrochloric acid from the hot-rolling steel industry can be used as a raw material to
produce hematite powder for pigment industry. To achieve the hematite pigment powder standard,
the spent acid was passed through the precipitation process using 2 M NaOH solution at pH 7 to
separate the iron from the solution. Next, 80 ml of 35%H>0z was added to the system per 600 ml of
solution at pH 7 to control the shade appearance. The precipitate was filtered and dried in the hot air
oven at 110°C for 24 h. Subsequently the caleination process in a muffle furnace at 700°C for 2 h
was applied to form Fe2Os. The water washing process was carried out to remove sodium chloride
impurity. Finally, the powder was dried to obtain the required hematite powder product.
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Abstract. End-of-life LCD screens from various waste steam, PV glass cullet, and flat glass have
been used to formulate foam glass, aiming for use as light weight, high compressive strength, and
insulation purposes. Via conventional ball milling, the foam glass powder was mixed with a binder
and fabricated through compaction under 5-10 MPa using stainless steel press moulds to give green
samples in cubic and plate shapes. Firing the samples at 1000 — 1050 °C for 0.5-4 hours allowed the
construction of foam glass structure, giving low densities of 0.15-0.23 g/cm?. Additions of cordierite,
calcium carbonate, graphite and borax determined the phases and composition of the final recycling
products. Cristobalite appeared as the main phase along with anorthite were found to give high
compressive strength of 1.10-4.22 MPa to the foam glass. The foam glass possessed thermal
conductivity in arange of 0.1004-0.1183 W/m K, which can be used for insulation purposes. Different
foam glass formulation and geometries required different firing temperature and time to acquire
suitable foam glass structure for specific purposes of compressive and thermal insulation properties.

Introduction

Electronics wastes have been concerned in recent decades as the digital society has to be
compromised with the low carbon society. Electronics components such as smart TV, mobile phone,
computer laptop, desktop, tablet, etc., contain LCD flat screens that could find the challenge for
recycling. As an increase in LCD appliances put on the EU market during 2000 — 2008, this in turn
resulted in 569,000 tons (1.2 kg/cap/yr) of LCD TV, monitors and laptop wastes expected in 2018
[1]. End-of-life (EOL) LCD screens contain approximately 7.04-12.22 wt.% of LCD sheets [1-2]. In
comparison to conventional soda-lime flat glass, the LCD sheets have slightly different composition
that make it difficult to be recycled or remelt in conventional glass-making process. Some amounts
of transition metal oxides are normally added for specific purposes in LCD screens. Further, LCD
composition comprise lower ratios of Si02/A120; along with different flux systems (alkaline/alkaline
earth oxide), which increase glass transition temperature. LCD waste could be recycled depending on
its impurity levels; via i) remelting of LCD cullet from LCD glass manufacturing, ii) using as raw
materials for cements from LCD panel manufacturer, and iii) landfill from EOL-LCD screen [3].
Some attempts for EOL-LCD sheet recycling are to make foam glass used for construction and
insulation purposes. However, due to the variation of the LCD waste composition from various
sources, different foaming techniques are used. Selection of foaming agents, foaming/sintering
temperature and time determine the final properties of the foam glass [4-6]. Investigations of foam
glass recycling are mostly based on waste glass. Studied by Y. Liu, et. al. [4] signified that graphite
and calcium carbonate additions promoted foam structure, prepared by press forming of premixed
soda-lime glass powder composition, followed by foam-sintering at 850 ° C. D.U. Tulyaganov, et.

All rights reserved. No part of contents of this paper may be reproduced or transmitted in any form or by any means without the written permission of Trans
Tech Publications Ltd, www scientific.net. (-7438, Institute of Engineering, Muang, Thailand-10/11/23,08:25:37)
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al., [5], indicated that anorthite (CaMgSi,Os) and diopside (CaMgSi20¢) formed via sintering at 850-
920 ° C contributed to uniform foam structure and higher compressive strength. Research by M. Assfi,
et. al. [6], investigated LCD recycling to produce foam glass for high compressive strength and
insulation purposes by mixing with MnO; obtained from battery wastes and using sodium carbonate
as the foaming agent. The foam glass possessed compressive strength of 18.7 MPa, apparent density
of 0.85 g/cm’, and thermal conductivity of 0.22 W/m K.

This research investigated foam glass production using blended waste glasses, including LCD as
the main ingredient and other electronics waste glass such as photovoltaic (PV) glass cullet obtained
from EOL-PV panel recycling process [7] and flat glass. The research aimed to give an alternative
way to use a greater variation of the electronics waste glass steam, as raw materials resources to
produce foam glass via conventional process for compressive strength and insulation purposes.

Experimental

Waste Preparation. EOL - LCD screens of various computer monitor models were dismantled to
classify materials in the components. According to Fig. 1, hand dismantling of (1) PC monitors, which
started from (2) unscrewing the LCD panel and then (3) separating the LCD screen from the metal
sheet, plastic frame, mainboards/PCBs, and wire connectors. The LCD screen was subsequently (4)
delayered to give (5) polymer sheets, fluorescence lamp, and (6) LCD glass sheets. The LCD glass
sheet was separated, ground in a mortar and subjected to characterization on phases and compounds
in order to formulate the foam glass via XRD using Brooker, model D2 Phaser and WD - XRF using
PANalytical, model AXIOS MAX respectively. Selected LCD glasses after hammering and crushing
as shown in Fig. 2 revealed greyish powder while that of PV glass appeared white. The former’s color
might be due to polymer film stick on its surface, which was difficult to be removed manually.

PC (LCD)

monitor Unscrew Part Dismantling

waste LCD panel separation ~LCD screen Polymer

@ sheets
P
[ |
[ LCD glass
sheets
|
-l - @
Fig. 1 LCD monitor hand dismantling.
hammering  crushing in mortar hammerin: crushing in mortar calcination  crushing in mortar

=

Samsung 743BK Acerx 171 PV glass cullet

Fig. 2 Ground powders of selected LCD glasses and PV glass cullet.

Foam Glass Formulation and Characterization. In this step, foam glass was initially formulated
based mainly on LCD sheet at 80 wt.% (formular FP1-FP4). Other raw materials were added to adjust
the glass transition temperature (Tg) and phases to give desirable properties. Addition of cordierite
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((Mg,Fe),Al4SisO1g) aimed for strength improvement by providing sources of alumina (Al203) and
silica (SiO2) as the glass forming structure, while alkali oxide (MgO) acted as a fluxing agent.
Additions of flat glass (soda lime glass) and Photovoltaic (PV) waste glass cullet (obtained after
calcination of the PV sheet) [7] were to lower the glass transition temperature of the LCD glass.
Calcium carbonate (CaCOs;) and graphite (C) were used as glass foaming agents while borax
(Naz[B4Os(OH)4]-8H20) was added as a source of sodium and boron oxides. According to the XRD
results obtained from all raw materials, the formulation of the form glass could be carried out. The
first formulation trial was carried out by pulverizing the raw materials till have the powder size of
less than 44 pm (-325 mesh). Mixing of pulverized powders was done in a ball mill mixing with
alumina balls at 220 rpm for 2 hours. PV A solution was sprayed on the powder prior to pellet molding
to give sample size of 12 mm in diameter and 10 mm in height, as shown in Fig. 3. The pellet samples
were fired in a normal atmosphere at 900-1050 °C for 2 hours to study the foam glass structure on
sectioned and gold sputtered samples via SEM (JEOL-JSM-6010LV with EDS). Archimedes density
test was employed for apparent density measurement.

~ T

|
g

a) Pulverizingat 400 rpm  b) Mixed powder after ¢) PVA sprayed d) Pellet sample
ball mill mixing powder mixture

Fig. 3 Warm pellet molding for FP-1 to FP-4 formulas.

T p ‘-
a) Dry pressingat5-10 MPa c) Dry pressing of 30 mm x 30 mm x 30 mm cubic

Fig. 4 Dry pressing of FB-1 to FB-4 formulas.

a) Pressing machine  b) Plate sample of 80 mm x 80 mm x 20 mm ) Firing at 1050°C/4 h

Fig. 5 Dry pressing of FB-3 formula using 80 mm x 80 mm plate mold.

Foam Glass Fabrication, Characterization and Property Assessment. Fabrication of the foam
glass started with grinding of the glass typed raw materials such as the LCD waste sheet, flat glass,
and PV glass to the size of 1-3 mm by using a mortar. Next, the ground glass raw materials were
weighed according to the designated formula and loaded into the ball mill with other raw materials,
i.e., cordierite, calcium carbonate, graphite, and borax, depending on the formulations. Wet milling
was done at 120 rpm for 24 hours prior to sieving through 150- and 75-micron sieves. At this step,
the film retained on the LCD sheet could be easily removed from the sieves. After drying the wet
ingredient, the powder was mixed with binder by spraying a PVA (Poly vinyl alcohol solution,
prepared at 2 wt.% PVA in DI water under 80 °C) to give a mixture ready for compaction. A

164



6 International Symposium on Advanced Materials and Application

compound stainless mould of 30 mm x 30 mm x 30 mm was employed to give cubic green samples
under 5-10 MPa pressing, as demonstrated in Fig. 4. Plate samples of 80 mm x 80 mm x 10 mm were
prepared following the similar method, as shown in Fig. 5. Foam size was analyzed via Leica EZ4 D
stereoscope using at least five fields of measurement for each condition. Phase and chemical
composition analysis was carried out via XRD and XRF techniques. Phase and chemical composition
analysis was carried out via XRD and XRF techniques. Bulk density measurement was carried out
on cut samples using a diamond wheel cutter. Cubic specimens were subjected to compressive
strength testing under a 0.5 mm/min cross head speed to give stress-strain plots. Thermal conductivity
of the selected foam glass samples was determined via hot disk thermal contact analyzer using
Kaption insulation disk of 2.001 mm radius at room temperature.

Results and Discussion

LCD Composition Breakdown Analyses. Component breakdown of various models as detailed in
Table 1 shows approximate amount of LCD screen to be 10 wt.%. The metal sheet of 40 wt.% and
mainboard/PCBs of 8 wt.% could be resale. Plastic parts including frame and base account for 20
wt.% while the polymer sheets are of 21 wt.%. The rest of the components are 0.5 wt.% metal screw,
0.3 wt.% wire connection, and 0.2 wt.% fluorescence/LED lamps.

Phase analyses of LCD glass sheet and other filler materials such as PV and flat glasses are shown
in Fig. 3, giving similar spectra of amorphous glassy phase. XRF analysis of LCD waste glasses and
other raw materials was used for foam glass formulation. The LCD glass contained 55-58 wt.% SiOs,
18-22 wt.% AlLOs, 11-15 wt.% Ca0, 0.1-7.5 wt.% BaO, 2.7-2.9 wt.% S10, 0.3-5.0 wt.% Fe20s. It is
noted that alkali oxides such as NoO (0.08-0.4 wt.%) and K20 (0.06-0.28 wt.%) are in lesser amounts
compared with those of PV (4.45 wt.% NayO, 0.73 wt.% K:0) and flat glasses (4.71 wt.% Nay0, 0.62
wt.% K20). Other metal oxides of traced amounts in LCD glasses are for example Sbx03, As;Os,
Sn0;, MoO3, CeO:, HfO3.

Table 1 Component breakdown of EOL PC monitors of various models.

Model (weight in gran)
No. Parts BT || e Snvv\;;;ng Samsung Acer Acer LG LG Phillips | Phillips Ap,pr“x'
e | Lat9D00E1 | syncMaster | 713NS [T X! arszewa | caosHL | R | m2eart | asope | Priiencel  (OvE%6)
SA300

T | LCD screen W60 9057| J805| W425| 9L00|  30200| 41936] A5190| 31385| 25590] 9046|1000

2 | Mainboard/PCBs 27024 K] 11376] 21583| 29555  31687| 27247| 20631|  29694| 309.16] 22305 5.00
? Metal sheets 1406.45 1160.00 536.01 1185.84 | 1480.00 960.32 | 1073.36 1190.00 200322 202000 107437 40.00
[(a [ Screws 1456 [E3E) EIEE 43] 503] 2LI8|  %26|  Bsd] 028 050
5 | Plastic parts 83,10 100000 | 833,45 83503 SS0.00| 68222 839.04] 84696 67316 S010| 77438] 2000

6 Fluorescense/LED LJmP 13.51 27.20 - 395 49.69 238 - - 13.93 19.13 36.01 0.20

7| Acrylicipolymer sheets TE0.19 520.00 3407|  57430|  800.00 259.60| 9581 | S6650| 100628 40829 | 79811 2100

B Wore 7.90 16.30 9.16 17.58 10,98 27.24 823 17.82 23.79 705 B.49 0.30
Total u,cigh[ (kg) 1.49 3.60 223 3 393 2.59 3 331 442 1.25 322 100.00

3500

500 Sarsung TA2EK |

10 a0

20 30 w 50 &0 0
2Taeta (Coupled TwaTheta/Theta) WL=1.54050

Fig. 6 XRD spectra of selected LCD and PV glasses.
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Table 2 Foam glass formula (composition in wt.%)

[ Foam glass formulation (composition in wt.%)

Raw materials

D

| | ) 1IS1C 1455 -
2 PV glass cullet 5.00 7.00 6.00 5.00 7.00 6.60 6.48 6.60
3 Flat glass 5.00 5.00 5.00 - 5.00 4.72 4.63 4.72
4 Cordierite 7.00 2.00 - - 2.00 3.77 3.70 1.89
5 CaCO3 2.00 3.00 3.00 6.00 3.00 4.72 4.63 4.72
6 Graphite 1.00 3.00 3.00 6.00 3.00 4.72 4.63 4.72
7 Borax - - 3.00 3.00 - - 1.85 1.89
Total 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00
Note: FP-x referred to pulverized powder preparation method

FB-x referred to ball milling method

Structure Evolution and Characterization of Foam Glass. According to foam glass formulation
as listed in Table 2, the LCD waste glass was fixed at 80 wt.%. Effects of calcium carbonate and
graphite addition as foaming agents and firing temperature on foam structure are demonstrated in Fig.
7. It appeared that the evolution of foam structure was influenced by increasing firing temperatures
from 900 — 1050 °C. The fired pellet sample sizes enlarged significantly when firing at 1000-1050
°C. Glassy phase on top surface was evidenced on FP-3 and FP-4 samples. All samples fired at the
highest temperature of 1050 °C exhibited a dome shape of about 18 mm diameter, giving 50%
increase in diameter. XRD results of FP-1 to FP-4 samples fired at 1050 © C for 2 hours generally
showed tetragonal cristobalite (crystalline SiO2) and anorthite (CaAl2Si20s) as the main phases, as
illustrated in Fig. 8. Cordierite addition increased anorthite phase, as shown in FP-1 XRD result. SEM
investigation of foam glass structure in Fig. 9 showed that FP-1 and FP-2 samples fired at 1000 ° C
for 2 hours possessed fine pore structure of less than 200-micron pore size. The pore size increased
with reducing cordierite addition (lesser refractoriness). FP-3 and FP-4 samples having higher
calcium carbonate and graphite exhibited larger pores. As the firing temperature increased from 1000
to 1050 ° C, very fine pores were observed in the cell wall. However, increasing the firing temperature
to 1050 © C resulted in a well-defined pore structure with pore size enlargement. It might be that at
the temperature beyond the glass softening point, glassy matrix in the liquid state formed which
allowed such a pore structure to be well-developed owing to the hydrostatic pressure inside. The pore
cell wall surfaces appeared smoother than those observed from samples fired at lower temperature
[8]. Tt might be that the surface tension of the liquid glassy phase formed beyond its softening
temperature is sufficient to provide necessary wall tension to form bubbles in the liquid glassy phase.
By minimizing the wall tension, it helped to pull the bubbles into spherical shape. Therefore, the
higher the firing temperature, the greater the tendency of liquid glassy phase formed. This led to lower
surface tension of the liquid glassy phase [9] that facilitated spherical bubble formation. Observation
at higher magnification as shown in Fig. 10 revealed foam structure evolution with increasing
temperature. FP-1 sample developed the well-defined foam structure with smooth cell wall as the
firing temperature increased from 1000 to 1050 © C for 2 hours. Comparatively, FP-3 sample fired at
1050 © C/ 2 hours although showed the well-defined foam structure, also with smooth cell wall; but
having very fine pores in it. Moreover, there were holes of sizes larger than 50 micron sitting on the
cell wall surfaces observed throughout. At this point, the foaming agent contents might be too high,
resulting in excessive gas pressure inside the pore. Furthermore, without cordierite addition, the
glassy phase’s viscosity might be too low to resist the gas pressure. As a result, the cell wall became
too thin and has broken up. These thin and broken cell walls are considered not beneficial to the
compressive strength of the foam glass.
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Fig. 9 SEM mlcrographs of pellet samples fired at 1000 and 1050 ° C/2h at 100 x magnification.
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Fig. 10 Foam structure of a) and b) FP-1 pellet samples, c) and d) FP-3 pellet samples fired at
1000 ° C/2 h and 1050 © C/2 h respectively at 300 x magnification.

Table 3 Apparent density of FP-1 to FP-4 foam glass samples.

Apparent densif ‘cm®
_Sample
FP-1 22784 1.5900 <0.792 <0.792
FP-2 2.1689 1.2963 <0.792 <0.792
FP-3 1.8327 1.3025 <0.792 <0.792
FP-4 2.0205 1.1017 <0.792 <0.792

Foam glass densities after firing at 900 — 1050 °C showed that the densities decreased as the firing
temperature increased in which the densities of less than 0.792 g/cm?® (methyl alcohol density) is
obtained when firing at 1000 and 1050 ° C, as listed in Table 3. According to preliminary foam glass
formulation results, it can be deduced that the addition of foaming agents (calcium carbonate and
graphite) promoted foam structure and enlarged the pore size. Moreover, cordierite addition appeared
to raise the foaming temperature. Therefore, foam glass FP-2 (when firing > 1000 ° C) was selected

for the fabrication of 30 mm x 30 mm cross section plate samples due to its good appearance, well-
defined pore structure and low density.
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Fig. 11 Pore structures of FB-1 to FB-4 fired at 1050 0 C/ 2 h.
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Fig. 12 Foam glass properties, a) bulk density and b) average pore size.

Next, FP-2 composition was prepared by ball milling process and the dried mixture was used to
formulate FB-1 to FB-4 by adjusting the amount of calcium carbonate, graphite and borax as
summarized in Table 2. After pressing and firing, the samples were cut to give a 30 mm x 30 mm x
5 mm dimensions to evaluate foam structure, pore size and bulk density. Pore structures of FB-1 to
FB-4 samples fired at 1050 °C for 2 hours are illustrated in Fig. 11. FB-1 sample had the finest pore
structure. The pore size increased with increasing calcium carbonate and graphite additions as the
foaming agents. The color change from light to dark grey and pore enlargement were evident in FB-
3 and FB-4 samples, plausibly due to borax addition. Bulk density result, as demonstrated in Fig. 12
a), indicated a reducing trend with increasing firing temperature. Average pore size of the fired
samples increased with increasing firing temperature, as shown in Fig. 12 b). It could be explained
that more liquid glassy phase existed at higher firing temperatures of 1050 °C, allowing foam
enlargement as previously observed. Moreover, the additions of calcium carbonate and graphite
helped to create more gas pockets, and growth of gas pockets continued in a greater extent at higher
firing temperature where more liquid glassy phase existed. From this experiment, FB-1 sample
showed the lowest density and pore size. As a result, it was selected for further investigation to
produce larger samples of cube and plate dimensions. FB-3 sample although possessed higher density
than that of FB-1 sample, it showed a well-defined pore structure with smooth cell wall surface.
Therefore, it was also chosen for a larger scale fabrication to observe effect of large pore size on
compressive strength and electrical conductivity.

Characterization and Property Assessment of Cubic and Plate Foam Glass. After the fabrication
of cubic and plate foam glass formulas FB-1 and FB-3, specimens were sintered at 1000-1050 ° C for
1-4 hours to study effects of firing temperature and time on phases and structure of the foam glass.
The shape of FB-1 sample enlarged after firing at 1050 ® C for 4 hours, giving around 30-40%
expansion seem from its top view, as displayed in Fig. 13 a). After diamond wheel cutting, cubic
specimens of 30 mm x 30 mm x 30 mm dimensions were obtained, showing fine pores distributed
throughout in Fig. 13 b) and c). Pore size analysis showed a near normal distribution curve, giving an
average pore size of 0.713 mm, as shown in Fig. 13 d). Foam glass FB-3 formula on the other hand
showed sample flattening after firing in the same condition, giving extra-large pores with smaller



10 International Symposium on Advanced Materials and Application

ones visible after cutting, as illustrated in Fig. 13 e)-g). FB-3 had an average pore size of 8.17 mm,
around 10 folds to that of FB-1 sample, as listed in Table 4.

Table 4 Properties of FB-1 and FB-3 foam glass samples.

assessment
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Fig. 13 FB-1 and FB-3 cubic foam glass fried at 1050 ° C/ 4 h.
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Fig. 14 XRD spectra of a) FB-1 and b) FB-3, fried at 1050 ° C for 4 h.
Table 5 Oxide composition of FB-1 and FB-3 foam glass samples analyzed by WD-XRF.

] 16.15 | 0.366 | 0.289 | 25.77 | 2.004 | 0.096 | 0.496 | 0.132
FB-3 [ 5238 | 1532 [ 0.386 | 0.340 | 26.66 | 1.989 | 0.088 | 0.393 | 0.144 | 1.439 | 0.731 [ 0.141 |
Note: B;O; cannot be analyzed.

Foam glass compositions of FB-1 and FB-3 formulas via XRF analysis are listed in Table 5. The
foam glass contained 52.38-52.53 wt.% SiO; and 15.32-15.15 wt.% ALO3 and 25.77-26.66 wt.%
Ca0. Comparatively, FB-3 foam glass has significantly higher amounts of alkaline and alkaline earth
oxides that helped to lower the glass transition temperature. This is in good agreement with XRD
results of FB-1 and FB-3 foam glasses fired at 1050 © C for 4 h, as demonstrated in Fig. 14 a) and b)
respectively. Anorthite and cristobalite were detected as the main phases for FB-1 foam glass. By
considering the XRD spectra of the foam glass formulas with lower foaming agent contents for FP-1
and FP-2 in Fig. 8 and FB-1 in Fig. 14 a), extending of firing time from 2 to 4 hours did not affect the
phases obtained. On the other hand, FB-3 XRD spectra contained anorthite as the main phase with
tridymite and labradorite as shown in Fig. 14 b). It implied that greater amounts of foaming agents
and modifier (borax) could replace cristobalite by tridymite, which is the lower temperature SiOa.
Borax (Na;B407° 10H:0) provides alkali (Na) as the flux to reduce the glass temperature, and boron
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oxide as glass forming and modifier [10]. Borax helped to form triclinic labradorite ((Ca, Na)(Al,
S1)40s) in FB-3 foam glass. Further, it could inhibit crystallization [11]. Therefore, greater amounts
of glass foaming agents and modifier lowered glass temperature, giving larger pores.

Firingat 1000°C/2h Firing at 1050°C/1 h Firing at 1050°C /1.5h Firing at 105 /2h

After firing

Tem

After cutting | Affer eutting After cutting After cutting

Average pore size 1.52mm  Average pore size 1.63 mm Average pore size 228 mm | Average pore size 3.90 mm

Fig. 15 FB-3 cubic foam glass a) fried at 1000 ° C/ 2 h; and fired at 1050 ° C for b) 1 h, ¢) 1.5 h and
d) 4 h, e)-h) samples after cutting.

Firing at IO(!O;‘C /3h Firingat 1050°C /1 h

After firi

——=2cm
After cutting

Tr—
After cutting

After cutting

Fig. 16 FB-3 plate foam glass fried at 1000 ° C for a) 2 h and b) 3 h; and c) fired at 1050 ° C for 1 h,
d)-f) samples after cutting.

Although the FB-3 foam structure is well-defined with smooth wall surface, the large pore size
obtained affected its compressive strength to be lower than that obtained from FB-1 foam glass, as
shown in Table 4. FB-1 samples possessed compressive strength of 1.10-4.22 MPa, greater than
0.14 MPa of FB-3 samples. Although the compressive strength range of FB-1 foam glass is rather
large, it is above the average of 0.62 MPa, according to ASTM 552-22 standard specification for
cellular glass thermal insulation [12]. Future work might be required for further strength
improvement. The result indicated that crystalline phase contributed to higher compressive strength
in the FB-1 foam glass. Its fine structure and uniform pore size provided uniform stress distribution,
resulting in higher compressive strength. As compared to previous finding [6], the foam glass
produced by blended waste glasses in this study could offer lower density and thermal conductivity,
though having less compressive strength, due mainly to the different recycled waste glasses and
additives used.

In terms of thermal conductivity, cristobalite has significantly lower thermal conductivity
(0.0335 W/m K) [13] than other phases; anorthite (0.00401 cal/cm °C sec or 1.6789 W/m K),
labradorite (0.00365 cal/cm °C sec or 1.5282 W/m K [14]. It is speculated that lower thermal
conductivity of FB-3 foam glass though having anorthite the main phase is due to its closed pore
structure with smooth cell wall as shown in Fig. 13 g). For FB-1 foam glass, though the pore size is
much finer, the cell wall was occupied with smaller pores that might lower its thermal conductivity.

Effects of firing temperature and time on the foam structure of FB-3 foam glass were investigated
as shown in Fig. 15 and 16. For cubic foam samples, a greater degree of foaming effect was observed
at higher firing temperature and longer firing time. For 80 mm x 80 mm plate foam glass, different
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firing temperatures and times were required to generate foam glass structure in comparison to those
of cubic foam glass, due to different geometries.

Summary

Blended LCD flat glass, PV glass cullet and flat glass could be recycled to produce foam glass for
high compressive strength and insulation purposes. Addition of cordierite, calcium carbonate and
graphite to the blended glass mixture allowed firing at 1050 © C for 4 h to give fine and uniform foam
glass structure. The foam glass has good properties; apparent density of 0.15 g/em®, 1.10-4.22 MPa
compressive strength and thermal conductivity of 0.1183 W/m K. Different foam glass formulation
and geometries required different firing temperature and time to give the desired foam structure
suitable for compressive and thermal insulation propertics.
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