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SIRUNYA SOMLA: SYNTHESIS OF ZINC OXIDE NANOPARTICLE USING ZINC
OXIDE RECYCLED FROM ELECTRIC ARC FURNACE DUST
THESIS ADVISOR: ASST. PROF, SAKHOB KHUMKOA, PhD., 182 PP.

Keyword: ZnO Nanoparticles (ZnO NPs)/Electric Arc Furnace Dust (EAFD)/
Hydrothermal Synthesis/ Antibacterial Activity/UV Absorption

This study investigates the synthesis of zinc oxide nanoparticles (ZnO NPs)
using zinc oxide recycled from electric arc furnace dust (EAFD). The process consisted
of two stages: selective acid leaching for precursor purification, followed by
hydrothermal synthesis. In the leaching stage, the effects of various parameters on
zinc leaching efficiency and impurity contamination were examined. For leaching
process, the optimal conditions were 2 M sulfuric acid, a solid-to-liquid ratio of
150 ¢/L, room temperature, and a leaching time of 15 minutes, yielding a zinc
recovery efficiency exceeding 90%. For the hydrothermal stage, the effects of initial
solution pH, temperature, reaction time, and NaOH concentration on ZnO NPs
formation were systematically investigated. The results indicated that an initial pH of
11-12 was favorable for the formation of a pure ZnO phase. The optimal conditions
for the synthesis of zinc oxide nanorods were achieved at a reaction temperature of
200°C for 1 h using a sodium hydroxide solution with a concentration of 2 M, whereas
the synthesis of zinc oxide nanoplates was favored under the same temperature and
synthesis time but with a higher sodium hydroxide concentration of 6 M. XRD analysis
confirmed a highly crystalline hexagonal wurtzite structure. By adjusting the synthesis
conditions, diverse particle morphologies were achieved, including hexagonal prisms,
nanorods, and nanoplates. The synthesized zinc oxide nanoparticles exhibited
particle sizes ranging from approximately 27 to 550 nm, depending on the synthesis
conditions employed. UV-Visible spectroscopy showed strong UV absorption at
370-380 nm. Antibacterial testing against S. aureus and E. coli demonstrated that the

synthesized ZnO NPs exhibited superior antibacterial activity compared to the



Zn0O recycled material. These findings confirm that the hydrothermal process can be

effectively employed to synthesize ZnO NPs from EAFD-derived zinc oxide.
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nszvuNskanwmantaeldimiansnlaia (Electric Arc Furnace: EAF) {Wuwmalulad
Ao | I ~ v | o
nianuaunsalanaulunisaivaueidusenauniaiivedanerasuivallieg19uaug
= [~ [ o w a < aa [ 1 wa v
Feduladedrfglunmmdnmanidaunnguaraunsauuunimuaudiamnglinngay
FunisitaulunmazUsesinnlasgalivszansain wanannidmiansnlnindalivalaiuseu
aruaudsduramsneins weswnausaldiawuaniduingfundnlunisudala
Weunanua damaliiinn1sldnsneinsed 1A LAIAANITNINITANAUIINGTTUYIR
wagatuayuwAnasegitmyuioy Faduwumadlasuanuaulalussdulan (National

Academies of Sciences et al., 2023) ag19lsAinu r}!MGﬁ@ﬁﬁ‘ﬂlWﬂﬁ (Electric Arc Furnace

Dust: EAFD) &uinainnszuaunisvasudndusdedlasunisvnta visid dumnesnlifiail

[ [~ a [ P a 4,‘, ) a [ 4
QNIALTUNINVOAULALOUNTIY We9niin1sUuilsuveslangninranesinluesnusenau
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WU WEN (Fe) meia (Pb) wanwdloy (Cd) waydansd (Zn) (Zabett & Lu, 2025) lngil

=

Ausnvaenaziivsunavesdinsdiluesdussnaulutiinaigs msihdnzdnduunldlnids

q
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Judssnunuraulaniudwnadeunaslon1aniasugeans lnganizag198in1sasy
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danzdeenled (Zinc Oxide: ZnO) visenansaaiaU 9 Ny

o a

dmsumsslgdadumeonsnininnu Inevaluasdntiunislueiiwuunyy (Rotary
Kiln) tagaglinusougadisuseann 950°C n1eldan13enlansinig wu a1susunse

a1uldn Feaulanavdvasulviinuisensanduvesansusenaudansdeanlys gy
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aa = o
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fangdoanleanlaannszuiunisiiarnsairlllgusslevilalunainvatvgnainssy
WU geaNITudn 819 & wazin3esdiens Wudu Meiliflesandenzdeenleilanyd

Manwiy wu danuvasady 510190 wagausananladte (Raha & Ahmaruzzaman, 2022)



atalsfiny Weinuszansanlunisldaudansdoenludludusing q Sefinswamunnis
dunnendingdeoanledlvioglugduuuauniauily (Zinc Oxide Nanoparticles: ZnO NPs)
Faflwunnaglutasuiluwns (1-100 wilums) Tnseymaulumardfiaudiimenienm ted
waznniwmionidanzdoonludluguuuuiinlegeiioddy vneynaiidnuinda
‘Lﬁﬁé’mwmuﬁuﬁﬁ's@iaﬂ%mmqa Fadutladuddgiidieifivauausalunsinu§izen
il uazildnwauglangiesiaglussiuuluilandu Tuungifofueymadsngdeenles
uludsldsuaruadlaeganhamaimeiuinermans uavgnannssy esinannsn
iluuszendlilalunannansanvilagamzluiudidnnseiind wazesUlnddnnsednd

(Optoelectronics) ATUAILINGBL LATAIUNITINEAT LUA1UBLANNTeNNd wazeaUln

Sidnnseilnd euniadenzdoanlyduluiuautodlanasnu (Band Gap) Ussann 3.37 eV

(Dey et al., 2025) Fedwalniandnovaussnauaswansibiloan (UV) laa Janunsdmsu

9

a A

n1sldaulugunsning9dussdyd (UV photodetectors) w3alalaniUaauaa (Light Emitting

Y

Diodes: LEDs) 1ludu lusudawinden suniadansdoenladunlunansnuaud@inisis

aa

UfjAgeuas (Photocatalytic Activity) AlanLsiudauisadssaalvasdunsdvuidauluun
Wdelaeg19dusednsnan Tnsamisaniaulaenielduassssuasf waguas UV
imunzausenisinldlelunszuaunistadaufdedu (Raha & Ahmaruzzaman, 2022)
luAunsinens suniedinsdeenledurludunumddglunisiiudseaniaimnisgady
vy Inedinzdidusinemissesniinnudnlunenssuaunisasgifiule wazns
o 6 1 = ::qu [ a 3 v wva ¥ a
Muedouleisig q luily uenainll susiedensdeanleduludiwansaudfidiugadn

U g.J/ a = U 4 | -dy a a 1 Y o o
AUN30gUgINITRTYUeRaTnnelials Wy Weswaskuasy dwaliddnaninlunisinly
Uszandltidussdusznovresdowily wazanstesiuiale (Gandhi & Koche, 2024) fatiu

Y] ¢ Y] a I Y] a cay v = a s

nsdunsiaunIrdingdeanlsnuiluaindnedeanlunnlaannssludadueiaisnlai
Liisawnteiiuyadiliiuvendeanamnssy uaduduuuimnnduasunsldnineins
ag198v 8y wazadvayuwwAaasugianyuisy dadudmuneddyvesnisimun
geavnssulugadagiu

aumadengdeenleduiluaiuisagnduasizvila faunalgnssuIunIs L
nsguaunslalasimesuea (Hydrothermal) nszuaunislaa-1aa (Sol-gel) nszUIUNTS
AnNRzNauU (Precipitation) LAZN1IEMAIBANTOU (Thermal Evaporation) (Chand et al.,
2012) Tngumagnszuiunisidediazdodninnanteiu nszviumslwa-waidunsyuiunis

FUAINMSEsENAITAZaN Jaansavarvandsuanuziluwanuufisenaiiluasazans
&
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szauunlulaegnawiugn uaslieuniafifianuaiauegs (Patel et al., 2022) agslsinny
nszurunsilindeslifnhazaredun3ddeensdmanadunndounazaiuyunisngs wazilu
N32UIUNTTT ABUT NTUT U M1991NN1Td1ATIZEAI8NTZUINNISANAZNOUT 1L Tu
nszUIUMINIAMUSUMENINNIT Ineerdunisiianenowilaindeiazatuuilageyin
MU Aseduauinansibiazateun nszurunistddvealudiuaiiuavain ldeunsal
Lidudou wazdisuyusn (Gatou et al, 2023; Taka & Das, 2022) 9&19lsARIN NITUIUNIT
anagnauivednintunsmuatunkazJUT1Iveteunadansdeenlenuily Gso19dnaln
andAn1nIenm wazieiivesTanladanunlsusiu dmsunssuiumsssmemennuiou
< v v v < b4 <)
Junsyuuidunsauauaniieninienn tngldanuioulumsseinevewislvinanedu
lauagyinlilawarvumusiuuuiuiivesign sassuiieassilduuimislassasiaunly
nsvvIunsilanunsandnianianuuignsaaasiilassaiisamelaegradvsednsaan
(Han et al., 2021) uddBaniuANgagil ANNUAY UazaNIEWIRRENRE 1 LIUETI019F BalY
A4 A aa v v v
\nSasllaniianududounayfiunue

dnsunszurunsialaswasusatdunszuiunisildanusaunazanusulussuula

£%
= Y A

dioadendndengdoonledainansdsiulugvarsazas nsvviunisiidofivaisyszns
loun msndaianlifiaudundnadlagliseamiunszuiunismi (Calcination) n1srauAy
JUSN havvuInvesaunalaeg1siuglagn1susudwlseng q wu a1 pH YReEIAIRY
pamgdfildlunisduaszst natluniseufisen uazaududuresansdedy udy
(Anaya-Zavaleta et al., 2025; Zhou et al., 2023) uenaniinszuaumsialnsimesuea
faflnansznusiodauandeus Wonnlilivhyiazaedunid egslsiniy dnvazvosszuy
Tadidedldnnuiou uazanudugaililiannsadunnnalnvesujAsenuuud
Fadudesiialunisinaunsruaunisvaeiinsnaass wenaintu n1sUuan pH
Fuflunumddnlunsduasmeidinsdoanledfenszuiunislalasinesuea esndwa
Tnenssanisanaynousssdensdlansenles (Zn(OH),) Faduasasiuvesnsiindanyga
sonled (Basnet & Chatterjee, 2020) Tnevialy azldansazanslufivulensonles (NaOH)
Huansusuen pH 1esaniinrandusinegs anunsavdeslossulansenlusd (OH) lesinisy
wazanysal Tamuigrsge muaueududuldine uazhisunuszuued esanladen
lepeu (Na*) finasoaunalaiifosunn (ain et al, 2020) a13Ansmadondu Wy asavans
Inunaweulensenlen (KOH) wazasazansweulufieulansanlan (NH,OH) dvadin
TngansazansTnunadenlensenlesiinmigs uazganuduldd SsoraviliiAnnsuidou

d’lj 1 a 1 1 IS (TS
PMNAMNTULarAINlLLERsIR AN pH druarsazarsuenluienlansonluniniiuszine



Mewazanavaseiguenluflvoanyy Jududunsieneguainminliddszuuszuigeinie

Fwngay Uain et al, 2020) fatiu ansazanslnfoulansenlessadedusidoniimuigay
d1usun1susuen pH lunisdunsizieyniadensdeenladuirludrenszuiunis
lelnsimesuea osaniuszansamlunisusue pH faasnsdte wazannsaniuay
Anadudulady
wiagdamAdednumnniinenufnfumsduangisunedingdeenludunly
mensyuiunsialasimesuea undiulvngdinsldansiaiiinsniiasieyt (Analytical Reagent
Grade: AR grade) fiflanuuiavigs Gauumsillsiaenndosfundnnisvonasughavsuiou
waznslinineinsesnaduen Turnedonidedlfiiauenumeiisduinnnitlasnisia
yarlifudangdeanlediliannsilmAadunmeninluianyhnsduaseilndusynia

Y
U =)

dengdoonlonurluaisnszuiunistalasimesusasuiunisusuan pH lagldaisazane

LY a I

lwewlensenlyd mAdeilidfissusuandiviuiansliingiunadenlunisndndanuilu

q

= (Y

iandRlaarunaennaeeiunaniAsygnanyulew widinu dudsidmadondnsoe

[

duaseils nszviunisaenanialumsiiuyadibiiuvesdeduningnainnssy

dnnadalalenmaliaunsaimunlugmandnsuniadansdeanluduiluluseduanamnssy
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1.2 IngUszaeAvaINIsIY
121  Anwfudsiidssasienszuiunmsvzazmeiieidguanindensdoenludils
Mnnmssludadumensinludilieylusuvesaisazats uazidonanziimuzandmsy
thansazaeiildanniszazaneufiduamsisiulunsdannesieyniadingdeenladuly
122 Anwidaudsveanszuiunisduasisieyniadenedeanloduilun e

nszvIunslalasinesueaiidmasisvun s wavaudiveseunindnsdeanlunuily
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1.3 YBULUFNVBINTITANY
YAUWANITAN YIS YIMIUAIAUVDITUADUNITNAADS LRai)
1.3.1  Anwsudsndiananssuiunisvsazatgiiaildsuaninvasdansdaonlon

'
& A

Aloanmsslafaduaorsnlniliieyluguvesansavans lneliingussasdiiednidion

q
(%

anmsfivnzaudmsuihaisazaredildainnsvravarsuldiduassadulunsduasizi
symadenzdoanladuTufudsidnw leun
(1) vianazanuduturesnsad i uansvzazans Tawn nsadafiagn
(H,504) nsnlalasaasin (HCY waznsalumdn (HNO,) fimududunes
nsm 0.5, 1, 2 uag 4 luans
(2) Sasrduveweads (hmdnuosiiete: S) deveuna (Usunsvesans
Wravane: L) isean S/L ratio 7 50, 100, 150 uaz 200 nYuseans
(3) paumgiilunsvzazanaiigumgiivies (25°0), 50°C way 75°C
(@) pantldlunsvzazans 15, 30, 45 waz 60 WIT
132 Anwidnsidawarenszuiunisdunsgieyniadingdoenluduilusie
nszvaunslslnsinesueaiidmasiovuin JUe wazandiveseynindanzdeenlusuiludle
Tneshuusiidne laun
(1) A1 pH e ssuieudingmsduaszioyniadangdeenlsduiluds
AszUIuNslalnsmesueadian 7, 10, 11 uag 12
(2) gaungilumsdauasieyt 100, 150 wag 200°C
(3) marlunsduasizdi 1, 3, 6, 12 uaz 24 T4

(@) MmnuuTuYesasazaneluneulansanlen 0.5, 1, 2, 4 way 6 luans

1.4 Uselowinlasu

v
A a

Uszlovuinlasuainn1sideil Ae NTIUBvEnaveiiLUsng o Ndwmadonisdaunsizin

o = I3 o = saly v = a ¢ 2 ao &
aunAdandeenlgauiluaindingdeanlunnlaannsslafaduniesnlningadesil

14.1 N UdnsvesuUsdinaneanseuiunsyzaratgiielfsuaninvesdinyd
sanleailaannnisslwAadumiorsnliihlviegluguvesansazany uazifonan1iznismaaes
grazaneinuzgand miviiaisazatsunldiuansasiulunisduasigoyniadngd

aanlwauly FMLUSAANY Tk



(1) viauazanudutuvesnsailiidushansvzazany

(2) Sn3EIUVDVOIUT W DVDINAY

(3) eumaiilunsvzazae

(@) nanildlunsvzazane

142  ynudnsnavesiiwlslunszuiunisduasivieuniedingdsonlanuily

shenszuiunslalasiesueaiidmasiovunn U1 uavauanTiveseynadsnzdeenlus
uludtlel I

(1) f1 pH e sisRuiauingmsduaseioyniadangdeenlsduilude

nszuIunslelasinesyea
(2) gaungilunisdaasneyi
(3) Lantun1sdunsIen

(@) AnuuTuYesansazatelneulansanlan
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USnAd2saunIsutazIuIdening1994

uniliiauensmummITTUNTIILArLIseTiABadas Usenaudaenisesuie
ndnnsvinuvenaednlwiiwaznniAnd waiersnludin Jaduundsdanzdyiond
(Secondary Source) fiannsaunluldussloatnunssuiunisslufald wazldnaids
p9rUsznouvea]uitindu naenaudgmdsnedonnazuuaminisdanisveade viadl
nnduiiauemeluladsladadunensnliiifendndinsdeanles drdudalulfesune
Snwaz audh nsldeuvesdingdennled saudmnuddyvesdinzdoanlasianis
\AsgRauazgRamnIsy uendnildesuisiUieudisunssuiunsdaunsgiieisniseng
wieueSuiedefinazdodinvoudasds anvieldasunuidefifedesiunmsszazasuas
nsduaszeuniadenzdoanlefuilu wieuisd lMifiuresiiwein1ide (Research Gap)

wazhanstanusdulunisaduanuided

4 1 -4

2.1 wasnivduaziumiansnluia

wiasn i dunalulagnsudnwanildnseualuirlunisaseensnlninsgming
& a & ) & Y] a Y a v a
Tagwaninsaduiawvanviedanlave wWoelviiinaiusesuiiiesnalunisvasulany

[ 3 a = | | = [y <@

NTEUIUNITaBNAl8mI1s i daugang uge naAe @110 uLAvNGN
nanvatayusenn Wndeauladuseansnnuaz seasunisidiawmnans lwiAas Ui LN
aunsamuaNesAUsznauaiinazaunglildegawiugn dwalndunssuiunisdidey
lugeannssumdngalmilasanizludiuaudsdusasnisannisuaesfimisounszan
dusznauveamanintwihuansdslugun 2.1

nszuIUNIsHatranalgmosnini vl uaiesnlui Fadusynia
avidaniiUsenaunigeanlunvedlanenatevin wWu denzdsonlas (Zn0), wdnsonlen
(Fe,05), Az (Pb) way waatdaw (Cd) 1Wudy 39da9dinsdnn1snvunsaufioananseny
1 q‘ v % 6 I [ d' 1
Ao awIna ey INANSNBULLATUNUIMYBLATIT NN LAz wm1 015 nlnHaina1un

3 Y1 a d? I s = al' ¥ [y o
ﬁ]ZLﬁuvLﬂ’Nﬂ’l’iLﬂﬂ“UusU’eNB!uLmﬁa’liﬂiﬁ/\]ﬂﬁuﬂlﬁuLﬂEJ’J‘?JE]\?IG]EJG]NﬂUﬂﬁZU'JUﬂ'ﬁV]’N'Mﬂ']EﬂU
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FefasfnwTunauNMsHARANnaImaa1sn NI TngaSuielasadl

Carbon and Slag Door Electrode Cooling Graphite Movable Furnace Off-gas
Oxygen Arm Panels Electrodes Roof (water- Elbow
Injectors cooled)

Oxyfuel
Burner

Furnace
Shell
(water-
cooled)

Refractory

Slag

Steel Scrap

Melt

Eccentric
Bottom Tap

Ladle

gﬂ‘i?i 2.1 dhudsznauvedanesnli (insuncarbon, 2024)

211 YunsunsWAnWENNEIRIBANE13n N

(1) newdgnszuiunisnasualsinIesnliin iwrdnasdosiung
Aanenvuinuazsinegaunuizay 910t uuIsasludui odeudginiond i
wrensnlniuwvseandu 2 Uszian laun imuuunszuanse (Direct Current: DO) uag
LWILUUNILaday (Alternating Current: AC) Tagtn101s nlWW uuunIzLan T
TBidninsafios 1 uia luvadiwondnlnfuuunseuaadulididnlngm 3 uwis lunnsadis
p15nsyminsdianinsanuewuanaeluel wnesnliiuuunssuansaltenvareusznis
Wy nMsnszaneaufouiainaue msgydendwnliindesniiuazengnisliauves
3idnInsafisnuiunit sudsyiudssiidniudliedeutum ensnlwiuuunseuaaduly
sewinssviasy uvsdidninsnazgnanseduaniieadisensnluinilviaiuieulstniniy
1,600°C FaitgsnednsuvinliiAwua nvasy LﬁaLﬂwmﬁﬂasmsJLLé”;%ﬁmi@Wuﬁun
(Lime) iagreidnaciovy wazitovildifansnu (Slag) Fadusuneuddnlunisvinl
Tangnaoumariianudazenund sy nMsianensuazgeiensilyfeinisesnain

& < o v al & v
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nszUILNIsMaeNgannlas aafilanaaludneiu Wuleaduddgnviliinduanesnlin
Taganglunsdlvesnisnasuiasmaniiniunisyudinegd (esandainzdiiqaisioniiias
907°C Fasumenanailuloluvasvaouawmndn uwaglodainsdavsuegluufadeniniuy
Feleuavuiadsiiazgnanesnannmvasusigsyuuiidneimeady aglussuuiitneinia
P ¢ v < § v ' = o aa A a

szilgunsalanayniavesdalilveanlidusseinianisusn elevesdensdnindauii
izwﬁﬂﬂ’mmmmzLﬁ@mw‘hﬂﬁﬁ%mﬁ’uaaﬂ%Laml,ﬁmLﬂué{’qﬂsﬁaaﬂlﬁzieﬁLLazLﬁmmiwﬁﬂim
fuansusznavsanlesvadlansrindunainataduasusenaulliedoudy wu dnydsonlya
a LYY @ I3 % a [~ a v [ a I3 b‘dy

WANISSIUFINUMANoN R wa A A UE1SUSENBUTNY aUVRIdINT A kasnanaan ndu
o B Lo a &y a ' | v =
Jusu wenanfifellansusenavesnlendu q ignuasyeenunainminaeusiuiuden &
sanladuazinaneanlyd lagaisusznoudseyluguvesudanaiiazgnanaleginsas
(Bag Filter) w3aszuudnduuuulninating (Electrostatic Precipitator) ¥8anseuIunsuiyn
uwiadelulssnugeavnssy duiignaneeanunannszuiunsiidnuiadeasgnyiuTiuuas

gnaaludanismunszurunsinguunenmuasely Ingduiiiaduainnssuiunisnasy

e

wiEinaewonsntnidgnslunisiiadseann 15-25 Alansuseu3uia 1 fureunannad
finanld (Borda & Torres, 2022)

(2) Tandnerdudi 2 (Secondary Metallurgy) ¥89n1SHAMLNE NNAN
wiEnuaeumaadildannisvasslumondnlaifiazgnnasginusutssnmn muiiminvde
Ladle Furnace (LF) ilemunauasdusznaumandvesndnlndulunudonivuaes
nEn S s Ua1n19 NTrUIuNITUTILA U Nudnvaounald aufensiAusinnay
nsandadouu wazmsusugamaiveslavevasumadliivanzauneuingnsyuiunmae
(Casting) Tnefuiunousnnsgruvesgeamnssumanitilanfisndudmiumananmaning

AMNINES Awandlugun 2.2
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(Steelmaking) (Refining)
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Hot Charge
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Continuous casting machine

Ul 2.2 nszvrumskdnmandenonsalii (Si et al, 2011)

I < & av v ' v o v X
ANTUNDUNITHAULAMUA NA18TuLA1915 LA 1A Le na1 i naun i

gnuIUTINgMsalszevedlans Wy dingd wazmsiiaujisereendinduludunay
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o U q
[ | s = = (3 = = o v ' [y
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ANRERERINIR

2.1.2  dnwzuazasAusznauvasiuata1snlinii

a0

Hunnorsnlnihddnwazidudiimanuanslugui 2.3 dudsnanndaing

'
1o

WUMUUIZWIN 1.10-5.22 g/cm” wazruinvasayniawlseandudeinguies nguiideynia
yuelgjiaus 20-500 fim wagnguiifieuninauinidntesndt 20 pm RnnsAnyILeq
(Favacho et al., 2019) @slginnsianisnszaemvoseynaduineninlwilnednauans
Tuguil 2.4 nudimsnszanediveseunind uimiondnluinfesas 90 dvurneynia
tfoundn 4.771 um wazfovaz 10 Tvurneymadesnin 0.156 um lagvuinoynialade

Youmesnlui 0.770 pm
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gﬂ‘ﬁ 2.4 M3nszAedvneunIATasEuea1sntniii (Favacho et al., 2019)
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Hunarsniniusenausiesinlanenatsyin wu daned wan ngi

lasudlon svgiiilon uandlew dnfia wasuaaniida Wudu Tnesigeng o walunaningiu

q

Mindeudunvacy Ineegluzuvaamumnan Wand (Flux) a1siuusdiunauiad
Wewnds seudnseiviannuln (J. Wang et al,, 2021) lauuinguvesduiniarsnluiy

aaa

<) { [ o { s v 1 | Ao Y v
ponlu 3 nau muauuduresdainsdntegluduwmiansnluin laun nquidianududy

Y

a U

Yedanedge naundanuuduvesdingduiunas wagngundanuuduyesdaingdni
Fedunaumaadvaaduniasnluiingusing o louanalilunisned 2.1 Tnesimsing 9 Ay
sfUsgnauvedumnenintilihaunsaiudiseaiuaziinnsdudiuiaduasuseney

A9 9 Aananslun1sei 2.2

AN5197 2.1 dhumanmandl (wt.%) vearfuimensnlyiiiingusing 9 (. Wang et al., 2021)

Type Zn Fe Pb Cr Al Ccd Cu Ni Mn

High-zinc 2666 1693 271 012 059 0044 025 0013 1.19

24.80 32.00 1.84 - 1.03 003 0.02 - 3.31

2351 39.20 4.57 0.3 0.3 0.01 034 0.04 -

2200 227 4.16 1 0.67 0.061 0.25 - -

Medium-zinc 19.40 24.60 45 0.3 - 0.1 0.42 - 2.2

19.02 30.0 099 034 053 0.04 - - -

17.05 2723 128 0.81 - 0.9 - - 1.03

1220 3708 172 022 041 0.01 0.17 - -

Low-zinc 520 1937 14 10.9  0.39 - . 4.1 -

411 2201 036 999 021 - - 2.2 -

375 4858 102 022 020 001 022 - -

0.77 3588 028 11.15 0.34 - - 5.26 -
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M13199 2.2 asUsENBUVRISIARIG 9 Nanansaaznulaluduniensnlih

(J. Wang et al., 2021)

916 ﬁ’]iUi%ﬂE]U‘?.l'e]\‘iﬁ'W!

Fe Fezo3, ZnFezo4, Fe304, MgFeZO4, FeCr204, MgFeZO4

Zn ZnFe,0q4, ZNO, ZNCO5, ZnCl,, Zng [CO5],(OH)s, metallic zinc

Cr FeCry,QOq4, Cr304, MgCr,O4, CrO
Al AL O3, ALO-SIO,, AlLO-2Si0,-2H,0
Ni NiO, Ni-Fe alloy, Ni-Fe-Cr alloy replacing Fe in Fe;O4 spinel, metallic Ni

Pb PbO, PbSO4/PbSO,, PbO.PbSO,, PbCl,, Pb(OH)CL

Ca Ca(OH),, CaF,, 3Ca0-2Si0,, CaO

Si Si0,, Mg,SiO,

Mg MgFe, 04, MgO, Mgs0,4, Mg,SiO,4, magnesiochromite (MgCr,0O4)
Mn Mn304 , MNO

cl NaCl, KCL, ZnCl,

S FeS, Ni;Sg, NiS,, S

a

NN 2.1 wag 2.2 LLamWLﬁudﬂr;!umei‘ﬂl'vxlﬁ'm'mﬂizmumimam

@ a

wianfidunauuazesrusznaunaedlavainnatetusyiveiaveuawnaniiluingdu

q
[

Tun1svasy $IRINTEUIUNINABUNRIVBIRAALLIIUAIY AU Huni1sninifiaty
a < £% ! 1o Y U [ = 2 v
31NN1SHAUANNA WA ATl a15Usenau unni19i uly §eeedUsenaunanved
Aumnenininihavuszneumedingdeenles wineenlyd naensulaneniindu o wu azin
= <) ¥ ! & & ¥ ! a & LY
wazuAAey 1WuAY a1sUsEnoune 9 wiarlonalwdeuinlug ssuuilnatasdudunie
pedwnndontargueuennliinsinniseg1aungau fely n1svitaudnlatym
IS a a

a v P v Y 3 o o A
a@LL'J@a@lW]LﬂfJ'JEU'E]Qﬂ‘Uﬁ\luLG]’]E)']ﬁﬂDL‘V\lﬂ']@a@@'ﬂuuu'}ﬂqﬂﬂ'ﬁf\]@lﬂqi‘ﬂaﬂLaﬂ%ﬂﬂizﬁWﬁﬂq‘W

Judugesudu Feazesurslurte 2.1.3
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2.1.3  wansznuvasdumasniniiuaznisdanisvesdeainduiniaisnlnii

JuimorinlwihazdawansgnuluBaausodanndon osanduimensn
Iwfidszneusnelangninuazaisusenousenlusvanevin Wy dangd nzda uanflou
Tasdley finfa wdnoonles aaolsd uasigeslsd Wudu Fedruduasreuafivdedu i
wazonamniilasunisdanisednamngan JuinnendnlwihddnvazlunsasiBoaun
Jeansaflsnszansldieluusssinia FeazdmaliiAnaandssioguaimusaussnuuas
yuulndidss lnslamnznsganueynialaveviin Wy aziuasuandoy dedamnmdufivge
wazaunsoazadlusangauneliiinranIenuIzezeInessuUUsEaIm b0 warseuuLien
Tushudanedenanuanusaluniszavanevestansminluduiniensnlui Soiduiym

dAydmadanun nANLarUIlAAY 31NN1TNAFUNIATIIUN IWUUTIa0INIsTEaTanY

<

=

Y94Ldy (Toxicity Characteristic Leaching Procedure: TCLP) SinWU31AINISUL8Ea0U0S
TangmanoviaAunitdunnsgiuinmun iliduniesnliigniaussinmduveads
sunsreluvaneussina sawfsegnneliderimuanungminesudsnadouuaznisaiuny
YaAAdUNTI80E1ATIATA

o

iesulledulgmdainannnisdnnisdueiesnlni FadiaudAyialuds

o

msuntesdanndenuaznislinsnensetsfiuszansnim 35nsinnisfuinensnlaii
annsaudseandunaisuuanig §93sAuguiiaadenisiliiadios (Stabilization/
Solidification) @slansBaing 1 Tus iisannistrararsveslanviindewhluilenay
Tuvquilinavveadedunsne agslsfinu Fidnandnaiidedialusuduyu fuiienay

o A

WALAINULE EITEELENIUBINTTT I LaVBIENTUANY DNLUINIEIRN LA SUAINNaUlaR LYY

o

Tuthmmssuiiiiun Aensdaulansdian (Metal Recovery) 9nguismensnlvlilagianiy
dsnzduavinan dslavzdsnanyadmansvgiotazananaiinduingnsyuiunisuan
Tvlls’ weluladirufildunsmanelunisiAudensd Ao nszuiuns Waelz Kiln Ssldruiou
gelutmmyuiilousndenzdluguvesdanzdeenlesoonaindrunanvesduniesnluii
wona1ndl Feimaluladuuulaninerasazareildnsveararosioaisazaiasiig 9
iieusnlavgidmauneeonainduiaeninliiiuazdussdnsangs aMwmsumalulad
ms3loAaduinensnlniin uansdslusuil 2.5 nmsldmaluladnisdaulavzdodunns
duaSumdniasusiavsuieu (Circular Economy) wazaansfianminensluansssuui

e



EAF dust
l

v

Pyrometallurgical
process

!

Waelz kiln process
Primus process
PIZO process
ESRF process
Rotary Hearth
Furnace

Mitsumi Furnace
Electrothermal
Furnace

e Flame Reactor

e Daido Furnace

v

Crude ZnO

e o

v

Hydrometallurgical
process

v

e Acidic leaching
e  Caustic leaching
e Others

v
Crude ZnO

i |

IS process

l

P

Conventional electrowinning
process

l

High grade Zn

.

e  EZINEX process
e Modified ZINCEX process
e Recupac process

g'ﬂﬁ 2.5 amsmalulagmssludadunieisnlnii (Palimaka et al, 2018)

15

nndgymdsneaauwazauvimelunisdanisdueensntuiintananli

[

! v & < Y1 = 3 v a [ a
Aeuntiil asiulaindumensaluihiesdauseneuveslaveninvanevin lngianizdangd

I U

o o = ¢ = a o ) ¥ 1%
Meglusuresdenzdoanlen Jelyarmuasugiaguazarunsadindvunldusslovidla

1 a o v Q’JJ a a a s = o v d‘
ag19ddnenin ddu uwwianisslofad uarersnlnirFenanaidunuimisddgn
naneUssinau1uUsey nel L eaanansenun od swindouuazii uUsednsan
Tunsldnsnenns Mdedalulsunavamealulagslafa uniorsnlniluivendndans

aanln
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22 walulagsludaduniaisninila

1 L [~}

Auimorsnliilnduvendeffidndiuvesdinzdlusudinsdeanladoyluszdugs

= o

3 1 o A o d' o Y 1 = a P [ L )
AWUULNAININYINTNEN iULLﬁSLﬁQJ’]%ﬁiWI@USU']@J’]L‘U’]Q ﬂiSU’JUﬂﬁii‘l"ZﬁLﬂaLW@UWI&W%ﬁ\‘IﬂSﬁ

o

ndvinliuseleviln nsyuaumsslufaduniansnlniin ddad

2.2.1  NS2UAUNISIANINGINI9AN5DU (Pyrometallurgy)

al a 1 L3 ¥ a ¥ [
ﬂ?iil%LﬂﬁBJULGl’]@?iﬂlWﬂ’]ﬂ’JEJﬂizU’]‘uﬂ’]iIaM’JVIEJ'Wl'Nﬂ’Niﬁ@uLUULL‘H’]VI’N

Aa ' o

dAglumsihdngduavliaveniinuanduailduseloniivng Inenszuiunsilasunisldau

o

agunIvatswaziiolduninsgiulugnainnssy fie nszuIuns Waelz (Waelz Process)

= o

Fadmdunsrurunssandu-n1svinliAnn1sseime (Reduction-Volatilization Process)
Aanfiunislusuuuniu (Rotary Kiln) Nigamgiigeuszanas 1,000-1,200°C ivevinlvidangd
lugusenlydiinnissAiduazsemeoanainveds nduriinisesndladind Irdu

a

[ a ¢l o [ [ av v
densdeanleaniaruisadluiduingivvesanamnssulaveuasiaila nsguIun1s Waelz

q
v <

lasuniseensuindumeluladiiaunausvuuuauindedowaziused@nsainas
suddianugangulunisanidunis Nedeaiunsavsunssviunsiimungauiuveade
1 [ 1 <@ Yo AN Y A
gRanNITuUTEANANY 9 L agalsfinnu wlfdinseuiunis Waelz aglivafviatsysenis
@ @ AY o o ao w A & a v Yo a da a o av v \
wingarsddedninnddny Ae Wunssuiunisndedddingaundvsuinadansdlidesnin
16 wt.% welvinszuaunsiauAual wenandailddrglunsdentisadeutnagaiiesann
gunsaldpvinuluanizeuvaigeiailies wesessudedniafinanislalinsiauiuag
Uszgnaldinaluladlaninemeanuiowdu o dmsumsslafaduniaisnluil wu Rotary
Kiln Process, Rotary Hearth Furnace Process (RHF), PRIMUS Process, Electric Smelting
Reduction Furnace (ESRF) wag Coke-Packed Bed Process tJudu (Lin et al., 2017)
nszuIuMsiiazyssaniiteulun1siau aumgil Wivsneniswin wazUsednSainns

v o a ! oA v a a ! a
ﬁﬂ@a\?ﬂgaﬂLLG]ﬂG‘I']\TﬂULWEJELVIL‘VTUﬂTWTJlILLa%L‘UiEJ‘UL‘V]EJ‘UF’TJW@JLW@JW%ﬁNT@QLLG\@%LW@IUIaEJ

aunsaazuANuwenAglun1sem 2.3
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A19°99 2.3 MTUTEULABUNTEUIUNITLANTNEINIIAUT U IMTUNISS loLAaru

W1e3nlin (J. Wang et al., 2021)

e
o
o))}

nsEudl e amugll WARAwe

13 °O)

o

v o
UBINNA

Wael Kiln  Rotary 1,150-  (ZnO 55-70%) - \Juwmeluladfiwensu

- AUUIEND ZnO

kiln 1,200 LAYELAN fuhlan AndAnlatiane
- Angeinenge
- Usinaudangdlu
Ingfunel
10771 16 wt.%
RHF Rotary 1250  ZnOuag DRI - Uszdvsawidndugs - nsasmuil udiy
Hearth 1,300 -landndueinidany  wazeldaielu
Furnace U3avdgs NSRS
- FUYUNAIUES
PRIMUS  Multiple 1,000- ZnO AN - @NN1SSUTRILEY - SYUUTUGBUANY
Hearth 1,150 U%qwéqq MaNgUsTLAN Fglunsasmuge
Furnace Laz DRI aunule
- Ingavlddnu
fodnduftaunou
ESRF Electric 1,400- Zno, - Bunsyuunsi - FUNUNANLGY
Arc 1,600 Yundn AnuUjAsenatn
Furnace GLHINGE auysnl
Lavauan
Coke- Shaft 1,500- Zno, - Sogaulusndudesda - - ManuSougsunn
Packed  Furnace 1,600 Yundn Wudounay sﬁaﬁaﬂ‘iﬁ’aqwu
Bed VAOUWAY - AU [TACAEEITR
Lazauan - dengdAnnuniu
vueandunle

e
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2.2.2  AszUAUMslaningansazaney (Hydrometallurgy)

nsrurunstaninenaisazate iunszviunisiiarsazarensande
ansavatglanizlunisadadensdesnaind uniensnlnilagerdenalnnisyzazans
diowsnlanzeenanlasaieanlediensnrdeansaraisianig A eN1SANAYNULEN
daiovu wazmsvinliuivielianufouriieaddingdoonluduiolansdans dlusuuuy
7idean1s 9nuiTenududnszuiulanineanisainudousridunaluladwdn
Tugnainnssy uwinszurunislanineraisazatglimnuaiunsalunsadindangdlaogned
Usgansnn L.Lazmmu%qw‘éqaﬂ’hmﬂ?ﬁﬁﬁﬁgumauﬁﬁ: (Liptai et al., 2020)

(1) M3w3eudiegs (Pre-Treatment) dumiorsnlnindngnualduuiaidn
(< 75 um) LﬁaLﬁmﬁuﬁﬁﬁwwamaqaumﬂﬁmmxamiams%asmaiam 5099197 09
fdnmaslsdvioduiovuunsisaiienadmasouss s anvosaiinuiisen

(2) nsvzazaslane (Leaching) 35ATeudensldnsaun wu lelasrassn
Wsevansn Wudu lnedansdeonlunavazarelaniuannensneouiisuiunans

(3) N1548Nd 15 e UUKAYNITANAZNBY (Impurity Removal and
Precipitation) 1&3n15¥zara189=9n15U5uU pH dasarsazanelaiionlansenlediiali
Fanzdlosau (Zn?) annvnawdudenedlansenlan (Zn(OH),) AeudrlUnunsEUIUANS
Tiusou

(4) n5L7 (Calcination) MsliausauLnalsuszneudinzdlansanlyn
flgamgil ~350-600°C Lileasilavuiudsnzdoonludiiinnuudandas dsanmnsarilulily

AANNTIUAN )

' '
a a A 1

NN UG NTEUIUNSNAT 831 EZINEX® 1Junszuiunislaninen

'
9 a a aaa o

asazansdandvdfeenuuuniesladaingAunAsninfidngd wu duimerinliin
voudeainanamnssugudinegd uazdenedeanluddu (Crude Zinc Oxide: C.2.0.) Jusiu
mzmumiﬁgﬂﬁmuﬂmﬁﬁw Engitec Technologies Usmadna dausd 1993 warlasy
meUsulslmilusamds ieudludgmarnmsldaudegramnsniusinilinszuiuns

fatesnn wazdanguindulutagiu
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2.23  walulagnsSludadunarininiluszmealne
wii s unnUssnalvedihifinaluladTladad unorsnlulfi i faun
Wuguuumeluussna uslutegtuldilsanugnavnssuuiswiaiuimnaluladslefa
Aldunmssensvlussivananussgndliiieadauasndndsnsdoonledaindumensn
Iihdhenszuaunslaningmisanufou fedeiduimdfguesenamnssilunisenszi
nsdanisveade nssludadunerinlnihiiduiumslusemedduneufiannsoaglé
fail
(1) Tssrusudumeorsnliiunanlssnundaminnd lnedumiensnlnih
wgnanifutazSeunsiteriignszuiunmssluda
(2) uwnrersnluirazgnudruinay (Mixing) Auauiuwaunsaled

a 3

Faduwnaslinusounazranssaig wazansoanie (Binder) wislwaiuisad uiduiiina

(Balling) Nty sl liiingnRniuse1avuiwtuannIu

a A

(3) Tmgavigndulimdudaualaggniowdludunivyu (Rotary klin)
Mnadeuagnyy dwomavggniiudiltlussuy aaumginldlutuneutussunn 950°C
Frzinuisensdndu lnefidnedznatalule Qadenvesdingd 907°C) levesdansdgn

=

anUlassduluiuuuresmnyuuastinujnieisendnduivainianateidudined

'
LY a =

oenluddsazrgniAvlilulelaau drudaingduiieglumndsdansdsziveoonluudanzgn
a"%ﬁaaiﬂé’ad’aua'wuaameu‘lmd’mﬁ%ﬂmmﬁumm%’u?jq%gﬂﬁwaaﬂmmmLLazdaﬁﬁm
sl

(@) madangdvonleddndrunisiiintuanmssondndululelnauuassill
nnasgdnuansargnadeslufmasievansvie (Multitube) tioangaungiatuaziindunann
a9gauaN

(5) synnpdanzdoonladiivunadnunn 9 asgnaaiiluiissuudndudunay
gnyusuly

(6) fwfwdeazgniriinsheszuutidaemanuuien

\desanmsiledadunennliiihaiunsadillgnsndndanzdeanles
FadutmgAvddglunuideadud dedu luidednlulfinauens@nvnisafuauds
VINEAIMKazNIAll waznislduresdingdeenlednasnauniudidgluniuasygia

LaeRAHINNIIY
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2.3 duianalunaznisitaudanzdeanian
2.3.1 anvuslazauufvasdnzdoaniun

o

ansdeenlydiluaisusenevetiunidnfignsall ZnO uazdnoglung
sonlydvedlanensudduidauaiosgs arsvlalidnvasdunidun waziilasaasng
NENWUU Hexagonal Wurtzite §uduguuuulassasanaiesiiannisldaungdies

o

fanandlusuil 2.6 anzdeonludiiuaundsanu (Band Gap) ni1aUszunn 3.3-3.4 eV
Jedmduwinouannesaia n-type (Raha & Ahmaruzzaman, 2022a) dewalidengd
oonlwsuansautfivnanas wazynalwihillaawiu wu autinisgandusedsansillewan (UV
Absorption) audAnnsi3esuas (Photoluminescence) duilodsnzdoanlusgnnseduseuas
wdaugadidnnseuiignnseduazaendanussnunduuas wazandiieledidnndn
(Piezoelectric) Fuifinannlassaing Hexagonal Wurtzite vosdanzdoonludilisigudnas
auu1ns (Non-Centrosymmetric) vinliksanenaanuisagnudasduliy uaglniiign
WE uzUndenunianald venaniidensdoenleddadauaionisaiiudou
fqavaouvangs luazanslut usanansoazaislunseuionsursinld audfivani
azviouliiudmumunzanvesdinzdeanludlunisuszyndluvainvaieaiv) wazaui
vhlvesdanzdeenluduanfannad 2.4

a) b) c-axis
[0001]

a[0110]

JUN 2.6 dnvagvewnsdenzdeanled a) dnwuzniinigainvesdinsdeanlyad
way b) IAT9AS19HANLUU Heagonal Wurtzite szurunanvesdinsdoonlyn

(X. Wang, 2025)



AN5199 2.4 audRmluvesdinzdennlen

audAlY dsnzdoanlua
whwiinlaana (¢/mol) 81.38
AU (g/cm?) 5.606
avauwal (°C) 1,975
ALENTOAYANELN Liavaneiuazuoanesed avanglalunsndou o
WOUNFIU (eV) 3.4

232 msUszandlddensdoeanlun

21

dansdeonlungnirluldauegraniiswinlunatvaivignaivnssy

(Kotodziejczak-Radzimska & Jesionowski, 2014) T,maﬁé’mdaumﬂ%’amLLamoﬁ’qu‘ﬁ 2.7

Global Zinc Oxide Market
Share, by Application, 2024 (%)

W Rubber

W Ceramics & Glass

B Cosmetics &
Personal Care

B Pharmaceuticals

W Agriculture

@ Paints &Coatings

@ Chemicals

UM 2.7 dndrunsldnudingdoanladlugaavnssusing 4 valan U a.a. 2024

(“Zinc Oxide Market,” 2025)
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(1) anamnssueny denzdeenlediluesdusznevdrdgylunszuiunis
Yaalud (Vulcanization) 99981955508 1A waze19d A1 (Moezzi et al., 2012)
Ty dudusufiizen (Activator) AaaLiiuyszaniaimaesansiss vliianusy

Gouviasznindlgnediuesldogsauysalinniu demason 1 siiiuAudans ANNUNIY

[

AONISANNTD WAZLAD UTAINNIIAIUSOUVDINANA U 819 dansdeonlend sanld

Y

Wue9AUsenaUNAN I UNAR A UNe1 a8 UTLAN WU §19T08UR TAT D8 LaSKARA A
X 4
g19UUFUDY
Y

(2) gpaunssuwslinuaziaiauda dnzdeenlvdluingauiidunum

o w

ddglugnaimnisuwsiin wagiadeuiinludiuveniofunasduiniou 1ewainyly

o

U a

Usulgeaud@idenaudou laseasna wazanuvumiuvesian denzdeanledviondniidu

q

WangYIsangavaeumaIveItuedeu Mnlidundounasuazauldnuasalaue dmali
a =l = a =l = % dy a yd; dy L% = L2
RAdaudanussurdoukazdanignul aws1dnlafd u yananddansdeanleye
SURUAMUAULAS AUV ALY LAZALNUFBNITTAUIY TIaelRTuLARaunuse
nsiangeuanaIsaiiaig 9 luszuuuna dnsdeenlundwnofinanuaiosvedlasasn
WA ILAZLANAUNUNIUADAINUS DU ﬁﬂﬁﬁ’ﬁ@wwiamﬁLﬂﬁEJuLLUaaqmmﬁaéNsmﬁﬁﬁﬁ
wa 1 ngjo YV = 6 o a [ L' a a ] 4’1’ =

AaaudRwalvinlvdaingdeenledgniluldlundadasiwsfinvaneviia Wy nseileandeu
LA ST UAULNLARBUKLND LALSINNT9IAINTSUNABINSANU AT INALAZITIAIUSOUNA
Juiivaw (Zinc Oxide, n.d.)

(3) § d15.AdouR2 wastled denzdeanlumdudrulsenoud1fey
lugnamvinssuduazn1seaeuiy (Moezzi et al., 2012) o ndaudAaniauas wagady

nuUMUABan1IEkIng ok i Midwdnd8v11 (White Pigment) NidaaLinaiuainguay

o
v | v A v

ANNTULABINAR I Bnviedaigtesiueddansilaleian (UV Protection) @adanasie
n1stnognsidnuvesiland suwdheiiuanudiuniuieeswaznisianseu eiey
lldludenens donaminssy @nise Lava1AiouNfoINITANUNUNIUES

(4) gnaunssunva1as dinzdeanlydiluanseangnsnianudasnsdeg

v (3 d' v

wazgnihanldunenuiulundadusiniosdionsuazingein Tnevimthfiduaisnsesssde?

Y Y

[
v

(LV Filter) Manunsadosiulanesed UV-A uag UV-B dnvslinnudeuleulineliinnig

seAefawiarIve wazdiannisdniaunsenisseaneiAssaindadenieuenidgnldly
a (% [3 | a (% = a a v & o v Aa Y1

nanSuel Wy auiuuen wlsu aTunil wasndndusidmsuiiuiite (Raha &

Ahmaruzzaman, 2022b)
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(5) gaanunssundunssa ludrunisunnddainzdoonlengnldiuans
gangv’ lundndasinvsusinintsuen esndaus@lunisuntesiia annisdniay
wardigriadeson 1 Tegninluliluasusnwifiuinden swAudeusaninsdnian
wazesuUntiosianaudunardsssaaifes dinzdeanleddaduansiilésunisseusudn
fianulasaiegedmiunslidnnguensienig (Gartner et al., 2023)

(6) gnamnssuame danzdeenlvsignihunlilumsusulgsantfvesdme
Tasanunsniadovasuudulevionauludodifefiuauannsalunisdestused uv
wazieRuaNTRf USRSy AUlnvesgdunisisgnidlugain Amedmsunisldaiunansuds

udriandmeniinisunmduislszinn (Raha & Ahmaruzzaman, 2022b)

a

(7) nmsUnUnvaadenazauaiudwanasu desnsdoonlgatiunuimdiney

Tuarudud wandou waznisuidavende weowwnduianiidanuadessaaisiadl

o

waraunsansmUasenlas ngamzlunseuiunisesndinduiifdeinissaugisen

denzdoanlundngnliiludiulszneuvesiasslizen (Catalysts) Wloteisinstoaas

Y

Yp9a15unIdusarlasuasUueulviianuduiwanad (Raha & Ahmaruzzaman, 2022b)

a

yananildanzdsenlendinniamulmdulannndu (Adsorbents) dmsuldluszuuvin

Y 1Y

Wnde wWu n1sidnlavenidn & ansBunsendesaansen wazansuaiiviillasiasidudon
anviadinuiiigaiminzaudon1saduyinliaiansasniu wavidnansuaiulaogied

UsednSan Ianumudean1ienisldan wazauainsatunmsiuynisldaugt Juili

[ = § & [ aM v 1 a o v o o
ﬁﬂﬂ%ﬁﬁ)@fﬂﬁmL‘U‘IA’Jﬁ(ﬂj/llﬂ?uﬂ’)’]llﬁ‘lﬂ"ﬂ’e]‘EJ’NiJ’]ﬂiUi%UUﬂ’JUﬂiJZJ@WH HaENIIVIUAUILAY
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U aa. 2024-2034 uandliiuingadinainduwalduiinainussann 9.5 wudiuneaans
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Global Zinc Oxide Market
Size, by Product Type, 2024-2034 (USD Billion)

18 16.7
15.8
14.9
1.3 14.1
12.6 )
1.9
1.3
101 10.6
| . ‘||| |||| ||||

16
2024 2025 2026 2027 2028 2029 2030 2031 2032 2033 2034

B Primary Zinc ~ m Secondary Zinc

14

P p——
o N

o N b OO ®

The Market will Grow 5 8% The Forecasted Market $-|6 7 B .4.\“ market.us
L ] s ° ONE STOP SHOP FOR THE REPORTS

At the CAGR of: ize for 2034 in USD:

JU# 2.8 yarmnaadingdeanlunvedlanduunauussianuinduansevningd a.e. 2024-

2034 (“Zinc Oxide Market,” 2025)
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2.4 aymadensdeanlunuily

2.4.1 anvazuazaulfiuvalaunadenzdeanlynuily

v 1

aunipdingdeanleduiludusuniandidunugudnalstoanin 100

) 1

wiluang (nm) NMsanvueasgseavuluilidadiuiiunisoUTunsiiugueg 19N

% ¢ &

danaliiAnn15iUd suudasaud @i unns1eaindenzdeenlednlueg1adodfy
Fagulassasna woRnssumauas uavaudineliin audffiddguesoumadingdesnles
wilufie AuliredyaInuas (Photo Response Sensitivity) §4vanefisninuansngaves
Fanlunsnevauswsionas wazuamdsnunastiiudyaraliildesrsmng devun

anasdeszauuIluNuN I W ad winliiian1sas1euseqlia (Electron-Hole Pairs)

a

laegneduszansnm dwalvieuniadensdeonleduiluimuivdmsvnisidanulugunsal
[ a < a ¢ & o = 3 v o
MUK wazeaUlndiannseiind wenainil suniadinsgdeenlenunludalnisuilin

W97 (Surface Electrical Conductivity) Miaudauinduiioisunudinsdesnlonfiauin

[ % [ oY
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aunAnivngindi Neil Wesannseualiihanansalvaniuiidudaveseunialantuioiui
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uonaniiu Jedednussnmavileifinaddnyoautfveseymadsnsdeonlys
wlu@e {7 (Dimension) kag3Us1e (Morphology) ¥899UnA Wesannsdaseads
Tassafrsluseduunluanunsnld suudasi uii B9 nanseatedseq uasdnuznis
AU Aerdud andouldeg1edvsddy U197 uane19f Uy WU LuunTInay

(Nanosphere) u3u1lu (Nanorod) td@uainuilu (Nanowire) wiuu1lu (Nanoplate)

va a

w39 nenbiuily (Nanoflower) avdanavinlidaudanunns1eiu wazgniurluldau
Auansinaiu fatu Tuiiteseluasnanifeussinnvesdfnazsusisvesianuily niauns
aSureAuduiusvesgussunazuuudunisUsey nd ldaulud1udidnnsednd

a a 6 § 1 £% ¥ & a a o v
poUlndlanyseting WwuwosAg 4 LL@%IU@WUH']WWULGUQLL‘Uﬂ‘I/ILiEI nIuany

2.4.2  UsanvesliAuaszusnavasiaguily
fifvesiaguiluanunsaduuneenliidu 4 Ussiam loun gudfif (0D) wiledin

1D) @0ilf (2D) uaza1udd (3D) Avuanslusun 2.9 Feusaziifdanuueidalasasig
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]
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voafanuludaduiugiudidglunisussduandfvazanumnzausenisussynaly e

9

'
a

Tugusing 9 waziiiebidileanuuansisvesianuiluluusasdfladaaudu Fsdndudes
fsandnuarves “vun” egluszavuludadudiimuaifvesianlaenss Awuand

Iugﬂﬁ 2.10



27

NMs classification based on dimensionality
oY 1 > S\ 2 R
0D 1D 2D 3D
Nanospheres, Nanotubes, Thin films, plates, Bulk NMs,
wires, rods layered structures polycrystals

clusters

>

Metal nanorods,
Ceramic crystals

Carbon coated
nanoplates Liposome

Quantum dots

Polycrystalline

Carbon nanotubes,
Metallic nanotubes
Graphene sheets

Fullerenes

Gold nanowires,
Layered nanomaterials

L Polymeric nanofibers,
\ 2 &

Dendrimer

Self assembled stmcturcj

Gold nanoparticles

/

¥

\.
U 2.9 M3duundseianvesiifuazsusavesTanualy (Poh et al., 2018)

1-D

0-D
All dimensions (x,y,z) at nanoscale
other dimension (L) is not

Two dimensions (x,y) at nanoscale,

g:g‘;f °°’<> D<100nm /
S0l / y
1 “/“/\/(?“ x

0
2 =0 o
hﬂcﬂ Obdo
d <100 nm
2-D 3-D
One dimension (d) at nanoscale, No bulk dimension at nanoscale
other two dimensions (L,, L) are not L L
X
Y
L, L,
LZ
d <100 nm

gﬂﬁ 2.10 Gummﬁuaqmgmﬂmiul,wiasﬁmul,t,ﬂu X, y e z (Lobnik et al., 2010)
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AuIluAUNA (0D) YuInveseuMAlUNNTIANIUAY X, y Uag z A1
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[

zavululn s un denalieynialdnvazaduganiaidaan 44047

N

I
[y |

duisuiu

- faquilunilsfid (10) isuduntugudnatandoanuvuieyluszdvuily
(< 100 nm) asgdiruen (L) Svunalngndnegiann siliAalasadendedu
AIAUTOLYINE

- Jaquilugasdif (2D) aziliiesanuvuivesuiy (d) Mduszavulu luvasd

1%
a

ANEILazANNINS (L, L) Sunalugjnin dwaliiAnlassaisidiuidaniis
wiuraSudiiey Wy wauwily (Nanoplate) viSefauung

- Faqunluaudid (30) wiliiffndnlnogluraauluuns uivszneuduain
Tnssadrsgepszduuludauinn i liiAngunsefidudeu wu laseasrangy

(Porous Structure) vi3alassas1awuunantil (Nanoflower)

243  msUszandldounadenzdeanladunly
@ = ¢ & W a 9 s a o v ¢
danzdeonleaiduiaguiinoudninesylin n-type Nilasaiawdnuuy
. = a o = = aa | =

Hexagonal Wurtzite Zululassasiwdniuuvninisuidanuldauuinsauwuiunungn
Mindsnuiivesimdnluwsasinniwand1eiu anuldauuinsdilvdingdeonlad
anunsalaveswdnlusnsnluwinfumuianisng q dwalvdansdoanlenaiunsaindu
lassaseunlunnainvaty vluguauniansanad wisuily lduadinuily wiuuily v3e
lassadeanuiinniidnuaedudeu wu lassaiawuunenlll Wevnavesdingdeanlunanasg
seauwluunsaudivasianasilasunUasegetnau

auniadanzdeanleaurlunwuy 0D wu eun1Auly (Nanoparticles)
9aAIBUAY (Quantum Dots) tudu Feasiivnfiflussdvuiludmaliiuiiiaseu3uing
fifngenn uazllovwinvesiaquiludnudiinnisindenivedidnasou viliuaundasu
(Band Gap) audiniauas wagnslnihwasulvainiaguniegiedniauvsesendsingnisal
171 Quantum Confinement Effect Fa.dulladedrdgyiimuuszdnsaimnisganduuas

% a = I & da dad & oqw a
LarNsaTIUsEdasvillovuineynIAlanas WMWY lvin1siia Electron-Hole

v '
= IS v =

. a 1 o 1 a =] ! aaa I a . .
Pairs 1inladiedu wazildunisuuiyiannianubineudiseuniduiiiay (Active Sites)
LAUNF1UGaNsad sullasmuvuineyaadwan onsUTuLAsauU AN swas
lppgegangu Januuuuiilaninefununfeinisuisentaligwmienisnouauatsionas

WU gUNTalnI9TALEY (Photodetector) Wwulwasns133used UV (UV Sensor)
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FsaUAseuas (Photocatalyst) nsduwuafisy (Antibacterial Activity) saufiansldidu
avsiauluiannediwes (Polymer Additive) 1l oi wand@d1uuas wazauviidana
(Zhu et al., 2025)

aunadenzdeanluduiluwuy 1D W uvisunly (Nanorods) tduainulu
(Nanowires) uazviaulu (Nanotubes) usiu Insead1e 1D vosaynipdansdeanlyiuily
duguvuiinuunian Wesandengdoenledfuuildulaniuuuiuny c (0001)

o a ! saa

Wndsuigaindttuiieniedu vibiasniswsyiulasuvendufiredinsdoenlednd

[SIN

a N Y o a N 1 v o = a a & £% 1
FLUU 1D NLGUVINUWVLWWWELUVWW]NLWU’J ﬁ\‘i&lﬁi‘lﬁﬂ’]iﬁ%a&ﬂ@Lﬁﬂ@liQULﬂﬂﬂJUIWQUN

d)}

= a a (X 1 . . QI | A [24
fUszdnSam ann135IURIveRUsE] (Recombination) waziiiuadulisouaIns oy

'
aa 1

FHUNHITOULIN kaenasuiigeusnalaswisiiinufiseuuialaieg Junungdwiu

e

NUAEINITNIMB VAU UT M08 19TIA157 9171 wuwesANY (Gas Sensors) (Gartner et al.,
2023) wu fwlalasau (H,) Anwaisvaudauanlen (CO) Awlalasiaudalus (H,S) way
Aalulasiaulaoenled (NO,) Wudu msldnunsiueetlndidnvseind Jadugunsal
Al wand ondadgaaliins old8i8nnseuii ead1euas Wu fan5195UTed UV
(UV Photodetectors) uaglaloniuauasdsd UV (UV LEDs) 1fudu uasuenainiudamung

AUNISIBIUAIUNISANURUATIY (Zhu et al., 2025)

v
U Aa s

aunadenzdoanloauiluwuy 2D wu uiuwily (Nanoplates) wagtuildy

=

unszauEnly (Nanofilms) lusu laseasne 2D veseunrdenzdeonloduiluddnvus

& ' A ) ad da v as Aa 1 Y
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‘:’{ 7 = & = Y 1 ¥ o [y 66) ¥V
teynadansdeanlsaunlunuu 20 Felasumnuaulasganinvind miunisussyndldau

o

lusuwuwesiny Feordenisiuisuntaswesandanisdniudefadang gngadu

Y

a

[

VU URvedan viliaiuisansiaduiielaeg1eadainuly wagad1usIaLsIas

Y

v v v =

wenani lassaianuusiuuduiniunduladiuiuafiGeduasunsiinu jduiussening
a [ v s a a ! 14 v =) s a a a

Aidanduwaduwuaiise danalvounindensdeoonleduilunuu 20 dUssdnian
Tun19e U owuanis e Tngaiunsadud snisiasyaesuuaviiseni ol olinlafnan

'gﬂmquﬂumu?}'u (Zhu et al., 2025)
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auniadensdoanlen urlunuy 3D wWu lassaseurlugunenld

s a =

(Nanoflower) danzdoonleaiidlassasiangu (Porous ZnO) tudu eynindanyd
panlwaurlutuy 3D 1ulasIas197AinaINN155IuAIY9999AUSENBUTEA UL T UMaNew T

Tag1atAnn1550vewaunluns awsuur lulunatefanaiadulassas i dudau wu

[J

lassasaunlugueentyl wsedunsdeanlunnilasiasianguy Falasaasiandgngudiuauuin

Y 9

PIgiuNITAndU waznsunsvesluanansowainislulasaielad aududeuiyeli

AaUASemaIguransouiu wagimunzd mMSUNTEUIUNITNABINITHUARIZIUIN

o

WU NM3SIUA3e (Catalysis) wuwesiwaialigs (High-Sensitivity Gas Sensors) anae
Fulangninuseasuane (Adsorbents) wazdLaninsandaa1u (Flectrode materials)
wunwe3aifieulossy Wudu veninillessadneuuy 30 AR warUiiugeeengu’
Sunuinndudeensdudatuilouuaiifoesaiussavsnm uarduaiunisadiseyya
aaﬂ%wuﬁﬁﬂﬁﬁ%mqa (Reactive Oxygen Species; ROS) daidunalnndnvesantnis
dudeuuaiiGudmaliioyniadangdeenladuiluuuy 30 ddnonmgslumsussgndlds
nMsfudenuaise (Zhu et al, 2025)
wifireuniadsnzdeenlyduilussiduianifsusreldnainnane
winsdaeseilildoymeiidauminasersluduaun Us1e andn autRiBeRand-
wail uagnismuauiiduazgusedsaaduussiduimiedddglunuidesuiaguily
mmﬁwmmﬁ’ma’nLﬁmmﬂﬂfﬂ%’wmaé’mﬁgqamwsuawﬁﬁ%mmqLﬂﬁ WHIIUYDININGN
sufamansznuvesianlsiddonssvaunisiiedundos uaznnslavewan dsenadenaie
Amaanevesay Al ke anmsiansaaaTiimslumsdaase asiiuledn
arwdsslunsmunulasaiarauifveseynadsnzdeanleduilugueg fumadonld
38 msdaangsiiimunzauaiug funisiivunl euluvesnszuiun1seg 1950 UADY
FBnsduneiusasisiianinadenalnmsiinndn snsmsln wasandnvazvesoynai
Ifuandnety nsAnuisduanegiialdogludagiuiadudunoudidnylunisiivun
wamImsdansioynadangdeenludunluiifinuniwasiane wasdautfnuiideans
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2.5  F‘Msduassieyniadainsdeanludunly
Bnsduezieunedingdeanlyauily awnsadwuneenlaldu 3 nquwdn laun

A8n1en18a I (Physical Methods) 38n19asl (Chemical Methods) wagisn1edann

(Biological Methods) fauansfiagudl 2.11 dsuriazisindnnns naln wazdedidnd

wansaiudanalagnswiorun U9 AnuUans waraulavessyniaila

Synthesis Techniques of ZnO Nanostructures

(" 0-D: Y 1D -

nanoclusters, * nanotubes,
* nanocrystals, * nanowires,

,,,,,, «H’ * quantum dots * nanofibers iﬁg

ZnO Nanostructures

|, 3-D: = :
-y + nanofilms, + nanotetrapods, @ é
U’!y + nanoplates, + nanoflowers, $ &
E * nanobelts, * nanomesh,

* nanosheets * nanopyramids
% AR

4 1 K %\ 4
Physical Methods Chemical Methods Biological Methods

Co-precipitation

* Ball milling * Hydrothermal
U Mecl}anical grinding » *  Sol-gel + Using plant extracts
* Physical vapor deposition * Electrochemical +  Using microorganisms
(PVD) / deposition (fungi, algae, bacteria)
* Pulsed laser deposition (PLD) * Solvothermal synthesis +  Using biomolecules
*  Lithography *+ Chemical vapor (proteins, enzymes,
* Sputtering deposition (CVD) nucleic acids,
* Ionimplantation * Chemical bath deposition carbohydrates)
* Molecular beam epitaxy (MBE) (CBD)
* Spray pyrolysis * Thermal decomposition
* Thermal evaporation * Sonochemical
+ Colloidal

UM 2.11 unuiawanalsnmsdunsieeuniadangdeenleiunlu (Poh et al., 2018)

A8@en1eaw L UukuInIwuY Top Down 79 AENSIIUAIEUEN WL KSINNE
ANUSaU Lawes n3on1sTzmevesian edestanuuinlugliidusuniaszavuily
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a a6

519 9%0n Fadneylungy Bottom Up @1Aua1sannaIniiy 3aunse

9

v
aa A

A a 14 [ = [ 19 ¥ v & a
wsadaluiana lunisasseynindansdeanlanuilulaeluldasiaddunsie 51U duling
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a

aa P P = ax J U 1 & aday vo a i

WRaall Fududnnilaltlungu Bottom Up duindudsnlasuanullvuuiniign
1 9997N@1W150AIUANIUIA JUIIE wazAINLTans veseunadensdeanlyd uilu
leognawiug1nin3sau nsineynirerdunalnnisiiniiunded wazn1sa3aiulnuedndn

luansazany FeaunsaiuaulanuduUsd Ay WU A7 pH gl AT uYes

aaa a

a1avany AUEITeINIHNAULATeY wazalinvresa1syisniuaNgUTe mudanguves
A8 waddyinliaunsadunsivvieuniadinsdeonledululdvainvaledfaaus 0D

TUauds 3D

b4

= ax o ¢ a A Ay = 1% 9]
LUBDIRINTTANTFINATISKLUILAL llsUavLﬂLU??‘J‘U@qUQUWNﬂWNqiﬂFLUﬂ']ﬁﬂ’JUﬂmiﬂﬁﬂﬁiqﬂ

= ! va a aa 4 = v ¥ 1 1 o Ya o = N 1 4
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¥
=

i ertestunisduasigieynindingdeonladuily dunaidai ugiuwasnaniis

«

[y (%

Tusddedeell

2.5.1 aszuaunslea-aa (Sol-gel)
< [ ¢ o a a6 A v

n3guIuNslwa-a Wunssuiunisduasiiianedunigvsetannay
lagendeunisenaiiluaisasargisuanaisawiunegluaniugueiaivieaisazaiy (Sol)
Feaziinuisenlalasladavasnediwalswdy viliialasesaiudifluseauluiana
wazidsugnimduiea (Gel) anntdu Wedinisvinliuiansawnaziladaniiduveuds
AR TUNBUNTHUATIZIMENTEUIUNMSIEARA wanadaluun 2.12 Taslsuainnisazay
fangdordianlalawnsn (Zn(CH;CO0),2H,0) Tumuea (CH,OH) wielilaaisazaeisuauy
(Solvation) a1ntuUTuen pH TieUszann 9 dreansavanglufeulansenlanivensysuy
Ufnselalaslada vinlidanzdlossu (zn?) vinunsendulansenlenlessu (OH)
Anludanedlansonled (Zn(OH),) reuluanavesdinzdlansenlenaziouseiuruiusey
Zn-0-7Zn lutunedwelswdu nelyiialasevieaa L aian15tUd suaniIn
(Transformation) agladngdeanlynndlivunreudieivg gavinewdiewiy pH Tadagey
) a = 96’ . . 1 14 = (% a
Wudssunm 11 awfanisanudnan (Recrystallization) dsnalilassasiswanvesdengd

so o v 1 1% o = s Y o I °
panleadmsesialng uagldouniadinsdoanlonluseauunlunduuindn wazaliaus
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wnfudadeniinasonuninvessyniadainsdeenlyaunlu laun A1 pH Audutuvesans

Aadu §nsinslelaslada davinazate saudsaungiinig kg Fedudmadovuin JUs19

6

N13n5891877 wazAudundnvetoynia delu nszuINnslea-wa Juduisdunsiey

Aganguaiunsausuwsisnuandivesauniadinsdoanloduilulaniudenis wayldla

9

[%
v

Mamanannswily fduue wazdanlesusadeilaidunainaleviin

( Sol-gel synthesis of ZnO NPs )

chlmmu
i .
oG o= o

[Solvation. @wﬂ ]

® ®
B /,f’_"“\

/ \ /. 7 {Increase pH to11
‘ Polymerizatior! : \Transformatlo? with NaOH

/ 9 A AN olution

— i ' \ /

UM 2.12 wnudsiegnananaisnsduaseiauniadinsdoanloduilusienseuiuns

la-19a (Mohammed et al., 2024)
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2.5.2  nszUUNITANAZNaU (Precipitation)
nsdamsizieuntadinsdeonlyd urludenIEuIunNITANAZNBY
Humedadaaiifilasumudouegiaunivats Weseniduneunissndunudilddudou
éfunu(ﬁ"] LLazmmsaU%‘uaﬂ'r;zsuaaizuuLﬁaﬂ’wﬂmum U wazaulundnvesounia

laagrafivsedniamm vann1siugIuvenseuIunsleginsinuisensiudasening

dengdlonou (Zn™) uarlaasenludlosau (OH) drludnsiinansisiudinzdlansonlyn

=3

(Zﬂ(OH)z) K|

Larg v a7 N1Mua NTEUIUNIIANANeUAINIsaRUseentdu 3 TunsudAynan

sgunsadansandudingdoanlunnieldaniied ivunvan Wy a1 pH

Aananalugun 2.13 ¢l

STEP 1 . STEP2
change in the temperature
mixing/stirring and/or pH (addition NaOH) -
- 1 + « . ] Wy | .
precursor solution + plant Precurso.r/plant Hydroxide precipitation
extract solution

filtration or centrifugation,
washing and drying

STEP 4 STEP3
calcination (air or o0 ©
vacuum) @ e
Se%% ot
[©]
0¥0® 0o
Hydroxide

Oxide nanostructures powder

sUN 2.13 unudsitegaanisnsduaneioyniadinsdoanluduilusiunssuiunis

nNReNaU (Goncalves et al., 2021)

(1) nsuAniaAded (Nucleation): L eassuLilan11ed usi108198 9890
(Supersaturation) vesdinzdlesounazlansenlunlonsu agvilvdingdlonsenlunnnnznou
TudBunamnnnisiinan1izdumednsBeniussaugadinwaldulifneunandvunadnuas

N3EAEMIAIN VueTIsERUanNIzBNMBag 1B eInmnlveunANTvunlrgn I
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' v
a =

(2) n15lnvesndn (Crystal Growth): euaiadanzdlansenleniiindu
daFseianazidvlalunufianisvesssurunandansdeonles 7filaseansuuy
Hexagonal Wurtzite dssalildauniadingdoonledfifidnvauzianzamuiiananiazan1oy
YDINTFUIUNIS

(3) Mseesaaefudangdoanlen (Dehydration): denzdlensenlenaviia
msaaefaneldgnmnifionnyay dealiiindsnsAeonludidanuduningu

auvAveseynindenzdoenled urlud ldainnszuiunisannzneu
gnenuaslasdafoddmansuszns Téun @1 pH arsduduvesansiasiu gumgll viaves
Avinazaty nsldansaiuauiusne (Shape-Directing Agents) wazhanlunisiinufisen
datladoimarddemarovun gUsne arudundn uazeuadianoveseyninlaenss
Fromail nsrvauntsanagnou Judumedadmunsandmiunimanoyaiadengd

[y

panlynululunuideNden1sUsuIuLIN LamUALANYULIaNEYBIDUNALAR

2.5.3  msanaznaunaeledsiadl (Chemical Vapor Deposition: CVD)

AszuIunIsNIsanaznausdeleansall Juni slunszurunsilaly
nsdaaszieyniadangdeanledunlu Tnserdenininasdsiuluaniugle (Gaseous
Precursors) wu lavesdenzdluvinufgnsenuimeandled wu O, wse H,0 VL5995
fignlimudeu dwmaliansdetuianisaaisd wasiinnsazanvosoznon Zn uag O
vui uiansudmseeidundndenzdeonleflasead1euuy Hexagonal Wurtzite
ﬁQLLamﬂugﬂﬁ 214 Fauandnegwesnsyuiunisanaznousaeloasiaiifldnsadisazees
(Mist) 9 n@1sazatenledansilotn waianassaressuinsyaululasiunsligaus iiu
ﬁﬁqmmﬁ@a ilovenazoadld UAINSIUILAANTEUILNITTEMY ATSUANSD waznSaaY
Yasansssdudmaliifinnisnnaznouresdinsdeonlsduuiuingesiu Wy uuuiLadey
AZO nalnveanszuaunisiendnianunsaasuenduddudy aud

(1) nMsvudslondevenarenswesansaaruse R e UG Ui

(2) mageduvesluanavuiuinfou

(3) Msuanda wazinufAsenadivuiiuiuinedanesdingdoenles

SLHLUSN

(4) NSNS ATNITLAVDINANUUNURD
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Droplet size: a few pm
Lthanol

—
-
-
-

_— Solution

Ultrasonic transduccr

1-100msy
ZnO nanorods ~ . ZnO/fTi0, core-shell nanorods

AZO film

Gilass

JUN 2.14 urudadieguansdsnisduaneoynindinsdoanloduilunlenseuiunis

anagnouseleasall (Zhang et al,, 2019)

o

Hadudfyiinadovuin U3 wardugiiing1vesoynindanzdeenles
unlu Idun gamgdian euduaisluszuy Snsnislvaresine sdnvesanseadu
waryinvesii uiasessu Tnensiivlnvewdnaiuisaiialdiawuyu Vapor-Solid (VS)
¥30 Vapor-Liquid=Solid (VLS) lunsaifislfussufiselavs Jstaelfausanuaudagiu
Ingrvesdansdoonlyn Wy aun1AnsInauuily (Nanosphere) wviaunlu (Nanorod)

y3aLduaInulu (Nanowire) lnag19duseansnn
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2.5.4 aszuaunsialasimesuea (Hydrothermal)
nszuaunsialasmesusaidunatinduasizioynindinsdoanladuily
fiordeujisenaiiluasazaneneldgumg wazmnudugsluszuuda uazdeadiunis
sewn3osunsallslasineduoa fuandugud 2.15 annefinandauauaanse
Tun1sagatsresansiadiu uagissnszurunsanudniilildoynadansdoonleduily
Afendundngs dugruinendaeu uagivuineunaiiamisaniuauld ndnnisddy
Suainnsazateansesdudensd wu denzdesdianlalewnsa (Zn(CH,CO0),2H,0)
Fangdlunsn (Zn(NO5),-6H,0) nsedengdnaslsea (ZnCl,) saunuwnaslensenlynlonau
(OH) wiu latfsulansenlen (NaOH) Inunafeulansenlyn (KOH) wiewanlutien-
lansonles (NH,OH) i olwiindsnzdlonsenlas (Zn(OH),) Iﬂaﬂszmumsﬁyugm
Usznausme
(1) M3nefvesdinedlansenln dudjisenlslasladaves zn* fiu OH
(2) MLUd sudsnzdlensenledluidudsnzdoanled ’iunszuiunis
Dehydration Wielasuanudau
(3) n15laveenan (Crystal Growth) neluiad esfnsal (Autoclave)
figuuniiuszanal 100-200°C dssialioyniadaiFossamilassaiandn

WUU Wurtzite
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nucleation
heated S

180°C for 24 h

nucleation growth

| S © OO0
dried washed
60 °C for 24 h O O
v a O O

o

JUN 2.15 unuisiteg1waniaisnsduasgrieuniadensdeanleduilufiienseuiunis

9

lalasimesuea (Abdulhamid et al., 2023)

UadeninadiAy laun A1 pH ANuutuvesE iy gumgil uaghan
Tun1sduasiz denszuiunislalasmesueaaiuisanivuadugiuvesdinsdeanlad
lavainuane wu aun1Ansanauuilu (Nanosphere) wveuly (Nanorod) tduainuily
(Nanowire) wazlassasraunlugunentdl (Nanoflower) 1usiu Aaugiusalunisusuuss
Tassasne wazaudundndvinbinszuiunislelasmesueadunidumaiaiimngdnsy
nsHanauNAdIngdsenlununluAMNINES

Yo v 4 o/ =) s a Y A
wiIn1sdasizauaindensdeenlyduiluszdlvidenvainvane
N3EUIUNTT tngusaznseuiun1sauliauth anu wastadinnunne1aiuy Jedinasie
[ a < = t% o v [y ! v & o 1%
dauguine anudundn dunu waznisdiluldnuludnuageng 9 dedy iwelvaunse
WeMIBTaNgaNdanTUWITY NSTUIUNTALATIEVIVY 4 NSEUIUNTITgnUIeuWieUTed

LAYYDINNA AILARIIUANTIN 2.5
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A15199 2.5 Yefinavdedninvednssuiunsdunsizisuniadinsdoonleduilun e

ASYUIUNISW AL

NSTUIUNTANATIZR

Y A
UBA

Twa-19a (Sol-gel)

AuAATANAENDE
Wiz AUNaLUaLay

ARTRIM]

ASTUIUNSIVANgTUNBY
GRENMVTFGRERTIRGR
158 unsgnnmneanavinliauy®

Wagumnun liliteans

N1INNRASNDU

(Precipitation)

Jupaudy Taldudau
AU
WA USURARlLUSI6

N

N3NIEMLRIVBIDYNIABIALY
GHATGHD
auNATINITTIAIAY

(Agglomeration)

AsanAznaunigle

#15.08 (Chemical

Vapor Deposition:

CVD)

a o can va
HAnfualadinw
WEGYRGR
AIvANTANIINISLA LA

Winnzd s ulAseas e 1D

gUNIRITIAUNS
AosnIuANUNN-inY

28190 uEN

lalaswasuea

(Hydrothermal)

WA SuaTilaTaw
Jundngs
mupudngulafun
luispaldasdunidunn
Jufnsiuaanndon
1NNIINTEUILNNTIY

o ludpaknnan s

podlinia Autoclave NULIIAU
TIAUYIUE
AMNMTUIUNIAIUAN pH

wazguniiagausiugn

Mgaumnaila

U

INWanIsUsEEiuNIEUINNIsduAsIseuARdin doanleauilusiamnaila

MAATENg 9 WU nszumsislasmesueainnulanwmuluiiuamasalun1sAIuAY

¥ (. =

lassasandn wasdugiuingiveseynin annedelvinedensdoanlaafidaninuuians

1 = 1 a A 1o 1 v v aa [ 1 = a
LLﬁZﬂ’J'mL‘Uur}\laﬂé‘jflﬂ’ﬂLV]ﬂUﬂ@UI@EJISJ‘NL‘Uum@\ﬂ‘ﬁqmﬁ%lﬁﬂﬂﬂmﬁﬂ NFEUIUNTITAINATIIIN

Y

[

ANUmIgauNazUseyndltlunsdunseiauniadinsdeanleduiluaindinsdeenlyn

v v

I~ a [ s (% o’j a v dﬁld 1 v Y = a
nlaannisslaAag wnie1dnlniln dedu uideddaaduliinsfnvrianuiyinis
Mmagesiunsduaseioyuniadeingdeanladmenszuiunisielasivesuea Loyl

Wlanannis naln wazdadefidnasionsiinoynia aasaautuInialunisusvanng
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N13NARBIVBINTEUIUNTT Wastitalvianunsaeiuigdninavesaniiznsdunsizieunia

o

sngdoanleduluidmanevuin wazjuinveteunaliedndussuy uavdaonnqoniy

[

ngUsraAreuivY

awv a4 v
2.6 J1UIIYNNY IV
o I3 o = I3 o = s Ay v = a
n1sduaseieuniadinsdeanloauiluaindensdoanlend laa1nnissLuiaa
Aume1sninih Sndudeasuainnisasuanndingdeenlendeglusuvewislieglugy
J o & A a v o & ¥ (% ¢ a aad o 1
Yasansaratenou vl ewinnuifvatuilidenldnszuiunsduanenigdaniinineglu
nqumailakuy Bottom-Up viliidaanseudansdlossulimsaudmivldiduansed v
lunisiiandnayniadingdesnleduilu dwunisvravaredainzdeonlanniglianiiznsa
wionvdndutunoudidgylunisideudingdeanladliludinzdlossu Falugluuy
a ' o < O v o LY ¢ [ = 3 1%
Mmgaustonsihluduansdwiudmsudunneieuniadinsdoenlonuilumenssuiunis
aolU My JadeidnasensvzazarsdsnzdsanlendsiiamudAyog9ds osandwa
LAEASIHDAUNINYBIANTAWNY LazUTEaNTAMVRINTEUIUNITFUNATIE AN el Tu

WoanalUldulauanauidenineteaiunssuiunITszazats danzdean e lidu

& |
Wuﬂ']quLlﬂﬁia’@ﬂLL‘U“Uﬂ’]i‘Vl@ﬁENG]E]i‘U

2.6.1 nsvzazalvansdeanlun

Y =

Fangdoanlomduarsusenounauliinesn (Amphoteric) @ 9@1311580

MU ATelansiunsn wavas Wedangdeenlenvinuisedunsn wu ninlalasaasin

(%
a v oA

nsnlusinvisensndanasnzazaewaslndinsdloosu lneinuiizenall dadl

ZHO(S) + 2H+(aq) — Zl’]ZJr (aq) + H2O(aq) (21)

<

Wedinvdeonleaiiufisennuaiatudy wu luhsulansenlenaziialuy

[

asUsenoulisourasdengd (Zincate Complex) Fsazanginla neinufisewail Asil

ZnO(s) + 20H (g + H:00ug — [Zn(OH)G)" g (2.2)
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= a aaa ~ A ' 4 v 3 Y1 d‘ [ =) (3
Weiasunuisenaiinantieiu agiulaindedinsdeanlyd
ufisetunsnagladansdlusvuuudingdlosou uwavliovinufisendurinsasladansdet
Tuguuuuresansusenaud@sdouvesdingd eoswininssuiunislelasmesueailunszuiu
i L = [ = L3 < o v & a o a
nsiendenisanudnvesdengdeenlenainanzasazaroidundn deliu nswseudined
Tegluguvesdanedlossu Fulutunsuificmiuddyededs Wewndinzdlessueylu
anugiianuisansaunszuaunisiiaiiaeded (Nucleation) hazn1sia3gAulnveInan
(Growth) lalaenss dewalianaunsamuaunalnnisifiandnliegnfiuss@nsain dnviadadae
Inleuniadinsdeanleniauusgnigs vuineun1alin1snseaedl waggusaminzay
MUABINTT Mgnelwideatuidgjwiunazfnwinisvzazarsluanngniaiieiuigy
anmdinsdeonlundegluguvewdilinarailudingdlossunianunioudmivinlly
Juansassulunszuiunmsduasmziounadingdeanlydulumenszuiunislalasivesuea
(Rudnik, 2020) la@nwan1svzazared warersnluiinrensadaila3n

i Y v c 2 & o | 2 v 1 a a ol
Aududy 20 Wasldud dnsduvenlawaveumnad 50-200 nSusedng gaumgildlu
N59¥aratey 20-80°C uazna1lun1sveazany 120 Wil nuIINITTEaLaIefIeNIAganasn
20 WosuAdnIdIuveIudweung 50 nSunedns gamngll 80°C wagszusiial
lunisvzazate 120 wv Juszdnsamlunisvzazatedinsdqegn 60 1WosiGud
LaraInnIsnaaeRzmiulaUssansainuesnsvsazanedinsdzanailoiingnsndiuves

< ! [ 1 A
RIDNYINIINIRNIN A9 ! Nﬁﬂ?‘i%ﬂa@ﬂﬂﬂﬂa’]’lLLﬁ@IQSL‘LIEU‘V] 2.16
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~J
o

m20C ®m40C B60C OO80C

Zn leaching efficiency, %
N W B o o
o o o o o

—
o
1

o
1

50 100 150 200
EAFD content in solution, g/L

sUN 2.16 YszdnFarnnisveararer wmnersnlni1fanigiznisnnasesng o

(E.RUDNIK, 2023)

(Teo & Lee, 2019) l@finwinisgzazated umiasnlnilidlansalalag-
aae3n mszillesaineaslsdlosou (C1) aansofiazdnluianslasiaiiswesaisusznou
dansdeenlun wazdensdineslsa (ZnFe,0,) 19 vinlinsalalasaaasnduse@nsan
nsvzavatedanzdqe lunismeasdlaldnsalelnsaasini anudutuluyag 2-10
lwan$ dnsrdruvesweudsioveanan 1:3 gaungilunisvzasaly 25-100°C wazIzeziIan
Tunisvgazans 5-30 unil dnanismaasauanslugudl 2.17 wudriiaudududuvesnsa
lelasnaein uargumndililunisvsasaisgeduassiliussans insszazanedangd
Wiudu mnnsvasesiinunnisszatsmensalelasraesn 10 Tuans Samdumestesudae

Younad 1:3 Ngaumanil 25°C uagszerianlun1sveazay 5-30 W19l dnan1snnasduandly

v
& 1

JUT 2.18 wudnsalalaspaesn annsavzazanedinz@laninnd 90 Wesiiud fuus 5wl

' ¥
=

kSN kazillaiusreERaNtuNTTTarate wuInUsEansa nnisveazanglulainTuns oanag

Y 1Y

SRR IVEREEN
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JUN 2.17 Jewavnsanadaned Weannmensalalasaae3ndlianandudusiieiu uash

3UN 2.18 Sevavnsanndengdn

gaungiaany (Teo

100
90
S0
70
60
50
40

20
10
0

Percentage of Zinc Extraction
(%)

30

& Lee, 2019)

- . F_ _*

Ocppde A0, (15520625 30

Time (minutes)

%4

hunsalalnsraesnfiszavnanmig 9 (Teo & Lee, 2019)



a4

Borda wag Torres (2022) la@nwinisvzavaies umrensnliidqe
Asalundnfinnnududu 0.125-0.5 Tuans snsidruvesveudsroveunar 1:4 ndusedns
wazszezialunisrzazats 1-3 92lus nulndlafiuaududuresnsalunin waziiiy
svpznalunisveazaievinliiussans nnlunisvrazatedensiiud uuiy daansly

U 2.19

100 T T T T T T
|—m—05

90 4—e— 0,25

1—w—0,125

80 H i

7Zn- HNO3

Metal Extraction (%)
s &8 2 2 =2
1 1 N | N | ' | 1

=]
=]
|

Time (h)

JUN 2.19 Fevaznisarialavemensalussniianududy 0.125-0.5 luans Nszesinaisig 9

(Borda & Torres, 2022)

wanInUuGuITeRldvinsveazaedunieninluilaeldnsavile

1 I~ = = A A v o a
NI L‘U‘Llﬁ’]ﬂigaSa’]ﬂ"mﬂ\laﬂ’]iﬁﬂw’ﬁﬂLﬂ‘EJ’JEUENﬁ’]QJ'ﬁﬂﬁEU LL@SUWLﬁU@IGﬂUWﬁNW 2.6
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A15199 2.6 @anENsnaRITraranydanydeanlunmigasazalesianse (Rudnik, 2025)

AN172N15YTANY Uszansnn

YUAYDY  AUDNTY  DeUnAd DATNEIUVDIUNAWD L3811 N13YTATANY

9 y

nsn (uans) (°0) vasuds (nusoding)  (Falug)  denzd (%)
H,SOq 1-2 25 5-30 1 70-79
H,SOq 4-6 40-60 5-10 1.5 72-80
H,SOq 2 20-80 5-20 2 40-60
H,S04 3 20 3 0.5 99
H,S04 1 80 5 6 99
H,SO04 1.5 80 50 1.5 87
H,S0, 0.8 20 20 0.5 68
H,S0, 1-5 20 10 2 94

HCL 1-5 70 30 0.25 50-60

2.6.2 msduaTiouMadinzdeanluduiludleislalasmasuea

Mohan wagaug (2020) laAnwinisdansizieynindensdoanlonuilu
Fronszurunislolasines uea lagiasouas an uatnaIsavats denvaluinse
(Zn(NO5),.6H,0) finnududu 0.5 Tuans wasduansazarsluienlonsonlesiinududy
5 Tuans acluansazanedansdlumsnaunsziaasazatedan pH wiadu 12 a1ntu
thansisiuidngedesunsallelnsinesusaiigumniians q (100, 150 wag 200°0) Wunan
2 $lus Tnesadoinognamsnaaaady HTZNP1 HTZNP2 wag HTZNP3 mudisu uenant
Mohan wazanzdldAnunavesszeznanlunmsdauanzilasmuaugumgif 120°C uay
svpznarlunsdaasedfiuananaty (1, 3 war 5 9alu9) Inessdomegradu HTZNPS

HTZNP5 Wwag HTZNP6 snudnau Tasusuifansidelsnandusui 2.20
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t
Aloe Vera like nanoflower

s-
2h, 100°C

Zn(NO,),.6H,0 Hydrothermal reaction 1h, 120°C 3h, 120°C 5h, 120°C Nanorods

‘ = ‘
N 1no>phcrcs

2h, 150°C

JUN 2.20 unudawananisdaassieynipsengdeanlenunlumenssuiunisislasinesuea

(Mohan et al., 2020)

A o Y v & a % = v
Wieunsiilidunsneidlans 6 an1iznisveastundnszilasaasimdnaig
a & v s a 3 [ a Y ! ] <
wadansideuuvessidiond lnenamIesIeiuansfsgui 2.21 wuitdeganmuady
lassasndnvesasusenaudinsdeoanled wazldmuwinuawasreseyniaaInal FWHM
¥84 XRD pattern Wan3NHlaN1InTI9dUTUT NG NYUEUBIBUNIARIENABIRaNTIAY
a & 1 1 = a A a
diiinavounuudewiy (TEM) Fman1smaasduandlunisni 2.7 WeRansanan1snaaes
Y ' ' o = I3 = a =k o ¢
AanaTInUInvuIReNIAYeteAdingdoenluaulluanas Wegamiinlilunsdunsie
wingelu Tumanduiu vuinenninveteuniadinsdeanleduiluvziiatuiiessesnaity

NSEUIUNISLALASINBSNDAL NI
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= —TTVATE .= — ¥tz o
(a) §g - — HTZNP 2 (b) —-§ = —— HTZNP §
= © o —HTZNPI - —— HTZNP 4
g = 8a_ g = 2o
—_~ L A__A_LM._._ —~ ) A |
) w =
o = =" Eg =
3 §§ - e,. S
- l ” g = 8o 2
- — — _—— - -
@ A N LAY 7]
= =
e 3 S 5
= s al|™ = gg A
=] sg — -s
g 22z g 2 g
3 | Y R Y
20 25 30 35 40 45 50 55 60 65 70 75 80 20 25 30 35 40 45 50 55 60 65 70 75 80

Angle (20)

Angle (20)

SUN 2.21 HaILATIEVLATIATNHENAEWMATANITA U UNVBITIFDN NANIIENITNARDS

14 ¢ (Mohan et al., 2020)

M15199 2.7 N naneuazIUATRIUNIAdINEdanlynuluiilaainisdauassinaniig

#19 ¢ (Mohan et al., 2020)

sUs199YNA
. Crystallite D o P
19819 FWHM aMNa8R28 TEM dangdoanlan
Size (nm)
wlu
JEERGERR
HTZNP1 0.312 46.19 Y
aankifuilu
JEERGERR
HTZNP2 0.346 41.66 Y
aanlifuilu
HTZNP3 0.415 34.74 PNIINAUUN LY
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M990 2.7 nmaneuazawInvataunIdingdeenlsnuilunlaainisduneiiantie

#1749 9 (Mohan et al., 2020) (#19)

5U91991N1A
v . Crystallite L. o .
A20819 FWHM 2INa8A8 TEM dangdoanlan
Size (nm)
wlu
HTZNP4 0.322 44.76 R KIRIE
HTZNP5 0.270 53.51 wyviaunlu
HTZNP6 0.184 78.21 Wyiaunlu

Anaya-Zavaleta wazamy (2025) ladnwinisdansisieunindinsd
panluauilunlgnszulunisialasines vealngldsreziarlunisdaunsigviananiy
(90, 180 uar 360 W) aaumnniilun1sdauasieyt 150°C ffunounisneasafanandly
j;dﬁl 2.22 Tneim3ouansiaduainansazae dandesdianlalownsn (Zn(CHsCO0),2H,0)
avanvlueiidulnaea (Ethylene Glycol) ﬁ’ﬂLLam’LugUﬁ 2.22(a) kag Zn(CH;CO0),-2H,0
avansuonludeulansenles (NH,OH) anududu 1 lua1s sananslugui 2.22(b)
ANNIZNMIVABBILEANIRINIF N 2.8 TneTidnisnisduarsifiazanedinsdesfimelalawmsn

mowauluoylansanlanaziivaanung ()
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(C) )

H,0
Zinc acetate =
Ethyleneglycol

JUN 2.22 wnulsuansnisduaneieuniadinydeenlesuilusiiensyuiunislalasivesues
a) @158¥any Zn(CH5CO0),-2H,0 avaglueiiaulnaea b) Zn(CH5COO),-2H,0

azarvluneulidevlansonlad o) wufnsallalasimesuea was d) dang

sonlgaildainn1sdansizit (Anaya Zavaleta et al,, 2025)

A19199 2.8 an13zn1snunassduasigieuaindansdeanlyauilufiunszsuiunis

lolasinesuea (Anaya-Zavaleta et al., 2025)

729819 gauugdl (°C) e (Wil)
Zn0O-1 150 90
*/n0O-1 150 90
Zn0O-2 150 180
*Zn0O-2 150 180

Zn0O-3 150 360
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wisnyinsdaesgimetndlunnannzmsmaassud thraidaasesild
WAereilasadandndomaiinnindsnuuesidiond namslnsgiuandagud 2.23
WUIINIVAABIT 5 amwmmmé’ﬁLfmsﬁé’ﬂﬂsﬁaaﬂlﬁﬂﬁﬁqmélé‘lmalziwuﬁ’q;zymﬁuaq
asideruandne wagdunadsuiauaenadosiudeyauinsgiuain JCPDS No,
36-1451 9nn1sAUIaL Crystallites Size wudnduwa 30.82, 32.03, 29.5, 30.99 uag 34.69

nm AUAINU

Zn0-3

] —*Zn0O-2
] —Zn0-2
; l *ZnO-1
= . —— ZnO-1
: | A —— JCPDS

1 J‘LJ ok | P T

= ‘

S ;

F /W

£ 1

=

o ]

£
] J_UL A L "4V . W
] T T U T T l T T ‘ T I it LLI T T
20 30 40 50 60 70 80

20 (Degrees)

JUM 2.23 wadiAseilaseasawdnaewmallansiagIuuYessidlendan1ien1snaass

74 ¢ (Anaya-Zavaleta et al., 2025)

ANNNFBIganssAtBIAnaTouLUUdB9H L (TEM) Fauanslugud 2.24
(a)—(e) wandlA iU UT1IMAZEN YL NITNTTIBVUINVDIOUNIAULAAZAN1IENTHUNATIEN
og1sfaaud sfudunisinoymealuszduuily malieneivuineyniaauisaiadie
Tusunsu Image) Tngfnsnnuenuazanuniisveseumauly an1sinuuneynIALans
Fan397l 2.9 nudneynadensdeenladuludiaueniiedeyszana 150-341 nm

wazdanuniauadvegluyie 72-120 nm
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JUN 2.24 nRNNaesRanssal TEM M1dn138n15910a819 9 (Anaya-Zavaleta et al,,

2025)

10 TEM Tugun 2.24(a) nudneuaiadengdesnlunainsdiegns Zno-1

[

f&nvanduumisfifianuunniiwesanusnuazanuning dwaliaunsaduundnday
seinsmueILaTANINGNg (Aspect Ratio) Iefeghedau vausitlugud 2.24(b) fregra
*7n0-1 Waynedsnzdeenledifidnsaznduuwisvmmadsislunmenuagn ity
Tngeyniadvansuvaudnos dmsugui 2.24(c) wuileyMAveIfIBg e ZnO-2

fidnwarusraduwiaudvuiaaiundievesenniandetu wasdvateaeudisunay

=

wansliiuindefiuszeznarluduasizidmalivuineuniaiindu dawgui 2.24(d) Jadu

A79819789 *Zn0-2 VUIALRUTUNIMLIAUNTIMAEAINNY kaelioyn1ANdsUs ef

Y

D

Uangunauung wWulansfianisdadanudaluniuuwinisnsyndn waslugui 2.24(e)
#0819 Zn0-3 liieuniafidiaaduwvisuluuavuaieduiawwirmuninanazaIuen?
IINHANITNABDING 5 @N1IN1INAEY wuInsiusedluieulansenlendnalioyniadl

YunlngIusazivatsunanuiniu Feerainainaududuveslansen ledlossu (OH)
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' v
= =< o

Nasvuvinlisiniswauniiiandn (Crystal Faces) Nvainansdu J9dInanongAnIsunis

Y

\Wiulnvadayna

A13199 2.9 ANRAY dIULTELUUNINTTIU LaZAIRIEA-AIGIFATIVUINDUN AT INEE

ponlws (Anaya-Zavaleta et al., 2025)

A19E19 ARAY SD ARG ANEEn

Length (nm)

Zn0O-1 164 82 40 389
*Zn0O-1 177 7 44 572
Zn0O-2 150 81 43 558
*Zn0O-2 341 139 67 952
Zn0-3 168 64 49 363
Width (nm)
Zn0O-1 72 24 33 145
*Zn0O-1 87 32 31 256
Zn0O-2 84 36 42 261
*7n0-2 120 53 44 321
Zn0O-3 83 28 43 209

Waliiun msineeanuddeiineadesiunisdunsizioyniadined
sanlwaurlualunszuInnistalasmes uealddin1359u51u7 9y a9 1UT T8N WU

ajuReulumaneaodasnadnslalanananisnan 2.10
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M13199 2.10 M5 easUNanIINAaesdunTIziaynadinedeenleduilusienssuiuns

lelasimesuea
nszurumslalasivesuea | jUs1seunia
Z : = o Crystallite -
BRI A1 pH | auudl | 1aan daned 91994
B . Size (nm)
CC) | (@7lug) | sanlyauily
7.5 59.22
8.0 NTIU3T 49.03
Zn(CH,COO), - 4 (Ejsmont &
8.5 RIVAL 33.67
2H,0 15% gy 160 12 Goscianska
9.0 41.10
NaOH 1 M , 2023)
11.0 | 27.42
AN
13.5 18.98
(Zn(NO,)2-4H,0)
. (Alfarisa et
1M - 95 4 Wyieun 25.153
al., 2018)
ZnCl 1 M uag .
8 180 3 IR NRIRS 40-60 (Moulahi
NaOH 2 M
- et al,,
Zn(NO3), 1 M N399
8 180 3 70-130 2012)
ke NaOH 2 M UYangunau
Zn(CH,COO0), - (Brintha &
2H,0 0.1 M uag - 100 6 nsINauuIlu 14 Ajitha,
NaOH 0.2 M 2015)
(Kittisittipo
ng &
(ZHSO4HZO) M
12 150 6 NTInaNUIly - Larpkiatta
e NaOH 4 M
worn,
2014)
(Zn(Ac),-2H,0) 13 120 24 wtaulu 400 (Li et al,,
uay KOH 150 ponlaunlu 50 2008)
180 100
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L4

ANNSANBIUSHALITTUNTTUBLALINUITEALA VDI NUIIAUADINS M AN F

£
= [ a

sanlynlunanalandinaiintiuegieaiilos dwalimsSlafadingdainiagmisgilnoanie

9 9

a o A

Aumnersnliinareifuuumeddglusunsiansveadedunsieidedu cuidedu
IngyfegdnyadunisslaAadueorsnlninsieslaningmsanuieuniaizlaning

asavareiendndensdeanlunlugUnuunilUdmsugnavnssy Wy gaaInnITugns

=

guamnssuwsin Wudu uwlidnnssladanieidainanaznaulandidanisndn urdinsd

L2

panlassunuuilugdidesinguandinienisidauiefisusudinsdeonleflusefu

Y
17

uluiduiismzgandy wagiiszaviamdeufisonad auautimauas wavauting

v a2

dhudouvadideannnd egnslsioy Sldfndfeifnumnsdaesgiouneadangdoanis
uilundangdeonleditldanmsslafaduamensnluin Sifeudnuideilfarsdoiub

a3LATiinsA A2 (Analytical Reagent Grade: AR grade) #ifiA1uusansas Faviliiiugn

Ao o A = a vao

1997190099478 (Research Gap) fid1AtuAen1sAnwINUsEendlgIsn1slaninewieldlu

o 3

2 1 s
v Y adq a a

TEMINNTLUIUMTTERTALE MU BIaIA UTAUUTanTandansdeanlyanlaain

Y

I a

N33 lAadwaeninliinnded3dludsemalve AvgluiunisnivaudugIuing iy
nszvIunisialasmesueasgrnduszuuiislildoyniauiluiiisussdung wu lasasn
wuuwviswluvsewsuunludaiieged1997ie lnglamgnisvianuinladnsnavesladesine q
Ndwasion1sduaTIzieunIadinzdeniunuily Wy A1 pH YesENTAwy gaunll nTenal
Wieldunasdangdandansiafa

(v gj a o ‘QJ‘:? (= o v Y a o‘al' v a a

Aatiy nddelifssfnwmannedmsumsvzazatvdingdeanlynilaninnissluda
dunnenintniiuangas welildansazanedngdnianuuiansgadanngdmsudluld
Juansassulunsduaszioyniadenzdeenladuilu wonanil muideldldinwnis
AIUANFNgININe1vesauIAdensdeanlaauilustenszuiunisialasmes uea
~ Y a 3 aa wa a o [y ) ¥ :.J/ Q‘l’ A <
Wisliladanzdeanlamunlufflauidnumunsaudunsuirlulgauaniznig vediesdunis

) wa a 19 ¢ alv v a a =~ v ° Y a

gnszAvanUhvesndnanginlaainnissleifavesdognaivnssuliaiunsadlulinge
Tanunlunilyarigelaegreilused@nsnn Feaenadowmiuuuiannslinineinsegeuen

LAZVANLATYEAIVYUAY
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A5AUUIUIY

=< aa o =< v

unilnanfaisnsadliunsive Jesgazdenlunisanidunisive wuaduiidenns o fedl

[

1) IngAuiavansiad

2) nsesilanargunsainiieIted

e 19 o  w

3) nsesllakargunsainifeItosdmiviiassvdiudsenauniaadl

4) TURBUNISANYIINY

% a =

3.1 INAULLASATIILAU

9

[

Togauuazansindinlilunisnaaesieail

3.1.1  Angauildlunimaass

v =

fangdeonld v ldlunuidedlannnseuiunissloifad wniesnli

(Y <)

= a a o a ® 3 [ [ 1 o 1
fanvauzlunsdmilneddinzdiluesausenaunan nedinga1192gnUILINIUNTEUIUNTT
1Y Y N o a9 v & o o
Yrazargmeniaiaiuisuaninvesdingdlveglusvanisazaty a1ntuviinisusuen pH
[ (7 a

WalnssuasazatuR s udmiunsduangieunindinsdeanladuilufienseuiunis

lalaswmasuaanall

[

UM 3.1 Megrsdnvagdingdeenlennainnisnszuiunissisaadunieninlnii
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3.1.2  aseiildlunimeses

(1) aswpdifilddmsunisvzazvas (Leaching Agent)

asndilddmiunsvzaranedangdleglusuansazate len nsndaiiadn
(H,504) fifiaududy 98 wWesiudlaeusuns nsnlelnsaassn (HCY Adanududy
37 WosWurlaeUsuns waznsalunin (HNO,) fideududy 65 wWosdudlaeusuins
FadunsaililuiewfURnsdmivanuiiasesi (AR grade) fauansluzud 3.2 lnensn
W 3 wiadimthiduanssraraefiosraranedensdnndensasenlasildanmsileia
Aumorinluii Tuduneunsvzazarsagyinmaiuisudiousin uazaududurensa
fidwaseUszansnmnsvzazarelaelWanududurasnsnis 3 e fanududu 0.5, 1, 2
waz 4 luan$ WiednwUsydnsamnsszarane wdeurtwihnisdadenvinvosnsadinue
dmsunsvrazanedinzdennled e luAnwdulsdu o el snsdiuveveudse
yoaman gamail uaznanlumsvzazaiefidsuasieUsransamnsvzazaedangdoonles

sald

o 2

=

Sulphuric acid 98%
Grade AR

=

¥

80, M 9808 gwel

Y 1

3UN 3.2 fegrasndinltlunssuiunisvrarate a) nsadaniin b) nnlussn uay

o) nsnlalaseansn
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(2) ansinilddmiuusua pH vesansazany

asiaflilddmsunisusuatmnaudusidunssuaunisnd suan s g
#o Tnidoulensenlest (NaOH) Aimnuuigqndge 99 Weddudlaeumiin wazfuinsaillily
WosUfUAn1sdmivauiingest daandlugud 3.3 a1sazatsazgaimisnainnisii
Tnieulensenladlvavaneluinduitelildmnududuveduionlensenledaui fmua
(i 2 Wan9) ansazanelnieylensonledimindilunisusua pH vesansasanedangali
ot lut 97 munzandmiunisdaniizvioyniadanzdeonleduTudronszuiunis

lalaswmasuea

|
]

I

Sodium Hydroxide

Pellets
Grade AR

NaOH M.Wt 40.00 g/mol

5U# 3.3 ldeulansenlennlilunssuiuniswseuasniu



58

32 \Asesilouavgunsaifiieadas
wosflaunzgunsaiillilunieans fisd
3.2.1 nsesdena
A3 o9t AT ouanaiumus 8 %o OHAUS Su PR sauandlugud 3.4
feflauaziBen +0.01 ndu wavanunsadsldlurag 0-2,000 niu wedesdaiigninanlddmsy
Fanaanslundazdunouvainisnaaes ldun dinzdeonledflfiduiieg asudy
wavesloidoulansenled aznouiivdeainnizuiunsvzazaly uagnansueifilaain

NSLUIUNSELASNBSUDA

i, —
sUN 3.4 nTestanatiynan i

322 psesnIuEnTazanedlswiawimandiasalianudou
13 09NIuAITAZANER BRI LEN (Magnetic stirrer) AifldaTwausou
(Heating plate) 8% IKA §u C-MAG HS7 fauandluguil 3.5 \3ssmuiianansausuanunga
Tun1snaulalusae 100-1,500 sounoudl wasAlvnuaumngdlagegada 50-500°C
gunsaidfenangnliluduneunmswrararedingdoonlesldanmsslafaduaerinldh
sudeunounisusuan pH vesansiei Suihiinmuasazanelinauetsaiiauossning

d' RN aaa YU ¢
nsnaaetielAAnUAze eIt
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JUN 3.5 iassaniuansazangmeuriswimannidilinnuiou

3.23  YANIadETaany

yansesansazaeLuvann s FlunIvnaessEnauie Mgy
(Suction Flask) ﬂi’JEJq“ULuaiﬁ‘ (Buchner Funnel) nsza1wnses (Filter Paper) §%e Whatman
wos 42 wu1ngueinsEa1y 2.5 lunseunfdurugudnatsvesnszay 110 fadiwns
waziA3 e dnyey1na (Vacuum Pump) 6%e AITCOOL U VP 115 N éﬁ'ﬂLLamTugUﬁ 3.6
qﬂﬂiaiﬁqmﬁlﬁﬂmu‘lmUI%LLi@ﬁuqay,zgﬂmmwﬂ%uLﬁ'aa%ﬁammvﬁ’wfqmaiummqsyjzyﬂmﬂ
vl a15a2an89nn AN IUNTEATYATE9TI19UUNTIBYTILDS 081951A157 € 9t eLdin
UsrAnsannisnsesdiesieuiunisnseauuuusdtugiaund Tasannsauenvesudsonnain
asaraoldesadiuszansnw wasi§au lunisneaesyansesignlifdmiunisnsesusn
ansarvane uazaznaudiliazaigeonaniu saudinnsnseuensansueiiinannsTuIunIs

lalnswmasuaanonaNaITazans



60

-~

~

'\
A\

€
€
¢
€

'S
€
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3UN 3.6 vaAnsesansaraly

324 aFeriaAianuiiunsn-ang

isesinAnAandunsn-as (pH Meter) Iflimuwesingamniidvio Mettler
Toledo §u $220-KIT fuuandluzufl 3.7 wedesiifiasnistner pH faud 0-14 uaziia
azidun +0.01 wiouszuvasuisusalusTAsheasazamsguiioliiulalunnuusiug)
yasriinldneunisliiaudesirnisasuiiieu (Calibration) feasarareunsgudiden
pH finsnuAuiuey W pH 4.00, 7.00 uaz 10.00 Wielfumanuuwiugt ndwinasuiiiey
WA 1/‘1"1msﬁjuﬁﬁmaﬂumiasmaﬁﬁmmi’;’m LarsOIUANUUNTIR0ANT MaNN1SYIaLTRY
w3 setarraudunsa-ane erden1sTadnd i i A nd ussni1e8 1 dnnsanda
(Glass Electrode) kardianlnsng14d9 (Reference Electrode) Lﬁaﬁ;'uaﬂuaﬁazaw
Fndlwihiintuiamnduiusfunnududuresldlasaulosou (HY) muaunsiiuad
(Nernst Equation) Faa3esazUszanana wazsansindumnie pH Taeen pH suansdaninu
dunsngs uaze1 pH geuansiennudusiegs gunsaidglddmiunsiaaey wagdfuen
mmL’f]uﬂim-mwmmiasmS’Luf??umaumim%'smfm55@@1’uﬁ@uﬁngjmsmumsﬁameﬁ

meIslalasmesuen WenIUANANIEIMINEaianTSARURTeN
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JUN 3.7 w3eainAranudunsa-ang

3.25 asasufinsallalasinesiea
dl' a § & g ¥ o v o a aaa =
wiasUnsailalasines Wunvuganisnldd msuaniunsugisenad
aeldannzussiugnazgamgiigeluanmnedeniiduimiediinazais Tnendnns
M19UveAT U NIl 1ABN15AT 1980 TN TSI LazaunlgIndI1nnones
Aavitazaty Walssliseaivaznisanndnvesansa suluaniieq asuaula
Tneialuias osufnsallalasimesuea Usznoudlsnisuslansaudni udauseinain
auauaansadaniinuranisnansau A1gluussynnasuy (Teflon Liner) wadasiunis
Yulou uaznuseasiadinldlunsdunsien duwanddugui 3.8 auglasuniseaniuy
TivusieussdiugsiiinTuszninnseuaumaiifisemdeunalaniseniietdesiunisiady
=) a va o v d‘ a s b4 !
w3an15seiln AnaudRddyveasesUfnsailelannesuea laun
(1) AMUANNTALUAITNULIIRUGS ANUITONUABANIILUIIAUG LD BABNTT
aaa S v A & < =) a =) v o = o !
avane wardisevesansnwunidureudmseasuseneudunsdluiiagate deaillg
A ad & [ 3 a o 1
nswWaguwlasmaainduendneal wagnisiindan vl
(2) anmzauuailae Unsenaganidunisiaamgiginiigaienves

Y

mvhaganglagllaglutag 100-300°C Tnglduvasausounieuen wu waliin
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(3) anmuandend Inadn: Yeatunisdilnavosansdsdundondnsi o
LLazammiiJuL'f'JyauﬁﬂﬁmmsamuQuamawmﬂﬁﬁ%aﬂé’aémmuﬁw

(a) Matheloumaiifistu: annganudu wargamgigeieifiudnnis
ewmadnastlfAnnsuUamesm sl R dunEnSuriidonisod i ansnm

lunuifeiinseslnsallelasnesueagniddwiuduaneieyniadengd

sanlynululepiuaNaml wagsserna LAy

5U# 3.8 in3esufnsnilalasvesuea

3.2.6 aunsaldmsuanuuasadiesing 9 wu galess nimndesduivansiadl

wiumiuasiedl daandunarlessme 1usiu
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a A a ¢ &
3.3 Lﬂsa\‘mmmﬁwmuga
a A a ¢ & o o a & 1 AN av S
\AsoslleAT B lUaIE S UN T IeRdINUsEno UM LAl Tl
3.3.1  LA399IATITHNSAYIUUVDISSFLEND
LATOIILATIZYNITIENUUVDITIELDNG (X-Ray Diffraction Spectrometer:
XRD) 8@ Bruker Ju D2 PHASER sawandluguil 3.9 XRD iJuiesesflonlddmsuinszi
lassasnwanvesianlngeduvannisidguuvesiidiendill o uninvesans Jevyaeli
41113052y vlnveInan uasdnwianvaznisinisuvetasnaunieluianls 1a3e9 XRD
Usznaumigesnlsenaunan Lown wrasniassdiend (X-ray Source) Fesinleviasnssdiond
a A ° | = v o a ¢ = a
Aawalunv11nlane 13U noawad (Cu) LW Bds19598LeNY N A AITNEIIAE WA
seuulnilledines (Goniometer) @95 UAIUANNITNYUVDIRIDENN kazAInTI9TUTUYY
NH9INTT WALAINTIVIU (Detector) ANUSUTUNNANUUVDISIALDNT LA &UUDDNANN
o ' ° a a A o a G v @ | A a 9 =
#19819011591197UV09LA5 99 XRD 1311NN158959819n% lUF18198197 H1ASIaS19NAN
$9FaAnN5 A YNV UANYUN ABAAT 2INUNHUEIHUINA (Brage’s Law) Feilenuiieaunis
nA=2dsin0 e d Aeszazseninessuiundn waz O Asyuideauy Weldeulvididuasa
v a a a [ 6 o v [ Y < a a 4:; o 1
SefawiAnnsunsnaenatuiusuvanysalviiinsadalaiduiialusnugll XRD Fesiumia
YAINAFUNUSTUTLHLTEMINTEUTUNAN dIUANUTUYDINAAETOUDINITINS B wazUSun
vounandnlufieg1e nadwsa1ntA3I a9 XRD Az akandlususuunsan XRD Pattern
Faldlunsseyvliavaanandn Iasevuianin auasoanglundn wavauauysal
vadlassainalagofemsiuseuisuiugiudayauingg1u wu JCPDS (Joint Committee on

Powder Diffraction Standards)
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JUN 3.9 1SadliATzrinisiaeunvesisdiend

33.2  nNdewanIsAlBiannIaukULdaINTIaLazN1s ATz IR mATiANg

IN1INTEANWASUVBITSFaNG

NA9I9anNIIAUBLANATOULUUADINTIA (Scanning Electron Microscope:
SEM) 8%e JEOL §u JSM-6010LV Sawiumaidanisinnisnszatendsuvesiadiond
(Energy Dispersive X-ray Spectroscopy: EDS) §%8 OXFORD INSTRUMENTS ’i;‘u X-Max™
Fauandluzud 3.10 SEM Huedesfleflilunisinesidnuuziiui uaslassaieostan
Tuszsiugania lngerfemsaunudrdidnnseundanugeludaiavesiedie edidnasou
AnnsEnuRTanavindunfseivessenlufedwyiliinnisUanlassdidnnsouniend
(Secondary Electrons) wagdlanmseuayyiounau (Backscattered Electrons) %ﬁgﬂﬁ]i’;ﬁ]%
diethanaanwiidenuasBengsfianunsouanseanBonvesiufia uarsussuaaynin
#egadaau uonainil SEM fnvireuimdumada £DS Liladmszsiasdusznaumaed
vosi08 lneillodidnnseundwugensenuasnesludiegiasvinlisidnasouludu
ndanunelugnnisdu uazugasen Mntudidnasouandundnuiigainitasndouas
uwuivilfiAnnsanudesfsdlondfiindsnusimgsesigiu q namsatandsues
Yidendivneszyvin unstiinavesslufiodnld mevhausiuiures SEM wag EDS
Feilvannsniiesevldiednuuenienionnaesi uia waresdsznauniuad

vaadanluseAuana
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JEOL JSM-8010LV

JUN 3.10 N4839aNIIAUBIANATILLUUEBINTIALALN19IATIEEI9AIEmATANTIANTT

ATLAUNAINUVDISIF DN

333 ndsswansmidianaseudeinae viafladiiadunaznisiiszisindae
WAlANITIANITNTZABNANUYDISIE DN
ndesganssedidnnsoudeinsia slafladiatu waznsiasevisinie

WATANITANITATEANNA19INUVeT9F10n% (Field Emission Scanning Electron
Microscope: FE-SEM) 8% Carl Zeiss §u AURIGA $aufumafianisinnisnszanendas
1995981804 (Energy Dispersive X-ray Spectroscopy: EDS) §%@ OXFORD INSTRUMENTS
$u Ultimax 100 fauanslugudl 3.11 FE-SEM urdosiiofililunisiinmeidnuasiiuin
wazlassainaesdanluszauianialngendenisaunua18idnnsoundaug slud i
VBIRIBEN LﬁaﬁLﬁﬂmaumﬂswuﬁﬁa@%Lﬁmmiﬂamdaa%lﬁﬂmaunaaqﬁ (Secondary
Electrons) wagdldnmsouazyieundy (Backscattered Electrons) Fsgnasraduiiiotimnaiig
awiifirnuasndengsfiansouansneasndenvesiuituassuisweseynialdegnadnan
AINULANAINTENING FE-SEM waz SEM 535ua1 Ao SEM sssumitunasinindidnasauiuy
wiesiiledn (Thermionic Emission) Wy vasavisanudslinuazidonamluszivluaseu
Tuvaugh FE-SEM Tundsriiiindidnmsounuy Field Emission Gun (FEG) Ssudeedidnnseu
shoussuliiingduagarnminildsdidnnseuifianudy uaziaiiosgedemalinm

I~ a i o o d' o 6 v va
Nﬂ'ﬂma%L@U@%ﬁﬁﬂ'ﬂq SEM §554MA" (33@1]‘14!']114![,1]@5) LLagaqﬂJ’]iﬂVﬂQ'}u‘WLLﬁQﬂum'{L@WLVill']S
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dnsusegeilinenissiialily FE-SEM sfnfiasszuy EDS LiieTinsnsviosdusznaums
\nflvesiiegne Ineifledidnnseundsinuginsznueznenludiegiavgyilvididnnseu
Tutundsnumelugnnazdu wasmgaoen ndudiinaseunndundanuitganitaziedou
aamLmuﬁﬁﬂﬁlﬁmmsﬂamJa'a&J%’a?iLaﬂeﬁﬁﬁwé’muﬁ’nwwmaﬁmﬁdu 9 NIATIVIANG Y
vosfationditsssyaiin warUTinavessigluiiesld nevhansiudiures FE-SEM uay

v
(% T~ a

EDS 39919 a13115031A5 129 LA 98 NWAEN19N18ATNYDINURY LaEeIAUIENDUNINALUDY

Tanluszavunly

o

UM 3.11 ndesqanssaudidnaseudeinsin viialadladuuaynisiasizisigsiieinaia

ASIANISNTLAIUNSNIUYDISIFDND



67

3.3.4  1A399AATIRIUTINAISIA AR ENENNITAEUAIYDISINIINNTN LA
AIUWATEHI
AT BIILATIENUT TR AL IFEVANNITATURAIVDITINIINNITNTEAY

i

AIgNa1au1 (Inductively Coupled Plasma Optical Emission Spectrometer: ICP-OES)

A v

f%e PerkinElmer 1 Opima 800 fsuansluguil 3.12 ICP-OFS (Juta3 sflofilddmsy
AnneiviinusigluiegdasendendnnsanUdesuasaneyses uazleseufignnsysu
frewanauguvniias feairstuannismienidaeeduingaufias (Radio Frequency:
RF) Tuufaensnou easazaneiietsgnviudignaiaunsznouuatlonsuvessigazgn
nszfulvegluaniurndsnugs wasd enduganiuriuarUanudesuasiifinnus ey
FungsesInty 4 n1snsnTannuduresuasiivanudeseanungaslunisisyuia
uayUSinaessiglufiogisesduseneundnuedados ICP-OES éun

1) syuuai1awataun (Plasma Torch) dmsuadranatasndioniswileat
adu RF Tuufaensneu

2) szUUNUAzenifiad1a (Nebulizer waz Spray Chamber) dmduiuaen
ansaranemedliluarensaziBunnoudngnanayn

3) szUURTITTAuAd (Optical System) d1mSuULonLAINNAINEIIAAY
LAEATIVIAAIULUMIEAINTINTY

4) yendwIsUsZLUIaNaveAS 09 ICP-OES WantinfiuUasdaaioinasd
asadalaliduarnnuduveswas uazlddoyadanarimuinmanududuresinly
#108141A3 04 ICP-OES H¥0d Asaunsniiniizsisnglenarsvidandoudu faulh
(sensitivity) g9 waziltrmingaaiafinii Savanzdmsumsiinesisiegaidesnisany

wilughas
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ua
= =3
i

—

sUN 3.12 1AT8971AT18MUTUIUE1ALAEDIAENANNITATELEIVISIHIINNITATEAY

AENAEAL

33.5  1A70931AT1EN1INTEBTUINBYNARBLALYES
\A309TlATIENIENTEBULIRBYAAMELaIDT (Laser Diffraction Particle
Size Analyzer: LDPSA) 858 HORIBA $u LA-950V2 sisuansluguil 3.13 LDPSA Wuirdosile
flddmsvinnginmanzaefvemunoynialufiosns lnsordevdnnisidsiuuyes
wasawesiilenueymaiiuiuasseglufinals ileuasawesnnnsznueynInaziia
nsnszsuaslugusig q lasgunisnszaisaziuegfuruiavosounia nanfe ayniadil

Y 9

yundnagyinliuasnszaseenluyunite luvasiieynedifvunlugasiliuansyane
oonluyuuay W3esieazninainmuduvesasiinszaiveenluyusiing q fefnsady
(Detector) uaztntoyalUUssuIanaRIBauNI TN INLAS liU N 8fvea Fraunhofer n3e Mie
WleAnansnszevumeynalumesns sadnsiilsazuanslusuuuunsmvioryadia
Wu ANad 83UIMBYNIA (Mean Particle Size) A1 D10 D50 uay D90 4 9Usvanis

¢ & ¢ A day = a Iy I da
L‘U@iL“Uu@ﬂﬂ/]am@ﬂﬂqiﬂigﬂqﬂmuqﬂﬂuﬂqﬂ LNAUAUNYDAABDEAINIINTILAIISHEAIBDYINNUANIT

nszaevuneynIanidldegnadinasidugmnzdmiunsiasizindlans
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partica

LA

JUM 3.13 1AT993IATIEVINIINTEYVUINBUNAGILLALD S

33.6 1A309IANIIRANAULAS

ipsesinUFnauasdansihlown (UV) uazuasiveadiuld (Visible) fignge
Fumdedawnilneiiagng (UV-Vis Spectrophotometer: UV-VIS) St Agilent Technologies
U Cary 300 siauanslugud 3.14 UV-VIS 1ue3 eailef 9@ msuiinszvinisgadu
(Absorbance) #38n15d4W U (Transmittance) ¥asiastuy19dansliloan wagwas
fupaiiuld Ingordendnnsiiluianavesasszgadundsnunasiiinnueneduemns
FsaonndesiumsiUdsusziundsnuvesdidnaseuneluliena Weuamnunasinianiy
e vdmiliwosnanzgnaadulazdLiiasazdsinuludsiingadu inTessinany
duvesuasiidann waziUFsuisutuanuduresnasd sy iod1uima1n1sgady
mungueades-uauddn (Beer-Lambert Law) el asngannis: A=e-cl laof

A f9 AN5RATU (Absorbance)

£ fio AduUszAnSnIgaduesans (Molar Absorptivity)

C g ANULNTUYRIANTATANY

1 AD ANEIVBININLAULEAS (Path Length)
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aefUsENOUNENUaRASEs UV-Vis leun

1) wasnilawas (Light Source) WU #aam Deuterium d195UY29 UV
uazryiaam Tungsten d@1nsuU Visible

2) fanszanuas (Monochromator) d1usuidenaueiadudisesnis

3) 4a3ldRa0814 (Sample Holder) Wy AaLMIseend

o

4) $7n5293U (Detector) @NMSUIRAMUILVDILEINEINIU
WANA UV-Vis 1990 A0@ U150t 03LAS 18V AU LY UUBIa15aLany
leag19590157 wazudlug 1§ ununzdimsuauideaued Tana1ans uazn1snIadey

AaNUAN1uaaiaguly

‘. Agilent Technologies
Cary Series UV-Vis Spectrophotometer

3UN 3.14 1p383iAn13QANaULAY

337 yngunsninazedasiiefildlunismasoumsdutiouunadide
Tumsneadeudsedniamnsduieuuaifereseyniadsnzdoonlusuly
#1838 Agar Well Diffusion I¢ldigunsniuaziedosiioselu:
iseaiiolutiasufianas
1) é’ﬂaam%a (Laminar Flow Hood)
2) fauwmzide (Incubator)
3) inestianedlon 4 sumis

4) 1394 Vortex Mixer d@nsuvinlnansuviuasedulilamediy
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5) lulastie (Micropipettes) Lavhiiudaenide

6) funvidogUnsnisinde (Autoclave)
gUNsAldMTULNTBUAIDELALINAANAE DY

1) maam‘fjwm%wumﬁﬂ (Microcentrifuge Tubes; 1.5-2 mL)
2) 9Muw1zide (Petri Dishes)

3) qﬂﬂiﬁﬁmm%a (Inoculating Loop)

4) gunsaldmsuignay Wy Yareaunitwesiiivlulaste
\WouuafiGeRldlunsmanss

1) Staphylococcus aureus (S. aureus) LUATIEHLATUUIN

2) Escherichia coli (E. coli) hUATISeLNSLAY

3.4  YUABUNISIVY

v @

nsaniunuideduandugud 3.15 wiseenliilu 5 dunou leiun duneud 1
a Y A O v A& o = fan v = a &
N13RsIEeu wavdinsiziingaunwuliludingdeanlaailiainnistlumadumiansnldi
ImgAuAsruRIna1azgnilvinsiauauTRNug et uiuaRUTENoy wazaNYMENI
3 Q{' o [ a 6 dl' ‘:l' £y al ¥ 1
n1EAN Tunaun 2 in1svzazatedensdesnlydiiailfsudinsdlveglusUaisazany

1% '

WiounsFnwavinavesswlINdwnaneUsEavsnmnIsyraraty e suanululeou
luansazany Tupeun 3 wssuasReiulagasavanenlanNsYEazateazgnUTuen pH
pgansazatvlfeulansenlyn ieAnw1dnsnadl pH Yoda1sAtiuNTiNasanNSTLATIEA

[ a (3 & = % 1 £ M a L3
aunadenzdeaniaduily a1nuua1sazateNusual pH waazgnussyluaiIaslfnsal
lelasmesuea wavvinsduasizinigliannraumgil el wazAulRtuYesaIsazany
lwReulansonlaaiivuall iefinwdnsnavesiudsinainanisdinsizieyniadingd
panlwAuly wazdunoun 4 419kazeU NEAAMYTTALANEIINFUATIENAILNTLUIUNT
lalasinetuealzgnnsesienaandmnansaraty INUUaKandueiilaiieann1suulou

& Y o v A Yo = 3 aa a £ < a

vaunfewaldrlvsvwiaieliladensdeenledurluiidinuuiansas wasdunaun 5
Weunafenzdeanleduilunduaselalunagevandfnsiuouuafiisy wavauyn

VNS
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1. MINTIVFDULATIATIZHINGAUAIAU
- Apseilassastaanmemaiia: XRD
- AnsviesrUseneumaaiinlewaiia: ICP-OES
- JATILYNINTELMIVRIBUNIAGIELNATIA: LDPSA

- A5RER VAU WEWATlA: SEM

!

2. ¥zazany
- AUNTUYRINTA H,SOq4, HCL wag HNO5: 0.5, 1, 2 way 4 luans
- dnsauvesauderovaaia: 50, 100, 150 way 200 NSURedanS
- gundl: geungiivie (25°0), 50 uag 75°C)

-13@an: 15, 30, 45, 60 kay 120 U7

!

I
VBILLUY

!

dnTazany N1IVLATAY

3. nszulunsialasimesuea
wsuansiesulaenisusuen pH Tngldasazansluiolansonles
- @1 pH P09ENTIIY: 7, 10, 11 way 12
- gaungillunisdaaszdt: 100, 150 wag 200°0)

_ szpznalunsdunsIz 1, 3, 6, 12 uay 24 4313

- AnuNTuYesansazaneluenlansanlen: 0.5, 1, 2, 4 way 6 Luals

3.15 WAUATNTUNDUNISAWLUIIUITY

72

AENBUTLMADIIN
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3. nszuaumsialasivesuea
wisuansasdulaenisusuen pH Tnegldansazaneluioslonsenles
- A1 pH V09ENTIAgY: 7, 10, 11 uay 12
- gauuiiluMIdLATIER: 100, 150 kay 200°C
- sspznatlun1sdanszei 1, 3, 6, 12 uaw 24 Haluq

- mnudutuvesansavanelufenlansanlen: 0.5, 1, 2, 4 way 6 luas

!

B ansavay — AT AYANURDAY
VDI

1 a

aulviuianigaumail 90°C

4. A19UNDN1IALNGD

~ SRSIAIUVDIVDILTINBVBINAY: 5 NSURBANT

- aulviuanigamgi 90°C

!

- 1388818 —>  F1582a78LN00
RIRNYYIN

!

aunIAdenzdoanlynunly

5. NAFIUANUANITATUYDLUATISE

wazduUANIIYANAULES

JUT 3.15 ununmdunaunsaLiunuide (ve)



74

pA
a [

fumeuii 1 MansradeuLaziaTIingRuny

1.1) Aiszhlassasiawanaiemaiia XRD

1.2) Insgviesnusenaumaaiinemeaila ICP-OES

1.3) AAT1RN1INTENLFITBIRUNIAMILMALA LDPSA

1.4) a519@0UdgIWINe I IeALiA SEM
sunaufl 2 vrazanedenzdeanlusd

2.1) ludupeudinnsinsouaisavarensaioldlunisvzazaredensdoanles
lnadenldnsa 3 vda lown nsagdaiasn (H,50,) nsalalasmaasn (HCL) waznsalumsn
(HNO3) Tnensaudarsiingnuaufuinndui elvldaisazareffianududu 0.5, 1, 2
wag 4 luans

2.2) ¥msvrazaredanzdeenludiiansaia 3 viafimioulilneldansazaronse
Aflaududud s 0.5 §9 4 Twand neld 1S oulusmsidruvesud i evownadi
100 n¥usedns figumniivies uagszozatlumsvrazans 60 Ui Tnquisasdvestuneud
ABNNSANYIDNSNAYEA LAaTAIUTUTUVDINTARBUTEENT NINNTTTALANY SINDINT
Wisufleuusunaasuaiiuilazatvadlugisazanadolinsasseiadu Weasumuanie
A1SNARDIT AU msazawwqﬂmauﬁ'aLLEJﬂmsazawaaﬂmnmzﬂauﬁ'maa

NMsYzazaiy Neluszdniamlunisveavarenuieisiesazvedlaneigniyzazany

%
a Q/9J6’L§JI U

nningauasaulieglusvaisazaie lngmunanisunalanglugisasarafisuiuusune

9 Y Y

(% (%
v Y [ K'Y 1

Tangluinghunsau dadu mievesUss@nsnmnisszazaisuansduosidusd (%)

2.3) asazaeiildannnisvzazarsgninluiiasssiesduszneumaniisnomada
ICP-OES wazmznauiivdsainnisvzazarsgninluiieszilassaiiawdndemeailn XRD
Toyaiildannsiinssiaassdudanuddysonisssfiulsgdns annissrazais
wazmadenanigiungaudmiunmmnaeddudunoudaly

2.) anmgmvaassiimnzauindunsud 2.2 gninluldlunisAnuidninaves
dasduvesveaudeiovounadd 50, 100, 150 waz 200 nfusiedns oasumuan1Iz
A3MARBIT AIMUA @15arateRanaIgalIuInTe il auenaIsazaIsLaTAENeY
fndeanmsvzazany

2.5) ssazaneildannnisvzazarsgniluiiesesissduszneumaniivaemaia

ICP-OES
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2.6) anmgnannaesiimnzannduneud 2.4 gninluldlunisAnudvdnanes
samgilumsvrazanefioumgiives (25°0), 50, waz 75°C WloATUANAN1ILANTNAADS
fifmunansazanedsnangniannseaiiousnansazats uazaznoudeannsvzazae

2.7) ssazaneiildainnisvzazasgninluiieszissdusznoumaaiivaeimnaia
ICP-OES

2.8) anmgmsvaassiiinzauindunoudl 2.6 ginluldlunisAnudvinaves
nanildlunsvravanesaud 15 89 120 wndl IneifusnethaUsunns 1.5 Tadans finan 15,
30, 45, 60 uaz 120 unfl WeAsUMLANIIENTNARBSTIAVuAATATANefana1IgRLnaN
nseaifienenaNsazay uarAznouTMABI NN TTaYaY

2.9) ssazaneiildainnisvzazarsgmiiluiieszsiesduszneumaniisnomaia
ICP-OES

1%
@

2.10) Yoyailannnimaassvzazargdindeonlunnimunizgnianinsgviive

fmunanefmnyaudmiunszuiumsvszararsluanuided uariharsaraneitldidng
nszUIUNISanLy
fumaud 3 nszurunislalasmosuea

3.1) ansaranefildannszurunissrazarsgninldluniswIouansnafudimiy
fdunasigriouniadinsdeanlenunluaienszuiunisialasmesuealaunisusuan pH
meansaranelisulonsonlusidaududu 2 Tuads Inifianeglusyeiu 7, 10, 11 wae 12
dleAnwBvinavesan pH vesansReRuidsaiemuansalumsdaaneioymading
vonleduly nonnd Sslinanfusogiamn 4 A1 pH USues 1.5 faddns dWethaisazans
WAleseiiesduszneumaniisemain ICP-OES iiovnuTnamesdinsduazsmuafiudud
aamdoagluansazats el UszAvdamlunmanneznouminesfepasedlansiimdely
d1savatendUsuan pH Wisuduusualansd snuludisazatsnsuusuan pH
Feiu misressyAvsnmmanazneuiuanaduesidud (%)

3.2) ndsnuuan pH vesanssdumuiimuaLdtasararasgnussluntus
waeu uazdaninanegluedesufnsallalasiesuoanelianinfirruaugumgif 150°C
uazsraznalunsdanszst 12 $alus deasuivuamuiteulvnismaassansazgninesn

AU nIal Mntwinisnsosiauennaniarinduveadoananaisazane
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3.3) wAndeiiliilUiinneilasadamdndemaia XRD aniurhnsdienin
wadla SEM wiofnwidugiuiveuassuinweseynia ueniinilarsazatsfivieain
nszuIuMsdaaidgniluTieneesdusznoumaniisemeaina ICP-OES ilousziiiy
USinadangd wagsuaiiuiinaie

3.4) A1 pH vesansmsduinzanildnnimesedluduneudl 3.1 azgninld
iioRnwdnswavesgumyivesnsdunszilunszuiunslelnsiesueatidsuasovuin
uazgUssveseymadanzdeanluiulu lnsvinnismaassiigumgil 100, 150 wag 200°C
deasuimuamuiioulunmaassansazgniteenainieiesfnsal 9rntduiinisnses
iWousnudndusiiiduvesudseanainansarats uaveuliursfemevanioudiomnai
90°C

3.5) wdndasiiliiluTinneilasadimdndemaia XRD aniurhmsdienin
wmAdla SEM-EDS 1ilofnwndng uinen vuinveseyna wagiiaszissduszneuniaail
uenaniiasaraefimdennnssuiumsdaasgidgninlulesgieosdussnaumand
shewmaila ICP-OES IloUsziiuUiinudangd uaysmuaiiuiinavie

3.6) gangilunsdneeifionngauiildanmameaesludunoud 3.4 azgnuuld
Wefnwdvinavessreznawesnsdanswilunszuiunslelnsmesueaiidmwanevuin
warUs1sveseunadingdeanluduily Tngyinisnaansfivgn 1, 3, 6, 12 uay 24 2l
deasuimuamuiteulunmanaassansaggniieanainedssfnsal arnduiinisnses
ieusnnandasiniduveudsosnainansazarsuazeuliuisieinevanieuiigumgd
90°C

3.7) wdndasiilimilUiinnsilasadamdndemadn XRD pniuvhmsdienin
wmAfla SEM-EDS Lilo@nwndng uine) suiavedeynin uaziinsgiiesdusznoumaiadl
uenanilasarmeimdeannszuiumsduasgidgniilulnseiosdussnaumand
shewmadla ICP-OES iloUseilluUinadinzauassinuafiufinaumnae

3.8) nafinzandiandldannsmaaedludunoudl 3.6 asgaianlfifedny
Svwavesmnuduiuvesansazaneluialensonlediidmarevuiauarsusisveayna
Sengdoonlasunlu Tnevnmseassfimnududy 0.5, 1, 2, 4 way 6 luans WoAsuiivun
puideulumanaassansazgninoenimaiosufnsal antuhmansesfionsnudndosi

A & I3 Y v v o a a o
V]LUUSUQ\TLLSUQE]E]ﬂQ']ﬂﬂqﬁaSa']EJLLﬁg'E]USLWLLM\Tﬂ"JEJL@]WE]UaﬂJ'ﬁEJUV]QﬂJVﬂUN 90°C
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3.9) wandaannlaluiesgilasaiimdnalnata XRD 3NUuyiNIsaenIw
walla SEM-EDS 1ie@n¥dagiuing) vuInvedaunIf kaginieiodnusenauneall

1YaNAINLAITALA8NNADINNNTTUIUNTEWATIERTIanU L UTAS 18 9RUsENaUNILAT]

Y

a A

memalla ICP-OES eUseliuUSunadinsduarsnuaiiuiinsmie
g‘ t:l' ¥V a [ '
YUADUN 4 A1LAZDUNANNN

4.1) NanAUNNANNTIUATIENAIENTEUIUNT LELATINESURAYNUNNIA1AILN
zﬁ' o = Y 1 @ 1 d' 1 I a gj dydtu I3 d' n'
Wemdnindelaglidnsdinvedndswiovaanain 5 nusedns tuneulliiingUssasdioiy
ANNUTAVTUDING ST

o o A

4.2) vaanaawdnduaiiveddainfondd wdnduagninlusuwivhewmevauseu

'
= a 2

flgaungf 90°C uielildnansuridiinudusuasndondmiunsiensiaufludunon
dnll
fumeuii 5 MamageusuTRveAAfTiduATILE

5.1) minadeuauUinisgandukaswewmdniueidiunisiagldinada UV-Vis
Spectrophotometry LitodlaszsingAnssunsnovauessouadlurlenueaiumiig 9
Foyafilsgniunldlunsussiduandiniuawomndnsasividanszils

5.2) ManaapuantAnsiudenueiizelaeliisnisundnszagluiu (Agar well
Diffusion Method) fuide Staphylococcus aureus (S. aureus) wag Escherichia coli

s

(E. coli) FuufunurotiuailiSawnsuuIn Lazunsuay lnguuailisaudazaienuggning
a9uUUUIUIMIST (Nutrient Agar, NA) iadududuuseaias 107 CFU/mL naeaniiuy
aSaauuuiTiulagliumeniunitwemaealulastiua ndvuiadusuAud nats sea

a o 1

8.8 ui.uagrnsimIsuaIsuvILastlnen s TRan A dains1eei 50 fadndy Aeudly
naufuiindy 1 fadans lunasndumioswuindn Wewsouaisuivassfdaududy
50 Qansusedanans a’IiLLGUTLJaEJEJth\‘iﬂﬁ’]’JQﬂﬁﬂﬁLfJuLﬁ@LﬁEJ’JﬁUIWJI%Lﬂ%EN Vortex Mixer
Junan 15 Junitneudlunageu andudiansuriuaseiasenliusuna 0.2 Sadans
Lﬁmaﬂ,uLwiawqmumuijumﬂﬂ?uﬁfmmwwzL%@iﬂﬂuﬁqmmﬁ 37°C \Junan 24 $2lug
Lﬁaﬂiunmﬁﬁmuﬂﬁﬂmu";umﬁwmi’iﬂLé’umu@uéﬂmwaw%nmé’ugqmsw%fgsuau%a

(Zone of Inhibition; ZOlI)
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NAN1SILaLAUSIUNE

Han1sAnwINIsduATIgeunIadinsdeanleduiluaindinsdeonleaiilaainng

v
[ (%

FlwAadwmnensnluiln wusesnidu 4 dau Uszneudie (1) nan1siasieiingAunsdiu

€

o

(2) wan1sAnwINSEUIUNITTanedinsdennlad (3) nansfnwinisduasieieynafined

D

13 14 s a = wa v
8@ﬂ1%ﬂﬂ71u®’38ﬂi%U’JUﬂ’ﬁléﬂﬂimaiN@a ae (4) Naﬂ’ﬁL'UiEJ‘ULV]EJUQQJ?IJJUWU@Q?Nﬂ%ﬁ

(%
Y [y [ a

s & o a v s Ao Y 2 o &
EIEJﬂl%ﬂV]LUu’JC‘mWU N uﬂ‘U@L‘l.ﬂqﬂﬁ\‘]ﬂgﬁ@aﬂlsﬁﬂuqiuwa\‘iLﬂi']%ﬁlﬂ FAUNANIINAADINIY

q

o

4.1  WansiATRingRunesu

JUN 4.1 SNEaEnIaNeNUeIngAuntiy

Y A

swufidnuaziluneding duansdugui 4.1 s

a

ANWULNNIYANVDIINO AU

9

See

4

6

AAseilaseasnanalsmAianISId 8L uUTesdiend (X-ray Diffraction: XRD) Wun
moegUsznaumelassasindnuesdinsdoenleddundnuaziinavesansuaniuduzUuey

¢ ZnS, KCL, KFeCls, NaCl uay PbCIF fauandluzuil 4.2 Ainsevidnuagnsneninges
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ﬁuﬂaé’wﬂé’mamiﬁﬁé‘Lﬁﬂmamwuﬁaqmm (Scanning Electron Microscope: SEM)
nudrdengdeonledidnuvmusd uindunsinszveni il dad ugunnng o
fauansluguil 4.3 manszaefvesvuinoymadsngdoenludinnginemaiianisnszide
LLazﬂ’liLﬁymL‘UL!GUENLL?NLaLGZia{ (Laser Diffraction Particle Size Analysis: LDPSA)
wuinflvunnegluristszann 1-5 lulaswns Tnedvuinedswindy 2.73 lulasiuns
Faansluguil 4.4 uenaniinsdiasgsiosdusznausndsmadaauninsalnd
N15UARERAILUUNATANAT 87107 (Inductively Coupled Plasma Optical Emission
Spectroscopy: ICP-OES) wui1edaUsgnounanae Zn (65.50 wt.%) 94a3U17D
Na (3.94 wt.%), K (2.94 wt.%), Pb (0.96 wt.%) uaziiswmduluuimadndes fauans

Tumse7i 4.1

60000

# PDF 36-1451 ZnO
A PDF 89-2211 Zn$S

1 @ PDF 41-1476 KCI
40000 - ¢ m PDF 70-1637 KFeCl,

50000 A

O PDF 05-0628 NaCl
é 300001 , <& PDF 26-0311 PbCIF
@]
O
20000 +
’ A
.
10000 + . . W
1 : ’
0l Qaohofumf \_§ o e l ‘.ll ¢ o

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

l (%
Y

JUN 4.2 nalasilassasimanvesingaudsruisnatinn1sidesuuyessdiend
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B ‘(." / B e § A
Mss s S St D ! :
e sgnerel & ’
2 . =y i
skt 15kvan1s'hmssas ‘ﬁ-‘:?dpoo E Sym ‘l—e SEL 45kv  wD#5mm $S35
L. it 8 hilk B < Y b

_J

SUT e 5 sut Y

JUN 4.3 nmangdnuaeuA1033ngAuAR Ui lAa1nn1sTAsIeinundasganssel
BLANMTIUBUUADINTIAN N1a9e188198 U Tawn (a) 1,000 w1 (b) 5,000 L¥i1

wag () 10,000 11

10 100+ pyp . 0.94 pum
9T "TY ¥ Y 1 \ | - 90 D90 : 497 um
8 + + 80 D(v,0.1) : 0.94 pm
7 + _q% 4 70 _ g(v,gg) : ig; pm
64 1 6o | Do) 497pm
] (]
A B J -V 47 B 5 S ittty vt r 50 21 Mode Size : 3.05pum
4+ T 40 5| MedianSize : 2.41 pm
34 + 30 5 Mean Size : 2.73 pm
2+ T 20
L+ ftr e - 10
0 - O
0.01 0.1 100 1000 10000
Diameter (um)

] (%
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[
a v v

M1319% 4.1 wan1TATeiesdUsenausmuesingaunwu lagldinaia ICP-OES

q

A10819 YTunausg (wt.%)
Zn  Na K Pb S Si  Fe Cu Buq
LY
Z . 65.50 342 294  0.96 048 0.11 0.04 003 2652

4.2  WANSANWINTTUIUNNSYEANedInsdoanlun
Tusumeuddunsyuiunsvrasaneiievinlidnydeenleudsuananimuoauds
Wegluguarsazargdmduiluldiduasisivlunmsduanegioyniadangdoonladunly
Tutumausioly TngldvinnisAnudninavewdn wazamududunsaild 1aun nsadaiinsn
nsalalnsnansn waznsalun3nfinaududu 0.5 & 4 TuansfdnanaUszans am
Msvzazas wiounainnisAndensiavesnsaimanydmsunsyzavaredansdeonlys
e luAnuiduusdu 9 1fun dnsdrmvesvesudadevennar gumgd uas szezian
TunsvravanefidmaneUszansnmnistzararsdnsdoenles dswansAnuniisieazidon

samaluil

421 WANISANWYIDNSNAVDIVLALATAIULT T UNSAN BUSTENS NN
nsvzazaltedInzanazysunaasuanuluansazane
HanIsNaaesvrazatedensdeanlenilaainn1ssloifag wmneisnlii

Tneldnsadainsn nsalalasmansn waznsalumsnlud9AUUTUTENING (0.5, 1, 2 WAy
4 Tua1%) 8937181V UTWaVBUNAI AT 100 NTURDANT QUUAIYDY wazITaTIAT
Tun1svzazans 60 U wassliiulUseans nnnisszazatsdansanuullduli uay
= v v A & a ~ | o a o a a
W 8ANUT T UUBINTALN LT U 31AN15US B UL UNUIINTAT a5 ndUszdns naw
nsvzaratgdansadlauinnii 90 wWosdud NanuwuTud e 2 luansvuly aenansly
JUN 4.5(a) dmiunsalunin uagnsalelasnasin nuinaeiluszdnsnmnisvzazaredengd
1A11NN31 90 WasHURAT AWTUTY 4 Tuans wiasdluseansninnisvzazaluminii
WD BUNUNTATANIS N LATIAILEAILUILNYDIUTEEANT ANNNSTTarANe dINs AN ALY
A YY) = Y ) a o a ¢ v
Weauuduvaansageluuniy Awandusun 4.5(a) Tunmserazaedinsdeanlassie
nTANe 3 ¥ia NUINITaEAIEIINVEIS IR UUNAN taun Telaey wazlnwnaidey

agalsinunisvrazatemensndaiain wansteliliouidiAyauauuians ves

ansazaenle lnglinungiivsUunnluamsagzaty duansdugui 4.50) wWewinazmilossy
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(Pb?") azfian1ssansaudamalessu (50,2 Wuasusznaunziadamn (PbSO,) Tadien
avmetinan uaziianisanagnewdureds Ssansaduduldannistnenoudiinty
mMendnmsszaraieiinTgidhomaianindeivuiidiond Ssnsusenouiindunu
Hulavesnziadaimin é’fﬂLLamﬂugﬂﬁ 4.6(a) Tumnanssiutnumsveagatemensansnbunsn
waznsnlelnsnan3n nunsazatsvesdanes wasnsiavzvualuansazans Tnsyusunm
nsarargveslangiiovumaniifind uegefidod Ayl ennududurening sy
Fauansluzuil 4.5(0) waz 4.5(d) Tnslawizegadansalusindadunsneendled (Oxidizing
Acid) Sunldfufiaznseduiililaveidevufansazaeviedsuaniuzeandindulsiing

NIINSADY 9 PIANNITNTTEazaIBTOINIALAaTlaLanIRssolUll
ZHO(S) + HZSO4(aq) — ZﬂSO4(aq) + HZO(aq) (41)
ZHO(S) + ZHCL(aq) — ZnClZ(aq) + HZO(aq) (42)

ZHO(S) + 2HNO3(aq) — Zn(NO3)2(aq) + HZO(aq) (43)



Extraction of Zn (%)

Extraction (%)

EAL

100+
2)
80+
60+
40+
Fixed: —8—H,S0,
20 S/L ratio: 100 g/L _,‘._HNol
T ‘Temperature: ambient .
Time: 1 h HCl
0 T T T T
0 1 2 3 4
Concentration of acid (M)
100+ [ ® 8]
<)
80+
60+ i‘}
40+ —{=Na
—0=K
—<#—Pb
20+ ——
0 xja } I R
0 1 2 3 4
Concentration of HCl acid
o
]

83

LR ) F N ———
—{=Na
80—+ —0—K
S —/=Pb
£ %7
£ C—t o o
Z 40+
20+
0 + + + f ==
0 1 2 3 4
Concentration of H,S0, acid
100+
d) .
c0 O el
9 [ £
= 601
=
Q
g ——Na
& 107 —=K
—#==Pb
204 -8
0 } | } t
0 1 2 3 4

Concentration of HNO; acid

4.5 navesvidanaranududuresnsanelssdni nnnsvrararedensdennlan

(a) Useansnimniseravaredensd@vasnsava 3 ¥ide (b), () wag (d) n1sazany

Yp9a15uanu (Na, K, S wag Pb) AusUuasunluaisazarefiveazaransadanisn

n39lalasAansn warnsAlumsn AUEAIRU
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2000
7007 g) = PDF 05-0577 PbSO, b) A PDF 36-1450 Zn$
s00L A PDF suu‘j:% Zn(30,)(H,0) # PDF 261150 PhCl,
. a ® PDF 39-1363 ZnS 1500+
5001
2 400 2 o
g 1000 1 n
83004 8 4
2004 *
500+ N
100+ ]
A
0+ abt [ Jda 4 |0, £ oa
} : : : } : : . 0 ‘ - } } } : ‘
10 20 30 40 50 60 70 80 10 20 30 40 50 60 70 80
2Theta(Coupled Two Theta/Theta) WL=1.54060 2Theta(Coupled Two Theta/Theta) WL=1.54060
5000
C) A PDF 36-1450 ZnS
4000+ ® PDF 78-1526 Ph(NO3z)»
& PDI 05-0592 PbS
A
£3000 -
g
S
2000+
1000+
0

10 Z:U 3b 4=() 5=U ()i(J 7=U SIU

2Theta(Coupled Two Theta/Theta) WL=1.54060
sUN 4.6 NAN1TIATIERAIEMATANISIAERUUTIELENTVDININALNOUNADAIIN1ENEN
n1svrararedenzdesnlassionsane 3 vila (a) nsadaiain (b) nsalamasin

wag () nsalumsn

oSeuiisunnutudunsaneUssansnmnisszazatodensadtu
MRS INuETENT S naunIsedl wuldwaiildiinnuaenedesiy Tnsainauns
UfAseiasisrynindaiiainvinufasendudenzdoenledlusnsidiulua 1:1 vagd
nsnlalasmansn waensaluninviuffselusnadulua 1:2 dwaliidevinnsveazas
fanzdeenlunlagliUsuiaesdinsdoanlen 100 ASuNY 989N lin odltANUUNTUYBS
nsalalasaans nnusonsalunsnuINAI1NSTIAMUINTUVDINTATATIS NUTTUIM 2 19N
FeaonndaatusnsaruUsaE TS

warann1siUssuisuNanIsTEazansdensdeanlen wuiinsagaiasn
Juansvrararefmunzandmdudunounisszazans lngnsadaila3nideldsevie
anunsaliussansamnisezazansdenzalaas 92.66 wWosurd Ayt 2 Tuans

Tuviziinsalalasmansn waznsalunsniianuEuty 2 1uans aunsaliuszansainnig

Yrazaaiey 69.16 waz 79.45 Wasidud anudsu waztivelilauseansninnisvzazane
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11NN 90 Wesudazdelinsnlalasnasin wasnsaluniniiaudududs 4 Tluans
waglunisavauasuaiuluansazatefdanasoninuuignsvesarsazate nouiazily
hnsdanseieuniadensdeanlanuily Finsyzararemensadaiiasnlinunisusyuves

nziqluaisazazaty Jawansbiiudiaisazaned ldurazdauuignduinniinasly

a

nsalalasAaein wavnsalunin )idedudenldnsndaiasndanududy 2 luans

Y

Juansevavanenandmsunisfinuiunlsou q mneadesluddudinaly

4.2.2 WAN1SANWIBNTNAVDIONIIEIUVDIVBILT 9 BB LNAIRaUTERENS NN
ANsYTazaledInzd

NANISANYITNIIAIUVDIVDILT 98 8VBLUad (50, 100, 150 wag 200

n$usiedns) aeldannznsadaiininiianutudu 2 Tuans figuvniivies wagszoznainis

Yraral® 60 U9 WANITNAABINUIINIANIATATNIS NE1NISaaNAdInEd AU 90

Wosus §loldsnsdiuvesmaudstevannarlurie 50-150 nfuredns agslsin

Uszansnmnmsvrazansdansanasinndd 90 Wesidud dleshdiuvesvesdwevennad

200 nfusedns deandlusun 4.7 Fa1nnsauindTinaasduiusauaunis 4.1

a A

znUILlavraraudinsdeanlenUsuias 50, 100, 150 way 200 NSU AzAedlinsndanisni

AMUKUTY 0.61, 1.23, 1.84 way 2.45 11ans AIUa1aU YId0nA88INUNANISNARBININULN

'
= a a o

NN5TLaTaIeNonI1d NV ILTIR oVR AT 200 NSUABARNT ziUIzaNSaInansdial
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auysaliiesannuSunaeaveds (Fangdeenlys) tiudulaenusuunsa (nsadailiin)
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¥ ¥ =

AN AN LTY 2 Tuans Bnviadlevesudaiuduniniiuliazvinlvaisazateniinuindy

LY 1 a

dnalyiundusaseiIsdans@eanlen waznsnanas 39 lUseansSannsvrasatudinyd
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100 +
804
s
S
w 60—
o
g
2
2 407
=
>
M Fixed:

20+ Temperature: ambient
Time: 1 h —&—2 M H,SO,
O T t T + T 1 I
50 100 150 200

S/L Ratio (g/L)

JUN 4.7 naveednsdiuveedioratatseUsednsainnisrzazaredinsdoonlyn
menIadaiIsnAnuudy 2 Tua1s Neamgivies uayszeziiailunisveazay

60 U9

NWANTIINARINITeLaanlddnTdIureveulaneveunadil 150 nu
fofins dwmsudnudiudsdu o Weswndudnsiduiineudnegs wazdwmbiuszansam

(v a I & @ &
ANSVLALANYAINZEUINATN 90 LUDTTUR

4.2.3 Wan3fnednsuavasguugifaUsEania nnsvzazatedened

NaRNYINISTEazaIeaINydnanlanil aaunnhe1(25°C), 50°C way 75°C

9 Y

nMeldaniiznsadafisnAANu Uty 2 1ua1s 9Ms1da1Uv09909T 97 9V DILNa"

a a v =

150 nSusedns warsrazlallunsvgarany 60 w1 nunUsEansnmnissrazatedinsd

=

aeldannzusazaamglanusaanadanzdlauinndt 90 wWeswud uasluldfieuwanig

aaa IS

agnfided Aty wansliviuvinulaumndfge@ueisazgioiudnsinisiinuinseaidl

Y Y

Taeiialy welunsaduandliiiuiinisveazatsdanzdsanlonluaisazatonsadanasn

NUsydnSnmasegudingumaiivies satansugui 4.8
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100 1 . . °
80+
s
S
w 60—
o
g
2
S 40+
B
LEC Fixed: —&—2 M H,SO,

204+ S/L ratio: 150 g/L.
Time: 1 h
O T + T t T
AT 50 75

Temperature (°C)

JUN 4.8 navesaungiinalszdninimnisvzasarudensdeonledaronsndaila3n
AAMUTUTY 2 TUAS 0N 1d1UVDIV0ILT 99 9UDLUAT 150 NSTUNDANST

wagsrezanlunIsYEaza1s 60 Ui

4.2.4 HANISANYIDNINAVDIIAIRMBUTEANSNINNISYTazAaInsd
NANISAN®IUSEANT NINNITVLaLaIuVBIFINLA 00N UM L UBI9TLELLIAN
(15, 30, 45, 60 wag 120 w1f) Aeldanzilonsadafasnauduty 2 Tuais Aonsaiu
Y99vITIava AT 150 nS1/Ans Ngaumgiivies nuinsadaia3ndusz@nsamlunis
Yravaedinsdlageaudyiian 15 wifusn nedussdnsammsvrazatedangduinniy
¢ < & ~ v a i Py ~ v & =
90 LWUBSLTUA LWATILUILULUAINAEDAYINIANNAN®T TILAAI LA LTUDIAIUFIUITOVD
nsadatisnlunisazaedinsdeanludlaag1a5iasy waziiuseansamnieldan1iznnivun

Aanandlugun 4.9
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100 1 .—’—._.‘_._’/‘
80+
=2
p—
S
w 60T
e}
a
2
2 401
= Fixed: 2 MH.SO
= S/L ratio: 150 /L 274
20+ Temperature: ambient
O t T t T t T t T t T t T

0 15 30 45 60 75 90 105 120

Time (min)

JUN 4.9 wavesnaveUsgdnSnmmIvsaranedingdeenled munsadaiinnfianududu
2 Ta19 §M31d7UV0IVRIUT A 8VOUNAT 150 NTUABENT uazyrazaly

Mgauniivias

NNANTITANWWUSSULNBUTRA WAEANUIUTUVDINTAN LD TUNTLUIUNNST
Y2azany wazanlsNna1fga1e 9 Ndsnanauszd@nsainnissrazralsdingd wuinnge

Fari3nilvssdnsnmmsveasaedingdlngegailleiSeuiieuivansaraensalalasaassn

< & a

waznsalussn laedusyansSninnisvzazantedansadlauinnii 90 LUasusd AU udy
2 Tuans wWeisununsnlalasmassn waznsaluasnidesldmnuutune 4 luais

Wialilauseansninnisvrazatsdengdieuindy ag19lsinu Ll efmlaenaniied
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wngandmsunsinlldduansasiulunisdaasgieuniadinedoanladuily 433wl

!
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NINTU1NNIUTEANTAINNNTVEAZAY WALAIUUSANTVDIANTAZAEN LA LWWENUINENINE
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:
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MAUZEAUAD NSVrara18dInsdnn wen8nsAtaiisnNAMUNTIY 2 Tuans 9ns1ad1uYad

< | [ 1 a d' a v a
VBT BYBUNAT 150 nTUF0AAT Nounniivies warszerIaINIsvzasaty 15 Ui
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Ialudgdusgluasazate drunmsveazangsieninlalasnasin wazninlunsndzyinlviin
nsvraratenziiacivluansazanedednsdlilddenisldiinty msvzazaredaense
Faf3nsanneiunzandsfina1nan demaliasazaneflddauuignigannzanse
mai Ul lunsdaasgsioynadensdeonlodulufidamnin uazauuians qe
Larnendsninsyzazaesean e ilanaaluuditnedu thihaisazansluiasizid
MUSHIUEINAIEWMALATATIEY ICP-OES wudndusuawes Zn Tuansazaiuian 107,366

[y I a

a a a @ Y (% =
HAANTUANDARNT LATTIANANUDU ) UgUuasunluaisazanelanios Auanslun1sen 4.2

A19199 4.2 1a3LATIEYUTUINEINYBIAITATANENAIINYEALA1EAIENTATAN TN

a Y v s o ' & o a
NAINULIUIUY 2 Illa']i DRNINAIUVDIVDILLYIN DUDILWAT 150 NTU/afms

Mgaumgivies wagsveznanlunsvzavaly 15 Uil saemnalia ICP-OES
A9E19 Y3uaus1a (mg/L)
Zn Na K

dnsazanefileannnszuiunisyzazate 107,366 1,792 3,638

= [ ¢ o =] s 14
4.3 Naﬂ'ﬁﬂﬂ‘lﬂ']ﬂ"liﬁQtﬂiqgﬁauﬂqﬂﬂﬂﬂgﬁaaﬂlsliﬂuqi‘IJﬂ'JElﬂ§¥U’JUﬂ']5
4
lalasiasduea
% o a s v v o a o Yy v 3
AMEVFIINNITTTaratgdingdeanlannleniadaiasniiaududy 2 luans
gn91dILVDIVDUIWBUDUNAT 150 NSUREANT Naumgiivies uazszeziallunsvearvais
15 Wil ansavanenliazddngdlossu (2n?) Wussduszneundniaratvegluaisavane
= A ° Y =) o v o U [ L4 [ = 3 o & ¥
N3AZedlAn pH M e SeuaIRRudmunsiunswieunadinsdeenlanuluinludes
U5uAn pH vesasazatebigetulaenisifvansazaneloieulansonled Fudunieiili
lansenlynlooau (OH) Walhnasasarsluideulansanledacluluaisazaneasiinnis
Waguuuase pH annsaludaniizans luanneinillansenledlossuiisanedinydlosau
szinuisendulansenludlesswieiindunznauvasdinzdlansenlyd (Zn(OH),)
Aeaun1s (4.4) aznaudinsdlansenled it uiliduansuseneulansenlydvesdanyd
Faldatvadlodndnlugnszuiunislalasmesueadudunssuiunsianiunisnield
Aueu wazuseiungluntvuln dengdlansenlyaniegluarsazarvasiinnisnnnin
waztUdsunvaaradudensdeanlen auandluaunisi (4.5) (Ejsmont & Goscianska,
2023)
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Zn* 4y + 20Hy —  Zn(OH) (4.4)
Zﬂ(OH)Z(S) — Zn0 ) + HZO(aq) (4.5)

91N3UA 4.10 wansmrmdNiusszninedt pH Auefidudnisanmzneuvesdansd
wundnyalessuBuinnsanaznausausan pH Ussuna 6 wasiiuwnltuiansanpzney
Wuduegredeiiendon pH qedu Tnsanizludaa pH 7-12 Faesidud
nsmnaznouvesdIngdlndlaes 100 Wedidud uandifuinneldannefidumanniy
danzdloosuazyinuiseniulansenludloseu dwalminnisanazneudinsdlansenlen
ﬂ'au&gﬁﬁﬁﬁ(ﬁ?ﬂg]’uﬁﬂﬂa‘ﬂL%’]éjﬂi%U’Juﬂ’livLﬁiﬂiLVIE)%&JE]@ Favuna uarzUsIveseyna

[

anzdeenlununluiladueyiuan1ignismaasd WeAne19nSnavefuusnig o Ndwa

Y

nonuauUAveseynindinzdsanlyduiludslauusanznisnaassesndu 4 nqundn

= a Ql'
GINi’]‘HaSL@EJG]R]SLLEWING]’]TNVI 4.3

100+ e . e oo

= 30T /
N w0/ Precipitation of Zn
S

=

S 60 + /

2 [

a.

R3)

o 40+

: /

© !

T
s

UM 4.10 Weswudnisnnazneuvesdinzdunasan pH newdinszuiunislalaswesuen

UAZANBAZYDIANTAINULLDUTUAT pH 7-12
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M15197 4.3 anzn1sneaesdniudunseiouniadingdeanlynuily

y GRHIERAINIEN aamadlums  szezaanly
. U2 pH ¥4 . . o .
fauUs L asavane s #5199  N1SAWATITH
A28 BRI k1 N 5
NaOH (1uans) (°C) (2l314)
HTO01 2 T 150 12
OVIONATEN HT02 2 10 150 12
A1 pH V99E7s
Fod, HTO03 2 11 150 12
HTO4 2 12 150 12
. HT05 2 11 100 12
dnSnaves
gaumQiilums  HT06 2 11 150 12
GNGE R
HTO7 2 11 200 12
HTO8 2 11 200 1
. HT09 2 11 200 3
dnSnaveq
seggnanlun1s  HT10 2 11 200 6
duA51E9
HT11 2 11 200 12
HT12 2 11 200 24
HT13 0.5 11 200 1
anowaveeIAN  HT14 1 11 200 1
LT UUD
HT15 2 11 200 1
a1savane
NaOH HT16 q 11 200 1

HT17 6 11 200 1
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o BNEWAVDIAN pH VBIAITAIAU: F20879 HTO1-HTO04 171 eAnwinavesa pH
Y99ANSAIRURDANNAINNTD lUNSARNAYRIdIN LR an s

a

o dNavetUNNlUMITHUATIZN: AI8E19 HTO5-HTO7 WeAnuwnavatgmmgil

fumnsnafusievunauayguinsveseynadsnzdonnlusuly

o BvBwavesszuznalunIsduATIE: FI0ge HT08-HT12 Lilefnw uagnsIuds
syaghnaUisendwmarsayniadingdeanlanunly

o dnSnavesnnuluTuvetarsazateludsulansonlyd: da0819 HT13-HT17
ilefnwunumvesnnuitutulmAealsasonludildusum pH fovunn wazdngiu
eveteunndansdoanlunuily
waannsaassluliazazanzazinausluiitedaly ioesuieseaziden

waglvdoyaidadninednuiadedAgndwadionisaiuanuun warsusisveseunadingd

20N AU UNAILATIEALR

4.3.1 8nswavesAl pH %aaafl‘sﬁgaé’uﬁiammmmmiumsé’qLﬂsﬂzﬁaqmﬂ
danzdoanlydunly
InMsAneIesAl pH vesasesulutiedn pH 7-12 (Faegne HTOL-
HTO04) sieAduaIInsatunsdLATIiaunIadinzdoanlonuilu lnsldarsazarelumey-
lansenlusfinmidutu 2 luans nmeldnszuiunislslasmesueatigumad 150°C Wunm
12 Falus wuiAn pH vesaseuiinasgeidedifysenuamisalunisiinmaves
Hngdoonlys nanmsinnesidiewaiansdenvuresisiionduandistuinghogns HT01
AR pH 2098138 SF WU 7 waz HT02 AA1 pH vesdsharuviafy 10

s A

laiuszaunadudalunmsdunszililaadensdoonlen 1iesnluaniigian pH Sein

aaa [ (Y

YSuraulansenladlessudsluinaanei agvinugnsandudinzdloosuti atinnis

'
2/ a o (X o

) a & ¢ v ) a =
AnnznauvesdInsdlansenlen §uduansaedundidyd1usunisiud suadu
danzdoanlenlunszuiunisialasmasuoa UanaNNd SINUNISIAAWEYDIE1SUSENaUDY
WU ZnSO4-3Zn(0H),-0.5H,0, Na,SO, ke Na,Zns(SiOg), Te01atinanufisensening
arsazareluieulansenlen waznsaganisnanalsazaneNlaannnszulIunsvzazatelu

dl 1 U = U = L2 o U L% 1 dld 1
anmeildmnzausenisanuanvesdenydeenles dmsufiegns HT03 AillAn pH v83a1s
AIAUVINAY 11 way HT04 7lA1 pH UesansAsmuinAy 12 sunisiinavesdinsdoanlys
28719TPLAY TINAINNNITIATIZNAUNATANISHR LI UUVBITIALDNTUDIAIBE19FDARADINY

wmsguvesdinsdeanlenniugiudeya (PDF 36-1451) duandlugui 4.11 lauanadls
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MsmnuAnTiauysal uazanuuianivesdndust iosnlinunninmavesansusznou
5uﬂzﬂuasui NaNSNAADIH T UIAN pH Gummsé’i’jaéfuLﬁuﬂaé’aﬁﬁmﬁdawaﬁiammmmaa
TumsiAnnznoudandlensenlys uaznsiwdsumadudanzdeenledlfogsiiuszansam
Tunszuaumslelnsmesuea nansAnuduguine1veseynadanzdeenlediidansizs
aeldanie pH vesansd sfudisinefuresiiegna HTO1-HT04 Tneldndosqansseil
Siiinnseunuudesnsin dauandluzuil 4.12() uay 4.12(b) wudnfaeg1s HTOT wag HT02
linudnwnzvosmdndnsdoonludiivaiau dnunziufineseunia uazn1anszanefived
oumeliaiiaue Ssaonadosfunanisiaseidiomaianadsnvuressadionddliny
wlaveadangdeenledlufog1sdanan d1wsufiog eil HT03 waz HT04 wanslsifuds
Fnuwnzveandnvesdanzdeonledlaotatoau dananslugud 4.12(c) uaz 4.12(d)
Tngoynafivuinidn uaznszatedaldegiatnaue uansianisanudniiauysaia pH
Y9I U AT 11-12 nnzandamiunisdunzieyniadanzdoanledunly
Mndeyanamstinsesiiaduayudian pH vesmsaduiinalaensiioauanunsalunis
Aaula wardugiuinevesdengdeanad Taoen pH figsduastsduaiunininngnon
danzdlensonled uaznadsumadudinzdeonludlfogaiuszansamlunszuiuns

lalpsimesuea



224004 § — HTO1 B PDF 44-0674 Zn,SO,(OH)6.H,0
= PDF 11-0280 6Zn(OH),.Zn,SO,.4H,0
@ 168001 o PDF 85-0175 Na,(ZnCl,)
S 11200+  PDF 70-0802 Na,(SO,)4CI(H,0,),
3
= "n
72004+ ¢ PDF 36-1451 ZnO ™ PDF 44-0674 Zn,SO,(OH)6.H,0
= HTO02 = PDF 11-0280 6Zn(OH),.Zn,SO,.4H,0
— ® PDF 85-0175 Na,(ZnCl,)
= 4800  PDF 70-0802 1\1:(,(304)40(11202)2
E * PDF 74-1738 Na,SO,
O 2400+
N o . S8 0%
136001+ HTO3 L ¢ PDF 36-1451 ZnO
10200 +
= .
5 6800 ¢
2
< 34001 . T oe
0 A J__A_?J\K_._._
13600 — HTO04 * ¢ PDF 36-1451 ZnO
" 10200 °
g 6800 .
O ¢
3400+ j J{ ¢ 4
10 20 30 40 50 60 70 80

2Theta (Coupled Two Theta/Theta) WL=1.54060
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JUN 4.11 naJiAs1eilaTeaiamanaIgnAlAnISA YUY ISIdaNdUBInENEUNE YN

lalpsinesueavaidieg1y HTO1-HT04
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a) HTO1  of
b4

2

>

SEl 15k{
ot

c) HT03

SEI 15k, AMD4EmINES

UM 4.12 a9 NNdes9ansIAUBIANATELLUUADINTIATBINENDUTBINLNOUNE 39N
lelaswasuea (a) HTOL, (b) HT02, (c) HTO3 waz (d) HTO4

a g % '3

4.3.2 INSwavesuUunlnanIsuATziounadenzdeanlynully

u

= v L3 v =) s 4
HaN13ANYINITALATIEaunIadingdeonleduilulagldnszuiunis

{ [

lelnsinasuoailguugiiseiu Téd 100°C (HT05), 150°C (HT06) way 200°C (HTO7)
WoRnwinavesgungfindnelaseasiawdn wazdnuaznsdaugiuineiveseynia
Fanedoanludunludiduasedld Taslunszuiunisimigaansasduldldarsazans
Tnieulansonleniifaadudu 2 Tuans WeuSurn pH vesansnaduliiian pH Wiy 11
Aouthidhgnszuaunslelnamesueanieldszozina 12 $alus nansiiaszsindnSasiild
FromalAni9id sauuvessediend wuiinsduneieyniadingdoenledunly
Fenszurumslelasmosueaigumaiisetuiis 3 A1 Usingdnuaefiansideiuunsaiy
wlavesdanzdeenluduians (PDF 36-1451) lnglaififiavesdaiovuanassznaudy

Y @ 1 [ a L3 Ao v a £ [ el'
LLﬁﬂ\‘ilﬂm‘H’N@Hﬂ’mﬁQﬂSﬁ@@ﬂbL“ZIQU’]IUVIa\‘iLﬂi']%ﬁl@mﬂ'ﬂﬂ‘l,lifjﬁ/lﬁqq muﬁmﬂugﬂ‘m 4.13
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fala (%

MNNMEEIENdsganssAuBinnseunuudeniInfifaussauzgs viaflad slladu
(Field Emission Scanning Electron Microscopy; FE-SEM) Wudﬂaumﬂﬁ’ﬂﬂzﬁaaﬂ%ﬁﬁ
dansziilavesdaegne HT05, HT06 waz HTO7 ddnwaznidugiuingndunrisuily
(Nanorod) \iiesanndansdeenledfilasiadnendnuuu Hexagonal Wurtzite 3aiifiandn
Tudiasng q A andudldwindy lnedwdnavaered uluia [(0001] (c-axis)

[ a

(Baruah & Dutta, 2009; Noman et al.,, 2021) L‘Wiwmﬂuumﬁﬁwaﬂmumﬁaaﬁ'qm
wazansasuloseulndundeuseldine dwmalinistavewdnind uunlufidniaie
bilananlugUuuuwriaunly é’@LLamﬂugﬂﬁ 4.14 uazidleSsudisudnuaenianiennues
oynadsnzdoonloduily nuirgungddililunisduasizvidnarevuinvesoynin
g afitodify nodegumgilunsdunmeiifindu wuimwadudiugudnarsues
wvisurluanaseg e ol 09 ann1sTRvuIAouN1AR8TUTLATY Image) WU
dusihuaudnansadseynadsnzdeenlesuiluiifilassaiiawuuusiaunly (Zno Nanorod)
Adaasevildvesiiegns HTO5, HTO6 wag HTO7 fewvinfu 199.53, 112.91 way 73.43
UIULLAT MNAIAU LazdA1RTIEIUAMNELNUTIZUINIANNATILAZAINED (Aspect
ratio) WinTwan 6.11 1Ju 10.35 suiilosnannisanasveadurugudnalsveteynia
pg9ldsd ALY 5&‘0@%5&msm%zytﬁuimawﬁﬂmmLLu’a c-axis AudaNINTY Kaudns
Tun13197 4.4 9nmrsnaassnanddiifiuitgungfifigeluduaiuniainlasadiouuy
wisunluifvuadurugudnaiaedeidnas %ammﬁ'aqmamLﬁaqmmﬁgaﬁuwﬁamuh
svuuiindu dwalhifniandoavendndndoonlodlidunarunniu maieduedoa

unntudiuvesnssuIumM i liudaziluadsailenaladevasdawalilaoynia

YUIALEN
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14400 — HTO07 b 4 ¢ PDF 36-1451 ZnO
é 9600 + *,
o
S 48001 J_L . toe
0 W W Y
14400+ — HTO6 ¢ 4 PDF 36-1451 ZnO
= 96007 |
O 4800 T J
0+ A |
144004+ — HTO5 o ¢ PDF 36-1451 ZnO
2 *
§ 9600 + J-L
4800 + .
M 3
0 ) | A_QI}I

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

JUN 4.13 nadiassdilassaiiwdndigmatianisidgaiuuvessediondveteayniadanyd

20N AU I UNAILATIENNILNTEUIUANS LELASINDSUDAVDIP18E9 HT05- HTOT
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n 49.46 at

O 50.54 at.

0,
0,

4

f’\\\\\J &7
N\
\

c\j

- o A

500 nm

UM 4.14 2 M0831NAIENEI9aNTSAL LA NATOULUUABINTIAT TauTsausas
yilaNanodatu vosaynindinsdoonledulufidansigraianszuiunis

lelaswosueaigaumaiinietu (a) HTO5, (b) HT06 uag (o) HTO7

A157199 4.4 YuIRvaLduEIUANENa1NaAEveIRI0E1e HTO5-HTO7 Tnvuinauninnie

TUsunsy ImageJ

anITMIMARes  ANE12 (hm)  wiusugudnane (nm) - Aspect ratio

HTO5 1220 + 480 199.53 £ 90.74 6.11

HTO6 1060 + 290 11291 £ 62.32 9.38

HTO7 760 + 240 73.43 + 29.35 10.35
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4.3.3 INFwavasmdeansiuaszisynadensdeanlynunly

MnnsdanTssieynadingdeenledululasnisusua pH vesansaasy
e pH 11 daarsazarslofoulensonlediinududu 2 lwar§ rnduiaindng
nszvaunislelasiesuoaiigungll 200°C TngususraznansdunsIziiuansnefy
18un 1 (HT08), 3 (HT09), 6 (HT10), 12 (HT11) waz 24 (HT12) F2lue iefnwinaves
spoznalunsdaaneiselassaiiananvesoyniadingdoenluduilu Sawanisiiase
Frewaidanisidenuuressadiond uanslfiiuiindadueifildannngianaivesnis
Aareiiidnuaefiansdenuuiinsiumavesdnzdeenlefniuannsgiu (PDF 36-1451)
Faagioudsanuuiandouniadinsdoonladurluiidunseld egrdlsfinnn wuainu
uwanaseg 1dauluiuaudy wagauni1aesiia (XRD Pattern) filda1nnnsiasizv
Fromadansiasuuessidiond ndnfefegns HT08 wandliifiudnuasfiaitininuniig
10 (Broad Peak) warilmudusn Weoleufusetsiinunsdaaseflusyoynaiuuiu
Fasloduanegvifissornarfiuutu XRD Pattern fdnwauzuavas uardauduiugady
o9t nLU FedennaniuuITeves (EL-Rafei & Zawrah, 2014) Msasunlasiananse
a3ungldannalnnislavesnaniiintuanusseznan TnglutiausnueinsEuIunsaELATIEY
Fregns HT08 (a1 1 H4lue) tinnsnesvesdanasasuiuuinlunansudu vhldldnand
fourmandauald XRD Pattern find1emiudun1sves Scherrer LaAIRIaNN1SH 4.6
(Chand et al, 2012; Ejsmont & Goscianska, 2023) waziiiawfiuszesnallunsdunsiziay
Aanslavewanseiios diwaliuuisuesudn (Crystallite Size) Winiyu uag XRD Pattern

a o

IS ¥ d’( 1 3 o % d‘
AWYEUSLAUAN LbASUAITUVNVUBY WYALIUATNATINU muamiu;nm 4.15

ko

D= BcosH

(4.6)

D A8 Yu1nAKANLRAY k ABANAINYBY Scherrer
A A ANUYIAAUSIELDNG
B fie Avuniusuiiesmilivesrgean (FWHM) uaz

0 Ao LYuUINA
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120004 HT12 * ¢ PDF 36-1451 ZnO
£ 8000 ¢
S 4000 J_L « ¢ o
T ®
0 L A L L ee
R L 3 -
120004 HT11 , ¢ PDF 36-1451 ZnO
£ 8000 + N
S 4000 4 o % oo
9

0 SRS ERE ) B
12000 - HT10 : PDF 36-1451 ZnO
S 8000 1 ‘ ]
O 4000 +

0+ 3 |
12000 - HT09 R PDF 36-1451 ZnO
£ 8000 +
3 ¢
O 4000 +

04
12000 HTO8 ¢ PDF 36-1451 ZnO
£ 8000 + .
S 4000 + tt

¢ ¢ o %
. NV e e

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

JUN 4.15 walinsienlasairmdnmiginadanisideiuuvessediondvetoyniadinsd
ponlgAuluNdwATIERA8nT2UIUNS b ElASIY DS UBaTINANMN UYD IR 1984

HTO8-HT12

INHANITIATIZAN MDA 18N d 099 anTIMIB LA NATOULUUABINTIAT T AL TIO UL
yilafadodatu nudrdensdeanlendiog19 HT08 sreziranlunisdunsien
1 $alus Usngdnvazveswdnluguuuuuvisunlusgnsdaau Tneiie Aspect ratio a8l 7.08
wazflvuiavtidaads 70.53 uiluluns Aauandlugudl 4.16(a) Feunnsirseesiifodfyy
1NFI0E19 HT09 svaznattumsdauasent 3 Halue finuinen Aspect ratio anauvdeidies

2.14 gzviouliviuislassasieyniafildidussideu wazliviuou Jagusrsdnaiaiuse
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psuelalagnalnuesnisiiananvesdingd@eanlenuuuiiianig (Anisotropic Growth) Tusiag
Susureanszuiunisielannesuea dslurisiuresnisdauased (melunan 1 Faluausn)
asavateiian1izdudiog s aean (Supersaturation) g9 1 sa1ndanzdlessunas
lensenledlosaurmnansasdiuiinududugs dwmaliiAnduedoass9mnids uasdinng
Tnvessdnegrafiiamalagionglunuuny c veswdn Wurtzite yiviléia Aspect ratio fige
Fausnsduasemies 1 $alug (Rajesh et al., 2020) agalsAna dleszeznanfiviuly
3 Falug nuddlan Aspect ratio andiaandeusvvuianiafaiiveriud wdu 98.15
unluns uansluzuil 4.16(b) dufivgiuldinludaenaid szuuidg seeslud suniu
(Transition Phase) szuinemainilauaded waznisiauuuiadeseraiinisiinnisanndnsi
(Re-Nucleation) M%@Lﬁmmiaﬁ’umjmamﬁmﬁﬂ (Agglomeration) s?faﬁumuﬂszmumﬂm
ANULUILAY C dmaiﬁgﬂs'wwaaaum%wé’ﬂﬁL‘fJuLwiaﬁsﬁ’mau (Li et al., 2015) @089 HT10
szoznalunsdunsngd 6 921 wag HT11 szeznatlunisduasien 12 42lus nud
pymAndumnilassadauuuuisnuiidaausnasilasd Aspect ratio tingsuu 656
wa 10.35 muddu uwansianisdulnegnadeslusiawny ¢ flaamuniinmsivlagiudng
dsnalivihdnasfiegiuszanas 73 uiluluns fsguil 4.16(0) uay 4.16(d) waziaogns HT12
szozalun1sdansIz 24 9l WA Aspect ratio 3uanasivde 8.00 Lesaneynia
fdnunrmunguedaiiuldda wazlvuemihdaedofvdudu 100 nm Tngunauioa
AN our e sEIn U sunTuli oaand suit uiia (Surface Energy Minimization)
(Li et al., 2015) dawalizuusnglassadrsuuuisuulu (Nanoplates) Haufuwvisuly
”ﬂLLamﬂugﬂﬁ 4.16(e) Fansidsuunlasuadni Aspect ratio Tunns1a7i 4.5 Hifusuys

dfynguduinsiulnvesaunindingdeanlenuilunusseznaideuly
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n 51.87at.%

102

€ LEWET0 49.27 at.
% NP Sy

b)HT09 &

o

s b
® :7 q\ ¢ »
Y - ’
; ¥
P 4 ’
y

v -

¥

‘
)
M { b4

/n 51.05 at. %
Zn 51.05 at.%

oC 48.95 at.%

S500:win

UM 4.16 2M01831NA8NE8I9aNITTAUDLENATOULUUABINTIAT TauTTausas

yilpfladddiatu veseunindinzdeanladulunidunsivrisienssuiuns

lalasimesueadinaianeiu (a) HT08, (b) HT09, (c) HT10, (d) HT11 wag

(e) HT12
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A13197 4.5 YUIAVBLAUNUANINA1UNRAEUBIAIBE1E HTO8-HT 12 TAIUIADYAIAAIY

1Usunsy Image)

#0172N15NAADY A7311817 (nm) Lé'whu@uénma (nm) Aspect ratio
HTO8 500 + 120 70.53 + 24.02 7.08
HTO9 210 + 100 98.15 + 36.08 2.14
HT10 480 + 150 73.12 + 12.00 6.56
HT11 760 + 240 73.43 + 29.35 10.35
HT12 800 + 260 100.00 + 28.00 8.00

43.4 INdnavesaNuuduvasasazarelufeulansenlunnenisaaunsisi
73 a I3
aynadanzdeanlunuily

31NN13N15dAsIzaunIadsnsdeanlad urlulasnisusuan pH
vosansnwuluiia pH 11 lnsnsdnarsazatelsnonlansenlonndnmudutuunnsieiu
oA 0.5 (HT13), 1 (HT14), 2 (HT15), 4 (HT16) wag 6 lwans (HT17) anduthansasiuding

s a a o & Y] = a ¢ v
nsrvIunTsialasinesueaigami 200°C Wusseziian 1 93l Jananslinsieinag
WMATANISLE 8L VRIS IFLang wudalunsalvesdieg1e HT13 dn15Usingueaia
Fangdoonlodlundn wazdinisiinwaasusenoudu lawn ZnS04.3Zn(0H),H,0, Na,0,
uay NayS0; FausdinnisidsunvasnndensdlansenludluiludinsFoonloddslyauysel
lagamnnanananUsunavedlansenles leosunliiemelunmsuandunseuiunsanugn
yosdinzdoonlenagindun dwaliinnisnsisesnalansenles wananiinisusingla

al

Y83a15U52N0U Na,O, Uaz Na,SO, a1afinanufaserseninleiouleseuainaisazaie

lwheulansenleniudamnlessuniegluaisnsiudinsddamn (ZnsO,) Fauluundves

€

=

Fanaluszuu M IANANSANKE NVeIa15USYNBUSaNUaIN SIuAUdInydeantyn
dofasannannsieszdiomadansasuuresdsdiond Tutismnududuves
mﬁazma‘lmﬁamlamaﬂ%ﬁﬁqﬁu Wud1 XRD Pattern fauniisvesiindiuunltiunineidu
LLamé’ﬂugﬂﬁ 4.17 Feannsadenuldinvuendnvesdinsdeenlediivuindnasaumnan

Y84 Scherrer Equation laganuuduvasasazaeleineulansonloniigevdnaly
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Ann1sanuaned 1957 wazdrdanislaveandnluiianieeng q dwalildeynindaned

ponlwanivuiadnas wazdnnuduunluunniy

135004 HT17 ¢ PDF 36-1451 ZnO
= 9000+ .
S 4500 + ’I’Il s 4 +u

0 A DK )\ S
135004 HTIO ¢ PDF 36-1451 ZnO
£ 9000+ .
S 4500 + 41

¢ ¢ 0

0
135004 HTIS PDF 36-1451 ZnO
£ 9000+ b
O 4500+ \

0+ I ¥ W ——

3 -

laaoo{ - HTI4 PDF 36-1451 ZnO
% 9600 - —
O 4800+

0 o

~a— € PDF 36-1451 ZnO

n 13500 L 7 m PDF 39-0690 Zn,SO,(OH)6.H,0
E 90004+ ¢ e PDF 08-0031 Na,SO,
3 * PDF 08-0031 Na,O,
@)

2Theta (Coupled Two Theta/Theta) WL=1.54060

sUN 4.17 waliasedilassasananaiemadanisidenuuvessedianduetounindangd

200 lYA U TUT F9LASIERA18NTEUIUNITLELATINDS UDATI ALY UT UV

ansazarelufeulansanlunmnaiuyesieegny HT13-HT17
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s a U

INAMEEAILNTBITaNTSAUBLaNATOURUVABINT T Haussouzgs vilafladddad
nwuinAnuuturesamsazaelufsulensenleninaogaided1Aysazusne wasuunves
aunedinsdeanlyauluiiliainnssuiunslalasinesueadiiogna HT13 Naududuves

IS [l

ansavaneluieulansenledviniu 0.5 luas nunisunadulsBunnmaeulaeiian Aspect

Y

ratio ALY 2.29 Feazviouiain1slavewdniilidunugudnarsniteunnideisuiu

v
o a

Ame1 Msiandniuanizdisuuidindsadidesanvsunlensenludlossuls
WeswedmiuRauiizedudngdlessuluiludingdlonsonled wazsdeileduidudingd
vsenlafldegnasings dwalindniiiatuillonaianislalduiudouelng ity
Wududu 9 (Mohd Fadhlan Shah Hermandy1 et al., 2020) sauansluguil 14.8(a)
wazflvunaduriuaudnatsade 550 wiluwes Wenanududuvesasazaneluifen-
lensenlodidu 1 way 2 Wwansludioge HT14 wag HT15 nuIeuAUEsugUnsady
uwisunluiitaau wesdussdeunintulasdn Aspect ratio wingeduidu 6.00 uaz 7.08
ANUEIRU NSL T uveeAn Aspect ratio §vUT1nUsunalensenles losaud manzan
Predasunalnnislauuud nanig (Anisotropic Growth) auLWILAY ¢ lAANI7
nslaaudng denalivuiadurugudnaranawnde 283 wiluluns ag 70.53 uluuns
ANERU (EL-Rafei & Zawrah, 2014) sauanslusuil 14.8(b) uay 14.8(c) agslsAny
Tudeens HT16 uag HT17 earuduturesarsaraelndoulensonledgsiuiu 4
uay 6 lans wuiuedimsifedaedoaduiunnusinslnveamdngndiiaiesninnsiin
ndnnseuiunaiegaluszuu (Competitive Growth) dnaliauniadvuindnasegien
Tnglusegng HT16 fiA Aspect ratio anasiviae 4.68 Usuendsnsgaydednuaznisiiula
Tk el dwaliiian1sno3uveddlaseas 1amansenInauviaun lula gk uunly
(nanoplates) AfinsdniFesinuvduuazliifuszideu fuandusud 14.8(d) uazilvug
Wdetes 46.98 ylulmag dmiuiegns HT17 wunnsiwasugunssanlassaiedifiien (1D

Nanorods) glassai1eaedild (2D Nanoplates) agsauysal lneilan Aspect ratio Wiy

] o
a vy v a

6.94 (ALINAINAIUNINFOANNNLT) aN1IEANNNTUaEINAzdudsnITRulaluLLILNY
c warduasunistaluwuiszuiuuny vilieunafidnwaziduuiuuiaiies 27.37 wiluwes
feouiuiuog LUy é’QLLamqiugUﬁ 14.8(e) (EL-Rafei & Zawrah, 2014) wazm15197t 4.6
LAz 4.7 uansLAYeLduNuAUENANIAEYeeENg HT13-HT17 MNUANTNIARDILLARNT
Tiiudnanududuvesarsazarslanenlansenleddunananalnnisiindefvauas
nslavendndinsdoenleneg1adnaulagau1sanIuANIUIIY LAZIUINYRIOUNIAUN Y

TarunsUSuANuLTuYesansazanelumeulansanlon
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1 46.60 at.% 4 e JZn 5171 at%
0 53.40 at.% L ¢

O 48.49 at.%

— e
T2 Zn 47.48 at.%

?"!!"3‘21"40

UM 4.18 N IMa18NMENdIgansImiBidnasausuudeinsnilanssauzas vliaflas
dllatuvetaunindinzdoanlanunluiidunsevsmenseuiunislalasimesuead
ANuNTUYesansavanelamenlansenlynrnanu (a) HT13, (b) HT14, (c) HT15,

(d) HT16 wag (e) HT17
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A13197 4.6 YUIAVDUAUNTUAUINAI1URAEVBIAIBE1T HT13-HT 16 TAIUIADYNIAAIY

1Usunsy Image)

#07178N15NAaY AU (nm) Lé'whu@uénma (nm) Aspect ratio
HT13 1260 + 340 550.00 + 66.00 2.29
HT14 1700 + 740 283.00 + 103.00 6.00
HT15 500 + 120 70.53 + 24.02 7.08
HT16 220 + 50 46.98 + 13.10 4.68

A135197 4.7 VUIAVDUAUNIUAUGNAURREVDIAIDE1 HT 17 Tavu1naun1Anlelusunsy

Image)

81122015NRa9 MUY (nm) AMUKUT (Nm) Aspect ratio

HT17 190 + 50 27.37 £4.86 6.94

[ o g!l

4.4  wanswWIpuiisuauanUfvesdinzdeanlunniluingaunsiuunas

q

D.

aynadenzdeanlynunlundunsizila

4.4.1 wamsWUssUiguILIALAzUIIe

(%
a v Y o

TuhdetildvhniswSeuievandivesdansdoenlenddd duingaunssuiu

Y] = ¢ Ao vy v & d' v ]
aunrdnzdeenledunlunduasizils ewandiiuinisasundawiuouin U9

] 14 ]
vaa a = va

WALAUURTMAATUNIBNFINITEUATIZY Laenabl dansdaanlen luseAuulusnkanIduURi

(%
o

willendndengdeanledunuuauin Meludunuaudfinieia wazauaunsalunisdug
a a a =) I d’l v Y @ = a a Qo (4
M3aTveuaEe nswWSsuieuilagviouliuiassanianvesnssuiunsduased
[ = 3 = Y = ! LY va [ av v = a
aunadangdeanlyduily sudwansdiiiuiinisusulsaudivesianilaninnissleda

asaiiugani wazdneainlunisidauliaadulaegadided1dy a1s199 4.8

I3 1

LAAININENEF NG INING1INNADIRaNTIAUBLENATOURUUADINT ATV 10,000 Ly

(%
v YV

o o o a sad & o a a a o o = 3
Wi@mmﬂmu’]ﬂsﬂaﬂﬁﬂﬂga@@ﬂl"?ﬁﬂmLTJ'U'JWQWUWQW‘ULUTEJULV]EJUﬂU@Hﬂqﬂﬁﬂﬂza@@ﬂl‘ﬁ@uqiu

(%
- =) a v Y A

lsmasnisdaned nuhdngdeanleninguasiuivuneuniareutialvg Inedidnvae

' '
b4 (% = =

I3 = ax aa . o = s
JundnnssUigunsimindannmas (Hexagonal Prism) vaigfieuniadengdeanlonuily
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a o M v < ! Y a o a £ '

duaseilddvuinanasesedaiau wasdidugiuingndulasasawuuuiaunly
LAZLH WU TUAINANIIEN1INARDY FadeaufIAINAINITAVOINTEUIUNITAUATIEN
mensyuiunslalasmesuealunisauaniavwg wazuiveseunalieylussauuily

Taagnafiuseansnn

o
o (Y

M19199 4.8 JUTNuazauIavesdingdeanlednliiduingAudsdudisuiivuiveuniea

9

=

#Fanzdeanlunulunlaannnszuiunisdunsiei

A1819 duguinen anwazgUIng vuIALFUY
Audnane (nm)

Ssnzdoonludi U3TUNTAn

P d. 1,155.00 + 435.00

Juingiunseiu VAR
HTO5 NS 199.53 + 90.74
HTO06 IR NG 11291 + 62.32
HTO7 IR NG, 73.43 + 29.35




o
[ a (Y

M1919% 4.8 JUTNuazauIavesdinzdeanlydnldiduingAuds

=

FanzdoanlwaulunlaannnszuIuNISANASIE (F)

109

AulUTguguiuayAIA

A29819

duguIngn

HTO8

HTO9

HT10

HT11

HT12

HT13

anwzIUIng LTI VALY
AudNaIe (nm)
ISR 70.53 + 24.02
J3Puuunn
4 98.15 + 36.08
R RIE
WUty 73.12 + 12.00
wiaunlu 73.43 + 29.35
baUN LN ENNU
, 100.00 + 28.00
IXIIRIR!
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132

Ysuusn @adinusiedng)
d1sazany
Zn Na K S
ansazane Sud (pH 1.57) | 107,366.67 1,792.00 3,638.33 | >70,000.00
pH 2 87,700.00 9,080.00 3,860.00 | 71,710.00
pH 3 80,770.00 | 11,260.00 3,590.00 | 54,020.00
pH 4 79,250.00 | 11,520.00 3,650.00 | 49,410.00
pH 5 79,490.00 | 12,190.00 3,600.00 | 60,460.00
pH 6 24,780.00 | 19,890.00 2,900.00 | 43,120.00
pH 7 280.00 | 23,260.00 2,480.00 | 68,920.00
pH 8 <0.05 | 24,030.00 2,600.00 | 36,590.00
pH 9 <0.05 | 24,270.00 2,540.00 | 33,500.00
pH 10 <0.05 | 23,810.00 2,520.00 | 31,570.00
pH 11 4.40 | 27,740.00 2,340.00 | 32,430.00
pH 12 157.60 | 28,140.00 2,230.00 | 36,880.00
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Ysunausn @Aadniusieding)
#019EN15NARDY
Zn Na K S
HTO1 370.00 | 18,300.00 2,020.00 | 36,190.00
HT02 389.40 | 20,150.00 2,030.00 | 43,870.00
HTO3 3.90 | 22,630.00 1,920.00 | 36,950.00
HTO4 59.20 | 28,290.00 | 2,210.00 | 29,870.00
HTO5 <0.05.00 | 20,470.00 | 1,690.00 | 25,780.00
HTO6 <0.05.00 | 16,190.00 970.00 | 26,990.00
HTO7 721.00 | 19,000.00 1,690.00 | 27,260.00
HTO8 <0.05.00 | 22,650.00 1,590.00 | 24,700.00
HT09 <0.05.00 | 25,030.00 | 1,529.00 | 24,000.00
HT10 <0.05.00 | 27,090.00 | 1,558.00 | 38,330.00
HT11 <0.05.00 | 24,260.00 | 1,449.00 | 25,490.00
HT12 <0.05.00 | 24,160.00 1,710.00 | 25,710.00
HT13 15.00 7,210.00 650.00 | 17,080.00
HT14 <0.05.00 | 13,400.00 158.00 | 33,040.00
HT15 <0.05.00 | 22,650.00 | 1,590.00 | 24,700.00
HT16 <0.05.00 | 22,850.00 | 1,610.00 | 31,080.00
HT17 <0.05.00 | 24,930.00 1,778.00 | 37,600.00
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(Crystallite Size) Fsunuandeya XRD Tneldiannns Scherrer

§80132N1INNAD

anvazvasNauNAdendeanlynunly

Crystallite Size

(nm)

HTO1

HT02

HTO3

HTO4

HTO5

41.83

HTO06

40.05
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(Crystallite Size) Fsimnaaindeya XRD lneldiasns Scherrer (sie)

anvazvaNIMATInzdeanlydully

Crystallite Size

#07172N15NAADY

(nm)
HTO7 43.52
HTO8 24.88
HT09 33.10
HT10 33.05
HT11 38.25
HT12 26.22
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(Crystallite Size) Fsimnaaindeya XRD lneldiasns Scherrer (sie)

anvazvasNauNAdendeanlynunly

Crystallite Size

#0172N15NAADY
(nm)
HT13 45.34
HT14 43.99
HT15 36.07
HT16 24.47
HT17 24.42
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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 (Fe»Os3) 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,O; + Fe + GHC1 > 3FeCl, + 3H,0 (1)
Fe;0. + 8HCI - FeCls + 2FeCls + 4H,0 ®)
FeO + 2HCI > FeCl, + H,O (3)
Fe + 2HC1 > FeCl, + H, 4)
FeCl; + %H, - FeCl, + HCI (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

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 pemission of Trans
Tech Publications Ltd, www scientific.net. (Research Gate for subscription joumals-07/02/24,12:00:43)
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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 [5, 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
Conc. [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™X, 30 mm. beam
size, and scan time 18 min.). X-ray diffractometer was used to determine phases and compounds,
using Bruker model D§ 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
(PHT7)
s

NaOH (0.5-4 M) |

Ha0: 35%viv

NaCl solution

Drying and Calcination
(110°C, 24 hr; 700°C, 2 hr)

Water
(SL1g/10mL)

—> Wastewater

Drying
(110°C, 24 hr)
High purity Fe;03

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 + e @ NaOH 0.5M
3 160,000 + . --A--NaOH IM
’ i —+—NaOH 2M
H p ST
'y N -~ NaOH 4M
120,000 +

100,000 1 *=8-g =
80,000 +
60,000 +
40,000 +
20,000 +
0 t t t -
01 23 4567 89101112
pH

Fe concentration (mg/L

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,O 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.

Oml 40 ml 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/vH,O> was filtered and then dried in the hot air oven
at 110°C for 24 h before calcination in a muffle 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).
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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 (WEe inspent 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 um with standard deviation of 2.58 pum. Other parameters such as Dio,
Dso, Doo and Sy are inserted in the graph.

Iron Recovery (%) = Ve tematie o . N (6)

Wre in spent acid

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

Element Fe o Na Al Cl Cr Mn Bal.
After calcination, (wt.%) | 53.93 | 33.98 | 3.367 | 0.09 | 822 | 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>0, 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 calcination process in a muffle furnace at 700°C for 2 h
was applied to form Fe;Os. 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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ARTICLE INFO ABSTRACT

Keywords: This study presents an integrated hydrometallurgical approach for valorizing strontium ferrite sludge generated
Strontium ferrite magnet from the magnet manufacturing industry by selectively recovering iron (Fe) and strontium (Sr) into high-purity
Recycling products. The process employed sulfuric acid leaching under optimized conditions (4.0 mol L™! H,S0,, 90 °C,
Hematite

solid-to-liquid ratio of 40 g L 1), achieving near-complete Fe dissolution while simultaneously precipitating Sr as
strontium sulfate (SrSO,4). The Fe-rich leachate underwent pH-controlled precipitation followed by thermal
treatment to yield phase-pure hematite (a-Fe,03). In parallel, the SrSO, precipitate was converted to strontium
carbonate (SrCO3) via a double-ion replacement reaction with aqueous Na,CO3, which proceeded to completion
within 1.5 h and yielded a high-purity product with platelet-like morphology. This integrated process offers a

inable, ec ically viable pathway to transform industrial waste into two valuable materials, thereby
advancing circular-economy principles and bl t ies in the magnet
manufacturing sector.

Strontium carbonate

1. Introduction

Strontium ferrite magnets (SrFe;,0;9) are among the most widely
produced permanent magnetic materials, typically synthesized via high-
temperature sintering of hematite (Fe;03), strontium carbonate
(SrCO3), 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]. SrFe;20;9 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
solutions [17-19]. Strontium Ferrite (SrFe;20,¢) 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;¢ 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 technology for both environmental and economic
benefits. It is eritical to recognize that the composition and handling
challenges of SrFe ;0,9 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 itates specific mar
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 reinforcing 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 chall this study p an integrated hydro-
metallurgical approach that is more sustainable, cost-effective, and
simplified. By using one-step selective dissolution and precipitation in
H,80,, our method eliminates the need for hazardous organic solvents
in the primary Fe/Sr separation, directly yielding two high-purity,
marketable products.

The hydrometallurgical recyeling of Fe-bearing industrial wastes isa
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 involve
acid leaching (H,S0,4, HCl, or HNO;) focus on removing bulk Fe as the
primary contaminant through pH-controlled precipitation (forming Fe
(OH); or jarosite) or solvent extraction [24-26]. However, strontium
ferrite (SrFe;,09) magnet sludge represents a valuable secondary
source of both Fe and strontium (Sr), a Critical Raw Material (CRM).
Consequently, Fe-Srrich waste is increasingly recycled rather than
landfilled, mitigating environmental impacts and enhancing resource
security. For example, Fe,O; and SrCO; have been extracted from
Sr-rich sludge via nitric acid leaching followed by hydrothermal pre-
cipitation []2]. 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 economically viable solu-
tion, this study presents an altemative approach that circumvents con-
ventional multi-stage purification. By exploiting the specific chemistry
of HySO4, in-situ selective separation is achieved: Fe dissolution occurs
simultaneously with selective precipitation of Sr as insoluble S1SO, in a
single leaching step. This st d approach enables the efficient co-
production of two phase-pure materials (¢-Fe;03 and SrCOs), repre-
senting a simplified, economically attractive pathway for complete
resource valorization from SrFe;,0,9 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
(Fe203), widely utilized as a red pigment in anti-corrosion coatings,
cosmetic formulations, and lithium iron phosphate (LFP) battery cath-
odes; and strontium carbonate (SrCOs), a multifunctional material
employed in ceramics, electronic components, and pyrotechnic appli-
cations [27,28]. The proposed process integrates acid leaching,
pH-controlled 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 (H,SOy4, 98 %) was obtained from QREC,
sodium hydroxide (NaOH, 99 %) from RCI LABSCAN, and sodium car-
bonate (Na;CO3, 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 solutions with
concentrations ranging from 1.0 to 4.0 mol L. These H,SO, concen-
trations were selected based on prior literature [31-33] demonstrating
their effectiveness for dissolving Fe-bearing phases and promoting se-
lective SrSO, 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
asolid-to-liquid (S/L) ratioof 20 g L (i.e., 20 g of sludge per 1 L of acid
solution), 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 H2SO4 solution and formed a
floating layer on the aqueous leachate, potentially contaminating the
final products. After leaching, the slurry was allowed to settle, enabling
S1SO, 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 °G, 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
stirrer operating at 500 1pm to ensure homogeneous mixing. The
leaching reaction proceeded under controlled conditions (temperature,
acid concentration, and S/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
(SrFe;,040) completely transformed into a pale white solid residue
(SrSO4 with undissolved impurities), indicating complete decomposi-
tion of the dark magnetic phase.

Iron recovery was achieved by precipitating Fe(OH); 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);
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 (a-Fe;03).

The calcined product, consisting of a-Fe,05 and residual Na,SOy,
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 a-FeO; pigment were evaluated using X-ray
diffraction (XRD) and scanning electron microscopy coupled with
energy-dispersive X-ray spectroscopy (SEM-EDS).

The S1SO,-rich sludge remaining from the acid-leaching step was
filtered and converted to strontium carbonate (SrCO3) via precipitation
with aqueous NasCOs3 solutions (1.0-1.5 mol L 1). Reactions were con-
ducted in 50 mL borosilicate beakers, with Na,CO; added at a stoi-
chiometric ratio of 1.8368 g of S1SO, 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 slury 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.
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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 HCl/HNO; v/v), diluted
with 5 % HNO; 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 Ka radiation, 30 kv, 10
mA) equipped with DIFFRAC.SUITE software. Finely ground samples
packed in PMMA holders were scanned over 10°-80° 20 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™ 15 kV, 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. la, 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 treatmentat 90 °C for 24 h;
(c) SEM image revealing the particle morphology of the dried sludge; (d) XRD pattern confirming SrFe;,0, as the dominant crystalline 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 (Sr), along with minor trace constituents (Table 1).
XRD analysis confirmed that the dominant crystalline phase was stron-
tium hexaferrite (SrFe;2019), as illustrated in Fig. 1d. SEM provided
further insight into the particle morphology and surface characteristics.
As shown in Fig. lc, 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. Optimization of leaching p

s 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 sulfuric 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/L ratio fixed at 20 g L ! 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
L' 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 (SrSO,), a sparingly soluble compound in sulfate-rich
environments. The low molar solubility of S1SO, (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
S/L ratio at 20 g L. 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)3) 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 SrSO; 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 ! H,SO4 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 ™! H,504, 90 °C, and an S/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 S1SO, sludge.

The products obtained under these optimal conditions were an Fe-
rich solution and a solid SrSO4 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™ 1) with a very low
concentration of St (30 mg L™"). The solid precipitate was characterized
by XRD and SEM-EDS analysis (Fig. 3b). The XRD pattern confirmed
distinet diffraction peaks corresponding to the celestite phase of SrSOs4,
corroborating that liberated Sr*' ions 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 H2SOs. Iron released
from the SrFe;s019 lattice forms highly soluble ferric sulfate
(Fe,(S04)3), enabling near-complete dissolution into the aqueous phase
(~99 % Fe recovery). In contrast, strontium immediately precipitates as
5150, due to its extremely low solubility product (Ksp = 3.2 x 1077 at
25 °C), with precipitation further enhanced by the common-ion effect
from the high SOF  concentration in 4.0 mol L ! HySO4. This excess
sulfate drives the equilibrium strongly toward solid SrSO, formation,
ensuring quantitative in-situ separation. The overall reaction can be
represented as:

SiFe; 30,9 + 19H2S04 — 6Fe;5(S04)3 + SrSO4 + 19H,0

The Fe-rich leachate and precipitated StSO4 thus constitute two in-
dependent, high-purity feedstocks for subsequent recovery processes.

Chemical composition of strontium ferrite magnet sludge, analyzed by the ICP-OES technique.

Sample Element (wt.%)
Fe Si Ba Al Ca S Mn
Strontium Ferrite 59.22 £ 1.33 0.21 = 0.03 0.02 = 0.005 7.72 £ 0.42 0.11 = 0.02 0.19 = 0.01 0.50 = 0.08 0.13 = 0.01

Magnet Sludge
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b: thermal ¢ ion to Hematite

q

3.3. Iron precipitation and

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, Fe,03, and co-precipitated
NayS0,. The presence of Fe, 05 alongside Fe(OH); can be attributed to
partial dehydration of ferric hydroxide during drying at 90 °C. Addi-
tionally, Na,SO, formation resulted directly from neutralization be-
tween added NaOH and residual HySO, in the leachate. As water was
removed during precipitation and drying, Na,SO, crystallized and co-
precipitated with iron compounds.

The high sulfate ion (S0% ) concentration in HSOs-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)s; and basic hydroxide pre-
cursors, thereby minimizing structural sulfate incorporation. Under
these conditions, the primary sulfate-containing impurity was soluble
NayS0y, co-precipitated from the neutralization reagent (NaOH), which
was subsequently removed by calcination (decomposition to Na;04) 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);) 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 a-Fe,05 product. The resulting calcined
product, however, was a mixture of iron oxide and co-precipitated
Na,SO; 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,03 and Na,SO,. After the
water-washing step, the Na,SO, peaks were absent, and the pattern
showed sharp, well-defined reflections characteristic of hematite
(a-Fex03) (Fig. 5a). This confirmed the successful transformation into 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 a-Fe»O3 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 wt% Fe and 26.14 + 4.26 wt% O (Table 51) aligns precisely with
the stoichiometric atomic ratio of 2:3 for Fe,O5 (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

precipitation efficiency; (c) XRD pattern of the resulting Fe precipitate.
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Fig. 5. Characterization of Fe,O; synthesized via thermal transformation of Fe(OH),: (a) XRD pattern of Fe,0, obtained by calcining Fe(OH); at 700 °C for 2 h
followed by deionized water washing; (b) SEM image revealing the morphology of the washed Fe,0; product.

3.4. Synthesis of Strontium carbonate via double ion replacement

The S1SO4 sludge, a valuable byproduct of the leaching process, was
converted to strontium carbonate (SrCO3) via a double ion replacement
reaction with a 1.25 mol L ! aqueous Na,COs 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. At a
reaction time of 0.5 h, the material exhibited a mixture of both the
parent SrSO, phase and the newly formed SrCOs. As the reaction time
increased, the intensity of the SrSO4 peaks progressively decreased,

driving force for the reaction is the much lower solubility of SrCO3
compared to SrSO,, which causes SrCO; to precipitate from solution
while the soluble Na;SO4 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 a 1.25 mol
L' Na,COs solution reacted for 1.5 h, a reduced reaction time of 1.0 h
was also shown to be effective if the Na,CO; concentration was
increased to 1.5 M (Fig. S1), offering a potential trade-off between re-
agent consumption and processing time.

The final SrCO; product, synthesized under the optimal conditions
(1.25mol L ! NayCOs, 1.5 h), was characterized for its morphology and

while those of SrCO5 increased. This trend, ¢ with the exch

of SOF  ions for CO3~ ions, resulted in the complete disappearance of the
SrS04 phase at 1.5 h. This confirmed that an extended contact time
facilitated the efficient and complete conversion to well-defined SrCO5
crystals. Near-complete conversion within 1.5 h demonstrates that ki-
netic limitations commonly associated with SrSO, conversion were
effectively overcome under optimized aqueous Na,CO; conditions.
While alternative pyrometallurgical routes (StSO4 — 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-ion replacement process, also known as metathesis, is a
well-established industrial method for converting low-solubility sul-
fates, such as celestite (SrSO,), into more reactive carbonates. The
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Fig. 6. XRD patterns illustrating the conversion of SrSO, to SrCO; at various
reaction times using 1.25 mol L™! Na,COj, solution at 25 °C.

1 al 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 SrCO; 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 composition was assessed using
Energy-Dispersive X-ray Spectroscopy (EDS), which confirmed the high

Fig. 7. FESEM micrograph of SrCO4 hesized under optimized liti
(1.25 mol L ™! Na,COs, 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 SrSO, and demonstrated that the double ion replacement
technique is highly effective for product purification. The successful
synthesis of phase-pure SrCO3 with a unique platelet-like morphology
makes this material suitable for a wide range of industrial applications.
Notably, the selective formation of SrSO, presents strategic oppor-
tunities for downstream valorization. SrSO4 can be converted into
strontium carbonate (SrCOs) 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, SrSO, may serve as an effective immobi-
lization medium for strontium-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, Fe,03, and Na,SO,. These solids were caleined to
convert the iron species into Fe,05 and subsequently washed to remove
residual impurities. The final yield of purified hematite pigment (Fe03)
was 819.29 g. In parallel, 168.16 g of SrSO4, precipitated during the
leaching stage, was directed to a double ion replacement reaction,
producing 151.49 g of SrCO5 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
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composed of Na' ions originating from sodium-based reagents (NaOH
and Na;CO3), 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 optimized the sulfuric acid leaching process,
identifying optimal conditions of 4.0 mol L' H,S04 at 90 °C with a
solid-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 insoluble SrSO, 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 (a-Fe,03). 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 SrSO4 byproduct was successfully converted into SrCO3
via aqueous double-displacement. This conversion proceeded rapidly
(1.5 h under optimized conditions) and yielded phase-pure SrCO;, 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 a-Fe,05 and SrCO; from SiFe; 5019
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 =] [eached Fe }‘C{UH)‘+F0,205+NI\\S()‘
SO, 1371 —] : solution 24.5 L, Bt ] (29125g)
Beul Leaching S5, > Precipitation
DI2363L =—bi (249L)
Fe
Residual - 15r50) precipitation Celcination
(g f(168.15625¢2) at 700 °C
Fe,0, +Na,80,
!
1.25 mol L™ Na,CO, DIS6S Ll na
©1549mL) 0 )
Washin,
NaSO,
NaSO, sol. sol.
(869.71 mL) (565L)

SrCO, Powder
(15149¢)

Fe,0, Powder
81929¢g)

Fig. 8. Schematic representation of the overall material balance for the integrated hydrometallurgical recovery process.
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consumption and operational complexity d to pyr lurgi-
cal routes. The simplified flowsheet and phase-pure products demon-
strate strong potential for industrial-scale implementation in sustainable

waste management and critical material recovery.
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Abstract

This study proposes a hydrometallurgical approach to valorising industrial waste by producing
SnO> nanoparticles (NPs) from waste solder dross obtained by skimming off of tin solder baths from
electronic dipping processes. The process involves leaching the dross with aqueous hydrochloric acid
solution and hydrogen peroxide, followed by precipitation with ammonium hydroxide and purification
with aqueous nitric acid solution. The optimised leaching conditions were determined to be 4 mol- L
HCL, 11% v/v H20», 25°C, and a leaching time of 15 min. SnO> NPs were successfully precipitated at

Keywords: pH 4 using 25% v/v NH4OH and purified with 1 mol- L~! HNOs. The whole process was able to recover
Sn0Oy; nearly 100% of tin from waste solder dross as SnO2 NPs, with a high purity of 99.5% and a particle size
Nanoparticles; distribution of ca. 2 nmto 7 nm. The overall material balance and the simple cost of the process were
Tin oxide nanoparticles; evaluated to provide an idea of the economic viability and the possibility of scaling up the method
Solder dross; detailed in this work.

Hydrometallurgy

1. Introduction

Tin-based solder alloys, renowned for their desirable properties,
such as excellent electrical conductivity, high corrosion resistance,
mechanical strength, affordability, and low melting point, have
widespread application in bonding workpieces and metals, particularly
in the electronics industry [1,2]. These alloys are broadly categorised
into two main groups: lead-containing (Sn-Pb) solder and lead-free
solder. However, the environmental and health concerns associated
with lead exposure led to the prohibition of traditional lead-based
solder by the European Union (EU) in July 2006. Subsequently, the
Restriction of Hazardous Substances (RoHS) directive mandated the
phase-out of lead in electronic products [3]. This regulatory framework
has also been used in numerous countries, including China, Japan,
South Korea, and the United States, to mitigate the risks caused by
lead-containing solder [1,4]. As aresult, the development of lead-free
solder alternatives became imperative. Typical compositions of lead-
free tin-based solders include Sn—Bi-Ag, Sn—Bi, Sn—Zn, Sn—Ag—Cu,
Sn—Cu, and Sn—Zn-Bi, which often exhibit properties comparable to
their lead-containing solder [4-6].

These lead-free tin-based solders are primarily used in dip soldering;
a simple process in which electronic components are submerged in
a molten solder bath for joining. The large surface area of the molten
solder bath is exposed to air at high temperatures of 260°C to 270°C,
forming a solder oxide layer on the surface [7]. This oxide layer, known
as 'dross’, is periodically skimmed off to keep the solder clean of any
impurities [7,8]. Dross typically contains 60 wt% to 90 wt% of valuable

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

metals such as tin, copper, and silver in their oxide forms, depending on
the composition of the solder alloy [7].

Many studies have focused on the recovery of these valuable metals
from dross through various metallurgical techniques, including pyro-
metallurgy, hydrometallurgy, and electrometallurgy. One commonly
employed method for recovering solder metals from dross is
carbothermic reduction. In this process, the dross is mixed with a
carbon source, such as coke, graphite, or calcium carbonate, and heated
to temperatures exceeding 600°C [8.9]. This reaction reduces the metal
oxides to their metallic form, resulting in a molten metal phase.
However, this process often generates a second dross that requires
further treatment. Both the original dross collected from the solder
bath and the secondary dross produced during the recovery process
can be further treated using hydrometallurgical and electrometallurgical
methods to extract valuable metals. For instance, the waste solder
can be leached using nitric acid (HNO3) or hydrochloric acid (HCI)
[8,10-12]. The resulting solution can then be treated to separate silver
or silver compounds through selective leaching, precipitation, or
cementation techniques. Subsequently, copper and tin can be recovered
from the solution using electrowinning processes [11,12].

Tin exhibits two common oxidation states, divalent (Sn?*) and
tetravalent (Sn*"). This dual valency leads to forming two primary
oxides: stannous oxide (SnO) and stannic oxide (SnO2). While both
oxides are possible, SnO is thermodynamically more stable [13,14]
and can be used in many different applications, such as antimicrobial,
anti-oxidant, lithium batteries, solar panels, supercapacitors, catalysis,
gas sensors, and cleaning agents. SnO: can also be produced into nano-
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particles (NPs) through various synthetic routes that are utilised in
literature and industry. These SnO> NPs share many similar applications
to their bulk form, such as use in electronics, solar panels, and catalysis
[13,15,16]. For example, SnO> NPs can be synthesised via precipitation
methods using precursors like SnCls- 5H>0 or SnCls-2H>0 and
precipitating agents such as NH4OH or NaOH [14,17]. These approaches
allow for the production of nanoparticles with sizes ranging from
2 nm to 25 nm [18-21]. Therefore, this study proposes a novel approach
and aims to synthesise valuable SnO> NPs from industrial lead-free
solder dross, a waste product of electronic dipping processes. The
proposed method involves leaching tin from the solder dross followed
by SnO> NP precipitation using various precipitating agents, including
NH4OH and NaOH. While the raw material contains impurities
such as copper and zinc, these metals will be removed during the
processing steps.

2. Experimental
2.1 Materials

The waste solder dross obtained from dip soldering baths for the
electric wire dipping process was provided by a company in Thailand.
The chemicals used in this study were hydrochloric acid (commercial
HCL ITALMAR, 35%), hydrogen peroxide (H202, QReC, 35%),
ammonium hydroxide (NH4OH, ITALMAR, 25% commercial grade),
and sodium hydroxide (NaOH, RCL Labscan, 99%).

2.2 Synthesis of SnO: nanoparticles

As depicted in Figure 1, the raw lead-free solder dross material
(1 kg) was subjected to a leaching process using aqueous solutions
of hydrochloric acid at a 0.1 solid to liquid (S/L) ratio of the tin solder
dross to aqueous solutions of hydrochloric acid with varying
concentrations (0.5 mol-L™ to 4 mol-L), hydrogen peroxide volume
ratios (5% to 12% v/v), temperatures (25°C to 90°C), and leaching
durations (5 min to 120 min). All experimental conditions were stirred
with a head stirrer. The optimal conditions were then employed for
the precipitation of SnO> NPs. Ammonium hydroxide (25%) and
sodium hydroxide (1 mol-L™) were compared as precipitating agents
with different pH values. The precipitated nanoparticles were separated
via centrifugation (5 min at 8,000 rpm), followed by washing with
reverse osmosis (RO) water (0.1 S/L ratio) and drying (24 h at 60°C).
To ensure the purity of the nanoparticles, a meticulous process of
removing copper contamination was undertaken. This involved
leaching the nanoparticles with nitric acid aqueous solution (1 mol-L,
0.1 S/L ratio), followed by centrifugation (5 min at 8,000 rpm) and
washing with RO water (0.1 S/L ratio). A final centrifugation step
(5 min at 8,000 rpm) was performed prior to drying (24 h at 60°C).

Leaching reagent

Leached

Solder dross

Precipitating agent

)Y )Y o V' a
S| A P o Y

2.3 Instrumentation (Characterisation)

Wavelength-dispersive X-ray fluorescence (WD-XRF) analysis
was performed using a Panalytical AXIOS MAX instrument. Solid
tin solder dross samples were ground into fine particles and analysed
under the control of SuperQ software. X-ray diffraction (XRD) pattems
were acquired using a Bruker D2 PHASER X-ray generator operating
at 30 kV and 10 mA. DIFFRAC.SUITE software was employed for
instrument control. Samples were prepared in polymethyl methacrylate
(PMMA) specimen holders and scanned over a 26 range of 10° to
90° with a step size of 0.02°. Scanning electron microscopy (SEM)
and energy dispersive X-ray spectroscopy (EDS) analysis of the
samples was conducted using a JEOL JSM-6010LV instrument
operating at 10 kV to 15kV and a spot size of 35 nm. The morphology
and elemental mapping were assessed using InTouchScope™ software
for image acquisition and INCAEnergy EDS software for chemical
analysis. The NP size was analysed by a Talos F200X G2 (Thermo
Scientific) transmission electron microscopy (TEM) with an accelerating
voltage of 200 kV. The initial sample was added in 1 mL of ethanol
and distributed as a colloidal suspension in an ultrasonic bath, followed
by dropping onto a copper grid, which was dried in a desiccator cabinet
overnight before analysing with TEM. Inductively coupled plasma-
optical emission spectrometry (ICP-OES) was utilised for the elemental
analysis of solutions. Prior to analysis, samples were diluted with 2%
nitric acid to ensure analyte concentrations were within the calibration
range of 0.05 ppm to 10 ppm.

3. Results and discussion

The waste solder dross generated in this study, as depicted in
Figure 2(a), primarily consists of Sn (86.52 wt%), O (9.54 wt%), Cu
(2.56 wt%) and Zn (0.79 wt%), with trace amounts of Cl detected
through the SEM-EDS analysis presented in Figure 2(b). The presence
of Cu in the waste solder dross is likely attributed to contamination
from the dipping process of copper electric wires. This raw solder
dross material served as the feedstock for the hydrometallurgical
process developed in this study, aimed at recovering tin and synthesising
SnO> NPs.

Hydrochloric acid (HCI) is an extensive reagent in various industrial
sectors, such as metallurgy, woodworking, textile dyeing, and petroleum
processing [22,23]. Given its potential to leach metals such as tin and
copper, we employed an aqueous HCl solution as a suitable medium
for the waste solder dross leaching [12,24]. Concurrently, hydrogen
peroxide, a potent oxidant with minimal toxicity at low concentrations,
was employed as a reactive additive to enhance the leaching process
[25]. To optimise the leaching efficiency of solder dross in HCI aqueous
solutions, the influence of various parameters was investigated (Figure 3).

Cu leaching reagent

Final SnO, NP
product

Waste solution ‘Waste solution

Figure 1. Schematic diagram showing the experimental procedure applied in this study to produce tin oxide nanoparticles from waste lead-free solder dross.
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Figure 2. (a) Image of the raw tin solder dross material and (b) SEM-EDS images of raw tm solder dross material used in this study (see Figure S1 for full

mapping version).
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Figure 3. Effect of mcreasing (a) HCI concentration, (b) H>O; volume, (¢) temperature, and (d) time on waste solder dross leaching in HCl aqueous solutions

ata 0.1 S/L ratio of tin solder dross to HCI aqueous solution.

Leaching efficiency was determined by comparing the residual mass
after leaching to the initial mass of the solder dross for all conditions.
The effect of HCI concentration on leaching efficiency was evaluated
ata fixed 0.1 S/L ratio of tin solder dross to HCI aqueous solution,
with an addition of 10% v/v H202 reducing agent, a temperature of
25°C, and a leaching time of 2 h (Figure 3(a)). A strong positive
correlation between HCI concentration and leaching efficiency is
observed, leading to the selection of a 4 mol'L"' HCI concentration for
further experiments. Subsequently, the impact of H2O> concentration
was examined (Figure 3(b)). While increasing H>O> concentration
initially improves leaching efficiency, a plateau is reached at 11% v/v,
indicating near-complete leaching. Therefore, 11% v/v HxO is chosen
for subsequent experiments. The effect of temperature on leaching
efficiency was then evaluated (Figure 3(c)). Despite an initial increase
in efficiency with higher temperatures. no significant changes are
observed beyond 25°C, likely due to the already high leaching efficiency
and thus, the temperature remains unchanged at 25°C for the following
experiments. Finally, the influence of leaching time was investigated
(Figure 3(d)). Results indicated that a leaching time of 15 min is

sufficient to achieve optimal efficiency. Based on these findings, the
optimised leaching conditions for solder dross were determined to be
4 mol- L™ HCI, 11% v/v H202, 25°C, and a leaching time of 15 min
ata 0.1 S/L ratio of solder dross sample to HCI aqueous solution.
To precipitate SnO2 NPs from the leached solution, NHsOH (25%)
and NaOH (1 mol-L") aqueous solutions were employed as precipitating
agents. The leached solution contains ca. Sn (86,000 mg-L), Cu
(1,200 mg-L™'), and trace amounts (lower than 100 mg-L™) of other
metals such as Zn, Fe, and Al at a pH of nearly 0. The effects of pH
on metal ion concentrations in solution and the characteristics of the
precipitated powder were evaluated (Figure 4). The NHsOH and NaOH
(1 molL™) aqueous solutions were added to adjust the pH, and the
resulting solutions were analysed using ICP-OES. The precipitated
powders were characterised by XRD after centrifugation, rinsing
with RO water, and drying. As demonstrated in Figure 4(a), the tin
metal ion is shown to have near 100% precipitation from the leached
solution by adjusting the pH to 4 using a 25% v/v NH4OH solution.
The resulting precipitate was characterised as SnO2 by XRD analysis
(Figure 4(c)). While this method effectively selectively precipitated
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tin from the solution, it also precipitated a small portion of the copper
ions (zinc is not significantly precipitated at pH 4 in this step, as
shown in Figure S2). Consequently, a subsequent purification step was
necessary to isolate pure tin nanoparticles. Additionally, precipitation
at higher pH values is deemed ur y due to the p of SnO
peaks (see Figure S3 for more details) in the XRD patterns (Figure 4(c))
and dark-grey colour caused by the increased presence of SnO [26],
which are undesirable for tin oxide nanoparticle applications due to
lower stability and electronic bandgap[13,14,27]. Moreover, increasing
the pH requires a larger volume of the precipitation agent.

Alternatively, precipitation using NaOH solution (1 mol-L™)
couldalso be employed to remove tin ions from the leached solution
(Figure 4(b)). However, this method necessitated a significantly
larger volume of NaOH solution to achieve complete precipitation
of tin. For instance, ca. 285% v/v of NaOH solution was required to
precipitate SnO> NPs at pH 3 (Figure 4(b) and Figure 4(d)) with nearly
100% efficiency, which is significantly higher than the volume of
NH4OH solution required for the same precipitating process. This
increased consumption of NaOH is undesirable from a process
efficiency standpoint due to the generation of secondary solution waste.
Given these considerations, precipitation with NH4OH solution at
PpH 4 was selected for further investigation.
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Next, we successfully purified the SnO> NPs contaminated with
copper using HNOs aqueous solutions. While tin oxides are insoluble
in HNO3s aqueous solutions, this reagent is known for its effectiveness
in Cu leaching [11,28]. Consequently, this study employed a 1 mol-L™
HNO; aqueous solution as a selective leaching agent for Cu removal.
The process, visually indicated by a colour change from the original
solution to a vibrant blue (a characteristic of Cu nitrate) [29], is
completed within ca. 6 h. This step effectively removes the copper
impurity, significantly enhancing the purity of the SnO2 NPs for its
potential applications. The nanoparticles are then separated from the
solution through centrifugation (5 min, 8,000 rpm) and dried. The
removal of copper resulted in a noticeable colour change from bright
yellow to milky white, and no significant change occurred to the SnO2
NP structure before and after Cu removal, as depicted in the XRD
patterns shown in Figure 5(a). The morphological characteristics of the
purified SnO> NPs are examined using SEM and TEM (Figure 5(b-c)),
revealing a particle size distribution of 3.24 nm (see size distribution
in Figure S4) with lattice fringes spacing ca. 3.3 A, corresponding to
the ¢ axis dimension of rutile structured SnO2[30]. The WD-XRF
analysis is conducted to determine the chemical composition of the
SnO:2 NPs before and after the copper removal process (Table 1).
The Sn:O atomic ratio is 1:2, which is relative to the SnOa structure
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Figure 4. The concentration of SnO, NPs precipitated from the metal ion solution was measured at different pH levels by varying the addition of (a) NH;OH
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Figure 5. Characterisation of the SnO; NPs before and after 1 mol L' HNO; treatment. (a) XRD pattems and images of the SnO- nanopatticles before and after
copper removal. (b), and (c) present the morphological characteristics of the final SnO; NP product (post-copper removal) by SEM and TEM, respectively.
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Figure 6. Charts of (a) overall input and output, and (b) cost percentage of the process (calculated from prices of chemicals and energy; see Table S1 for

more details).

Table 1. Chemical composition of SnO> NPs before and after the copper removal (WD-XRF analysis).

Element Element content (wt.%)
Precipitated SnO: NPs with NH,OH SnO; NPs after Cu removal
Sn 67.86 (£1.31) 78.42 (x0.05)
o 22.28 (£2.75) 21.14(=0.01)
Cl 851 (x1.07) 0.13 (20.10)
Cu 0.96 (20.25) 0.085 (£0.02)
Zn - -
Fe 0.14 (20.08) 0.025 (£0.01)
Al 0.035 (£0.01) 0.08 (x0.03)
Si 0.125 (£0.05) 0.1 (£0.01)
Other 0.11 (20.06) 0.03 (20.01)

determined from the wt% of Sn and O from the WD-XRF result. The
results indicated a remarkable purity of ca. 99.5% for the final SnO>
NP product. Overall, the tin recovery yield from the initial solder
dross was approximately 99.7%, calculated by comparing the wt%
of tin in the final product and initial raw material.

Figure 6(a) provides a comprehensive overview ofthe recycling
process, detailing the input and output materials. The process started
with 1 kg of tin solder dross and yielded 1.1 kg of SnO> nanoparticles.
A detailed breakdown of the chemical reagents employed in each step
can be found in Figure S5. A cost analysis presented in Figure 6(b),
highlights the significant financial implications of the recycling
process. The primary expense was the chemicals used (ca. 72.7% of
the total cost), followed by the disposal of secondary waste solutions
(ca. 26.6%). It is important to note that equipment and worker costs
were not included in this analysis. As anticipated, the hydrometallurgical
process was dominated by the costs associated with chemicals and
waste disposal. The material balance and preliminary cost analysis
presented here can serve as a valuable foundation for estimating
revenue and profit for scaling up the process to industrial levels. The
hydrometallurgical synthesis of SnO2 NPs presents a potentially
advantageous alternative to conventional carbothermic reduction
that requires high-temperature smelting (900°C to 1400°C), reduces
stannic oxide to crude metal tin, generating slag and necessitating
subsequent electrolytic refining for purification [3 1-33].In contrast,
hydrometallurgical routes offer near-ambient temperature operation
and selective metal leaching. However, a critical consideration is the
generation of aqueous waste streams, necessitating either rigorous
disposal protocols or implementing effective metal recovery strategies
to minimise environmental impact and maximise resource utilisation.

Additionally, The waste solution obtained after the purification process
in this study exhibits substantial copper concentrations, presenting
an opportunity for resource recovery. Specifically, the copper-rich
solution may be subjected to further processing to yield value-added
products. For instance, synthesising copper sulfate crystals, a compound
with diverse applications spanning agriculture, electronics, water
infrastructure, and healthcare, is a viable route [33]. Alternatively,
electrochemical extraction via electrowinning offers a pathway to
produce high-purity metallic copper [34,35].

4. Conclusions

This study presents a low-temperature hydrometallurgical process
for producing SnO> NPs from waste solder dross obtained from
a dipping bath process. The method involves a three-step approach:
leaching with HCI aqueous solution and H>O» followed by precipitation
with NHs4OH and subsequent purification with HNO3 aqueous solution
for Cu removal. The optimised leaching conditions were determined
to be 4 mol-L-1 HCI, 11% v/v H>O; at 25°C for 15 min. Precipitation
of SnO> NPs was achieved at pH 4 using NH4OH, followed by Cu
removal by leaching with a 1 mol-L HNO3 aqueous solution for 6 h.
This resulted in approximately 99.7% recovery of tin as SnO2 NPs
with a purity of 99.5%. A preliminary cost analysis revealed that the
primary expenses were associated with chemicals and waste disposal,
accounting for 72.7% and 26.6% of the total cost, respectively. The
proposed hydrometallurgical process offers an economically viable
solution for recovering valuable metals from waste solder dross,
contributing to a circular economy and generating a new product from
an electronic process.
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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 efficiency’. 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. Zinc, 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

School of Metallurgical Engineering, Suranaree University of Technology, Nakhon Ratchasima 30000, Thailand.
email: sakhob@sut.ac.th

Scientific Reports | (2026) 16:7634 | https://doi.org/10.1038/541598-026-39138-7 natureportfolio




165

www.nature.com/scientificreports/

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&()H) 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 ZnO 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, $O,*) 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,S0,, 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:
HSO,, HCl, and HNO.,. The acid concentrations ranged from 0.5, 1, 2, to 4 M, with solid-to-liquid (S/L) ratios
of2 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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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 Tmage] 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 (A) plot, this is observed as a sharp increase in absorbance at a specific \, marking
the absorption edge. The energy band gap (E,) of the samples was calculated from the absorption edge using the
following Eqs®~%:

E; = he/A
where h is Planck’s constant (6.63 x 1074 J-s), c is the speed of light (3.00% 10* m/s), and.

\ 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.
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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 10A7
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 (1=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 ZnS, KCI, KFeClj, 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 pm with an average particle size of 2.73 um (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 (HNO,). 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,80, 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 $2), 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 HCland 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 H,SO, 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.

2 M H,S0, 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
MH,S0,, 150 g/L of §/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

Scientific Reports | (2026) 16:7634 | https://doi.org/10.1038/s41598-026-39138-7 nature portfolio




169

www.nature.com/scientificreports/

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®* ions 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:

% Precipitation of Zn = (—Mﬂ
Cinitial
Where C__.., is the initial concentration of Zn in the solution (mg/L).

Cpa 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 HT01-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 7 150 12
Effect of precursor pH g Z e L 12
HT03 2 11 150 12
HT04 2 12 150 12
HT05 2 3 100 12
Effect of synthesis temperature | HT06 2 1 150 12
HTO07 2 11 200 12
HT08 2 1 200
HTO09 2 11 200 3
Effect of synthesis time HT10 b 11 200 6
HT11 2 11 200 12
HT12 2 11 200 24
HT13 0.5 11 200 1
HT14 1 1 200 1
Effect of NaOH concentration | HT15 2 11 200 1
HT16 4 11 200 1
HT17 6 3} 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)Z. This
is consistent with the Pourbaix diagram of Zn. Instead, the formation of undesirable secondary phases such
as ZnSO,-3Zn(0OH),-0.5H,0, Na,80,, and Na,Zn,(SiO,), was observed, likely due to unfavorable interactions
between NaOH and residual H,SO, 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 (HT01) 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-HTO07, 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®'=%. 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 (PDE 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 26 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)*”. 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 ﬂn’med,
resulting in smaller crystallites and broader XRD peaks, as described by the Scherrer Egs. 5%. D = 5eom7,
where D is the average crystallite size, k is the Scherrer constant, and its value is taken as 0.9, A is the X-ray
wavelength and its value is taken as 0.15406 nm, B 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 (HT'12), the nanorods were noticeably agglomerated, with some
regions showing interconnection between ZnQ 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)

-

Zn 5171 at.% U6
O 48.29 at.%K

HTO5, (b) HT06, and (c) HT07.

0]

Sample ID | Length (nm) Crystallite size from XRD data (nm)
HTO05 1220 + 480 | 199.53 £ 90.74 | 41.83
HT06 1060 & 290 | 11291 + 62.32 | 40.05
HT07 760 £ 240 | 7343 £ 2935 |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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b) Hi0y

0 o

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 ID | Length (nm) (am) [ Crystallite size from XRD data (nm)
HTOS | 500 & 120 |7033 + 2402 |24.88
HT09 210 + 100 98.15 £ 36.08 |33.10
HT10 480 £ 150 [73.12 £ 12.00 | 33.05
HT11 760 4 240 |73.43 £ 2935 |3825
HTIZ | 800 & 260 | 100.00 % 2800 | 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 f‘ 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) HT14, ¢) HT15,d) HT16, and €) HT17.
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13 1260 + 340 50.00 £ 66.00 |45.34
HT14 1700 £ 740 |283.00 % 103.00 | 43.99
HTIS 500 £ 120 70.53 + 24.02 24.88
HT16 220 £ 50 46.98 =+ 13.10 2447
HT17 190 £ 50 27.37 & 486 2442

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
6 M.

growth) rather than the c-axis®*.(Figure 12d and ). 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 (O,s7), 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.*142,.

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.

o 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 ¥,

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
Zn0 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 principles 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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