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APHISIT TONSANTHIA : SYNTHESIS OF LaFeOs.s BASED PEROVSKITE STRUCTURE
MATERIALS FROM AUTOMOTIVE INDUSTRIAL WASTE FOR GAS SENSOR
APPLICATIONS.

THESIS ADVISOR: ASSIST. PROF. SIRIWAN CHOKKHA, Ph.D. 100 PP.

Keyword: iron/automotive industry/perovskite/gas sensor

The current automotive parts industry generates iron-rich waste that lacks
efficient and environmentally friendly management. This study aims to convert such
waste into gas-sensing materials. The process begins with purifying the waste to increase
the Fe content to 98.22%, followed by thermal etching at 700 degrees Celsius to
transform the structure into a single phase of Fe,0s. The resulting Fe and Fe,O3 are then
used as precursors to synthesized LaFeQs,s perovskite structures via mechanical grinding
method. The single-phase of LaFeO,,s structure is successfully obtained after used Fe,0,
as a precursor and calcined at 1200 degrees Celsius for 2 hours, then pressing and
sintering at the same temperature and duration. Gas detection testing at 200 degrees
Celsius revealed a sensor signal of 8.84 with a rapid response time of only 2 minutes,
comparable to material synthesized by using chemical compounds. In contrast, when Fe
waste was used directly with even after calcining at 1200 degrees Celsius for 5 hours, the
resulting material failed to fully convert into a single-phase LaFeOs,s . The prolonged
high-temperature calcination led to particle fusion and growth, reducing the surface area
and pore volume. Conseqguently, the sensor exhibited a significantly lower signal of 1.67
and a slower response time of 3 minutes. These findings indicate that treated Fe,O3 is a
more suitable precursor for synthesizing LaFeOs,s with efficient gas-sensing performance

and highlight its potential for further development in industrial gas sensor applications.
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2 o oA o N v ° = 1Y) an
gaamnssy Jadniinisdnnisvesdenienisiiluilanay nsiivsentsdnnisilivangay
daalimdunaniizsadanasuluusnulaeseu iy Uinazeinie e ndudesande
| a | = ad o a = P ¢ a a v
AUIINTBINNNAYNIAFIULNBWIITIANTTLULNzEN NIl UseleviannvandeLi ol
USinawendeiianduaue (Zero waste) (Awasthi, 2021) 1un135nwdsindauagnedgy
dnsdudunisandunu wazidunisiinyaslagnisiiveudenduAug995gaamns sy
(Saima, 2020)

¢ A o P o ) =
gaamnssugueud failunildlugpamnssundnvosusewmelng Tud w.e. 2564 3
yarmsadseanaadududui 12 vedlan (@aduenueud, 2564) lnsanzanavnssutiuaiu
gULURTINSHA UL AUINNATRRANER (MPI) 981887 39.2% fawiiinn1sainni1sallutgel

WA, 2565-2567 Azilonsinisiaulnanad tngainiaziinisiiulaeastas 15% tHe9a1n51e

%
&l a a = 1

soudfifismaiisdusieiilos 9innisamusnunsidenasimuineluladindessusiiioan
uafin uaznszuanuienldsosuddaniy shlianudesnstosasudanas (surasnges,
2567) Ingndeyatydveudsiiduuvamsnenimauny (ngugnavnssueueusiuas
Fudrugusud) nuiilvesdeUsmanaeuimdnannszuiunmaang Besiensluanday
g1ueus dsilmdn (Iron; Fe) 1ussAUsznauvdngsnnnin 73% uaziinisthlusledaidy
widnwsu lnensdausnarsuudeunnssuuthtaonmannemastlangeen 9ndutily
nanfunuAuLASAuYS wnlunveeufigamgdl 1200-1400°C (NsugaavnssufiugIuLa
nswilecus, 2556) uenaniigeiinisiivendeUssamuandnainnszuanunsta (Grinding)

FedlUSuay 50-60 siusied (Hentlaiudn) Feinagligninluliussloviuaziiisnismidnlay

Y

o w =

n1silanau denaludanlganglunismanvesds 1,800 UmaafY 138UsEaad 100,000 UM
ol 91nnsAnyAdefeatuvesdedinaianountil wuiwaranieyninruinianuas
fmaniduesdusenounandsi 97% et lUHIUNTTUIUNITANUALRENLTANDONA 38

wiiwdniiieilauusandgatusazdnldihugasendunsalunsn (Nitric acid: HNO) vilw



voadodsudumsuszneumdneonles (Hematite: Fe,0,) Mduigaiaies el
annsalvldmusieldnainwatsuindy (N. Chuprasoet, 2021) usinsywendelusi
Unseniunsa HNO, fuﬁmml,?ﬁ'sJﬂ,umiUﬁﬂ’ﬁmmﬁmmﬂﬂwlum%ﬂLﬂWi@ﬁﬁg%éﬁ’ﬂ
nsougs enadldiuvinliaiesingeing o annudemeldmnthlulilussuugmamnssy 8n
fasonailiAnmsszmedesdouninildmndudatuideifonieannuidnginenis (New
Jersey Department Health, 2009) slUBauRadAntundaninnse HNO; ¥iUAseniu
wdn loun uhalalasumneseanlun (Hydrogen peroxide: H,0,) (New Jersey Department
Health, 2016b) uazuAawauluiile (Ammonia: NH;) (New Jersey Department Health,
2016a) \ilesmnufari 2 siadgvitnnieu nisgasudluluuzinasnn oraviliAneinis
melafndn Wedudaenatiniuuas fAnviauauuindou iuae Geuruazendeuld e
dulagnaiem aznelmiinenisszmeifesnseatgaeiansiiila fidedediuuidnlunis
Wasureadsangnanmnssududiugmueud (Fe-waste) Whduigmaiieives Fe,0, fae
msldanudeu (Thermal etching) luusseanireendnduGaunsaideulss Fe \u Fe,0,
19’1’@'?@Lm'qquﬁﬁawuﬁﬂmﬁmqquﬁqa sfld ey fuanuduanizdiureenndiou
(Oxygen partial pressures; PO,) (Guido, 2001) Lm'LﬁmmﬂﬁmmmmmuLLiqéﬁ’umﬂuLm
vauznld 3edududesd@nwinsiuasundasuesgumgiiiusssinaund iellfan1ngi
wnzaslunsiasuld Fe-waste Wy Fe,0; 185am15a34

wuwes (Sensor) Asgunsal Wnsin m30srUUfinT1adunnUAsuLUasaniae
wndeuuazdnenendeyaludigunsaididnnsednddu 9 dednlngidugunsaiuszuiana
AONILNDS WwuwesazLlassingnisaimisneninludnvauzvesdgygraneusdontimdy
Foyaounaviaiitald Feanunsouaning snundeUszananaiindiuld waluladduguges
anunsoilUlFluiindseriuldvannvanssuuuy W ssuumuasluetastuEou dou
sruuinwanulaeniy nMsdeanudafsy seuuAIUANEMNY st szuuaauAuluey
gufsng 1 aasnumaluladnieiunsunmgildszuuwumed i oldlunisnsasnuilse
(Javaid, 2021) wagdnuildlussuuiiimstwumesiUldeu fe nslidundawuwes (Gas
senson) Tumsnsraduufaiy (Toxic gases) 1y ufafAnduainnisiiamewdsll léun
ANsUBUNBUBN YA (Carbon monoxide; CO) Arsuaulaaanlas (Carbon dioxide; CO,)

1wy (Methane; CH,) oxi9iau (Acetylene; C,H,) @fidu (Ethylene; C,H,) 38 lulnsiau

a

ponlwn (Nitrogen oxide; NOy) “181 (James, 1978) (NTENTET1TUEY, 2565) Fa¥an

q

winzau sz lUldnudmsuasinduuianiuvivaiil Ae Jaglunguaisieiniviinlang

aanly (Metal oxide semiconducting; MOS) 191 Ga,0s, WO5 “1a°l uazianlasdasngine-



soalnd (Perovskites structure) Wu SiTiO; way LaFeOs,s WWudy (Ghenadii, 2020) 31n

2 3

Foyadreiu gITedanuanuiulililunsihvendeaingnavnssueueud Auunis

&

o N

Wasuliiduigaief eaves Fe,0; lnanisldanusoundriluldiduiandiulunis
dupsenduiagiassadranesendalnd Alignsnand fe LaFeO,.s anduilunsiaaeu
anwagnaneamkazandAsuaINausalunsgadulianaveuia wazinA1AI1y

4 A o v o a6 ¥ = < wva o o Q) VY &
aumullefanaadusianguvgildnu faduamautididgylunisinludssendldidu

Y

WURBSHIIFTULNERD LU

1.2 IngUszasAnIsIvY

121 Anwianizfimunzanlumsiddsulaseadiimaadvesveadsain
gramnssududususudlidumsusznoumdnoenled

122 Anvanudululdlumniwendsnngeanssududiueueudfiduns
Wasulassadenaad slfifuasdaiulunsdunmsifanlasiaianosenalndfidgns
il Ao LaFeOs.s

123 Anwianudulilalunisiifanduasizilaseasanesenalndvin

LaFeOs,s 1Ussgnaliduuisesnnnduuiia

1.3 U2UAYDINITIVY

1.3.1 AnwiesAusznouniaaduazlsuiuesnUsenounianivnsenaids
qmammawﬁuﬁaumuauﬁ FeLp3esIanIsIaeaULYessELEnd (X-ray Diffraction; XRD)
LavlAsesIANTsISeesideng (X-ray fluorescence; XRF)

1.3.2 ﬁmsmmimﬁlauwaﬁgmmawmLﬁaqmamnswsﬁudwmuauﬁ dloving
Urdncieauieu (Thermal etching) Tagld XRD

1.3.3 ﬁwwmmmaummawaaLﬁw’ham'%'aﬁmeﬁmiﬂﬁzmmmmaqaumﬂ
(Particle-size distribution; PSD) waganwaglasastmusnieanlaglindesganssadl
BlanAIPULUUADINTIN (Scanning electron microscope; SEM)

134  @nwigualiliuealuiiandunszilassainamesenalndvin LaFeOs,s
Tneldiadesiinserinsdsundasimiinuarautinisanudou (Simultaneous Thermal
Analysis; STA)

1.35 ﬁmsnmiLﬂ?{aul,maﬁgmﬂmmi’aqé’qmeﬁimaa%’wLwaiaWalﬂﬁ%ﬁﬂ
LaFeOs.s el XRD



136 Anwdnvaelasiasnaqaninvesiandunsizimesenlalndvin LaFeO,,s
TngltieTos SEM

137  @nwiarumgui wuingwgu Aufiiasiwg anuanasalumapaduuia N,
FeiAsesiinseiilufiia T unzuazTIIATsTNTUAIMATA TSR (Brunauer-Emmett-
Teller Method; BET)

138  Anwusgansninvesiandunssilasiaiiunesenalndviln LaFeOs,s g
NM53ATIERAIANLANA 1Y BANA UL LA NN Ad UL avesTan uay

5288AMEUALBILUNNTNTIATULAA

awv o @ ¢ : Yo
1.4 wamsvenaaniazlselevinaindnaglasu
141 aadunanisilinavveadeainenavnssududiueueud Henadudunsie
odliTinuasidunaiivseduwndonlueuian
1.4.2  aadunumMIndanunanmsderlidnglunisminvesdesig sianay
143 lvmsvansivanzanlunisinnisvedelasaniy nswdeulasasig
= = ng 1 6% Y & ¥ £ a
manilveswenduanananssududiueueudliidu Fe,0, Aransldnaia Thermal
etching
144  adryarnidliiuresdeangaamnssududiugueud lagiludanisia
fimuu3gndgetusanihlumuealadauinduigniaieives Fe0; vinbiaiuse
inlUldnuldegrmainuaiy

145  ansoiamniandunseilassainamesenalnduiin LaFeOs,s :nvaude

s A

gnamnTINTudLeueLd Weusrandlfidumuesaraduufia

146  nswlsganBnmlunansaduufafionmgilinm vesiaglasaiiame-
sonalnaulin LaFeOs.s %aé’qmswﬁmﬂﬁuaaLﬁsqmamﬂﬁﬁuﬁaumusuﬁ

147 dWunuzn1sheuiss mstiauenuidde nmshiena1sudss waznis

ARUNLHYLNTINUINE



uni 2

USNAUITTUNTTURAZINUILNNYITD

2.1 Y2uHYRAHIMNIIUNIDONINGASINNTTY

“YoAFLAAIMNTTU” 1130 “NINRAAINNTTU” MIUUTENIANTENTNEAANTTY AD

(%
& =

“Geufnaviotanililiud du vanefs vendeviodsililiudiiAnanmsuszneuianis
Tssau faudnszuaun1siuingiv mauda mInsaasugmam nstidauaiy nsgeu
139 1n3esdng gunsal nsTenau Aearsormsnislutinalssny suvlininegneu vie
Awndanndavaniu faogluaniizvesds veunan Awds Aunavidoufa el sada
youdsdunsefiinanenmsdninauagiiineunuiiegneluuinnlsenu (@usniga
leuaIns I, 2564)
nngramnssuiAntulunszuaunIskaTnagramnssuvise Tanililiudy uladu

2 Uszinm fig
2.1.1  nnaasunssuitlisiudunsie (Non - Hazardous waste)

« av o’ o o ¢ A alv

nnaeamnssuRlaidudunsie” vunehs veadevseningnainnssuily
AolAANANTENUABAWIAT N WU YIUDBY LAYNBILAY TLHBY NABINTEANY LA¥NTEAY
<) v & [ [y ! M Yo [ 1 3
Judu ningeamnssudssanilagliiludunse uinnldldsunisdnnisednegneies ay
danaldeosiod«ldin svuudnauasdwnndeula lssugnavnssuaiulugagdanin
geannssufilidudunseluslafa Ineisnmsdaueniiiedminesensenisuiuugsnmunn

o I Y = v a ° v 1 & a ¢ =

vaadanlgudilinduandaunindsfunasinlulduselevilnidnass (@usnigal ey

#9A911, 2564)

2.1.2  nngasunssumiludunsie (Hazardous waste)

o

“mMngannssuiiudunsne” wunels nnanamnssuiiiosdusznounse

va o

Yuilouarsdunsie nieenalauand@niudunsie muiininuaniulszniAnsensag
gnavNTIY 3ae Nsmdndsunavsedannliliudy we. 2548 eniudsunavseTaniluly

wdvseningaarnssuiliidudunseanditnau diinends wazlssenmsluuinalseu



nnfuunsed wavyarosnunsesvUgRnIsaNsIsMaY W.e. 2535 uaviudendsliundn

|

wanlsuMIiedn wsenuneisdslfpanseianlulduavseningnainnssulseian

#1199 il
(1) Usztananshalul (Ignitable substances)
(2) Usstanansnansau (Corrosive substances)
(3) UssLamansiAaufiizenléine (Reactive substances)
(@) Uszranansiy (Toxic substances)
(5) ansidesAusEneuveddaievy muﬁﬁmummuﬂgmma
nngmamnssuiiusunste Taun nnagneuinssuutitnunde ey

aelnil dsiuraeaunldlanda wwlediu Wudu

2.2 MSIANTSVRNLHERAEINNTTY

¢ ¥
a a o v o 1

N153AN15VBUFLAAIMNTTY VU8R MIUITR Msviaegns Mg S minedne
uan wanideu videthnduinliuszlevdlvllusuuuuding o sadamsiniiuliifienseiing
AaNaNTeAY (AN BaANYY, 2551)

2.2.1  msdnavun iyl (Reuse/Recycle/Recovery)

a 1

onfegns Wy matsniduingiunauny msdsnduiueriietinduluussg
Tl udomdmauny Wamdmay Wil mdsny didnszuannmstdviazans
ndusnlud nsrutumMsdlanendun g ASEUIUNNITANANINNTA-A1Y LaENTTUINNITAY
annseufizen

2.2.2  n15U19a (Treatment)

Lidededsnamedinm maed manteaiw msdhszuutisaiide
nsUsuadesnmmaeilaglifiudvietan Uoelvaiu saulufenismnshanevlumie
ozl wazirnlumimiemedmivvondosunse

2.23  n13113a (Disposal)

mandalneiBilenau (Land fill) iamumdnaunfvia emsasfoavdetan

Alalduditlsidusunse wazmsilsnavveadesunelasdosinmsuiulieglusuawinneu

waztlUilslunguilsnauwuy Secured landfill
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IAURNANTE / nnEFalun e Yu i

UM 2.1 dnwauen1sdnnisveadelulsemelng
(ﬁm:https://wwvv.parLiament.go.th/evvtadmin/evvt/elaw_parcy/download/article/artid
e 20230620101143.docx)

2.3 Usunawaadelugaaivnssuerugud

nsulsesnugaanmngsy (2566) aguteyaiieaiutiinumsudeiunnveadedianly
vsnalssnulneguida lifnsduunveadeeenidu 21 nqu uansismsed 1 wui
WoUUNTIAN-LABUNINNIAN WA, 2566 TUTUvaRdsTIAUYTENI 7,690,000 FAiu 130

Usanal 1,100,000 fiusiaidiou lngananvesdegnavnssunseanenunvuzuazgunsal 7%



M5 2.1 agumsiesunmnvesdeidiunluuinulseny lnegsuidn Weuunsiau-ihey

NSNNIAN W.A. 2566 (NTULTNUAAIMNTIY, 2566)

é"]é’]’unémﬁ NHUAFINNTTY
1 NARAUNINNY
2 QMEINNTINOIMNS
3 qmammsmﬂ%aﬁm
a e
5 Qmammmm‘%"aumqmaaﬂﬁuﬁauﬁw
6 NARVINER LA NAR A UNINUTIER
7 wUssUlinasnansdueianlsl
8 w3nsdeurioindasnuudtluennsantyl i ens wislangdug
9 NAANTEATYLAYHANAUIINTLANY
10 AMSAUN Mseduad yiUnrS e sVinuLRuR
11 widueinasndnsusiad
12 nanAugnUlngdes
13 YA NAN T N
14 WARAMINAERN
15 NanAumelany
16 wAnlavgtuyagu
17 WA lany
18 NARIASBIANILALLATDINE
19 wanazedldlniuazgunsal
20 HARETUNIILZLAZUN S0l muﬁamssﬁammwmuzLLaquﬂiiﬁ
21 MEAIGIE

INFUN 2.2 UanaUTunuveudsnunangaamnssunsHangunIuzuazaUnsal
NavuaUsEan 550,000 fu vi5eUsEUal 80,000 fusaliou Fednluvesdudunsiesesay

21 wazvosdulidunsesesay 79 veIRnALNAVNTIUMINEANGRE UM UL LAz RUN IOl



B VYiunuveudedunine

100,000.00 §
m YSuuveudulidunite

B Viunveadevoun
80,000.00

60,000.00
40,000.00
20,000.00 I

uns quanius  dunen wwisu wounen dquisu nsngiAu

UYSuauveads (fu)

oy

JUN 2.2 US1NaunaaduananinIsurang unvuzlazaun ol LhsuunsIAL-waunsng A

W.A. 2566 (ﬂiuisamuqmammsu, 2566)

PNUTIuveudeiing fIdedinunanlunisinveideangrainnIsunIsEn
Fudiugeudvszinnaanin Fadunsandinaveadouaziiuyarliunivesds laenis
° ' 9 D2 s £ X = b7 ° o < & w
YIHIUNTEUIUNMUNTAIRNSITAMNUIEMEEad wislianusahluldnuluasasiy
° [ [ a ! 4 £ ! v ! Y [ L4
dmvduaneiiluaisdsznavvialug wagldnuludusig 9 1a wu Jagduasien

Tassas1anasonalng

L

24 Jaalassadrauwasenalng (Perovskite structure)
Janlassairamesenalng (CN.R. Rao, 2021) (¥un1ud Wuan, 2019) Hgasnieadl
lURe ABO, ile A fie lessuuinvuialug léun Ba Sr w3 La du B fie lessuuinuuin
&0 8w Ni Fe w30 Mn wazlossuau lnslessuninuundnuazlessuauasUseneuiuiu
Hulassadandomes Sesaduiuluivlessuuinvuslvg figuil 2.3 Tasadamesen-
dlnd feidulassairavesianlungulangesnledvianis Fsfimmaunsalunisnsadvuia

va o

iy W CO, H, CHy NO, (Gh. Korotcenkov, 2020) Msininduainn1sw iug mRsgdadiaang

e

N va =

aulanavduesziianlasairanesevalndniignsmanil Ao LaFeOs,s BaKLAANW

Y

WudIdANaNnsatun1Insdusiaiuaing 1l Inslusunis B-site asUssendn
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voudBangaannnssui udmeusui i unszuaunsianisTiianuuignsgeduuas
Wasugnsaillvieglugumaneenled 1938n15010n1ae35 Thermal etching fonsfnn
Msasundasigniates Fe-O sewinsgumgiinazausiu faguil 2.4 (G. Ketteler, 2001)
Fednwnamznsifivgamnilunsn (mnudunsi) dWewdsulsiveads (Fe-waste) 1in
L{Jui’gmm?{mmaa FeZO3ﬂ'auﬁﬂiﬂ%’ﬂuaﬁﬁqé\’uiuﬂwsé’qLﬂswﬁi’aﬂiﬂiqa%a wasanalng

%iin LaFeOs,s

A-site
cation

B-site
cation

Anion

Temperature/K

0 Il

| I IS I T ET— ——|
— T+

" 1 " 1 1 1 + l + 1 " "

T M T N T M T M T M T M T M
2 20 -18 -6 14 12 10 8 6 4 2 0 2
Iog(pozlmbar)

JUN 2.4 nemuanaanuduiussenintgamgiiaraiunuves Fe-O
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[ -4
2.5 uwndwuas (Gas sensor)
¢ & ¢ ) ) a a a )
LuLED3 (Sensor) ABYUNIAL NINTIN TEUUATINIUNTLUABULUAY YTaUIUUUDIRT
wUsne 9 wasanenenteyaludigunsaldidnnsetinddu q Jsdulngiluagunsaivszunana
AOUILNDS Wwuwesazulasusingnisainisnmeninludnvauzvesdygraveusdantmiy
dyaRdiaiiala (M. Javaid, 2021) Fsusznaumediulsznaundn 3 @i laun
1. duwuwes YimthnsuIUSInaMKUsTsIReINITmMIIuUA WY kasadne aumal
n13nsEdn ANty Aueu Wudy wawvasdyaandudyanamaliindsly
ganimsasuuusisdeygrasialy
2. 1asUsunmsdyena dugraandrumuesenauniuly biieawedmsudiu
& 1 v =} a = ¥V =
WARINANI DEUTINTEUIUNITNINA Y v ol dyarausuniuundsdosingg
Usuumsdygalnnaunau
3. gunInluanIna it uansrilaainnisin
wuwesuUslaldu 2 Uszinm fe wwwesusennymiemse (Direct sensor) Wuwuwos
Panunsauvasdadilldlnindudygralnih Wy wuwesinaaumgll waswuwesUssiam
M1980u (Indirect sensor) Julwuweinuvasmarsdunsuiiowlasdygruiiale iidu
doyanaulvldh Wy wuwes Fiber-optic displacement vimdhfiudasuaslmdulnnouainiu
[~ -Q’lju ) 4 [y}
wlaadunsewalniln wanaNUEIEIU1TAIUNUTLANVDITUWDS ANUUTLLANNITATIIU
(Classification based on broad area of detection) Wy wulrasludln waldn wiwdnlud
a a P a P o a A & o o
WHee 1l was anudou gaungd taTena 398 B0 wazwuwesnsaaduuia “av (Gh.
Korotcenkov, 2020)
wuwesnTIduLia (Gas sensor) Lwwuwesngniluuszyndlilunisnsvasy
ANAINDINTA ATIITULAATIAAIINNITINLINL barnsaduiiany amsadwunysean
munalnnsvieuld 6 Ussinn fsmnsei 2 uwasdanunsasusmnuanumangauvesian v
WAEANANNITONTIIULS FIRN5197 3

AMNE1LTlUNITATITULAE UaNINALLA BN US U avetan i vu T du

q

wuwesudl Saitateduiidmansnuaiunsalunisnsasunianie detlasefidinans
Uszansnmwesuiawuwesiis

1. nsnevausinseudaming

2. YUIAVDIDUNA

3. AUNTUAIVBIIFR)

4. NUNRITUNE



5. F1amsianin

6. 91 slauEINY

7. ailerrudulueinie

8. syEznaluNINBUAUDY

9. ANaENsluNSRAg UL

10. Fuseulumsldeu

11, pnuanusalunisganiziuiansessu
12. Wousofugamuaxldie

13. nelulaBfuyuinfiusyansam

14. gumgiiinzausronsnsaduuia

15. ANUUTUNLAUZEUNAIUITONTITULA

12



AN5197 2.2 MIInUTENVRwhawUas LT 1991 wad IUPAC

13

an

[y

U

=
N

USeLnNveannd

\WURBS

UANNITNU

el

nswAsuRUAINTERE LS AN/ BuRuaLd
- Voltammetry - Potentiometry

- Chemically sensitized - Potentiometry

Tl

s lniveslangesnlan n1silnddunse ns
il uuuiemelsdentu (Schottky Diode, FET,
MQOS)

Hendunisviinuniseaulilii (Aug)

Anulreula

naiAbuLasimiin LBNNAYN wlavideannud
U JUI19 NTOA LS

- Quartz crystal microbalance

- Surface acoustic wave propagation

- Cantilever

' [
bbI LGN

nswaguklanaadRvewiansuuniugEn

gUNIAlT A

mMsidsuntasmnudy 8 wieanasunisuaes
V5N

- Absorbance - Reflectance

- Luminescence - Refractive index

- Optothermal effect - Light scattering

HAN3ENUIINATNTBUIINUGATEWATTUNIE 113
WasuwUaswesgamgil nslravesninuiou

- Thermoelectric

Pyroelectric

Catalytic bead (pellistors)

Thermal conductivity




A15991 2.3 UssinnvesianiarAuaansalun1snsiaduuiasig o (Gh. Korotcenkov, 2020)

Material

Examples

Analyte (function in sensors)

Metals

Pt, Pd, Ni, Ag, Au, Sb, Rh

Gases (H,, etc.) (electrodes, sensing materials,

catalysts, membranes)

Semiconductors

Si, GaAs, InP, SiC, GaN, etc.

Gases (Oz, COZ, HzS, CHQ, NOZ, 03, etC.); Hzo,

etc. (sensing materials)

Metal oxides

Electronic conductors (SnO,, TiO,, In,04, etc.); mixed
conductors (Ga,03, WO3, SrTiOs, perovskites); ionic
conductors (ZrO,, CeO,, etc.); metal oxides with metallic-

type conductivity (RuO,, Cos04, PbO,, etc.)

Gases (CO, H,, CH4, NO,, O,, Cl,, etc. vapor,
alcohol; dissolved oxygen O,, Cl, in solutions;
dissolved oxygen in molten metals, etc.

(electrodes, sensing materials, membranes)

lonic compounds

lonic conductors [LaFs, CaF,, Na,COs, AgCl, Zr(HPOQ,),, SrCl,,
Na,SOyq, AgBr, Ag,S, CuBr, Nasicon, Nafion]

Gases (CO,, SO,, CO, etc.), ions, etc. (sensing

materials, electrodes, membranes)

Molecular crystals

Phthalocyanines [PbPc, LuPc,, LiPc, FePc, CuPc, NiPc,
(PcAIF)n, (PcGaF), etc.]

Gases, vapors, ions (sensing materials,

membranes)

Carbon

Carbon nanotubes, black carbon, diamond, fullerenes,

graphene

Gases, vapors (sensing materials, electrodes,

membranes)

Polymers, organic

semiconductors

Polyethers, polyurethanes, polysiloxanes, polypyrroles,
polythiophenes, polyolefins, polyphenyl acetylene,

phthalocyanine, polyamides, polyimides, Nafion, etc.

Gases (CO, CO,, CHy, NOx, etc.), H,0,
chlorinated, hydrocarbons, etc. (sensing

materials, membranes)

vl
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2.6  9UILNNYIVDY

lugnarnssulansiazgnaIvnIsueueuAiian1sInNIsveBdsiintunainvae
WeanUsuavends anldinglunisminuagldninensiiinusyloviasan laiinazee

N15IseanNIsinvedds n1sunduinld wieuwdiusinistluusulsaud@lviaunsai

(%
v A

navunlgnula TneinidelaviinisAnwinazasiageuauimnig ¢ fadl
0. Benchiheub wagamz (2010) lavinn1sAnwveads Fadunanasslaainnisia
3 3 v v ¥ = a & . = Ao o ~
WiNkazmaNNa1AIEANTaY laeSenvasdeiin Mill scale Falldnwaedsgui 2.5 Inenis
U1U0m Mill scale A28uAasAE (CO) LN ONANNULNANTILANHULIANIZAIUADINIT 21NAT
Bpseiilosiunuin Mill scale Ussnousemanyszunn 72.13% lnellavizwsnnguivén
wavasUszneudamlatiieegianiies Aegui 2.6 Ing Mill Scale Uszneusaiwinaenles

3 lAs9a519 Ao Wustite (FeO), Hematite (0l-Fe,Os) tiaz Magnetite (Fe;0,)

JUN 2.5 dnaugaaaidy Mill scale
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Compounds Feioal FeO CaO Si0, MnO
% 72.13 56.70 0.42 0.14 0.37
1600 ~ 1- FC303
- 3 2- FC3O4
1400 -2 3-FeO
1200 +
000 +
. i 3
=
< 800
600
400
200
0 n L
20 30 40 50 60 70 80 90 100 110

2 Theta

JUN 2.6 BeAUsENaUMUALivea Mill scale

nmsaanisiininesnlesves Mill Scale axAnunlugisgamgll 750-1,050 a3
wagYE MEaTuANNeiuTEnI1e 40 B9 180 w1yt luusseInAves CO UTaNS asaInI
MINAaBY WUl nsaanisiinmaneanlenves Mill Scale NATianldungagll 1,050 83

[

wagea wiselian 180 uri luussennia CO U3gns dudulagnisinsginiundl fagui

2.7 Bawunamanlud3unagadis 98.4%
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o? 08’10

0130 I

0032

033 0030 001 0'to

cowbonuqz kS

ES,

2!

nv b 2

-

F-Iron

W- Wustite
G- Graphite
C- FesC

950°C

a ol

JUN 2.7 saAusznaumaaiives Mill Scale NMUITRMELTaSAE o gaungileng o

N. Chuprasoet wagAniy (2021) laviN3AN¥IU0REEINQAAMNTTUTUAIUEUEUA

1AgdIN13LAT1ENTNAIAA 8 XRD kagn1a9AlIznoun1ealnig XRF WUl voude

anavnssuudueusuRlvaniluesduszneundngats 97.14% lnetnmin wanadsguil 2.8

U

=
N

O Fe-tron
J
| i
= ‘ 0
g
=
10 2’0 3’0 4‘0 5‘0 6’0 7‘0 80
20 (degree)
Fe203 Cr203 Al2O3 NiO CuO
97.14 1.45 1.01 0.24 0.16

2.8 NaNITIATIBNINNIAMEY XRD kazoarusenaun1ualinlg XRF
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voadugnannnssntudiueusuiikunslaseiidosuudailudanshl
AruUsavdasiulasnsdsieiuas hindadeUudiienisgadeuivin aandusuliuis
witlildandnuians WeliaunsndlUuselondldvarnvansanniu JuhluAnwnng
Wasugnsmaed Tasnsvaassirluyufidertunsalalasaassn (HCY nsalusdn (HNOs)
wazsnalaifoulansenled (NaOH) nanmsvaaesnud ifethveadediinunisdnanisudalus

Ufsentunsa HCLibimaniuasulassasweglugunanunsoazaneuilaves FeCly.4(H,0)

=Y

Wisheeudefiniunsdnnisudaluvihufisendunsa HNO, viliuaeulassasiaduingnia
Weues Fe,05 wazllotvasdeniunisdnnisuadluvinuiizendueie NaOH vinliaeu

Tassasrnlu NaFeO, uansuanaguil 2.9

3¢ e NaFeO,
- 2
o
et -
A
3b
; I A FeyO3
e
> A A
é —— A |
- A ‘ | ' [
W 1] A
ot W S g i
\Y
3a V FeCly- 4(H,0)
¢ FeOOHCI
*
,/w
g o a-f-g B .5 0 - fo o 0. g R o-°) Rigi-f gl g
10 15 20 25 30 35 40 45 50 55 60 65 70 75 80
20 (degree)

JUT 2.9 Nan15ATIEVAY XRD Y0eUaddganavinsIufudiueueus (a) vauderi
UAseniunsa HCL (b) veudeyinufiseniunsa HNO, (o) veudeyinufiseniu
NaOH
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& v
a a =< o

nanmsinnisveudeliianuuiansgedusazansoviilianduignieien
284 Fe,0; éf';&Jmsﬂ%’uLU?{auqmmﬁmawaqLﬁaﬁﬂﬁmwﬁﬂ%’muﬁﬁmﬂwmamm%u 19U
daluAemsthueadefiunmsdanmsudludssgndlieuy anmsAnwaddenuin awise
11 Fe,05 unldduasieiianlassaiinnasenalndvin LaFeOs,s bo Faarursavly
Uszendlitunuldlunanednu widuiudomslidususeinatuuia Tasamzuiafiud
Annwalyilvgl FaladdAnwiAnfuufaiinannswilnl wuwesaseduufaimiingin
N bngl aenaunsAnwaudiuarUseaninmianlassadanesenalndviia LaFeOs.s
Tunsasiaduniaiiusng q sl

U. Hoefer and D. Gutmachera. (2012) thauaimaluladnsasaduufanddnenim
TumsuAlwseunuitszuuieilelilasiams Tuniewmsndusadssluiiineds nosey
FofkarANaINITaveunalulagnisnsiaduiia lnenisneaaeuwuesiansoanlys
(Metal oxide sensors) tlasanninaluladaulng lilddenuiadmunesgsdnng uas
\esnmsunlnsifidunanvesuAawiluiuinnit 1 vie Suduusslovifiagsiums
areduufavansviadilishetu fsamsaliifiefisananindefolunsvhuneuazannis
udadeuiiianainlaogaiuluiufawlniialy lneased 4 waassmenmsiniinaaeuny
WM (EN-54) uazansusenouuianan taenu 1ufia CO, CO H, H,O NO uag NO,
annsanulalunsieluynussian ansussnoundnie CO uae H, Tulrinluflaiauysal
Tuvaigdl CO, uaz NO, szgnudesoenulunszuIunsmnlng? Seuuavauysal nsld

& ° % 7 o
WURBSNANNTENYIN AL Ak Nk zUsELn a1 dula

M157 2.4 v uLNalrlnuInssIu EN-54 wazansusznauiiluuia Wwiatwune

nanazanadusivun) (U. Hoefer and D. Gutmachera, 2012)

Test - Combustion material Combustion products
fire
TF1 | Open beech wood fire CO,, CO, Hy, H,O, NO, NO,, methane, ...

TF2 | Smoldering beech wood fire | CO,, CO, H,, H,O, NO, HCl, methane, ...

TF3 | Growing Smoldering cotton CO,, CO, H,, H,O, NO, methane, ...

TF4 | Open polyurethane foam fire | CO,, CO, H,, H,O, NO, NO,, N,O, NHs, ...

TF5 | Open n-heptane fire CO,, CO, H,, H,0, NO, NO,, ethane, ...
(3%Toluol)

TF6 | Open ethanol/alcohol fire CO,, CO, H,, H,O, NO, NO,, ethane, ...
(liquid)
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1ndIvguNTMAdUANNFIUNLYBsUWeslangoenlyd SnO, AigUTl 2.10
syiensnageulnussLANAIg 9 LLazmqmaaﬂﬁﬁam%waﬁiamsmauauawamuma% WU
anunsonTduld faufafifnen vesmsunindlifiaaliieeniuea (TF1) Wilinain
msunlndls (TF2) ilAnannswnlndihe (TF3) waglwiliiniuaneniues/ueanesed
(TF6) saulusniunaslelnsiou TngUssansnmazanasmunanldnuiiiuiu Ussansnm
ﬁﬁﬁqm%mmsﬁ’wﬁmmﬂﬁlﬁmlﬂﬁw CO usnINTifiansnsansadunia CO, wag NO,
uiazduszansnmeidedmutuluenmauazguniias uenain Sno, SslinmsAnulans
sonleduszianduiianunsansiasundaivuwazuiaiiinaintilngle Wy LaFeOs,s fiamnsa

p5393uLAEUSELAN NO,, CHa, Hy, CO wag CO, ta

2 days dd
2 weeks old
20 weeks old

T[q

r.H. [%]

CO [ppm
CO2[102%. ppm]
lr—NOx [0.1. ppm]

Ambience

Time [hour]

JUN 2.10 anuimuniuvesuweslangeanlys SnO, senitanmsnaaauliing 9 waz

a 1

WMANSINBVENAREN 1IN UANBIYDITULDS

AA. Alharbi wazag (2020) lvinn1sfnunian LaFeOs,s NdwATIERAET5 wa0A
(Sol gel) wupalguigamaingued 500-900 asrngadua wathluAnwiussanianlunis

AAFULAARIS 9 A CoH, CHg CoHg CHy CO CO, waw Hy ﬁqmqﬁwmu 150-300 89A1
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WwayE NIUNUTTEINIALIG WazUIEINANLANTIULUEINTA 25% wag 50% UananNtes
AnwiAmnuintuvaiandaiy nan1svaaes wud wianaiuisansiduleanan Ae CH,

way CoHg wAlugIw CO CO, CHg CH, wae H, @1315095393UL0 winsiaduladssunn way

a o

gamgiuaalediannvinliianiusednsamlunisasiadudygralanfign As 600 a9

q

Wwaldod LAgAIE I MUDUTUDSI WAAIFINIS197 5 3NT UL UTAAIANUA 1 UNUA 3

T o

Aﬁy 1 [ n:l' <@ FZ -:l' dy dg:’ 1
ANuBUluaINIARANANSTY 9N5UT 2.11 auiuladndeanudulueiniagedy A1Ay
Frun1uaznad wansliiuinuseansamlunisesaduniaszeias weanudulusinie
g99u uenntloamailunsidnuuasanudududdmadeussdnsamuauiawuiweidn
A38 A1N3UTN 2.12 vnsnegdeulsednsamiouniildau 150-300 sarwalisa wuin

aal =) ) & v al a a a v v
gaUUINmINzauNausansTuLialasian Ao 150 eemiwalea wavdeninudutdy
ATUAIANNAUN LTIl ALY

AT 2.5 ANdYaIMTDITUIL RS NANLNTaATIRULAA LS Az UTELONUeY LaFeOs,s NIl

&y
i

gaunilinuaaleilsiney dmsuanuuty 500 ppm

Y

Sensor signals of LFO(500), LFO(600), LFO(700), LFO(800) and LFO(900)
sensors for 500 ppm of different dissolved gases in power transformer oil.

Sensor Sensor Signal

Gas

CoHy CaHy4 CoHg CH4 CO2 co Hy

LFO(500) 22.1 5.5 1.3 1.2 1.1 1.2 1.3
LFO(600) 28.8 6.4 1.7 1.2 1.1 1.2 1.3
LFO(700) 21.7 5.9 1.3 1.2 1.1 1.2 1.3
LFO(800) 18.7 4.4 1.2 1.2 1.1 1.2 1.2

LFO(900) 21.7 3.4 1.4 1.2 1.1 1.2 1.2




= =
A o =" =, X,

o by Ty = = o o’

e = LFO (600) a1 150°C el < i

E —=— LFO {500) a1 150°C z..

=

2, ™

@

£

8 . =

© [T [T

.§ 100k

o

- dry air 25% R.H [~ 50% R.H —
ton
—=—LFO (600] a1 200°C
T L¥O (909) & 200°C -
£ ™ > b
& ™1 o o x.. -
- z
o
=
E
B o
®
: e ‘_/U____f( ;/L__’) u”l
10«-.;_}"'1__'/"_ L... L_t',q
*® .
o 0 &0 60 a0 100 120 140

Time [h]

JUN 2.11 anwsnunuiiansadaladisinisnageuanuaunsalunisgaduiia e

AHTUlUINIALANATNAY Mgl 150 uag 200 9ANYALTYd

100

'\ —¥— 3000 ppm C_H,
1500 ppm C H,
—&— 1000 ppm C_H,
—=—500 ppm C H,
300 ppm CH,
—*—100 ppm C H,
—o—50 ppm C_H,
—»—25ppm CH,

-
o
a1

Sensor Signal (R_\R )

1 .’:0 2:)0 ) 250 ) 300
Temperature (°C)

JUN 2.12 gamgiilunisldanusazanududuidmadoUssavannvesuiawuges

]
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Y. Zhang uazaag (2016) lé’ﬁwi’aaaﬂs?faﬁaﬁw LaFeOs,s ¥6in P-Type 11l
dmiunTindunianesdadlan (Formaldehyde; HCHO) fudan LaFeOs,s fidans1en
AEIaTmsY lwaaa (Citrate sol gel) ndwaInduAsIEnviiN1snsIvaeulasIaiegania
wuin Founavuin 300 wiluwuns waruenanidsdnumninszasvuiavessnsudae

NTIATIANMTAATULAE Ny WUITTNTUVUIN 2-50 UTLUIAT wannagun 2.13

100

x 1873
o - —a— Adsorption
E ok "I —e— Desorption
.
— L |
() £
7. i
= FE'|
o
< !
g 06s
N —
-g W GRCIRCR R 7L A RO A
“s Pure imseter (Am)
-
=
= 2}k
£
-

A
oY

A A 1 A | A 1 A 1 A 1

00 02 04 0.6 0.8 1.0

Relative pressure (P/Pg)

a ¥ v U 24
E‘U‘Vl 2.13 NINTTAYVUIMNVBIFNITUNILNITIANTIAATULNE N,

Wietn LaFeOs,s lUnaaeauinlszd@ndainsienisaaduuia HCHO mauudy 50

=

ppm NounAHlYaIuAaue 70-140 BIANPATYE WU NTABUANDIABLAAILAT UL

=

gaunNig W uLazaam)ll 100 IR IYATEE ALLNTNOUALDIRONIINTIITULAANATIEN 1o
9UNNNEINTT 100 DIANIATLE NTADUALDINLABY 9 AAAY LABKAAIAIFUN 2.14 uaziile
lliisuiuuiaeiindy q Aenududy 50 ppm ngldaaumaiiiiediu wudn Tae LaFeOs,s

annsaneuauadlanunilialUseuiisuiuuiasiinguivinismageu fagui 2.15



Response

~

To 50 ppm HCHO

/ .\I

60

80

100 120 140
Temperature (°C)
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JU 2.14 Usgdnsnmnismeuausdsiouwiia HCHO Mianuidadu 50 ppm a4 gumngilsing 9

NH;
HCHO
H
Co
CH3N
CH,
C4Hyg
C3HgN

C,HN

1.4
14.2
1.6
g 1.9
B
713
1.1
2.4
3.3
| \ \ . ) . \
0 2 4 6 8 100 12 14 16

Response

JUN 2.15 Usgdnsnnnisnauaussiouianie 9 Rnudiuty 50 ppm o gauuaiiieniu

nsnevansdsiowia HCHO 9043dn LaFeOs.s anfanalnmisluilaiinvilmanns

wWaguwlasAranuiunuliinvesian a1n3un 2.16a luusseimanaaulumeeandiau
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o a v v oa & _ A a a -
aUN1AYEY LaFeOs,s 32antuaandiau laen1sduiudidnaseu (e) Ausnaiiaaynia (O
0, 0%) ¥ Valence band fi984319 (Holes) Mluuszquan (h*) viindu dawalviinisu
Ilflwuu P-Type warAuaImnsalunIsnovauadsionia HCHO a1unsansiadulavinns

Tafanusumuniiatuilegaduiia HCHO lagedunalnn1sngiadu uansisgun 2.16b

(5

Tngarsueululasiadavesuia HCHO agluduiveandauilinizegiudiannseuusiiuia

Yag ian1sasraiusglmiiduuia CO, uaz H,0 dvaunisi 1 Wedidnaseunaeduiu
a0

sondlunaulvegludumisorirt@adulszquin Yszasauasdanduaud viliAinisdn

Tnifhanawmseliauimuniulniiigedu

HCHO(adS) + ZO—(ads) — CO, + H,O + 2e (1)

(a) Air (0,)

(&)

(b) Gas (HCHO) @
=8
@}}FO @ Holes accumulation layer
¢ pamcE% | Ao
: AR | GO
|
B aeseustis S
By

O+0 —H©
= e+ h'— null
Ce

© e Oh @ HCHO O CO, @ HO ® 0 @ O

Ul 2.16 nalnmsnsraduuia (a) Tuenaiigasluseeendiau (b) luufa HCHO
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K. Lee uazaniy (2021) lovinnsdaaseiianlassairanesenalndviln LaFeOs,s
PYIBUANEL ﬁ%’umauﬁagﬂﬁ 2.17a 1nen511 La,0; uae Fe,0; Uanaslulngs arntusily
Tddhoseamnivienn ALO; thlvinuaalwifigamadl 1000 ssrmwa@ya Wunan 2 Falug
Mntuhansiduaseilaseusiunzunsadnuua Tnedy PVA pnududy 2% wieviliiAn

Judanauwazyrgliaunsaluaduuuldd 9ndudatuguduanuwdanndniigumgd

¥

1100 asmwawed Wunal 4 37lue Teelddnsinistvaunnilunismwn 5 ssrwalldoans

9 Y

a

Wl wdhluas19inn1Are9 LaFeOs,s 978 XRD fagufl 2.17b wagdinsizinanieinain

Y

1%
=1

Raman spectroscopy A93Ufl 2.17¢ uaglein1siaiuiiiiouniaves LaFeOs,s ¢e BET

a1 W 1

WUIENUNAT 1.6056 m?/g Turaueia1unI1avegnsu dAdsegiuwinty 1.2805 wily

a

WA INFUN 2.17d KARIHANITIATIZINNANUTEUTIDUNAT 25-500 peFwalies wui
YIuIngund 25-280 esrwaldua UmtnAsy 9 anad LARIINNITTLMEVRIA1BUNTE
sy MNTUUIMINanaeg19TINEIungd 280-465 aamwalud {iAINNTNY
Insdvesansdunid warliiAnnisiudsuilamaningumgil 500 ssrwaldea wananil
v :’{ Qy v o = k4 Qy % [ I3
MRIINVUFUTUNULANN IUANEIATIETAN 1AV T UNUYVDITANTUATIEN LaFeOs.s
MIENTIATINTINAY EDS Wamanaguil 2.18a wag 2.18b vilimsuuTunaesdusenaunis
wTveeTanduATIEN LaFeOs,s WAAIRIFUN 20.18¢ @1n30iiun1snszanefiegeayaue

YosaeAUsENEUMLALIlAAINgURN 2.18d

(a)
Fe,0, La,0,
4 \
AT
) /17 § oF | = — =1 (]
Homogenous Transferring the Calcination in Polycrystalline Disc shape
mixing mixture to a box furnace LaFeO, particles pellet with
alumina crucible Ag electrodes
(b) —. | ©
Ty " e
=) —YaYal =
3 Symmetry: Orthorhombic “_‘;
Space group: Pbnm
2 2
g P, |2
@ i- i 2 4l o
- -
£ £
20 30 40 50 60 70 80 100 200 300 400 500 600 700 800 7 R PO . TR\
20 (degrees) Raman Shift (cm™) Temperature (°C)

(%
[ [ 3

JUN 2.17 (a) Fumeun1sdaunsienian LaFeOs.s (b) Han15iAsIgieadUsEnaunie XRD

(C) WaNITIATIZIAE Raman spectroscopy (d) NaN1TILATIZANAIUTOU
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Element

At%

La
Fe
o

42.82
37.80
19.38

71.07
25.22
3.7

Total

100.00

100.00

SU7
Y

2
=

2.18 (a) 15951998 NAVBITUNUNIATU]

Uvee7an LaFeOs,s (b) lssaseganinves

HIIER LaFeOs.s (0) EDS #unniuuasdan LaFeOs,s (d) WHUAMNSTURLULS

peAUsEnauAvesdan LaFeOs,s

(a)

Gas out
—

Oxygen
addition

Semiconducting

core

Hole accumulation
layer

0 S50 100 150 200 250 300 350
Temperature (°C)

JUN 2.19 (a) wnudalaseasnelaiana LaFeOs.s hagn1sinseamagaumiegns (b) ananey

A A Ay ve Y Y 1 Y} v Y}
Lﬂi@ﬂll@“l’ﬂﬁﬁjﬂﬂ']ﬂ"]’]u@]’]um’]umﬁaﬂqq (c) ﬂalﬂﬂ']imi'l‘ﬂﬂ‘ULLﬂﬁ?J@Q?ﬁ@ LaFeO3

(d) LNURINISAIAINISNAADINTIAIULAE (€) ANUATUNTUVDILUDS

LaFeOs,s Tugaumaiisng 9
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TunswdsunsnegeuAtausuuiiensadunialaadesilefinioudmsunis
NaABULARIITUR 2.19a, 2.19b way 2.19d Faufafivinnisnaaey Ae NO, 395U 2.19¢
Hunmsrassnalnnisnsraduniaves LaFeOs,s luussennaiifioondiau sendauazlusu
ﬁ’u&ﬁamauﬁﬁwaﬁa@ LaFeOs,s ﬁﬂiﬁLﬁﬂ‘(j@ﬂ’jﬁﬂﬁﬁUi%ﬂU’JﬂLﬁﬂ‘ﬁ’uﬁﬂNaﬁlﬁLﬁﬂﬂ’liﬁ’l
Trifwuy P-Type WioUdesuia NO, wWiluluszuu NO, azlufuiueendwuiiinves
LaFeOs,s dwnaliididnasoundululudumisdorinsifiussquinduiy wansfaunisi 2
ﬁﬂﬁﬂ'm'gmé\’mmuqﬁué’mﬁam'mﬂmmiﬁ'ﬂw%}amaq 915U 2.19¢ wanwanis
NAFDUAINIIUAIUNIUYDY LaFeOs.s Lﬁa@msﬁ’wﬁ”aﬁqmmﬁ 25-350 peAwaLded wuinds

gaunilastulseansnnlunisnsiaduuia NO, ves¥an LaFeOs,s 1AnA
N02 + O- —> NO3- (2)

X. Wang wazang (2013) 1avn1sfnyl LaFeOs.s dan3uulagltisloalaa udeann

[y

Hwhniseuseuiioamal 800 esrwal@ea Uunan 2 Talus neufiaziluiuguuuian

9

v
v

iaQ%JUﬁvamﬂmﬂﬁﬂazqﬁm Afidnuagnsinszuendulunardvinisuaaleidnas e
gaumall 600 esrmwadua (Juna 5 Flas mntiiluneaevandilunsasiaduuia Co,
Tne¥adausdumlainlurasgamgil 80-440 ssmwaBoa luoniaiildfamnutu ud
ATILRNITNDUEUDIA8N1TIUTBUTIBUAIULANAN9UBIANA UM UL I N D ULAL RaY

Uanauwia CO, wWnlulusguu

35
—=—1000 ppm
—»— 2000 ppm
3.0 4 —4&— 4000 ppm
& 2.5-
o
—~—
mU’
— 2.0
w
1.5 4
1.0 T T T T T T T T
50 100 150 200 250 300 350 400 450
T (°C)

JUN 2.20 Msneuauawiaiia CO, ¥833an LaFeOs.s NoumailuarAduidudurasiia

AN
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NHANINARBINDANYINITNOUAUBIVEY LaFeOs,s NUINAINTINDUALDIHBUAE
CO, TnenagauiiaAvududy 1000 2000 way 4000 ppm %qa1m15amauauaqlﬁﬁﬁqmﬁ
gauunqd 300 300 Uag 260 ey walea aua1eu (asdlAnsnevaues 1.74 2.19 uay
2.94 AUEIY) WU ﬁaﬁmmL%’u%’uqﬁum’ma'mwaalummauauaqﬁazﬁaqq%umulﬂ
F wanadaguil 2,20 nduthlufnwsseznailunismevauasiigamgd 300 sswnwaided
LLameﬁ’agUﬁ 2.21 WU LaFeOs,s azi3unavausssonia CO, ndsniassudalulszuia

4-8 w7l avusun Uiz NP ueg 19595 kAR IR FIEn LI UAYT

Wioaruluuszunal 20 i anudunulninazaad

24
1 LaFeO, 2000 ppm 300 °C
21 ﬂ
|
1 o
| |
18 - §
— =]
g 500 :
-~ m
x 15 PP .I l\
! \. .
12 ' " *
1= (SR
- g T
9 Sl ] T T \ T T
0 20 40 60 80 100
t (min)

JUN 2.21 wansinAauimumuliiiiues LaFeO; Ngaumail 300 asrwaldea

a I & W av 1A &
NAIURINVULDILNE CO, G]’Nﬂusl,u@']ﬂ']ﬂcl/]vl,llllﬂ'gqllsﬁu

N.N. Toan wagaiz (2003) ladnwianlassasianasonalnd LaFeOs,s NdwATIEN
MeIsTnsnleana wartugliduildunun dhlunagaudie BET wudt Wufididmiewiiu
14.87 m%/g udnhlunaaaunnuaunsalunsnsiadusia CO (aaumgil 250 asrnwaiiesa

AUTUTY 50-1000 ppm) Uag CH, (@unadl 450 aeA@wal@ed AuWudU 100-1000

Yandlaninge 2 via lawn ne9a1 (Au) Lay

ppm) Aaen15inANstlileeneaeuduian s

uwadidi (Pt) wansdsgud 2.22
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1.20E-05 _
50 100 200 500 1000 2.00E-04

1.00E-05 | 1.90E-04 &
8.00E-06 | 1.80E-04 |- \l

c;E> 6.00E-06 E 1.70E-04 [100 200 500 1000
6 Ll S 1.60E-04 e
| © 150E-04 | —=—LFO-Au
SpEpl =" el 1.40E-04 w\f\f
—&—| FO-Au
0.00E+00 x N o |
0 1200 2400 3600 4800 800 3000. 4300 5400
@ Time (sec) (b) Time (sec)

JUN 2.22 wanaramsinainisiiliihvesiaglassasianesenlalng LaFeOs.s Wegaduuia

(a) wha CO ﬁqmmﬁ 250 a3fIaled ANULTY 50-1000 ppm

a

(b) wia CH, Mlonunndl 450 esrwaldea Anadudy 100-1000 ppm

9 Y

1 11
—a— 50ppm CH4 h —&—0ppm CO
0.9 100ppm CH4 —3—50ppm CCOO
0.9 i~ 100ppm
0.8 SHREN S 500ppm CO
8 —%— 1000ppm CH4 8 0.8 | —3¥%— 1000ppm CO
0.7 4
> >
0] ¢ 07
0.6
0.5
0.4 - ~ i - : - -
0 500 1000 1500 2000 0 1000 2000 3000 4000 5000

(a) Concentration of CO (ppm) (b) Concentration of CH4 (ppm)

JUN 2.23 wansransnavauessanianay CO-CH, vatiantasiasianasonalng LaFeOs.s
a Y v | ) va & a ° a =
PenududuuandiulagliBidninsnviinnesen (a) aaumnil 270 sarwaldya

(b) 9aunQil 420 BerTATEE

NFUN 2.22a wamsinanisiibiiidegadunia CO Naaumall 250 serwaded
ANUHTU 50-1000 ppm WU tlaAntuauaIn1siiiinagaag (nusiuniuy

Tnihaat) lnendidnlnsavianesiaunsainnisiiliiuazinannuwnnsisweanisii
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Inlfaledind a1ngun 2.22b wan1siadinisinlniullegaduuia CH, Neamail 450 a9

Wagya ANUNTY 100-1000 ppm WU LlaAnuudugeuAinsuilninagaasduiu

LYY 1

TnefididnTnsnvdaunaiituinmnsirlnildfiimesdn unaiusatnauLAna19eInIg
Wl lelnddeetu Sadenldddninsavdanesmlunisnadeuidsansnevausinonia
Tutseududusinswesufanan CO-CH, uansfaguil 2.23 nuth Bannududurosuians
aawﬁmqqsﬁumsﬁﬂv\lﬂwz@aam‘haq
ndTedssurziiulianlassadanesevialndulin LaFeO,.s Imnuaunsaly
n1snsrasuLdaldegrimainrans Tasanizuianuiiinainnszuiunisiulml §9n0s

Usegnd luadde91nNanaIvinIsud uaueIueus MUIuINIunsuIun1sInnshidainy

1%
[

a £ & o N ~ oA 1 ° v & S v Y] ¢
U3ansgetu warihluwasuansiadiiebianunsathuldiluasasdiulunsd waseiian

q

Tassasranasenalndviin LaFeOs,,s dounsanUsunaweands analdanelunisiidnves

%
a v o

deosnedsaafudenisilinauiionadustannizredsnndsunazguninueddadidin 8nviads

I3 v ¢ a |9 Yo = 2 v =
Junslivseleviuaiiinyarliiuvesdegaanvnssuaudineeudlasnniamii
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A5 UUN15IY

3.1 aunsaluazarsalinldlunisneaes
gunsal edesile uavansiadililunisnaass faansieil 3.1-3.3

M1579% 3.1 gunsallddmiunisnaaes

a1eu gunsal
1. | Insaunansuasfiupans (Agate mortar and pestle)
2. | nzanedans (Weighing paper)
3. | gelledUesriuansiail (Chemical resistant gloves)
4. | azUNIITOUAATUIA (Sieve) 325 L
5. | wyiumAuaEs (Glass rod)
6. | Unined (Beaker) 50, 100, 250 kA 500 fadans
7. | nszusnee (Cylinder)
8. | Mevaauegiun (Alumina crucible)
9. | tevesuweiaaily (Zirconia crucible)
10. | wn1newnsly (Disposable mask)
11. | weanavienas (Dropper)
12. | ga3Uden (Ziplock bag)
13. | sxgilifleuviosd (Aluminum foil)
14. | Foudnaisaunuiaa (Spatula stainless)
15. | ulwdn (Magnet)
16. | deaumuLaa (Stainless steel tank)
17. | §anA1u (Desiccator)
18 | w3neinmnududusing (Relative humidity meter)
19. | gdmunmsmaaeuinmsasundasmnuiunudleangadunia
20. | Tumozgiifloudmiusniusuiunu
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MEWALATDN (Brunauer-Emmett-Teller

method, BET)

aeiu p0silo U ANER

1 | wderiansieuuressidisng (X-ray D2 Phaser Bruker
diffusion; XRD)

2. | ndesqansInidlanasaunuudednsIn JSM-6010LV JEOL
(Scanning electron microscope; SEM)

3, | 1A3ITRULIALAZNIINTEAERIVETIBE1 LA-950V2 Horiba
(Particlesize distribution; PSD)

4. | wieeian1sideswessvdsng (Xray XGT-5200WR Horiba
fluorescence; XRF)

5. | wdedinszinswasuuanimidnuayau TGA/DSC1 Mettler
n9Auseu (Simultaneous thermal analysis; Toledo
STA)

6. | Wil (Furnace) GmbH Nabertherm

7. | w3eads 4 s (Analytical balance) BSA224S-CW sartorius

8. ﬁauau%@u (Hot air oven) PXR-9 WTS binder

9. | A3V ILUUATUNT (Sieve shaker) BA200N CISA

10. Lﬂ%aﬁﬁugﬂé’haﬂﬁé’mwwﬁﬂ (Dry press) 2702 Carver

11. | w3esuanauansuuuveaiiad (Ball mill) - -

12. | wesilleaauies (Vernier caliper) CD-20CPX Mizutoyo

13. | wSesseliinssuanss (OC power supply) E3620A Agilent

14. | wdeamuasialianudou (Hot plate C-MAG HS 7 IKA
stirrer)

15. | woslufiwes (Thermometer) - -

16. Lﬂ%‘l@ﬁmi’]%ﬁﬁ/uﬁa%ﬁLW?SLL@S“UL!’]WU@GEWEU 3Flex Micromeritics
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AN5199 3.3 @SRNITIUNISNAADY

aeu GREIGH aesiadl | ewiu3gus HNER
1. Iron Fe - -
2. | Iron (lll) oxide Fe,05 - NNsUSUgRsIALIvaaLEe
3. | Iron (Ill) oxide Fe,0s 98.0% Ajax Finechem
4. | Lanthanum (lll) oxide La,04 98.0% Ajax Finechem
5. Ethanol C,HsOH 95.0% Liquor
6. | Polyvinyl alcohol (C,H,0), 98-99% Loba
7. Deionized water H,O - -
8. | Woundwssuni - - -

3.2  A5015N0a09

3.21  N153AN15U0HEaNeNEINNTINTUH I B UA

ol

‘ZJE]\?LﬁEJ%’]ﬂQO‘Iﬁ'mﬂiill

FUAIULIUIUA

I

v

ANAWUN

@ KUNAIBUNLVIAN
L
DUV gt

:

FOUNIUNZUNTIARTUIN
|

I I )

PG RAIEH Y] Mi')%ﬂ@ll'jgﬂﬂﬂ ATIVADUVUINVBN p59aUlATIATe

510lng XRF XRD aun1A PSD JanAlag SEM

JUT 3.1 WU dUABUNNTINNTYDUFEINGAENNTTUTUAIULULUA
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o
(B RY [

msdnmsvendeangramnssutudiususud fduneudaguil 3.1 lnedy
nmhwesdsgramnssuiudmeusudldaduiarern andulfusivdnvedogmatain
nuluih Wegadneeniindaudovu uasimdniigadsuimindreuldadluirazenn
& lfulminviesegemanainnauluiifteganandnoonddnads vhrudsnauasy 5 sou
uidnimdniildlueuliuiefigumnfl 100 ssriwaides \Wunan 24 $2lus neuflaziily
TOUHUAZUNTIARTUIALUDT 325 W%

AnsmivianazUiinusiamerdorinsgisinsensEoassadiind
WUUNTEAENAIU (Energy Dispersive Spectrometer X-ray Fluorescence; ED-XRF) Wan4
faguit 3.2 Tagldlusunsu XGT 5200 Series FuainnseulATasiauUszana 30 unit fnang
shetndldasuudisesans HnszannnasuusegdlifiminGeu neuwethadniaies iden
Uhadidesmsiianeiuiliies s Wnatlumsiesed 100 Junit a guyiivies
fiusseneUnf ﬂ’mﬂmmwmimaaﬂﬁw X-ray tube Voltage 50 kV wagnszual 1.0

A = o < Qy o Aa = =1 1 Y} A a
MA LHBLATDININULESIFU mmammiwﬁlﬁlﬂL‘Ui&rums;lumal;dﬂmmwamm@uazmmm

519 UB4AIDENS

gﬂﬁ 3.2 1304 X-ray fluorescence ﬁmam Horiba iju XGT-5200WR

(Fiun: https://analytical.sut.ac.th/eq_page.php?id=2006)

n1vaeuinnInvetasUszneulaeldiniesinnisideauuyesssd@iond (X-
Ray Diffusion; XRD) wanansgui 3.3 dnsdegsldluniyugdwmivlditegns anuuld
nszannaliiIniSsuateveulafieg e uaiduiidignszuiunmaaeumeinIaile

AT vimslaseilagldlusunsu DIFFRAC.SUITE o gauviivies aneldayayinia To5ed

Cu-Ka Ingvin1saasneiniyy 20 windu 10-80° lagdann 9 0.02° 8nsin1sudsedlunsiay
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A1 UNAY 0.2 TUT ndulkan luUSsufisuanwugialaga Intensity lagly

TUsunsu DIFFRAC.EVA Wia3tAs1ehivnin avesieg s

5U#l 3.3 1A309 X-Ray Diffusion §j@n Bruker §u D2 Phaser

Y

(Fun: https://analytical.sut.ac.th/eq_page.php?id=2038)

ATIVADUIUINBUNIANILATEY LATOTIAVUIAKANITNTEAURIVDIFIDE
(Particle size distribution; PSD) uanenaguil 3.4 ilesanianusazvilnilan Refractive
index MLANENSTY d195U Fe A9An Refractive index Winfiu 2.860 wagmerdmsulInaum

Tdlunsnegeuwiniu 1.333 Walsuvinsiaaeuiniesasdatdivyuisulugeagey 3101y

Aoe | Ansegvasldlugnmadouiiazlios AUAINITESINIUTILEAIUUKTNDABNAILADSDE

Y

Tugrausvann 85% uimdadenmddlviiasasinisinvuineunia

partico

a

gﬂ‘l/l 3.4 Lﬂ%’lm Particlesize distribution ﬁmam Horiba ’ju LA-950V2

(fan: https://analytical.sut.ac.th/eq_page.php?id=3008)
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Anwvuauazanvazlassadnganialagldndesqanssmididnnsounuy
d99n379 (Scanning Electron Microscope; SEM) meﬁ’qgﬂﬁ 3.5 DUNIAIBEIGLILIAT Wan
wisufegdaemsulznnaemihaustuLwiuIiiee Mnthilsersihegdlduunt
aomthansusu udnaliinsiegsiniunmasmihaivou Teunsaliuiteinsdruiu
oan udhuduaies SEM lagvinnismageuluannramninia lendunisidesnis

MFI9EDU FIAINNAIVYIBWALUUTINAN

le 1= ’

'
=

Un 3.5 130 Scanning Electron Microscope t{{wﬁm JEOL ju JCM-5000

(ﬁiﬂ: https://analytical.sut.ac.th/eq page.php?id=1004)

322 madsugnaeiiveadegasminssududaususuddasanudou

naAsugnaindvoadognannssutudineusuidisauiou fdunou
Fegufl 3.6 MK TUANIVIUNIINT TR AsaRA N ST UA U B UED YmEnd
I¢nasvdeutamgifangdmiuasugnaini veadegaanssududinueus udly
Hutgmediswes Fe,0; Indlfiedesiinmzinsiasuulaniminuazauifinmeanuseu
(Simultaneous Thermal Analysis; STA) LLamé’agUﬁ 3.7 Susiflunisaeuiiisuniele
(Calibration) iiediasgridunnsgIu Aeuawiansinnsgu (wevgiiu) ldluiedayh
nergiiun uazmIsudednluludnuvaziieiudmivldansdedne iefegauazans
wnsgiugniamioudeuiesud iiwiaesdisauuwiunsogn wdidumsvageu
P2sgamndl 30-1000 ssmisalea neldusseimauda Air Zero laglddasnsiinves

gaunil 10 asrmwaleasiowdl warlidnsinislvavesenia 20 dadansseunii
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u

YBAFIIINAAMNTTY

v . s
FUAIULIUYUR
ANIUNITINNT

nRdeUgUMnildmiy
Thermal etching 1ng STA

!

Thermal etching g qmwnﬁﬁﬁ‘lﬂumn STA

A4

’Ql UALAZIDUNTUNZUNTIAATUIN I =N
) '

ATINMRUANTR Tain
A 4 A 4
nvdaUinNIA NTIVABUVUIAVDN n319a9UlATIATN
XRD auMA PSD Jan1Alay SEM

[
1Y

U9 3.6 TuneunsiudBugnsiniivetduana vnssuTud I UL UAnIEAUToU

EaNl

Sensurrsgumgifiangdmniunisyin Thermal etching uda w1iegng
TUneutsgamgiifliainaies STA kdenginsiasuuiasigamandsandiinlumn
 gaungfisng 4 Tngldiaies XRD wiouriainlunsaaausuineynAkaznIINIzefafe
1A3 09 PSD Tneldan Refractive index 489 Fe,05 Winiu 3.010 sauluienisdnwvuin
puMAAEANYMETIIMEN WUt uneun1sUAsugnefivesteudgnanna sy
Fudweusuddisnuoulagldiados SEM Faazgniluldiduansiafulunisdansiei

Tanlassasrawesenalndviin LaFeOs.s siall
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wr

g“dﬁ 3.7 1394 Simultaneous Thermal Analysis (TGA/DSC)

Y a

KWE" Mettler Toledo Ju TGA/DSC1

=3

(Fun: https://analytical.sut.ac.th/eq page.php?id=3011)

3.2.3 msduasiziiaglassainaunesendlndvila LaFeO,,s 3nvaudy
QAN TUYUE WU UA
dvsutuneumsduasieiianiassainunesenlalndviia LaFeOs,s 835013

UARANTING (Solid state reaction) kanssaguil 3.8 lagtveudygnaInnIsududIueIy
sl 1 ) ' A an v v v [ I
gUANNIUNTEUIUNITIANITAN 9 waziUReugasallidy Fe,0; Aeanuiounnluasng
AU HasavannsAwIunaei Tusnsndiu 0.5 lua uanauiu La,0s 0.5 Wa (dwiugns
4 Fe-waste 1485141 Fe 1 lua #io La,05 0.5 Wua) neldeniuea (C,HsOH) iWusnana
uatuniieumlusseziial 8 9alue neuilazidilouliuisnoamgll 100 osrwadea Wu
sregiInn 24 $9la8 wi3 U lUTBURIUABNTIARYWIALUBY 325 1Y LiVa NI UMM i
] LY 66 ¥ onJ/ td Ql' (% o =
winnzandmsunsimauaaledliansd i uasuigaiadu LaFeOs,s viin1s@neinis
WaguwUawmsvasdmdndelasuanuseutasnsidsuiuamdsnuaiusouvesian o
1304 STA Tugatgaumail 30-1000 sarmwaled n1elausseIniAwia Air Zero Wansiugas
a o 9 ¢ v o w 1 ' aay v =
gauundnmugdmsunisuaalaiuad Widiegelumniugigunginlaainiaies STA
Pnduihlviesginiswisuidasignanaainiinisuaalyiua lagldiases XRD wiay
N lUnsIaa0uIEINeUN1IALAEN1INTEANEAIAIELAT 09 PSD Lagldrn Refractive index
294 LaFeOs.5 WU 3.040 AualiumsfnyvuineuniaLagdnyenanIsnInuedian

duaserlagltaias SEM



ANSAINULATATTFAINAN

yanadlu Ball mill

DU ~
~

UALAZIOUNIUAZUNTIAATUIN

WnTvgungiinvinzaulay STA

wuAalyuiigumgiiann STA

A4

nTIRADUANUR a0
¥
A5EBUINNIN ASIVFDUVUIAVD 7579@0ULATIATN
XRD aun1A PSD Yan1Alag SEM

JUN 3.8 dumaunsdanTemianiassaiameselalnduin LaFeOs.s



41

3.2.4 n1InsvdavaNUAianlassairaunasandlnaviln LaFeOs,s

@

Tandunsizn

UALAZIOUNIUAZUNTIANTUIA I/ﬁ

v

£ i

SATUFUTWI

v

WWRENT LI

MIIVADUANUR TN

9

v v
ANVADUAINU MIIVFDUAININA

MINFADUAIN

witiMaznsgn | | aunuldvinlag
anAlag SEM

suunalag BET 4-Point method

JUN 3.9 TumsunsiaaeuauUidaglassaianesenalndyiln LaFeOs,s

31n3UN 3.9 Weduasiznianlassasiaunesonalndviln LaFeOs,s bikad
UNUNUALBLI UK URLLATIAAVLIAUDT 325 LUy NUUTIUIN LaFeOs,s Usuiel 3.0

nSu uainasdislszausiinlna hilaweanaged (Polyvinyl alcohol; PVA) Aasdudu

£ 2
=

5% U3aas 1.5 n3u nanliidnfureufiazthussgadluwifuflavgdmiudntuguiuauuuy
wsgUnssuvisdivaey vuaning 7 dadwns 811 32 fadiuns nun 4 fadwns Taeldusadu
2 MPa Saugliidunan 30 Junil Aeufawi i winfigamadl 1200 esrmiwaldea Wy 2
Falus uagimanseasvandmiunsihlussgndliidutanmeaduuia
Anwidnuwznienionin lassasnsnaniavesiandioias o SEM uag
Rinsrgsiiuiiiaduny sulufuevesgngudiomaiadsi (Brunauer-Emmett-Teller
method, BET) uansiaguil 3.10 Tnsnisinseudmegadlviivunnidnnii 8 fadwns lne

Uminfeg19R0uINnIT 0.3 N3N INTUYIINITIEDINIALAEAINTY (Degassing) 89NN



a2

Funulpgligangll 350 esmwadea 1Wunan 6 Talus wardesurimsieszilaglduia

| < le [ & . ) v 1
N, JUNINVLLETIAUNITYINU (S2EANTINTURDUNTT Degassing Uil 24 alag WAL
SNwULAI9819) YINAN1TASI@BUNLA LUYINNNTIAS1zYNE taeldlUuswnsutieiAs1es Flex

IDTIBNUNANITNAGDY

'
a

3‘1.]‘1/1 3.10 Brunauer-Emmett-Teller method Qmém Micromeritics g'u 3Flex

(Fun: https://analytical.sut.ac.th/eq page.php?id=3002)

n1suszgnd i duiandmsuwugesnsiadunia lagld38n1s 4-Point
method iile¥nAnsiasuutasanindnunulin TaowSeugunsaiuanafaguil 3.11 a1
Ww3sufegsdetnuuIntuey SIdeszesviisues probe 11 4 probe LLazﬁiaNaié’quﬁ
3.12 Buduannsidaiaied Hot plate iausouudsiogns aunsevidlagamauiifoanis
uazgaumgiined Waedesinglwinszuansdliiusaiu 10 v ud@adameslufinesdmiuia
ANANFIUNIY UATATUSIAUANAT oL F9aUNTAITLF T LA LAz T UTinA1AINA UL
Fudu niusidesufaiAninmanindidomasludnsdiunegin 100 nfudeiiui
yunaesmaaed 0.1 gniAdiums Fuvhnsdunadlevdesuiadinasmeaes waytiuine
Anudun Ul o 1 und aunsgisranudumuliiiGunsiiedees 3 il vie
qundeanmiunulniGunduluiianFusu dinaildlumuamaninduniuli

wazlSeuisuaudumuliinnauwasnasUa kA dlINa AR



e
o A 4

h‘l\?ﬁm

naeslavzdwmsudomnassssui
nasslanzdvsunadauinAuAIUNILY

@ vioeudaszinendasd 1 uaz 2 awnsada-Uald
@) wieamumseiialifaudeu (Hot plate stirrer)
@ wasluifinas (Thermometer)

wsasnelniinnssudnss (DC power supply)

C

@ aRlimas (Multimeter) dusuinanudiuniulnia
daffitnes (Multimeter) dusudaussauluin
Tagduasziilassairanesevalndulin LaFeo, s

g a a
LYBDLWAISITNYIN

Inewmaila 4-point method

JUN 3.12 druusenounazn139ieansinih ieldinusednsamlunisnsiaduuia
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uni 4

Han1sIATITidayanazauens

4.1 nsienisvasdenazn1siasulaseaiemaiivasvaieanaimnssy

Fudueueud
411  msfnwUinuesusznaueiiluveadegnanssutudiususuddag
wadan13389598LOn
M TeilTinuesrUsrneumaaiiluresdeangramnssutudiu
sruudlaglfiadosdinszvimviauazUsuusinsemaidanisieafs@idng (X-ray
fluorescence; XRF) LLamﬁ’agUﬁ 4.1 Wu suaaLﬁEmﬂ'qmammﬁmsﬁudauauﬁdauﬁﬂﬂmu
N3UIUNITINNTT Tan (Fe; Iron) uedusznaundn MmeuUsunn Fe aids 98.11% uazdl
aafUsznauduldun Taswlay (Cr; Chromium) nesuss (Cu; Copper) waz dniia (Ni; Nickel)
fiU31104 1.58% 0.16% uay 0.15% auaddy dssmuardgniudlululassadsvonndn
Lﬁaﬂ%’UU@Q&M%UNU?%WW@&Lwﬁﬂ (Z. Ahmad, 2006) (C. Wang, 2021) Iag Cr gmamﬁa
s‘]’ué’quiﬁmﬁﬁ%mﬁ’uaaﬂ%Lﬁmu,azLﬁmmmLﬁwmmﬁmé’ﬂ%’aﬁm (Stainless Steel) @
Cu wiudly 0.2-0.5% Fresununsanseuluussend wae Ni reiiiuaumies vy
sonsinnsounazilininaatiesvedasiaaviniignizonitesalus (Austenite)
Sevveadsfiiunszuaunisdnnig Tnsmsdadaed wilfuindngauen
wmanoenanduievu feuavihlueuliuisfigumgil 100 eswaldea udailusousu
prunsadnvun ethluianevinvdauasusuiusinieiaias XRF wuirdesddsznay
AL ULAEIAUYORFUNDUNIUNTEUIUNITIANT Ll Fe USual 98.22% wazUTuin
osdUsznaulafia 4 TndiAsstu Faunn Fe fldnuoadegramnssufudiueiusudiy

falnalAeeiuansiadl Fe,05 (Ajax Finechem) 713l Fe USunwu 98.95% Uussrusenaunan

v ]
a v

wonanddadarsuseneusiinduidesy laud dawles (S; Sulfur) 0.50% weawn (P;
Phosphorus) 0.30% wazudanifia (Mn; Manganese) 0.25% 8e19lsAn11n1531AS gAY
XRF 1 @1u1303nszilaiiieasinuazUsuiaessinludanwindu fainnudndudedd
dl' L & v a & s a L3 (Y a d{'
AT0IIANTTEEIUULRITIFENG (XRD) Tumsimseivnigniauasyilnuedaisusenau e
atvayunan1smaaesazygliausaniwImsdunisusulisulassasamandli

annsatldlgusylevuleasely



a5

Waste before
managed
Waste after
managed
Fe,0;
Chemical
97% 98% 99% 100%
Components (%)
Components Waste before managed Waste after managed Fe;03 Chemical
| Fe 98.11 98.22 98.95
B Cr 1.58 1.49 0.00
| Cu 0.16 0.15 0.00
B ] Ni 0.15 0.14 0.00
[ S 0.00 0.00 0.50
B P 0.00 0.00 0.30
B . 0.00 0.00 0.25
Total 100.0 100.0 100.0

JUT 4.1 Hansesenisnlaeiased XRF vaudenou-vasiumsinmsuazansiniviln Fe,0;

412 mansnseuigniavesdensvnssudausiusus Tneliedasinnig
enuuvesiidiSnd
nan1IAIIERU TN ATeABaMAMNTINT UdUE uB U ABiATad XRD
wanaks JUT 4.2 wudn YpaaveadegnavnTsuduaugIuus nousUNTEUILNNTAS
(@udune) Usznaudae 3 nnia launinniaves Fe (JCPDS No. 06-0696) wannanl3aiiy
2OaEMLUA-304 FeCrg ,oNig16Co0s JCPDS No. 33-0397) wag Fe,0; (JCPDS No. 39-1346)
ndaniivendegnainnssuiudiususudludsiaed Wuindngauareuliursdae
arwdou dethluAesiesidng XRD (Fufiinidu) wuin Ussneude 3 Sgniaruidiondu us
dedunmitafiuy 20 Uszanas 44° nuuin WWufieves Fe wagiimnuiduanas duinan Fe
yufATertuandu (H,0) uazganszdudtsanuiouainnseufiguugd 100 o
WAy adnalyl Fe mad’aumﬁﬂui’gmmﬂu Fe,O5 (H. Tamura, 2008) (G. Ketteler, 2001)

WaRIRIaunIST 3-5 nsdanaliauduvesiia Fe,0, (JCPDS No. 39-1346) 1'71':4‘;1 20
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Uszana 30° 36° 58° uay 63° dAuidugey Tuvaeiansadivlln  Fe,Os (Ajax Finechem)

(L@ udan) m’;wui’gmmﬁmmaa Fe,Os (JCPDS No. 33-0664)

4Fe(5) + 302(8) + 6H20(U —> 4Fe(OH)3(S) (3)
Fe(OH)3(S) — FeO(OH)<S) + HZO(g) (4)
2 FeO(OH)(S) — Fe203(s> + HZO(g) (5)
10 20 30 40 50 60 70 80
1400 |—— Waste before managcdg] i |:'c |n,,', pm! ()(‘.0'(,9(,‘
 FeCry 5N 14Co.06 PDF 33-0397
= ® Fe,0, PDF 39-1346
1050 |A 4 -
f i
700 ( -
| ]
| ‘1 .
350 | -
Loy .| / ‘ * ¢+
Y A | T N R N e e
1400 |—— waste after manugcdl * Fe Iron PDF 06-0696 1
# FeCr,,,Nij 14C0.06 PDF 33-0397
~ * e,0, PDF 39-134
. 1050 A ® Fe,0, PDI 1 6_
:
5 700 |
= L ]
350 | .
V111 S B S——
Fe,0; C hcmlcal‘ ® Fe,0, PDF 33-0664
= 4
3300 | —
2200
1100

2-Theta (Degree)

JUN 4.2 namsiasenigainnignies XRD Tuveadegnavnssudiudiugugus

wazansiadlaile Fe,0;
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mﬂmamsmnaaui’gmﬂmaqL?iaqma'ma'i'iu%uzhumuauﬁé’aEJLﬂ‘%laq XRD
ylnsiurveadeiinunsruiunisdrandaty Seldaiunsasluldeuls Wesaan
Usgnoufevaneignia vsuenfsanalivianivesian Sedududesuiuadsugnsiad
Lﬁaiﬁﬁmﬁui’gmmﬁmsuaq Fe,Os, s‘ﬁqwﬁﬂﬁmmiaﬁﬂﬂﬁflmmqmLﬂﬁLLazazmﬂﬁiams
luldUsslomiduneluls

ag3lsinnu nswdsugesiedbinaduigaieieives Fe,0, anunsavinla

o A

wane3snd duisnnsiivinlddne nsvurunislidudeu snvedslinelhAnvendesduniuun
1un mslinnudeuluussemeaoendindu iy ilevannewassgumgiivanyaly
nsdsuudasinninvesvendeliiinduigniafeives Fe,0, Feldnisiinsgsinig
WasuwUameaudaudiendos STA Geavdreliaunsadaunmiiunisiuasunases

wisukaviminvesiagilelasuauiou

4.1.3  n1snsRdeuguulinmInzanlunsasugnsiativaadegnaiunssy

Fudrueusud iy Fe,0, Ineldiasasinnisiudsunlainisninudou

125 -+ 780°C T 0
[ v :

120 + T -20

115 + I 1 -40
r > Weight

increased
18.39%

X
(a)
(;-3A) Moy yeoy

105 - + -80
Weight 4
Iincreased 4

100 - = 1 -100

95 sl s o 0oson oo a0 opoyop a0 opoyopoaBopoyop By sy by dayaalyyyy _120

0 100 200 300 400 500 600 700 800 900 1000
Temperature (°C)

JUT 4.3 namsiasein1sidsuiUamisanuseulaeinies STA vasvadugnavnssy

FUAIULTUSUATHIUNITINNTTVDAWEE
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namseTginIndasuutasmsanudeurendsangaamngsatudiy
guguAluTgUngT 30-1000 ssmwaldua neldusseimauiasinia (Air Zero) Safy
whadiusznaudie O, 21% waz N, ﬁﬁmm%qwéqq (T. Vijayaraghavan, 2020) #8Lp3 84
STA faguil 4.3 asaanumsiasundamsanuieusesian faamgil 70 220 420 560 way

aaa [

880 psmwaifea Jaynsumiaduufiiennieauieu (Exothermic reaction) waziile
ilussuifsuiunswasuulamesiminlineuldugasefifetuluiigungd
30-330 psAwaldea iinanUfATenendsnuiioaieiusyfu lnsusdiuyes Fe 7
L‘i‘;lui’gmwé’ﬂﬁuawmLﬁsqmmmim%maumuauﬁ UfAseeendndunuwiaosndiau
(0,) TuprmaAnilu Fe,0; (G. Ketteler, 2001) LAAIAIALNTTT 6 WazUIIEIUTD Fe ¥
Uffseneendnduiu O, Tueniamialu Fe;0, (G. Ketteler, 2001) Lansfaun1ST 7 dena
Tiimiinveseudogaamnssududueusud gy 4.37% o gaumniigndt 330 e
waidoa auflsasgunndl 780 ssrwaidiua tvinuesdegeanssududiusus sty
8n 18.39% 1in91n Fe duimdoainnsiufaseolurassn meaudeuiieadsiuse
#U 0, lusmednasanasiinduansuseneu Fe,0; uonaini Lioliaudousdrseiiios
Vil Fe,0, MAnanmsvhuiasenlugnusnyhuiisereendieduiu 0, Snade ifaidu
Fe,O, (I. Kazeminezhad, 2014) (F. Genuzio , 2014) WAAIRIALAITT 8 WATNAIIINYI
oumgdl 780 asrnwaiea iansmendsnuiilesinmsasundadasanannszinda

(Tehagonal)%aﬂ3#Fe203LﬁuﬁauIU§®§é(RhonﬁbohedraD 0-Fe,05 (I. Kazeminezhad,

2014)

4Fe() + 3059 —> 2Fe,0y (6)
3Fe(5) + 202@ — Fe3O4(S) (7)
4Fe304<5) + Oz(g) — 6F€203 (8)

4.1.4  MINTIEBVINNAYRNHERREIMNTTUTUE BB UARESRITUNTLAR Y
=] a Yy (Y 1 L I d
NPUNNUANN € Iﬂﬂi‘lﬂ,ﬂia\ﬂﬂﬂﬂﬂaﬁnL‘Uu"Ua\ﬁQﬁLi’Jﬂ‘U
31NN5ANYINTIUREULUAMIIANLSoUVRIVBUFNIINYAAMNTTUTUAIY
I3 ] aa d' = YR c{' |
Y1UYUR WU’N%’NQEU‘VIQQJ‘WL‘I/iiJ’WﬁllIUﬂ'ﬁLUaEJL!GEJENLﬁEJI%LUu%ﬁﬂWﬂLﬂEJTU@ﬂ Fe,O5 8819

auysaituagluaiasening 400-800 sarmigadya faty n1snaaealeswuisladniunism
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a

ualwiifigumgdl 400 600 uay 800 ssmuwaiea tnsldnatmiugu 2 $2lus euszidiu

gumgiiinzandigalunsuaaluiveadedngn lngliinalianisiiaseimelnies X-ray

Diffraction (XRD) Lﬁamsmaa‘uaqﬁﬂisﬂau’j’gmﬂﬁuaqmiﬁLﬁmsﬁu
Seldvasgumgdfvnzauud Jsldduiunisaasadfiud Tasident

a

gaungiinuaua Weszymimunzauiigalunisasussrusznaulmdu Fe,0; day
U339 Han1sNAaeInuI1 aunadl 700 svrwal@ed Wwdsuleiiaunsauieu

ssfUsgnauluvendelinaneduignaieives Fe,0, legnauysal dwandlugui 4.4

10 20 30 40 50 60 70 80
s700 | Fevaste @800°C] T T T Ty ke on PDF 06-0696 ]
: [ . # FeCry 5yNig 14Co o6 PDF 33-0397 ]
A Fe,O, PDF 65-3107
3800 i 1 -|fc:().,' PDF 89-0596 "]
C - . -
1900 A . ¢ .. :
L B "3‘/'\ o s M ee e
O — =y a7 vn | T =
Fe-waste @ 700°C 1
5700 [—rewse @700°d] -
L . .
3800 . -
1900 | . . -
L l I 8 T oo |
ek e A s o0 o
— N R Wt | g N [ | e e B I
= Fe-waste @ 600°C 1
S 3600 F -
Z\' 3 . 4 J
= 2400 | -
= A ]
Q
£ 1200 E . o -
p—t LN ]
L3 e o N » o ® Ao
0 4wy |J A e Y D
Fe-waste @ 400°C 1
2400 F g -1
L £ ;.
1600 |- . “ .
800 |- MERFIILA .
S U S W WAV A wﬁ.\,/’t;w)\‘&__‘,,w. ]
(U P T R S SR T T
Fe-waste @ IOO"CI
1140
760
380
0 A i " L i 1 A
10 20 30 40 50 60 70 80
2-Theta (Degree)

JUN 4.4 nan1TIATIERI)NIAYeLEERRA VN TINTUAINE I UATIHIUN SN LAR 1T

gaungileing  lagldinTas XRD
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fpmedufundanseuuimondsgramnssutudiueususiigumad
100 parwalded Usenauniy 3 7901A laun Fe 81384lag JCPDS No. 06-0696
FeCro2oNi 16Co0s ©1984k08 JCPDS No. 33-0397 wag Fe,Os 91983lag JCPDS No. 39-1346
LﬂaLmalsaﬁﬁqmmﬁ 400 asrmwaldoa ili FeCrg oNio 1eCoos UNAILUABUIATIES 101 TY
Fe Fwhl¥insanudiinaues Fe Sanuidugatu vdnashusseeondindulasdsn
Taseasrady Fe,0, 81989ka8 JCPDS No. 89-0596 way Fes0, 813984lae JCPDS No. 65-
3107 39 o gaunniAINa1linuINN1AYeY FeCrgooNig16Co 06 LHARBY LﬁaLLﬂalsdﬁﬁqmmﬁ
600 psrwaIlYa WU Fe Uag Fe,0,vMUASeAU O, lueniea Wasugnseiliu y-Fe,0,
81994lpe JCPDS No. 89-0596 fiilassadafunnsylnida (1. Kazeminezhad, 2014) 4
Snwarnoamduiinnad us o gumglidinandirmmany Fe,0, waeegunE 1ile
wealwiifigamgdl 700 ssrwalioa nsLiivgamgifiunntu avdwaliansuusgney Fes0,
fivdesgdsugnsiaiidu a-Fe,0; defilassafradunnsylndasuegfulassaiiasen
lugn3a (1. Kazeminezhad, 2014) 4 gauniluAaloaanaly agvilvveudegnannssy
Judrugusuiivdsuinamaliuignedeates Fe,0; ogvauysal naziilounaleifigamai
avluatedeiiios augaudivihiy 800 ssriwaTua Arwdiuvasiia Fe,05 anfiugetu duil
Aswasulassadimesasusznoudu Fe,05 Millassadrssosluinga (1. Kazeminezhad,
2014) Tnefdnunrnionmidudiniouns

MnuaNTA TR nAvendsgRaMnsTIT A LU UA TR TH A
lenifigamgiising 4 Taeldiedos XRD vhltamnsonsulédn vesdogaamnssududiugiu

gudannsaiinduigniaieives Fe,0; Nauysalla lngldiiosainusoulunisnsedu

YR58 Fe9nnansnaaesing1 §uilvmsiudn eumginmanzaulunisuaaled

Y

vYa o

& a v | Y] v ~ a v U =
A® 700 DIALARLYYH LLﬁSFLGUL'Ja'TLN'TLLGU 2 GKI'JIMQ maimu%mmﬁwammmu MUY E:l"J"\]EJf\]\‘]

a v a a 4 N Y  aa D Ya & o a Ql' a
La@fﬂs{ﬂ]@ﬂl’ﬂﬂmLU@Uuqmﬁlﬂll@’J'EJ'JﬁV]'Nﬂ'J’]@Ji@uFLWLﬂ@L‘Uu’)ﬁﬂqﬂLﬁﬂstgﬂ Fe,Os 'qum'ﬁﬂll

Y

700 pamwaldua unduarsasiulunisduasiziaisusznovsdalvg wetanUszyndld

Jufanesiaduufa dudineinssiuiuegvedassainnenselniauazseuludnsa u

v Ao

FefiTngUszasrnaglindnulunisnaaediidesiign Wadunsansuyulunszuiunis

e

e e

U =) (% 1 o

Jamsivvends wenaniinsifoumaiigeonvilviveadeiianisvasuuaidudan deayi

Wdouniavuinlnguindu Fuilviiuiiidulavesvedsanas vinlvvinugasendu

[y 6V

danndeulitoras wazdmalaensirauszdnsnmletnluduaseiduianmnsraduu
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415 m3eneivuineynavesdsgsvnssutudiususuduazasad

UM Fe,0; Iﬂﬂiﬁtﬂ?aﬁmmsnszmaén"mawmﬂaqmﬂ

HAMITIATIEENIINTEEILIATesTe L ABgAAINNT IS UL U U LAY
arsiailuin Fe,0; lngltiaTos PSD wansfeguil 4.5 nudrvuwineyniavesansiadl Fe,0;
(Ajax Finechem) vuwneuniadulvgjeglugiausezunn 0.33-2.83 um uavdvuineunia
ALY 1.27 um Insnsgateiiveseynalutiuay feddudonvuannsgiu 1.51
um Turgiivnneymeaveadegravnssufudueusudiousnuaalsifivuneynindiu
Tgjoglurrauseunn 7.87-56.23 um wagdvumeunanaslvanitarnadvindu 27.96
um Faduruedilungninaised uenaninisnszanefveseynianilnefdudsauy
ATFIUVINAY 24.22 pm duTuneYNIATENAE g VINTIITUA LU LA VRN LN
unalviifignmgil 700 ssmwadea fvuneuniadnilvgjeglutisseann 6.53-61.65 um
fefinurmoumeaiadewintu 28.16 pm TauilndiAssturesdogmamnssududueiusud

Aowwuealeyd uanantdaiinisnseangiivesenniakuunIe Inedidiulesuuannsgiu

35.55 um

Fe,0;-Chemical
| —— Fe-Waste

Fe,0,-Waste

Quantity

100
- 90
- 80
- 70
- 60
- 50
- 40
- 30
- 20
- 10

Undersize (%)

0.01 0.1

Particle size (um)

T
1000

Fe,03;-Chemical Fe-Waste Fe,0;-Waste
Mean size (um) 1.2655 27.9563 28.1561
Median size (um) 0.7377 20.7366 16.1471
Mode size (um) 0.6249 18.5873 14.1667
SD (um) 1.5103 24.2183 35.5466
D10(pum) 0.3282 7.8737 6.5306
D90(um) 2.8331 56.2327 61.6490

SUN 4.5 HaN1TIATIZITUINBYNIAYRUEEANERANYNTTUIUA UL UL UALATaNSIATIYTn

Fe,0, IngldiA3as PSD



4.1.6 MInTIEaUlATEsIRanIAvaL iR NI TR N uEUA Iag T

ndesganIsAUBIaNATULUUERINTIA

SElL 15k WD¥5min 3885
x p

\

SEl/ 10kV. >WD15mmSS,35 x500 S0pM SEI 10kV' WD15mm SS35 x1,000 40pm
SUT - f SUT

JUN 4.6 nnanelaseaseganIAvetduaIngnavnssududueuEuLaransiaillngly
Naed SEM (a-b) a1siail Fe,0; (c-d) vaadegnavnIsuTuaIueeus

(e-N vouduanamnisududiveueudndowiu Fe,0, Medivnnuiou
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HANIIATIAADULATIATI99aN1AMIELAT O SEM vasansAsiudnsuinly
Iy} 6w Y & v g o ~ . . a
duasziiannsiaduniawansliiviudnuvazuedaynina1sall Fe,O5 (Ajax Finechem) ¥

[ ) ' v I = [ [ v a
anwazldulnmsnssuenaa1eldy Wevinnisinsuialagldlusunsy Image) AMELNAUA

Martin's diameter (R. J. Crawford, 2002) (D. Wang, 2013) fuuneyniaiad suiifiu

a

0.32+0.26 um UaAIRIFUN 4.6 (a-b) lurueivurneynIAveLdygnaIMnsTUAUAILE UL UA
AeunuNswAalyY Tanwaziluwiugusalivivey swneyniawdswindu 11.19+8.41

o cs' = S ¢ o i ¢
UM LAAIRITUR 4.6 (c-d) UarYBuFYgAaIINITUTUAIUYBUANEIRINHIUNTUAR LT
gund 700 serwaldea danvaurldswalndiAgmssnanuinninvendsnounaalyy
WB99INHIUNITUAAEINT LA T DUN AN TIARVUIN US19Ad 1edanld uan vwie
BUAALRALYINGU 8.98+5.19 pm kAU 4.6 (e-f) egndlsinulawIeuifisdunanis

% 4' I3 Y1 1 Ao qya )

nszevuIneUNIAmeAsed PSD Wululdindidnliinainnisinigiuveteyninvuin
16N (Agglomeration) 118991NW39RIYATEVINNIE (L. Lu, 2015) dawalirAinisinvuinves

aun1ANIalaInAIes PSD diAngeninnisfinwvuineynialagliinias SEM

4.2 nsduATeRianlaseainanasendlnavila LaFeO,,s 3nvaLde

24
a 1 (3
qmm‘mﬂﬁmjumumuaum
4.2.1 n13AsRERURUUNNNMINEaNdMTUNISIILARlYY LaFeOs.s 31NV
a ‘;1 1 L3 v o o/ a
Heanamnssududueueud lagldin3asinnisiasuwlamiendny
v
Sou
dmsutunaunisdunsiviianlasasiainesonalndyiin LaFeO,,s A
WNsuANELLTINg lngu1veds gna1vinIsuT UL U UATIHIUNTZUIUNITIANITAN 9
yduasieiunazuananiu La,0s lagldieniuea (C,HsOH) iWudinats lundeuadu
sreziIan 8 Talus mgdandungnauinld neunaxileuliuiangamaid 100 aeen
waled Wusyezan 24 $alue wdrFedluseusnunzunsafnvunnues 325 e el
n3vgauniunzand miunisnuealsdliansaaiuiadu LaFeO,,s Wnavinnis@nuy
nsidsuiUamvesimiindelasuanueutaznsiudsuiUamasnuainuiouresian

mewasa STA Tugasgaumgil 30-1000 asmwaliea Aelaussenauia Air Zero
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100°C
110 + ¢153°C 0
[ -20
105 +
: -40
i =
Weight
@ 100 + Iincreased '60 g
S 2.65% ) =
= l Weight =
E" loss 8.87% -80 i
)
= 951 -1005,
L o -120
Weigh
90 '-' I l loss7.g42‘%
Exo -140
85 - -160
0 100 200 300 400 500 600 700 800 900 1000
Temperature (°C)

JUN 4.7 mansiesgvinisidsuwdameauioulaaiases STA vesianlaswaing

wasanalndyiln LaFeOs,,s 91N Fe Uod8anamnIsuiudiueueud

HANTINTIAABUAILLATEY STA VeIt vaddenaunIsuiua e Ui
WunsruIunsdareuliuianduaseiiduasdsenausiln LaFeOs,s wanwnagun 4.7
ATIINUATSIUA BULUAIYRINIeAINSauveeian Nomnd 100 emwaldea 150 99
WATEE 260 DIAwATEd 360 deFwAlisd WAy 800 adrwaLded Fin1siudsuulaniny
SoudiAnludiisusgamail 30-200 asrwalea [Wuujisermendinuainuiouiioans
Wusy lngursdiures Fe Mdudgniananvesvesdegnarinssududiueiueud azih
Ufseeandinduiuniaeandiau (O,) Tuenia adu Fe,0, [G. Ketteler, 2001] wanIAs
aun159 8 vl wiinuiiudu 2.65% Faaennaesiuna STA way XRD nswaalutitaiudey

= a 2 9 v & i v = = 1
ansiadvendugnamnssududineueud iy Fe,0; nouniin aile 1fl991n La0; Ll
a a = o L4 dy an/ % !
wnestuussenaund Fevihlvigeanuduidunssuiunmsuakazluenievazeu naulded
lusuiiadiosnin A La(OH); (M. Sorescu, 2011) lnefigaumgilasndn 200-500 eafwaided
AnUfAsegandanuausouiioaatenuszees La(OH), wWasuluilu LaO(OH) wanedis
aun159 12 (P. Fleming, 2010) (T. Vijayaraghavan, 2020) vinl#ininanas 8.87% ey
waeaINgamiil 500 ssrwawea July asinUisengandenunnuseusnase dadunis

aaewuszvad LaOOH nauluidu La,0, 8nase vilwminvinanasdn 7.42% ogelsAnny
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Uniinvesinegeiigaumgligeinid 1000 ssrwa@ea duwiliuanacladn wanalimdu

a |

pamgflddnsuunaludlansdaiuindu LaFeOs.s mauaalsiiigaugiasnit 1000
NGB

NaNIITIRARUABIATes STA vesnsihwesdugnaunssutudiusususii
mumzmumiLﬂﬁauqmmﬁiﬁlﬁmLﬂui’gmmﬁm%ﬂ Fe,0, a1 duansasdulunis
dumszilua/suseneviin LaFeOs,s LLaméﬁ’agUﬁ 4.8 AsrANUMSIUABULUAE ISR
Sounasian flaamgil 180 270 380 420 660 waz 800 BsAwaTya Jemuin ol gaumgil 180
uay 270 ssrniwaiea aUiAsegandsnuanuiouriieaaneiusyues La(OH); v1sd
U LaOOH) vnlsmiinanas 10.67% wanasaaunisi 9 (M. Sorescu, 2011) @ gaunqdl
380 uay 420 ssrniwaldea AnUfAzogandsnuaufeuliieaaneiussves La(OH), d1udl
wiewdu LaO(OH) Bnassvinliiminanasdn 13.60% way o figamnil 660-800 a3
wadua sziinuAzongandsnuaiudeuiioaasiuszues LaOOH) nduluidy La,0,
WERSIEUN1ST 10 (P. Fleming, 2010) (T. Vijayaraghavan, 2020) virlsdimiinanasn
12.27%

105.00 e 4 0
100.00 ! 38(j°ffooc -20
95.00 l Weight loss 40
10.67% scal 60
90.00 ! =
o 80 2
NS - -
% 85.00 l\Veight loss ?
= 13.60% 800°C -100 =
2 80.00 ) >
= 120 =
75.00 140~
Weight loss
70.00 EI(O 1 12.27% T -160
65.00 -180
60.00 -200
0 100 200 300 400 500 600 700 800 900 1000
Temperature (°C)

JUT 4.8 namsiiasigrinisiudgunUaminnuieulaginias STA v0eianlaseasng
wesevalndviin LaFeO,.s Mnvaudegnainnssufudiugusuaiiudeuiy

Fe,0Os f838119ANLSoU
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MnuanseTRdeutsiuadiuldiniminvesiodsiigumad 1000 asm
wadva deldasfivasiivuiliudianas Lﬁ@iﬁmi&u’aéfum?iEJuLfJui'gmm?{wuaa LaFeOs,s L9
auysol Tamsuealevifiguvniaandt 1000 esmwalia Fsanisieseilaonadaaiuiy
onansfiiaeiidAnwnsndeunta (S. Chokkha, 2024) 8nvisnsiwnluannizasadunsmn
asUsznevlutiinannn uandaainmsmaassneindes STA Jsdududeafingamaing
wlsfgendt 1000 ssmwadoa deduiifedadenlianmad 1200 esmwadioa Wugumnd
ﬁi%’ﬁm%’uLmaisdﬁi’aﬂiﬂiqa%ﬁaLwaiaWaiﬂﬁ%ﬁﬂ LaFeOs,s mﬂsuaql,ﬁaaqmmmiiu%uaiau

PAIUBUR F85ETna NN 2 Falu
La(OH)3(S) — LaO(OH)(S) + HZO(g) 9)
2LaO(OH)(S) - La203(5> + HZO(g) (10)

4.2.2 MSATIVEBUINNIAVDY LaFeOs,s W& nMsuaaludanseady Tagld
\A389 XRD
wamimmaaumﬁmﬁsmuﬂaﬁgmmaﬁaqimqaﬁ?wLW@ﬁ@Wﬁlﬂﬁ%ﬁm
LaFeOs;.,5 91n@154Al Fe,05 (Ajax Finechem, 98%) LLaméﬁ’quﬁ 4.9 BEIINUAKELENTR
fU La,0s ey Fe203Imfb?ﬁamuaaLﬂuﬁaﬂawuﬁ’saﬂﬁuﬁaﬁQmmﬁ 100 seAwaTE
U1 Usnginn1aved La(OH), Tassasiaanailnda (Hexagonal) & Space group fg
P63/m (14) 3il a = 6.629 A, b = 6.629 A uaw c = 3.859 A §1983kne JCPDS No. 36-1481
{09970 La,0, Alaadssluusseanialnd ﬁqﬁﬂﬁtﬁmﬂﬁﬁ%mr"fumm%ml,azl,ﬂ?{aut,l,ﬂm
Tnseadnduldegluguiliadiosniafe LalOH), (M. Sorescu, 2011) uagwu Fe,0, iduans
saslunanisiinsgdt ndsndudethlumuealmifionmnd 1200 esmiwaBea frodng
mslfennuden 5 ssrnwaloa deundt Wsrovnaimug 2 $alus Wit ansmeduiaunyi
U fuAnduTgnaieIve3 LaFeOs,s agsauysal tnvansuszneulvaliiindud
Tnssaseeaslssontn (Orthorhombic) Space group Aa Pn*a(63) @4l a = 5.567 A, b =
7.855 A waz c = 5.553 A 91983lae JCPDS No. 37-1493
mamimwaaumﬁm?{auLLUaQ’J’gﬂflﬂmaQ‘TaﬂImqa%"mLwasaw#l,ﬂﬁﬁuﬁm

LaFeO,,s 9NTedBanamMNIITud It BuANiUNszUIuNsUasugasadliiadudy

'
a

AARYIVDT Fe,05 WanIndsu 4.10 NaInUARENEIAIAUY La,05 uag Fe,0; lnaldian

Y

v

woaidudinarsudreubiuiiioungd 100 esrwal@ead wuin Usingignia La(OH),
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UL 817U LaFeOa,s M ALASIZH91na151AT kazny Fe,05 1assadissenludnda
(Rhombo.H.axes) &l Space group A® R-3c(167) Fefl a = 5.032 A b=5032Auaz c =
13.733 A 81334lan JCPDS No. 89-0599 vidsantiuileviluisnuaaleifignmnd 1200 s
walea meshsnislimnudou 5 esrwaduaneud MWszeznauiug 2 Flus wuin
miéi”’qéfuﬁgwmmmsa‘v‘fmﬁﬁ%mﬁ’mﬁmﬁui’gmmﬁmmaq LaFeOs,,s WMuAgInuAunIg
fFuaeRnvaEsiall

NTEUIUMTFBATIETTanlAsIas1anesenalndylin LaFeOs,s @11150

>

duns1enileann Fe,0, Nldannistianuiouunvesduananssuiiudiueueudgumgd

q Y

)

700 aerwalya nounaidainlluanauiu La,0; lundsuaiaviiwaalvidnasionnad

9 Y

Va v A

1200 asmwa@ea Tunanauiugideiinnuaulanazinvesdeanavnssududiueueudn

Y
1% 1

Faldeirunsuealed ulHduansaerulunisdaunsied 1eaInAaINIsanTunauNISNARY
wazanguunivisenuseunlilunimeass Jaardwmasesadununanas Ay JaSusu
pgMsAINdnTdlmTn Ingheivendsiuilgnaiaill A Fe Lilgdaguned teain

- - & a & | ' & v P
voudggramMnsTNTUdINesuAligasiadl Fe lWudiulvg @ntlludWeuvesuynly Fe-
waste wnuvaudenliriiunisuaalvdnammai 700 ssrwaldua) Wemuinuazdaimvin
INAUAIRUTIIVILAKAT 11 Fe-waste UUARANTU La,05 Toeldenusaidudinatadiauli

v A a a ¢ Y a a a

WAIVIREURAI 100 9AWATYE LaztkIkAR M UNeIATILAET PAZEARY 1200 aeAgatged
logldhauug 2 wag 5 93lus RauwanInegui 4.11 wudt Usngingaia La(OH); MAnan

° aaa YR P ) ~ N\ = a
n1sviufnseduaneasuiazfinaiadesinanuliiadesves La,0; Tuusseiniaund
wananNddsnginn1aues Fe JCPDS No. 06-0696) wazinannailsatuesanlus-304
FeCro2oNig.16C0.0s JCPDS No. 33-0397) aluinniananves Fe-waste uazduduwalsain
NNTIAIIEHE15UTENBUNIE XRD Nlnnsiagaulukadluiinda 4.1 N153nN1sUaRasnay
N15AEUlATIETNNLATVEIYDLALRNEIVINTTUTUA UL UL LA

o o g.jl v o Y} U & v v 6 a
AN sRRUEmsUdLAsIeRiaglassas e senalndAviln LaFeOs,s

31N Fe-waste tmuaaloufigamall 1200 ssmwalea aiednsinishiauieu 5 oeem

a 1 =l % ] ﬂ.ll 1 ] a aaa 1< [ d'
walsasiound Iszaziiaimiug 2 9lus wudn ldanunsatinufisenduigniafedves
LaFeOs,s b tnguanainansissuusdwrinujisenduiaduigairves LaFeOs,s JCPDS
No. 37-1493) udafanuin Fe-waste vufisesendinduiuuia O, luenimAndy Fe,0;
(JCPDS No. 89-0599) (G. Ketteler, 2001) wana1nHdgany La,05 JCPDS No. 74-2430) &4
AinanUfAseIn1satuiiy (Condensation reaction %58 Dehydration reaction) 4818430
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LaFeOs,s (JCPDS No. 37-1493) la fiuiiin A1uiuved LaFeOs,s g9UU UidIAImnuinnin
U89 Fe,05; (JCPDS No. 89-0599) (G. Ketteler, 2001) waz La,O3; (JCPDS No. 74-2430)
maeegie dsnsldgamadl 1200 ssmwaidoa Tnewiudidunaiuiundt 5 $alus feidu

VA v =

nslindanuas dey (Ideadifnwseluszegiarnuiuning
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I T I

—— LFO gy epmica-F€,05 @1200°C (2 hr.)|"

v

V¥ LaFeO, PDF 37-1493
18000 areLs

12000

6000 -
v

o k LY J

" 1 " 1 " 1 "
LFOChcmical'FGZOS (@ 100°C

v La(OH), PDF 36-1481
v v ® Fe,0, PDF 89-0599

Intensity (a.u.)

3900

2600

1300

2-Theta (Degree)

JUT 4.9 namsliasigvinsilasunlasigninvesiagiasasne

wesenalndviln LaFeOs,s 9 na@15tadl Fe,0;
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10 20 30 40 50 60 70 80

—— LFOyy,-Fe,0; @1200°C (2 hr.)
v

18000 k- ¥ LaFeO, PDF 37-1493

12000 |- .

6000 =

v
i |

=]
E \_L_JMJL_L_J
) . ] . ] . ] ) ] ) ] ) ]
'z —— LFOy~Fe,0; @100°C|
‘QE) v La(OH), PDF 36-1481
K= \Y :

3900 L e Fe,0, PDF 89-0599

\Y
V
2600 v =
1300 Q
v [ ]
;J I

2-Theta (Degree)

JUN 4.10 nansimsevinisidsuudasigninvesianlassasianesevalndviin LaFeOs.s

nveudegnannssuTudILeuEuATUAEWTY Fe,0,
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10 20 30 40 50 60 70 80
I ' I
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12300 [ M 0 La20: PDF 74-2430

® Fe,0, PDF 89-0599

——— LFOy,,,-Fe @1200°C (5 hr.)| '
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8200 |- i
4100 - . v .
v v (
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12300 v 0 La,0, PDF 74-2430
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<
2 8200 |- i
G
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I M 0 \ | ﬁ |
0 | e dmely reTwol v 7w w]
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4200 L v # FeCry 5Nig 1 Cy o6 PDF 33-0397
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2800
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JUN 4.11 man1siesiginisildsuwlasipgninvesianlassasamesenalnduin

LaFeOs.s 31N Fe 104@8anavnIsuTuadIueuaus

4.2.3 WAN1IATIVEDUVUINOYNIALALIATIAS1NgANIAYRITARANATIZA
LaFeOs,s lnaltia3as PSD way SEM

N139IVADUVUINOUNIATDIIANTIATIEN LaFeOs.s netUTeuiiiaunaile

a

INLATBY PSD Uay SEM Uansiegun 4.12 nasamnainvinisiauaaledigamail 1200 aam

Y

6

= < IV aa Y a ] aa
RIS "UﬁLWuVL@'mGUU'Wﬂ@H!ﬂWﬂW']Lﬂﬁ']%ﬁl@l"ﬂ']ﬂ PSD Nmu’]@ﬁlﬂﬁyﬂ"]’] muqﬂawﬂqﬂmjlﬂﬁqgﬂ
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T@a1nA309 SEM dsldudnnsingaswmaia Martin's diameter (R. J. Crawford, 2002) (D.
Wang, 2013) tagldlusunsy Imagel aziiuliin auinayniavesiandunsnzi LaFeOs.s

VAIAINNIUNITUARALLALLHILAR WULAINY LARN1IABNMTaN YL JUNTIAA18TINALEN

(% o
v o a

Madafidnii Sunasudeuntu dwmaldvuiaiiialdainades PSD fiadildlugniinanis
1513 es SEM 103Ul 4.12(a) wanisasiaaeulassaineganiaiandnasis
LaFeO,,s a1n@"15a15u031 Fe,0; (Ajax Finechern, 98%) nan153tas1sisaewa3os PSD &
yuneymadilvgegluraaszinm 1.08-8.18 pm wazilvuineyniAasiviafy 4.15 um
MsnszaefYeteynAlutIsAy duTenuuInggIu 3.96 pm HANTIATIEEELATES

SEM WU31 WWIReUNIARAWINAU 1.1420.38 pm An15vaeudlguiesninuineuninney

[ ' '
A aa U U o =

wsaalyufivuadniunidadudags (A Simchi, 2004) vinleuniavasufniu Jadlvwin
ounAlndiAssiunavesTandaaT ey LaFeOs,s 1nvoudsgnanssududiu rueusimn
uralwidanmgdl 700 ssrnwaldua wansisgud 4.12(0) nanisiiasiesisiela3es PSD fluuin
oyMARABYINGY 4.32 pm wazdvunneynindiulugjegluiassyann 1.00-8.79 pm Fadl

YUIALENAWINLE LT AUTLIABYNIAYENEL 9AATINTTUTUA LB TUEUA NOUNILYINNITUR

@

< = o a1 QJ' v
UBNYINU \‘1llﬂqiﬂig"iﬂﬁl@nsﬂaﬂau‘ﬂqﬂLLﬂU I@EJ@Jﬂ’JUL“U YAUUVUUINTZIUNINY 3.57 uym
1 i = [N o a ¢ v S o
MmmmmwmmmLmazaymﬂummlﬂammﬂu NANITILATIZNANIYLATDI SEM U3 U

YUINBYNIALRAY 1.34+0.57 pum anwgAdIeNsINay luuneNTanduns1e LaFeOs,s 31N

Fe-waste HaN153LATIEYAIELLASEY PSD Hauineuninduvaeylutisssun 4.88-16.98

v Y

um YURBYNIARALVINAU 10.48 pm taefidauleauuansgiu 5.07 pm szwiuldinuin
oA A ) gy ¢ = = 2
aunAlug Waeuiu LaFeOs,s NduAs1e1aInansiaiiuasveids gnannssuguaiug

gUATINLAR gLl 700 aernwailed LaRInTandeasIey LaFeOs.s 910 Fe-waste

a

Tdnanlun1sings 1200 ssmwaled u1uda 5 99lu9 wazdiunilanani Fe Jgumngil

waouia 1,535 srwalded (R. kobinski, 1996) 3sni1 Fe,Os fgaumanivasusd 1,565

Y

aymwa@ed (National Institutes of Health, 2005) vibiayniAnasufaiuiuldainain

SEM wanssisguil 4.12(c) Feflunneynimedsindy 1.5420.64 um
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JUN 4.12 HANTATINHOUIUINBUNALAELATIATINRANARILLATEY PSD Uy SEM vadian
Fuasreilassasranasonalnavia LaFeOs,s 310 (@) @siall Fe,0;
(Ajax Finechem, 98%) (b) 9@ugnannssuiiudiueususfiiuasuiu Fe,0,

ey (c) Fe-waste
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LaFeO,,5 31NVBAUHINEMNTINTUA I UBUANGINTIAVUFUUALNN

nilnfigauuigil 1200 asAwaLTYs

4.3.1 WAN13NTIRHIUIATIAIINYENIAVRIIEARUATIEN LaFeOs,s 1EIINTA

& o
Yuguuazmuiln lagldiaTas SEM

Mean (pm)
SD (um)
Min (pm)

Max (pum)

Mean (pum)
SD (um)
Min (pum)

Max (um)

Mean (pm)
SD (um)
Min (pm)

Max (um)

1.061
0.548
0.514
3:371

0.922
0:232
0.543
1.600

1.918
0.596
0914
3.430

JUN 4.13 nan130539a0UlATIaINRaNAnIelATes SEM 1a9iandaasnsilasaasng
wosendlnduiia LaFeOs,s 310 (a) @134A% Fe,05 (Ajax Finechem, 98%)

(b) veadugnaunssuTudueusuRTUas Y Fe,0, uay () Fe-waste

N1395IA0VVIUINOUNIAVTIANTUATIEN LaFeOs,s InuAn¥131niAT 09

SEM uanefe3ud 4.13 azimiuladn nansnsivaevvuineuniafiliiieiUSeuiiiou neu-m

n3oaTugUuarinniiniigamgi 1200 ssrwaled WWuan 2 9l wudr ndnsgndu

Y

= v & a = I o o Ay v
T[JLLagLNWNUﬂLLGQ%UQWUN?JU']WIVQJ}GUUL‘U'EN‘U']ﬂﬂqiﬁaﬂumjiﬁﬂﬂucﬂaﬂauﬂqﬂ Na'ﬂl@lﬁnﬂ SEM

Malagldlusunsy Image) Mmemaila Martin's diameter Fainainvuinvesnsy azwiulain

JUN 4.13(a) wan13n19aeulAT9as199an 1A TanduAs18I LaFeOs,s 1MNE154A3 Fe,0; (Ajax

Finechem, 98%) dvuiansuaglugieuseua 0.74-1.60 pm Uazllvuiansuiadgiviniu
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1.3¢ pm Jdudoauunnsgiu 0.55 pm FevwinnsulndiAssiunavesianduasien
LaFeOs,s anvaddugnaivnssududiueueunfigninuwaalsiiuasulmndu Fe,0, uanids

U 4.12(b) fvuansueglurasszanal 0.56-1.60 pm uazilvunansuedeyindy 0.92

Y

(% (% 6

um An15NsEANERILAULLDIBUNU TaAdUAT1EY LaFeOs,s 2Na15815LAN Fe,05 Fadldiu

HeauunnsgIu 0.23 um Mmmzﬁﬁ’a@é’ﬂmiwﬁ LaFeOs,s 90 Fe-waste HUUIANTUDY
Tuaia9Uszaa 0.91-3.74 um wazflvwimnsuadoviadu 1.92 pm tnefidaud s
1INIFIU 0.51 pm LLamé’\’quﬁ 4.12(0) azduléin nsufivunelngnindlefisutiu LaFeOs,.s
ﬁé’qmiwﬁmﬂmimﬁLLazsuaqL%aqmammﬁm%maumuauﬁﬁLﬂ?iaulﬂu Fe,05 WWunau1ann

lugunaunisuaalell WuInaRN1AveITaRduATIEY LaFeOs,s 10 Fe-waste in1sviasy

=Y

A a U L4 L3 Y] [ 4 IS ! A o w
Foudnnuilesanldnarlunisiwaaleuuiu 5 33lug mﬂimymﬂmmﬂmy bUBUIER

[ saa ! Y dy = =2 o 4 = ld’( ¥
daarzviniiouniavunalvgundatugduasiiniindsiliinsulivunlng@unsluse

& da o o ¢ o o X
4.3.2 ﬂqiﬂi"lﬂﬁa‘uwu‘ﬂN?LL53;§W§U%@Q?ﬁ@ﬁQLﬂ§q3W LaFeO;.s 118931N2AVYU

sUuazniin lagldin3as BET
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o015 A o015 1
- -
£ g
e e
= 10T = 10 1
@ P
2 2
S o
g 3
Z 51 = S
< <
) s
£ =
- e - - B BB B B
£0 E°
< <
S S
-5 i ' i + | LS : — : : i
0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1
Relative Pressure (P/Po) Relative Pressure (P/Po)

)
S

I

~
()
-’

© = by

=)

Quantity Adsorbed (cm®/g STP)

Y

0.2 0.4 0.6 0.8 1
Relative Pressure (P/Po)

o

JUN 4.14 nan1snsiadeuiuiiiauassnsumeinsed BET Tanlassasranesonalnduin
LaFeOs.s 90 (a) a154A3l Fe,05 (Ajax Finechem, 98%) (b) vaudugAa1MNTIY

Fudruguguanlasudu Fe,0; way (c) Fe-waste
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HuNAazInguaRnsaAnwle smewn3as BET (gnelvd Junding, 2555)

'
va o o (% a o

(M. Thommes, 2015) @agaiduauiRddyrasiannazinlulddviunsiadunia Weswnds

v q
v v ' v '
LY <~ ) a v

NunRdudaun funlunsyihufisennsanndu Ussdnsamlunisnevaussowianid

g}

[
a

luvhuAsABegstumalude MnuanisnsaaouvesiandaaTei LaFeOs,s luuided
LARIRIgUT 4.14 mauSansgadu-aeduuia N, maisuiiisuiuanududusing
(Relative pressure; P/Po) lagin13¥1191ua89 BET ﬁu'u%L%T'm’mmiﬁﬂﬁt,ﬁ@qiyjfwmﬂdau
wanderies o Yaesufia N, lulidiegegady Fsluaage P/P, sdonlng 0 (dle P Ao
ANNFLTBITEUY Uy P, Aonmdiuledusn Tneundfemiuduussenia) Uinansgadu
ufaasAntuuinugnsuiidvuaduiiugudnansuundnndt 2 um (Micropore) 89angu

% o 6

414 auiiulainandansent LaFeOs,s Iuaﬂuaé’]’aﬁﬁmiam%’umﬂﬁﬁa&erw NUBAIININ
fisnguwiln Micropore Hogun LLaxLﬁaﬂdaaiﬁmmﬁusuaﬁzwqq%u%Lﬁmmi@@%’w%nm
snguiilvuadusinugudnaswuialugndi 2 um (Mesopore) au P/Po Wnlnd 1 wuin
USinaunisgadu-aedunia N, 10eianduasizy LaFeOs.s fidnamzinaisniivazves
Foguanvnssutudueusudfiaeudu Fe,0, Tulndifstu anased 4.1 Jeld38n1s
AWIIYBY Brunauer-Emmett-Teller (BET methods) (gnelud 3unn3aing, 2555) wanans
dums? 11 axfifuiiinduda 0.548 uaz 0.522 m?/g MUAIRU MNAMNEUNUSENAS BET
dlodeunsmszning 1/WIP/P) -1] fiu P/P, axlsinsmldunss t-Plot iluusegnaldsauiu
#un15989 Kelvin s‘éqgﬂLauaIma Baarett-Joyner-Halenda (BJH methods) wanssisaunsd
12 (M. Thommes, 2015) 2giling1vUsHIATHALIUIATDITNTY UBNAING a5
ANUIUVIVUINDYN A Imaaumudwaumﬂfuﬂummau AmundlaaInann1sves Sauter
mean diameter (SMD methods) wanasaaunsa 13 iummzﬁ%qﬁamiwﬁ LaFeO;,5 910
Fe-waste finmagadu-meduiianni Sediuiifindudaion 0.032 m¥g fusinmssnsulion

YUININTURATOUNIAIEY denndesiuna SEM Inudniinisuasuweusniuvesnsy vinli

£
! v v Y

WNTUTUNA MAQVUEINA AL N U EUE AT 08 A4

<

1/W[(Py/P) -1] = [1/W,,CI-[(C-1)/ W,,C] (11)
oy W = U%mam@aLLﬁﬁlu‘[mLﬁ]uﬁQﬂ@lmeé'fuﬁmmﬁué’uﬁmé P/P,
W, = navewdalulasauiignasduedovuuivesasludnuas iy

Y Y

luanaduiien



P = anuauveanialulasiunldlusazyiinimeass (mmHg)
Py = AnuAudNFveIAalulnsau (mmHg)
C = A1Asi Fueadfiundsnunlilunisgadu

(N(P/Pg) = -2YW,/RT(r,-t.) (12)

g P - anwusuvedalulaswuildluvazyinimeass (mmHe)
P, - ausudufvewdalulaseu (mmHg)
Y = USIRIVBIVD AN
Ve = Y3nnsluavesws e’
r = SrdlmnulAsesRIninsERIN UL aI-uid
- FpsTiveduiia
T = gauniiduysad (K)

[

YUIABUAIA = 6000/(WUNHIger X ANUNUIUUL)

MTNN 4.1 WARINANTITATIAABUNUNR LA IHTUMBLATES BET
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b 3
“BET Pore Volume (cm’/g) . .
Synthetic Surface b Pore size Particle
Y t-Plot method | BJH method Size
materials Area (nm)
g (micropore) (mesopore)
LFO-Chemical 0.548 0.00007 0.02725 170.21 2.67
LFO-Fe>O;-Waste 0.522 0.00021 0.02838 162.53 2.89
LFO-Fe-Waste 0.032 0.00014 0.01864 202.86 38.87

2 e ltisn15ued Brunauer-Emmett-Teller (BET)

o

AlagldI5n15v09 Baarett-Joyner-Halenda (BJH)

< aunalaeleisn1sues Sauter mean diameter (SMD)
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4.33  N15NTIE0UUTEANSNINVDITANTUATIZN LaFeOs,s Tunsnsraduniad
Aaanmswnludidemassssuma
n1snsaeuUszdnsnnlunisnsiadunia aaeldisnis 4-Point probe

(FM. Smits, 1958) Ingerdevannisiluiiwesianfsianiluih Afsuwuunsililieie
Uszquan (p*) (Y. Zhang, 2016) 99n3UT 4.15 Tuussemaundisinisnsedusnenislia
SoufuTanduasizviviin LaFeOs.s il O, gnaanluduiu e ﬁﬁnmﬁaaumﬂ (O 0y
0%) U3nRIY8T LaFeO,,s drenalnmalniinad vl Valence band S4e3313 (Holes) 7
Huuszquan (h) vty dwalidnslihuuy P-Type Tasnmitlwihazannuietiosdu
JuagivgamgiifliunsuiinaiiuiifdudalumaianisuaniUdeu e fu 0, & wasile
Ussauariinannsunlndidemasssunnivnly whamatuazdnlusufu o 0, 0% "
i e nauluausinesing ht dewaliusyasaudanviduaud (null) ArAuaunIuis
a9t vdnmsiamnglunniuUssgndliifuTannmaduufauaslinaaeudssdnsam
nsmovALBIdsITLwesseuiainan s vl demasssuwn Tnensfinwanim
suuliinluusseniaund (D, WWisusuiuAanInaunului dlovaosuiaiian
INNITHNINL (Dgass) Feanunsormuiamanindumuliiiilaainaunisi 14 was

a

AUIUUIEANSNINN TN VAU YN UIT LIRS LA NaNN15T 15 Tneadye uuies

1A9sTAININIINTT 1 LHRINVENNITTNNUVRLTANFUATIEN AT Daass ILTAIFINTT Day

v
IS IS)

wazanmsiialiludlugiasuialiieuazgnaruldinaiuszann 1-3 uiil gaumgiyosil

a

Uszanas 100-300 esrwaided neunaznatedulnlndyuusdlanielu 5 wnil Jegamaiige
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Pattern: PDF 06-0696 Radlation: 1.54060 Quality: Star (*)

d 2 1fix

2.02680 44674 100 1 1 0
1.43320 65.023 20 2 0l 0
1.17020 82.338 30 2 1 1
1.01340 98.948 10 2 2 0
0.90640 116.389 12 3 1 0
0.82750 137.143 6 2 2 2

Formula Fe
Name Iron
Name (mineral) Iron, syn
Neme ferrite. bainite, ledkunite
(common)
Lation: Cubic Mol weight= 5585
8.a: Im-3m (229) Volame [CD =  23.55
Dx=
Dm=
Wicor = «1.000
o= 286640

o

- 1-00000

Color: Gray, light gray metallic

General Comments: Total impurities of sample <0.0013% each

metals and non-metals

Addtional Patterr: See ICSD 64795 (POF 01.085.1410)
Temperature Of Data Collection: Pattern taken at 25 C
Sample Preparation: The iron used was an exceptionally pure
rolled sheet prepared at the NBS, Gamhersburg, Maryland, I.ISA.
Moore, G., J. Met, & 1443 (1953)). & was annealed in an
tmosphere for 3 days at 1100 C and slowly cooled in a He
atmosphere

G‘nmnl Commcms. v-Fe (foc)=(1390 C) &Fe (bec)

Op mineral optical data on specimen
muom. RR¥2Rge= 57.7, Disp.=16, VHN=158 (mean at
100, 200, 300), Color values=311, .316, 57.9, Ref
: IMA Comenisssion on Ore Micrascopy QOF

Primary Reference

Publication: Natl. Bur. Stand. (U.S.), Circ. 539
Detalt: volume IV, page 3 (195%)

Auhors: Swanson et al.

Radigtion: Cukal

Filter:
uﬁ“ 155060 d-apacing:

SBFOM: 2221 (0.0045,6)
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Pattem: PDF 33-0397 Radlation: 1.54060 Quality: Star (*)

Formula Fe Cr0.29 Ni0.16 C0.06 d 2 Ifix
Name Chromium Iron Nickel Carbon 207500 43583 100 1 1 1
Name (mineral) 1.79610 80.7492 46 2 0 0
Name ) . 1.26570 74699 26 2 2 0
304-stainless steel, austenite
(common) 1.08280 50.697 a0 3 1 1
1.03680 95968 12 2 2 2
0.857%0 118.161 3 4 0 0
Latios: Cubic welght= 8104
8.0 Fmedm (225) [CO|= 4631
Dx=
Dm=
Wcor= «1.000
a= 3159110
® 00000 |%* 4
ot
9® 1.00000
Color: 8lack

Analysis: Guanstasve analysis by Atomic Absorpsion
Spectroscopy: chromium 17.9%, nickel 11.4%, molybdenum
<0.01%, s#icon 0.88%, analysis incomplete

G | C. A steed

G I C Sy e is Feich

Y

Primary Reference

Putlication: ICOD Grantsin=Ad

Authors: Pfoertsch, Ruud, Penn State University, University Park,
Pennsytvania, USA.

Radistiorc Cuxa Fiter: M
r~ 1.54060 d-apacing:

SSFOM:  56.1(0.0178,6)
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Pattern: PDF 39-1346 Radlation: 1.54060 Quality: Star (*)

Formula Fe203 d 2 Ifix
Name Iron Oxide £.91800 14.958 [ 1 1 0
Neme (mineral) Maghemite-C, syn 4.82200 18384 4 1 1E
Name 3.74000 227N 6 2 1 0
(common) 3.41100 26.103 s 2 K
2.85300 30241 as 2 A
2.78400 22128 2 2 2|
2.64380 33883 2 3 1l o
I'l‘ll Cutee Mol welght=  155.69 251770 15631 100 3 1 1
a.a.: £4132(213) ICO|= 5825 241150 37250 3| 2| 2| 2
:'_ 49 2.31630 18848 1 3 A
Wcor= 1.400 2.23200 40378 1 3 2|
a® 835150 2.08880 43285 16 4 o] o
2.02880 44.705 1 4 il o
1.96880 46072 1 3 al o
o 100000 2% ! 1.82240 50.008 2| & 2| 1
o oan00 1.70450 53.734 n ] 2] 2
- 1.67000 54.926 1 4| 3| o
1.637%0 £6.107 1 5 il o
1.60730 §7273 24 5 1 1
Color: brown 1.58070 59.569 1 5 2l o
Sunpl:gucn Or Localty: Samgle from Control Data as used In 1.52480 0687 2 5 2 1
Ol Ostac 822,74 1a7se0|  62921] 84] 4| 4] o
General Comments: Optical data on specimen from Iron 1.45370 63996 1 4 4 1
;”:’;ms:’nc;:::f;“ - ] 1a3220] 65074 i 8| 3] o
(Bernal et al) 1.38180 £7.203 1 4 4] 2
General Cmntst?’rn:’nm @‘mﬁsss,:ﬂg? w., Ma‘rhy o L2255 ! £ 1 -]
G., North Dakota State University, Fasgo, North Dakata, USA, 1.35470 63307 1 6 1 1
KCDO Grant-in-Ald (1930). Agrees well with experimental | 1.32040 71378 3 3 2 0
::nmmm weak reflections [indicated by | were 130420 72403 1 5 3 ry
1.27300 74473 6 - 3| 3
1.25500 75.444 2 3 2] 2
1.24500 76.445 1 3 al o
1.23140 77.445 1 3 AE
Puhcaton: IGO0 GrankAid 1205%0] 7eeas| 1| 4] 4| 3
Aushors: Schulz, D., McCarthy, G., North Dakota Stase 1.18310 80.426 1 3 al 2
Univarsity, Farga, North Dakota, USA. 118100 21422 i 71 1| o
1.13680 85321 1 7 2] 1
1.11880 £7.307 2 3 4] 2
1.06680 89247 1 7 al o
Tadeion CoG — ™ 1.08720 50.229 7 7 al 1
tm 1.54080 d-epeacing 1.04380 85.106 3 8 0 ]

SOFOM:  94.9 (0.009,35)
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Pattemn: PDF 65-3107 Radiation: 1.54060 Quality: Calculated

Formule Fe304 d 2 1 h
Name Iron Oxide 4.84426 18299 &7 1 1 1
Name (mineral) 2.96549 30.101| 235 2 2| o
Name 2.52923 35455 999 3 1 1
(common) 242213 37.087 76 2 2| 2
2.09763 4308s| 205 4 o] o
1.92491 47.178 12 3 3l 1
_ 1.71270 53456 24 4 2| 2
|& Cuec weight= 23154 161475 56984 254 5 1 1
s.a: Fi-am @227) :‘_"m' e 148324 62575] 381 4| 4| 0O
Dm= 5175 141825 65.794 7 5 B
— Vicor= 5230 1.32655 70,950 22 6 2| o
a= 239050 1.27954 74028 &9 5 3l 3
1.26432 75.030 22 6 z2[ 2
1.21106 78956 F=) 4 i 4
-* 100000 [%* ¢ 1.17491 81534 4] 7 1K
o, noooo 112123 B6.788 26 6 4 2
- 109235 Bass7|  102] 7| 3] 1
1.04221 94522 37 2 ol o
1.02506 97435 2 7 3| 3
NIST M&A Collection Code: N AL3917 4148 0.98223 302338 13 B 2] 2
Temperanure Facior: 182Fe,0 0.95835 305322 51 7 5 1
0.96246 106326 12 6 s 2
0.93209 110336 25 z 4 o
0.92058 113522 3 9 1 1
0.89443 118507 7 6 6| 4
0.879%6 122274 35 9 B
0.85535 128.128 24 z 4] 4
0.84328 131976 2 7 7] 1
0.82276 138255 17 10 2| o
0.81114 143422 47 9 5| 1
0.80738 145137 1z| 10 z2[ 2

Sructure

Publicaton: Acta Cryssaliogr.

Detail: volume 4, page 474 (1951)

Auhors: N.Tombs

Primary Reference

Publicaton: Calcdaed from NIST using POWD-12++

Redision:  C.tal Filer:
x 1.54060
SFOM:  999.9(0.0003,33)

Not speciied
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Pattemn: PDF 89-0596 Radiation: 1.54060 Quality: Calculated

Publication: J. Sokd Sine Chem.

Detall: volume 123, page 191 (1566)

Authors: Sadykov, VA, Isupova, LA, Tsytulya, SV,
Cherepanova, S.V., Litvak, G.S., Burgina, E.B., Kustova, GN.,
Kolomiichuk, V.N., lvanov, V.P., Paukshas, EA., Golovin, AV.,
Avakumov, EG.

Primary Reference

Publication: Calculated from ICSD using POWD12++
Redisfion: Cukal Fiter: Not specfied
"“‘ 1.54060 d-spacing

SSFOM:  145.4(0.0059,29)

Formula Fe2 03 d 2 L3 h 1
Name Iron Oxide 368452 24.132] 238 0 1| 2
Name (mineral) Hematite, syn 2.70248 A 1 of 4
m! ) Iron(lll) oxide - a ;j;:?: 223 o?: ; ; :
220800 40836 188 1 1 a
207926 43.489 24 2 of 2
184248 49.427| 284 0 2l &
rlﬂl!t Rhombo. H.axes welght=  159.65 1.69640 54011 ase 1 1 [
8.Q: i g [coj= 20258 T69708] 54138 2| 1 1
Dm= 1.60121 57.511 70 0 i s
[P— 2360 160121 57.511 70 1 2l 2
a= 503700 148702 c2308| 216 2 1 4
o= 127100 T Y T
:’ 100000 [2* ¢ 135124 £9.510 2] 2] o] 8
:b 273397 131322 71.828 67 1] o] 10
130768 72.180 17 1 K
125028 75.427 43 2 2l o
12280 77.676 12 0 al 6
ICSD Collection Code: 082134 121428 78.738 10 2 AE
?:rn:km Ff:unsﬁgﬁrsg Xeray diffraction (powder) 120521 79.456 1 1 3 1
Additional Pattern: See POF 01.083.2810 1.19068 g6z x| 1 2 8
Article Title: Effect of mechanical activation on the real stnucture 1.19065 80.622 X2 3 1 2
m’:;‘;’:;eﬂ“g (;’;_"&","‘ conmcharbype smE Ti6aas|  so832| 3| o] 2| 10
ANX: AZX3 1.14758 84,328 1 0 of 12
1.14142 84.887 55 1 3 <
1.10400 £8.291 45 2 2l 6

Structure
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Pattern: PDF 74-2430 Radiation: 1.54060 Quality: Calculated

Formula La2 03 d 2 L3 h
Name Lanthanum Oxide 3.40880 26.112] 310 1 0 0
Name (mineral) 306495 22| 268] o] o 2
Name . 2974981 29963 999 1 0 1
(common) Laniimmm cukie -A 227945 2502|227 1 o 2
1.96865 46.069] 296 1 il o
1.75270 §2.143] 213 il o] a
1.70490 53.720 2| 2| o] o
Latioce: Hexagonal welght= 32581 1.65640 s5.426] 20 1 1 2
8. P63kmec (194) e cop= 823 1.64255 55934] 137] 2| 0] 1
Dme 1.53247 £0.351 2| 0| o a4
Vicor = 11.3% 148991 62.264 | 2| o 2
e= 393730 1.3977% 6,883 15 1 of 4
1.30906 72.082 63| 2| o a3
:; T:::: ze 1 1.28878 73.410 2 2 il o
- 1.26121 75.288 | 2 E
:‘ 1.55688 1.20827 79.136 47 1 1| a4
1.18803 £0.840 wu| 2 1| 2
1.15368 83778 34 il o] s
1.13872 85,043 8| 2| o a
ICSD Collection Code: 028585 1.13660 85.332 kX 3 0 o
Test From ICSD: At least one TF missing 1.08007 89,926 58 2 1 3

Asticle Tithe: Syrukturuntersuchungen an La2 O3

Wyckoff Sequence: {2 a (PENVMMC)
ANX: A2X3

Structure

Publication: Z. Ancrg. Allg. Chem.

Detail: volume 340, page 232 (1965)

Authors: Mueller-Buschbaum, M., von Schnering, H.G.
Primary

Publication: Calculated from |CSD using POWD.12++

Radiaslon: Cuxal Fier: Not specified
.‘“' 1.54060 d-spacing:

SSFOM: 9999 (0.22)




Pattern: PDF 89-0599 Radiation: 1.54060 Quality: Calculated

Formula Fe2 O3 d 2 1 h 1
Name Iron Oxide 367938 24188 318 0 1| 2
Name (mineral) Hematite, syn 2.60685 33183 ese| 1] o] 4
(common) ran(W) cudde - iiﬁg iﬁ 7: ; ; :
220491 40886 203 1 R
2.07686 41542 2] 2] o] 2
1.83970 49506 348] o 2 4
Lattios: Rhombo.H.axes welght= 15569 1.65308 54.126 461 1 1| &
8.Q: R3c(167) . [eop= 30115 163538 56.201 2| 1] 1
Dme 1.60167 57.493 27 1 2| 2
Vicor = 2,000 159717 §7.670 %] o0 1| &
o= 5.03200 1.48505 62490 264 2| 1| 4
R — 1.45261 ss050] 287 3] of o
ob ze o 141258 66,002 4 1 2| s
o 1-00000 1.24842 #9.676 20 2] of s
:5 272013 1.30980 72.045 sa| 1| o] 1w
1.30470 72311 2 1 1| o
1.26147 75.271 i 2 e
1.25800 75.515 55| 2| 2| o
1CSD Collection Code: 082137 1.22646 77.815 23] o| 3] &
Remark From ICSOICSD: X
Remark From ICSOICSD: Rgzgmxnc:.:;wm) at 1073 K 121303 78843 L 2 2 3
Temperature Factar: ITF 1.20399 79.552 2 1 EIE
Asticle Title: Effect of mechanical activation on the real stucture 1.18035 80.650 17 3 1 2
e :,"mmm'?&ﬁ:;" conmduTEpe st Taess0|  ens01| 28| 1] 2| &8
ANX: A2X3 1.16180 £3.061 & o 2| w0
1.14442 84612 a| o] of =2
1.14006 85.012 63 1 3| a
1.10245 88648 e 2| 2| &
Structure

Publication: J. Solid State Chem.

Detail: volume 123, page 191 (1996)

Authors: Sadykov, V.A., Isupova, LA, Tsybulya, S.V.,
Cherepanova, S.V., Livak, G.S_, Burgina, E8_, Kusiova, GN.,
Kolomiichuk, V.N., ivanov, V.P., Paukshtis, EA., Golovin, AV.,
Avvakumov, E.G.

Primary Reference

Publication: Calcudated from ICSD using POWD.12++
Radlafion: Cuxal Filer: Not specified
l:“' 1.54060 d-spacing:

SRFOM: 9999 (0.29)
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Pattern: PDF 37-1493 Radiation: 1.54060 Quality: Star (%)

Formula Fela O3 d 2 13
Name Iron Lanthanum Oxide 393015 22605 17 1 0 1
Name (mineral) 351683 25304 5 1 1 1
Name lanthanum orthoferrite = —— = . 2 .
(common) 252380 34145 4 2 1] o
248673 36.090 2 2 0 1
236974 37.938 4 1 1 2
| 226995 39.674 12 2 2 )
Latice: Orthorhombic weight= 24275 2.17977 41389 4 1 3 1
G Pn'a (62) [COj= 24281 210176 33000 z| 2| 2] !
:.. 196561 45144 0 2 o] 2
Vicor = 1.000 150740 47638 5 2 3 )
:' :::: 120273 50592 2 1 3 2
- 175722 51.999 7 1 PR
: - ze 4 171726 53303 5 3 1 1
- 070873 120407 57.399 =] 2| 4 o0
o 157217 58675 2 2 3 2
- 0% 154188 50.945 2 2 4 1
151127 61288 2 0 3 3
146054 63661 4 3 3 1
Sample Preparation: A stoichiometric mixture of (O M )and 2 138924 67.349 15 2 4 2
O3as heated overnight 1o 1000, then 1 day each at 1200° and 137047 68398 3 r 1 0
:::53; Dark brown 136757 68563 2 2 5| o
Structure: The s¥ucture was qualitatively determined by Geller 132934 20825 2 3 3 2
;r:uwu:c ").’Phasc T ¢ A hombohedral phase was ——— 0920 = ! I
found above 580° (Dalze, 2) 130944 72068 5 1 4 3
Temperature Of Data Collection: The mean temperature of data 129231 73177 2 3 1 3
callection was 25.4°
Additional Patterr: To replace 000150148, Geller 2nd Wood (1) i 76641 n 2l 0 ¢4
122882 77.638 3 4 1 2
122757 77.732 3 2 5| 2
119755 80.065 2 ) 5 3
1.18458 81.116 4 2 6 )
1147214 82 469 3 3 5 1
1.13550 85.434 5 4 4 )
,’;‘"“““ Acta Crystaliogr. 1.13357 85614 4 0 4 4
Detail: volume 9, page 563 (1956) 1.12357 86553 2 4 3 2
:"umm:ys: 1. Geller, S., Wood, EA 110129 88766 2 n 1 3
Publicason: Powder Diffracacn 1.10031 88.866 2 2 5 3
Detail: volume 1, page 263 (1986) 108953 89.978 3 2 6 2
Authors: McMurdie, H., Moms, M., Evans, E., Paretzkin, 8.,
Wong-Ng, W.. Hubbard, C. 108135 90.853 2 5 1 1
Radlaflon: Cuxal Fier. ™ 107875 91.133 2 1 1 5
m 1.54060 ‘“ 104993 94389 14 2 B 4
h ’ 104189 95348 2 4 5 0
SSFOM: 338 (0.0106,84) 102322 97.670 2 3 3 P
100750 99,737 2 5 3 1
100625 99.904 2 3 5 3
058292 103198 3 4 o| 4
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Pattern: PDF 36-1481 Radiation: 1.54060 Quality: Star (*)

Formula a(0OH)3 ] » I
Name Lanthanum Hydroxide 5.66243 15.665 60 1 of o
Name (mineral) 326306 27.309 K il o
Name 3.18709 27873 10| 1] o] 1
(common) 2.82697 31.624 17 2[ o] o
245180 36014 s 1 TE
2.28077 39,478 w[ 2] o] 1
213645 42.268 ul 2| 1 o
I'I-nlt Hexagonal weight= 12593 1.92935 47.063 7] 0 o] 2
8.q: PE3im (176) g [Cop= 14244 Ta207] 48085 8| 3] o] o0
Dme 1.87027 48 644 61 2| 1] 1
Wicor = +1.000 1.82641 49,891 | 1| o 2
o= 652860 1.66085 55.265 2 1 1| 2
I 1.63243 56.312 1 2| 2| o
ob - 2 1.56334 §7.822 7| 2| o 2
o 1.00000 1.56754 58 866 7] 3l 1] e
gb 0.59108 1.45305 64.028 16 3 1 1
143177 65.096 | 2| 1| 2
1.41357 66.040 s 4] of o
1.34788 69.708 | 3] o 2
Sample Preparation: 2 O3as heated with an excess of water and 1.32734 70.548 5 4 0 1
the mixture was refluxed for 4 days, fikered by suction and dried 1.26716 72,858 q 3 2 0
at 105 C for a few hours
Structure: The structure was determined qualitatively by 1.25338 75.800 8 1 0 3
Zachariasen, W_, Acta Crystaliogr., 1 265 (1948) 124643 76.341 o 2| 2| 2
e ey G oction: The masn S R 1.23%3 T1.278] 14| 4| 1] 0
Additional Pattern: See 00-006-0586 122943 77.592 a3 2| 1
Color: Calorless 121718 78,622 6| 2 1| 2
1.17084 2 280 6] 2| of a3

Primary Reference

Publication: Powder Diffraction

Detail: volume 1, page 90 (1586)

Authors: McMurdie, H., Morms, M., Evans, E., Paretzkin, B.,
Wong-Ng, W., Hubbard, C.

Radlafion: Cuxal Filer: M
.‘m 1.54060 d-epacing:

SSFOM:  £1.4(0.0107,31)
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ARTICLE INFO ABSTRACT

Handling editor: P. Vincenzini A common method for reducing waste and environmental problems brought on by landfills is to reuse waste,
especially heavy metals such as iron. Automotive industrial waste containing Fe-rich metal is successfully
transformed into a highly pure structure of Fe;O3 using an etching method with HNO;3 acid. This resulting
structure serves as a precursor for synthesizing LaNij (Fe,O3.5 perovskite conducting materials. The desired
perovskite conductive phase can be produced by substituting Fe;O3-treated waste at the B-site (Ni position)
before calcination at 1200 °C. However, LaNiO3.; and LaNig gFe 403.5 could not be synthesized under ideal
conditions, as indicated by XRD analysis using TOPAS software, which revealed the presence of undesirable
phases. Both compounds, LaNiO3.; and LaNig gFeg 403.5 demonstrated electrical conductivity with values of
362 S/cm and 42 S/em at 550 °C, respectively. Nonetheless, electrical conductivity of both compounds decreased
due to ded phase c i during the sy is process. The Fe,O3-substituted compounds at the Ni
position, in an exact amount of 1 mol, exhibited minimal electrical conductivity. Although the synthesis con-
ditions to produce a single phase of LaFeOs. ; were identified, LaFeOs .5, despite its low electrical conductivity, is
frequently used in electrical devices as a gas detection sensor. The thermal expansion coefficient of all synthe-
sized waste samples is represented in the range of 12-13 x 10 ® °C"!, which is comparable to IT-SOFC elec-
trolyte materials. Furthermore, microstructural investigation led that the i duction of Fe into LaNiO3.5
reduced particle size and porosity, ultimately resulting in higher densities. These findings were confirmed
through synchrotron radiation x-ray tomographic microscopy (SR-XTM) analysis. The research suggests that
converting Fe-waste into a pure phase of Fe;O3 using a strong acid etching technique can serve as a viable
precursor for synthesizing conductive materials. This approach enhances the value of industrial waste while also
reducing its volume.

1. Introduction H , XRD ements revealed chemical changes caused by
using HNOj acid, leading to the formation of intact iron oxide com-

The use of vehicles is crucial to human transportation activity, and as
the COVID-19 crisis subsides, there are witnessing an upsurge in travel
and transportation. The demand for automobiles is expected to rise [1],
leading to an increase in automotive industrial waste as well. The
amount of iron waste powder produced from the grinding of automobile
parts is substantial. Landfilling is one method for disposing of this waste,
leading to harm to the ecosystem and an increase in disposal expenses.
The prel y study and g of automotive industrial waste
are based on the paper report by N. Chuprasoet et al., 2021. Contami-
nated waste is initially cleaned with water and then extracted using a
magnet. Nitric acid (HNO3) and hydrochloric acid (HCI) are employed to
convert the chemical structure into a single phase of iron compound.

* Corresponding author.
E-mail address: siriwan@sut.ac.th (S. Chokkha).

https://doi.org/10.1016/j.ceramint.2024.08.276

pounds. A new single phase of Fe;03 is produced when using a chemical
etching technique by soaking of Fe-iron waste in HNO3 acid [2]. Hence,
the transformation of Fe-rich iron waste into high-purity iron com-
pounds renders it suitable for various applications, such as a starting raw
material for ceramic pigments, magnetic materials, gas sensors, fuel cells
cathode materials, and so on [2-6].

Fuel cells (FCs) are electrochemical devices converting fuel into
electricity that are considered promising alternative energy sources with
applications in stationary power plants, portable devices, vehicles, and
more. Boasting high efficiency and minimal pollution, these systems
produce only water and heat. Types of FCs include low-temperature fuel
cells such as alkaline fuel cells, phosphoric acid fuel cells, polymer

Received 2 January 2024; Received in revised form 14 August 2024; Accepted 17 August 2024
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electrolyte membrane fuel cells and high-temperature fuel cells such as
molten carbonate fuel cells at 600-700 °C and solid oxide fuel cells
(SOFC) at 600-1000 °C [7-9]. Advances in materials science enhance
intermediate-temperature  solid oxide fuel cells (IT-SOFC) at
600-800 °C, aiming to broaden the operational temperature range,
extend service life, and reduce unit cell costs. IT-SOFC exhibits high
electricity production [10,11]. According to recent studies, a variety of
structures are employed as cathode materials in IT-SOFC systems, with
the perovskite structure being one of the most effective and long-lasting
configurations. The LaNiO3.; perovskite material is outstanding. A.A.
Yaremchenko et al. (2019) studied LaNiOz.; prepared via the
glycine-nitrate combustion process. The electrical conductivity at
800 °C was found to be high at 450 S/cm, but it exhibited a high coef-
ficient of thermal expansion, measuring 13.7 x 107% °C~! at 25-900 °C
[12]. Because the material's expansion characteristics do not match
those of the other components in the IT-SOFC cell, using it within its
working temperature range can lead to cell rupture and destruction.
Therefore, the recommended solution is to substitute Fe in the Ni (B-site)
position in order to reduce the expansion coefficient of LaNiO3.5. This
strategic decision is based on previous research showing that LaFeO3..5
has a smaller expansion coefficient [13]. LaNil yFe,O3.5 was prepared
by a solid-state reaction with previously studied by Reiichi Chiba et al.
(1999). They found that the material had its highest electrical conduc-
tivity when x = 0.4, with a maximum electrical conductivity of 580
S/cm at 800 °C and a relatively low average coefficient of thermal
expansion (11.1 x 10°° °C™") from 30 to 800 °C [14]. The LaNigs.
Fe.403.5 perovskite structure was studied by R.N. Basu et al. (2004)
with two combustion synthesis techniques using urea and citrate-gel.
The results of the study indicated that the LaNig¢Fep403.5 samples
sintered at 1200 °C for 3 h exhibited physical characteristics that
included an average particle size of 0.3 um, a density of 4.2 g/cm®,and a
porosity of 40 % when synthesized by citrate-gel. This material exhibi-
ted the highest electrical conductivity of 172.7 S/cm at 700 °C.
LaNig ¢Feg 4035 samples sintered at 1200 °C for 3 hrevealed an average
particle size of 0.7 pm, a density of 4.3 g/cm®, and a porosity of 38 %
when synthesized by the urea method. The highest electrical conduc-
tivity of LaNig ¢Feq 4035 samples synthesized by the urea method is
140.8 S/cm at 700 °C. However, the coefficient of thermal expansion of
both combustion synthesis from processes was found to be approxi-
mately 11.4 x 10 °°C "' at 800 °C [15]. Moreover, K. Vidal et al. (2015)
studied on the LaNio¢Feo.403:5 perovskite structure prepared by the
glycine-nitrate route using different amounts of glycine/fuel ratio (G/N
= 0.5, 1.0 and 1.5). The results indicate that a sample obtained with a
G/N ratio of 1.0 exhibits more suitable conductivity values for appli-
cation as an IT-SOFC contact material. The samples sintered at 1050 °C
display particles with grain sizes of about 0.3-0.4 pm. It exhibited a
maximum electrical conductivity of 387 S/cm at 600 °C and average
coefficient of thermal expansion from 600 to 1000 °C at 12.43 x
107° °C'. Smaller particle sizes are advantageous for sintering and
result in higher density [16]. It is evident that the LaNig¢Feg 40345
structure is well-suited as a conductive material for use as a cathode
material in IT-SOFC [17,18]. This suitability stems from its high elec-
trical conductivity at operating temperatures and a low expansion co-
efficient, similar to that of other fuel cell components. This positively
impacts the service life and overall efficiency of IT-SOFC. However, no
research has been found that incorporates recycled waste into its pro-
duction process. Consequently, if waste is recycled and utilized as a
starting material for synthesizing electrically conductive materials, it
can contribute to a sustainable reduction of environmental problems.
Moreover, this approach adds value to industrial waste.

This article focuses on the synthesis of Fe203 derived from iron (Fe),
which is a waste product in the automotive parts industry from which it
can be found in large quantities. This type of waste is often disposed in
landfills, where it can undergo chemical changes, dissolving into ions or
other forms that may contaminate water sources. If these contaminated
water sources are used for human consumption, they may have negative
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effects on human health. The researchers became interested in the idea
that if iron could be treated to achieve higher purity suitable for
advanced applications and synthesized into the form of Fe;03, it could
be used for a wider variety of purposes. The decision to use this waste as
a Solid Oxide Fuel Cell (SOFC) cathode stems from the recognition of
SOFC as a high-energy and clean energy source that holds promise for
future applications. From this interest, research was undertaken to
confirm that the waste synthesized as Fe;03 can be used to synthesize
advanced materials as perovskite conductive materials, specifically the
LaNij.cFey03.5 (with x = 0, 0.4 and 1) cathode structure. This creates
sustainability in terms of quality resource management and health sus-
tainability caused by pollution. It also promotes the use of clean alter-
native energy such as SOFC. The approach involves doping Fe into the Ni
(B-site) position to reduce the expansion coefficient properties of LaNiO3
+5 The investigation commences by analyzing the composition of in-
dustrial waste using an XRF analysis machine. Subsequently, the in-
dustrial waste undergoes a phase change study achieved by altering its
chemical formula through chemical etching with HNO3, and synthetic
materials are examined via an XRD analysis machine. The initial
assessment of electrical conducting properties is performed using a
surface 4-probe DC at room temperature. Following this, the electrical
conductivity at operational temperatures is measured using the 4-probe
DC method. The expansion coefficient of the synthesized material is
determined using a Dilatometer within the IT-SOFC operating temper-
ature range, from room temperature to 800 °C. The microstructure of
porous and grain distributions is then examined through FE-SEM by
synchrotron light source and synchrotron radiation x-ray tomographic
microscopy (SR-XTM).

2. Materials and methods

2.1. Fe-waste preparation and transformation to Fe;O3 by HNO3 acid
etching method

The waste powder from the grinding process in Thailand's automo-
tive industrial sector was initially separated to remove larger contami-
nants such as screws, ceramic grinding plates and solid grinding stones.
This separation was achieved using a sieve shaker set to a controllable
size of up to 45 pm (325 mesh). In the second stage of waste treatment,
oil stains resulting from contamination during the polishing process by
the grinding machine were removed using water. As the last stage of
waste treatment, magnetic separation was employed to remove tiny
impurities from ferrous-rich waste such as non-ferrous dust and ceramic
wear powder from grinding wheels. The treated iron waste was subse-
quently dried in an oven at 100 °C for 24 h before being manually
ground to a controlled size. It was then screened through a sieve to
achieve a particle size below 45 pm. The cleaned Fe-waste powder must
undergo evaluation using X-ray fluorescence spectroscopy (XRF) and X-
ray diffraction spectroscopy (XRD) techniques. This evaluation aims to
determine the number of elements and the types of compounds present
before the powder can be utilized as a precursor in the subsequent acid
etching process.

Nitric acid (70 % concentrated HNO3, Ajax Finechem) was employed
as a chemical etching agent for the treated iron waste powder. Prior to
the etching process, each substance was weighed according to its
calculated molecular weight. The chemical reaction between the Fe-
waste powder and HNO; took place within a laboratory chemical
fume hood. The mixture was allowed to soak for 20 min to ensure the
completion of the chemical reaction. The iron waste that underwent acid
corrosion was subjected to a priority drying process at 100 °C. This
process aimed to remove any excess water. Prior to its use as a precursor
in the subsequent procedure, the transformed waste product was ground
and refined using a sieve to achieve a particle size smaller than 45 pm.
The successful completion of the chemical reaction during the acid
etching process was confirmed through the utilization of X-ray diffrac-
tion spectroscopy (XRD) techniques.
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2.2. Synthesis of LaNi;.xFe,O3. ; perovskite-type conductive materials
from automotive industrial waste

Stoichiometric ratios of Lanthanum (III) oxide 98.0 % (La203, Ajax
Finechem), Nickel (II) oxide 99.0 % (NiO, BDH), and waste powders of
transformed Fe;O3 obtained through an acid etching process (>99.9 %
analyzed by XRD using TOPAS software) were employed as the initial
materials for the synthesis technique of LaNi,.xFexO3.5 perovskite-type
conductive materials (with x = 0, 0.4 and 1) via the conventional solid-
state reaction. The hygroscopic Laz03 powder was handled with care. It
was dried at 1000 °C for 5 h before being weighed and mixed in the
grinding container. The mixture was ball milled in a polyethylene bottle
containing zirconia balls for 8 h using ethanol (95.0 % C2HsOH, Liquor)
as a dispersal vehicle. After being dried at 100 “C for 24 h, the ball-
milled mixture was manually ground using a mortar and pestle. The

ynthesized compound was sub: ly calcined in the temperature
range of 800-1200 °C, as determined by Simultaneous Thermal Analysis
(STA) with a focus on monitoring weight changes and identifying the
optimum reaction temperature. The successfully calcined powder was
verified using X-ray diffraction spectroscopy (XRD) techniques. It was
then ground and sieved through a 325-mesh (45 pm) screen before being
pressed into rectangular bars. The synthesized conductive material was
weighed out in 2-g portions and formed into bars measuring 6.5 mm x
32 mm x 2.5 mm using a steel mold through uniaxial pressing at 20
MPa. Subsequently, the compacted powder of the specimen bar was
sintered at 1200 °C for 2 h before measuring the electrical conductivity
using the 4-point DC method. Bulk density, porosity, structural image
and thermal expansion coefficient were determined through the Archi-
medes water immersion technique, X-ray Tomographic Microscopy
(XTM) by synchrotron, Scanning Electron Microscope (SEM) and dila-
tometer, respectively.

2.3. Analysis of characterizations and properties relevant to applications

The structural phases of automotive industrial waste, the trans-
formed Fe,03 waste powder and synthesized conductive materials were
identified using X-ray diffraction (XRD, Bruker D2 PHASER) within an
analytical 2-theta range of 10°-80°. A step time of 0.5 s per step and a
step size of 0.02° per step were employed. Furthermore, quantitative
analysis was conducted using software based on Topas analysis on a
computer.

The elemental content was determined using an X-ray fluorescence
spectrophotometer (XRF, PANalytical, Axios model) to confirm the
elemental composition obtained from XRD analysis at room temperature
under a vacuum system. All results will be used to determine the correct
dosage of the mixture.

The most suitable reaction temperature and weight loss of the syn-
thesized perovskite-type conductive material were determined using
thermal analysis (STA, Mettler Toledo TGA/DSC1). An alumina crucible
with alumina powder as a standard was employed. The analysis was
conducted in the temperature range of 25-1200 “C with a heating rate of
10 °C/min under normal atmosphere and an airflow rate of 20 ml/min.

Initial electrical conductivity measurements were performed using a
4-point probe system (Ossila) on the sample surface, with a needle dis-
tance of 1.270 mm. A maximum voltage of 10 V and the target current of
1000 microamps were applied and repeatedly measured 25 times at
room temperature. Afterwards, the electrical conductivity of the sin-
tered rectangular bar sample was measured from 50 °C to 800 “C using
the four-probe DC method. This method involves applying a DC current
(I) between the outer two probes and measuring the resulting voltage
drop across the inner two probes. All data was collected and measured in
an air atmosphere at a heating rate of 3 °C/min.

The thermal expansion coefficient (TEC) was measured using
Netzsch 402 dilatometer. The temperature measurement was carried out
from 30 to 1000 °C under an ambient atmosphere with a heating rate of
5 °C/min.
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Fig. 1. The synthesis process of LaNi; Fe,O3.5 perovskite-type conductive
materials from automotive industrial waste.

The samples were compressed and sintered at 1200 °C. Subse-
quently, their microstructure was examined using FE-SEM MIRA3
(TESCAN) at beamline 6 at Synchrotron Light Research Institute (SLRI),
Thailand with an electron beam energy level of 30 kV. This analysis was
carried out in the secondary electron detector mode with magnifications
of 5 kx, 30 kx and 100 kx. The particle size of the conductive materials
was measured using the Martin's diameter method in ImageJ software
[19].

SR-XTM was carried out at beamline 1.2W at Synchrotron Light
Research Institute (SLRI), Thailand. For tomography data collection, the
samples were stabilized with the paraffin wax within the sample holder
and mounted on the rotary stage. The synchrotron light source operated
at 1.2 GeV and 150 mA to minimize artifacts. Polychromatic X-rays were
attenuated using a 200 pm thick aluminum foil with a mean energy of
about 11.5 keV. A lens-coupled microscope and a scientific CMOS
camera (2560x2160 pixels, 16 bit) were used, providing an optical
performance with a pixel size of 1.44 ym. In a typical tomography scan,
X-ray projections were collected for a 180° rotation with angular in-
crements of 0.1°. Data pre-processing, background normalization and
CT reconstruction were performed using Octopus Reconstruction soft-
ware. The resulting tomograms were visualized in 3D volumes using
Drishti software. The experimental procedures are shown in Fig. 1.
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Fig. 2. XRF results of automotive industrial waste before and after waste
management processes.
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Fig. 3. XRD pattern of Fe-chemical compositions (3a) Before waste manage-
ment (3b) After waste management and (3c) Waste treatment after reaction
with nitric acid.

3. Results and discussion

3.1. The result of Fe-waste preparation and transformation to Fe;03 by
HNO3 acid etching method

The XRF elemental analysis results of the Fe-waste before and after
treatment are shown in Fig. 2, Prior to treatment, it was found that the
automotive industrial waste had a high iron percentage of 96.88 %.
Chromium (Cr), manganese (Mn), silicon (Si) and nickel (Ni)-fillers
i ded to imp some qualities of bile parts were also found
in quantities of 1.23 %, 0.33 %, 0.15 % and 0.06 %, respectively.
Additionally, aluminum and oxygen were found, both of which are
byproducts of the alumina complex (Al;03), a mixture of ceramic
abrasive powder. The iron concentration in automotive waste was found
to be as high as 97.61 % after three passes of magnetic separation and
washing in water, which is an increase of 0.73 % compared to before
treatment. The leaching process was unable to remove the Cr, Mn, Si and
Ni elements. It is evident that the quantities of these substances before
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Fig. 4. The predictive reaction temperature of LaNi,,Fe,03.5 synthe-
sized substance.

and after leaching were similar. This may be attributed to the deliberate
addition of these el to steel to enh its structure and improve
its properties. As a result, it cannot be removed by water and cannot be
separated by a magnet. However, the quantities of aluminum, oxygen
and other contaminants significantly decreased as a result of washing
with water and separating the magnetic powder through magnetic
suction. This process effectively r lumi brasive powder and
dust contaminants.

The XRF analysis results are in alignment with and corroborated by
the chemical composition analysis via XRD, as illustrated in Fig. 3. It was
found that the Fe-waste before treatment (Fig. 3a) consisted of four main
phases: Fe-Iron (JCPDS no. 06-0696) with peaks around 20 values of
approximately 45° and 65°, as well as 304-stainless steel
FeCro 29Nig.16Co.06 phase (JCPDS No. 33-0397) was detected at 20
values around 43°, 51° and 75°. These two phases are the main phases of
Fe-rich waste by partially adding some elements to improve their
properties. Furthermore, alumina abrasive powder (JCPDS No.
29-0063) was detected at 20 of 68°, a finding consistent with XRF
elemental analysis, which identified the presence of aluminum and ox-
ygen. After water washing and magnetic separation (Fig. 3b), it was
found that the alumina polishing powder detected at 20 equal to 68 had
disappeared. While treating or washing with water, iron can undergo
oxidation due to the presence of oxygen in the water and air. Subse-
quently, the drying temperature of the waste powder triggers a chemical
reaction, partially converting iron into iron oxide compounds. There-
fore, the peak of iron oxide with JCPDS no. 39-1946 occurred at 20 of
35°. However, the main phase of Fe-waste after treatment is still pre-
sented as Fe-iron with the same structure as Fe-waste before treatment.

The results of chemical composition analysis by XRD technique of Fe-
waste treated with nitric acid (HNO3) are shown in Fig. 3c. Only a single
phase of the iron oxide compound with JCPDS no. 39-1946 was found in
the XRD result pattern. This result is attributed to the complete chemical
reaction between iron and nitric acid, resulting in the formation of a new
phase of iron oxide, as predicted in Eq. (1) by following [2]:

2Fe(s) + HNO3()+3H200) — Fez035) + NHa(g) + H20(g) + H202(g) (1)

The results of this chemical reaction can be achieved by heating it to
approximately 100 “C. Besides transforming iron into iron oxide
completely, this chemical reaction also produces useful by-products
including Ammonia (NHj), water (H,0) and Hydrogen peroxide
(H202). NH3 is released during the reaction, which can be utilized for a
wide range of applications as a fuel, working fluid, refrigerant, hydrogen
carrier, fertilizer, feed k, chemical, cl agent and many more
[20]. Water itself is an important resource used for sustaining life.
Hydrogen peroxide (H;0,) is also important in current research, often
used for killing bacteria found in biological systems including being a
foaming stimulant in cement, plaster, sound-absorbing materials, porous
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materials and lightweight materials [21].

3.2. The result of analysis of characterizations and properties relevant to
applications

3.2.1. Optimum temperature of synthesizing LaNi;..Fe,O3. ; compounds

The synthesized LaNi.,Fe,O3.5 conductive powder via solid-state
reaction technique was analyzed by using STA (TGA-DTA techniques)
as shown in Fig. 4. In the endothermic thermogravimetric analysis of the
synth d conductive powder, three distinct temperature points were
observed and identified at around 380 °C, 520 °C and 720 °C. These
temperatures correspond to stages of thermal degradation and collec-
tively result in a total weight loss of 11 %. The observed reaction tem-
peratures are linked to the strong endothermic reaction caused by the
substantial physical water adsorption capacity of LazO3. This remark-
able adsorption capability masks the exothermic reactions necessary for
the formation of synthesized LaNi;.,FesO3.5 conductive materials.
Consequently, these exothermic reactions are not discernible in the STA
graph. However, there are two primary temperature ranges associated
with the endothermic reactions induced by LayO3. In the initial tem-
perature range of 300-600 °C, the endothermic reactions involve the
dehydration of La(OH)3 into LaOOH (Lanthanum hydroxide-oxide),
resulting in a cumulative weight loss of 8 %. These reactions occurred
at temperatures of 380 °C and 520 °C, as defined in Eq. (2) [22,23].

(2)

La(OH)3(s) = LaO(OH)(s) + H20(g)

Eq. () [22,23] represents the complete endothermic reaction of
LaOOH dehydration to La;O3 within a second temperature range of
600-800 “C. This reaction leads to a cumulative weight loss of 3 %.

2La0(0OH)(s) — Laz03(s) + H20(g) 3)

Although the final temperature investigated occurred at 720 °C and
it is a dehydration reaction caused by the adsorption of LayO3 from
traditional solid-state reaction synthesis process, the actual calcining
will be studied in the temperature range of 800-1200 °C. Due to the
large amount of chemicals utilized, the actual calcining process in a
laboratory demands higher temperatures to complete the chemical
reaction.

3.2.2. The structural characteristics of LaNij.Fe O3 .5 calcined powder
Utilizing STA to analyze the reaction between the compounds laNll
«Fe,03. 5, it was observed that the reaction ter d at approxi
800 “C, signifying the onset of the calcination process starting between
800 “C and 1200 °C. The powder was burned within the previously
mentioned temperature range after the raw materials had been mixed
according to the estimated proportions. Subsequently, the structural
characteristics of the calcined powder were examined using XRD, and
the results are presented in I'ig. 5a-c.
Fig. 5a shows the XRD structural phase analysis of LaNi.\Fe,03.5
(when x = 0). The results of calcination at 800 °C indicate that the
precursors of NiO (JCPDS no. 47-1049) and La(OH); (JCPDS no.
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83-2034) are still present, indicating that the chemical reaction has not
yet completed. However, NiO and La(OH)3 starting materials are
capable of undergoing partial chemical reactions after calcination at
800 °C, resulting in the formation of a new conductive phase substance.
This can be observed through the detection of LaNiOs.5 (JCPDS no.
79-2451) conductive phase. While calcining at temperatures ranging
from 1000 to 1200 °C, the analysis results are the same. The La(OH)3
precursor has completely disappeared due to the chemical reaction,
resulting in the complete formation of the LaNiO3 5 conductive phase.
However, the NiO precursor is still present due to incomplete chemical
reactions. Weighing is challenging and imprecise because the La(OH)3
precursor quickly absorbs moisture, leading to an actual weight lower
than the theoretically calculated value. As a result, there is an excess of
NiO reactant left over from the reaction. According to the Topas
Quantitative Phase Analysis using the Rietveld Refinement Method, the
amount of the LaNiO3.5 conductive phase (Rhombo.H.axes lattice with
a=Db =5.4573, c = 13.1462 .7\) and the NiO precursor (Cubic lattice
witha=b=c=4.1771 A) remaining from the reaction was found to be
99.79 % and 0.21 %, respectively. It can be concluded that the electri-
cally conductive compound LaNiO3.5 is completely formed when
calcined at a temperature of 1000 °C.

Fig. 5b displays the XRD phase analysis results of LaNij.xFexO34s5
(when x = 1). The results indicate that calcination at 800 °C still presents
the Fe;03 precursor peak (JCPDS no. 89-0596), derived from automo-
tive industrial waste, and the peak of the La(OH)j3 precursor phase
(JCPDS no. 83-2034). The presence of the La(OH)3 precursor phase is
attributed to the hygroscopic nature of La;03 during the synthesis pro-
cess [22]. Additionally, a new substance of LaFeO3..5 phase (JCPDS no.
15-0148) was discovered, resulting from a chemical reaction involving
all the precursors. At 1000 °C, peaks of Fe;03 and La(OH)3 precursors
were still detected, indicating an incomplete chemical reaction. How-
ever, some interactions resulted in more pronounced LaFeO3.5 peaks.
After calcination at 1200 °C, the peaks of La(OH)3 and Fe203 completely
reacted to form single phases of 100 % LaFeOs.; with an orthorhombic
lattice (a = 5.556 A, b = 5.565 A, ¢ = 7.862 A).

Fig. 5¢ shows the XRD phase analysis results of LaNi; (FeO3.5 with
x = 0.4. The results indicated that at a calcination temperature of
800 °C, all precursor peaks of Fe,03 (JCPDS No. 89-0596), NiO (JCPDS
No. 47-1049) and the La(OH)3 phase (JCPDS No. 83-2034) were
detected in the XRD pattern, suggesting an incomplete chemical reac-
tion. However, three new conductive phases of LaNiO3.5 (JCPDS no.
79-2451), LaNig ¢Feg 4035 (JCPDS no. 88-0.37) and LaNig7sFe 250345
(JCPDS no. 88-0639) were detected and the quantity of each phase can
be known by using TOPAS software as shown in Fig. 5d. All the above
phases are products from the chemical reaction of precursors, but the
calcination temperature of 800 °C is too low to allow for a chemical
reaction to occur and result in a complete transformation into a new
conductive phase. At a calcination temperature of 1000 °C, the same
phase peaks were observed as those at 800 °C. A higher calcination
temperature led to a reduction in precursor peaks and promoted further
chemical reactions. Consequently, the peaks corresponding to the
product substances of LaNiO3.s, LaNig gFep 403.5 and LaNig 75Feq 2503
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Fig. 6. Initial electrical conductivity of synthetic materials (6a) LaNiOs.; (6b)
LaFeO3.5 and (6¢) LaNip ¢Feo.403.5 by using a surface 4-point probe at room
temperature.

0.4 have a lower valence than 3+, they are sensitive to temperatures
higher than 1000 °C, easily causing a second phase [14,25].

3.2.3. Electrical conductivity properties of LaNi;.xFe,O3.; perovskite-type
conductive materials

The initial electrical conductivity of LaNij;_\FexO3.5 (with x = 0, 0.4
and 1) perovskite-type conducting specimens was measured using a
surface 4-point probe at room temperature. The measurements were
conducted with each sample tested 25 times under consistent recording
conditions. Preliminary conductivity measurements were conducted
with an oscilloscope at room temperature to eliminate variables not
suitable for measurement with the 4-probe DC method. The 4-probe DC
method has complicated preparation, requires time, and involves high
temperature for testing. Moreover, materials with low electrical con-
ductivity are not suitable for use as cathode materials in SOFCs. Ac-
cording to the testing results, LaNiO3.5 and LaNig ¢Fep 4035 exhibited
electrical conductivity at room temperature, with average conductivities

+5 were detected with greater clarity. At the calcined perature of
1200 °C, the precursor peaks of La(OH)3, NiO and Fe;O3 were fully
transformed into conductive phases of LaNiO3.s, LaNig ¢Fep 403.5 and
LaNip 75Feg 25035 It was found that the reactants were able to react and
change the structure to LaNig gFeg 40345 with an Rhombo.H.axes lattice
(a=b =5.5047 A, ¢ = 13.2642 A) in the highest amount of 53.13 %,
which is the desired high-efficiency conductive phase. The temperature
and synthesized conditions cannot produce a single phase of LaNig,.
Fep.403.5. Instead, both conductive phases of LaNiO3.:5 and LaNig.7s.
Feq.2503.5 were found in amounts of 17.46 % and 29.41 %, respectively.
However, there are guidelines for single-phase synthesis by lowering the
calcination temperature below 1000 °C, but the calcination process can
take up to 24 h to create a single phase. Because oxides containing Ni
ions in LaNi; «FeyO3.5 synthetic materials with x less than or equal to

of appr ly 125.6 S/cm (Fig. 6a) and 0.7235 S/cm (Fig. 6b),
respectively. Both types of workpieces were then further measured for
electrical conductivity using the 4-probe DC method, which extends the
results to measure the electrical conductivity of specimens under
simulated actual operating conditions and utilization.

However, the electrical conductivity of LaFeO3.; at room tempera-
ture is shown in Fig. 6b. Preliminary analysis results indicated that no
electrical current was detected from the workpiece. Therefore, it may be
concluded that these materials either lack electrical conductivity or
exhibit very limited conductivity. Documents reporting the results
consistently show that LaFeO3.; exhibit very low electrical conductiv-
ity, even at high temperatures [14,25]. As there are other better options
available, it is not considered for further detailed using the 4-probe DC

44273

971



S. Chokkha et al.
500
450 4
LaNiO,;
400 y =-0.2049x +391.13
—~ R* = 0.9046
£
Z 350 1
E 300 A
<
s
B 250 4
e
-
2 200
£
“
= 150 4
LaNi, Fe; Oses
100 4 y=0.011 9.409
R*=0273
50
0
0 200 400 600 800
Temperature (°C)
(a)

98

Ceramics International 50 (2024) 44268-44278

500
[15] Reported by RN. Basu et al. (citrate-gel) +
450 [15] Reported by R.N. Basu et al. (urea) ©
[14) Reported by R. Chiba et al A
400 [25] Reported by E. Niwa etal »
_ LaNi, Fe,O5,; (Room temperature) =
E 350 £ LaNi; ;Fe,0y,5 (800°C) x
g
i‘m -+
< >
=
= 250 1
5
= 200 £
£
©
= 150
=] ! °
100 +
g) -
0 +
0 0.2 0.4 0.6 0.8 1
X in LaNi; ,Fe, 04,5
(b)

Fig. 7. Electrical conductivity of synthetic materials (7a) using 4-probe DC method at a temperature range of 50-800 °C of LaNiO3.. 5 and LaNig gFeg 403.5. (7b) The

electrical conductivity of LaNi; «Fe,O3.5 at room and 800 °C

d the electrical conductivity reported.

method. The electrical conductivity behavior of perovskite materials
depends on the outermost electrons, which affects the strength of the
adsorption of oxygen and transition metal ions [26]. According to the
research of L. Zeng et al. [27], LaNi;.,Fe,O3.5 exhibits a rhombohedral
structure when Fe®* ions replace some of the Ni** ions, causing struc-
tural distortion and creating oxygen vacancies. This effect is particularly
pronounced when 0 < x < 0.4, due to the smaller atomic size of Fe**
compared to Ni®*. As a result, there is an increase in the partial reduc-
tion of Fe** to Fe?*, which influences the oxygen absorption capacity
and significantly enhances electrical conductivity [28,29]. And it has the
highest electrical conductivity when 40 % Fe is doped into the position
of Ni. However, if more than 40 % is doped in LaNij; ,Fe,O3.5, the
structure will change to Orthorhombic. When comparing the Fe®* /Fe’’
ratio, it was observed that LaNi, \Fe,O3 .5 with 1 mol of Fe substitution
exhibited a ratio indicating that Fe?* was only partially present, sug-
gesting partial doping with Fe. This resulted in a reduced ability to
absorb oxygen. Therefore, LaNij (FeyO3.5 at x = 1 has such low elec-
trical conductivity that it cannot be measured by the 4-probe method at
room temperature [27].

Although LaFeO3.5 synthetic materials lack conductive properties
and are not commonly used as an electrode, they are highly efficient
when used as a sensor for detecting gases of NO,, CO, acetylene and
ethylene [24,30]. However, it is evident that previous research has not

ar
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utilized waste materials for synthesizing LaFeO3.;5 and applying it in
sensor applications. Therefore, this research shows promise, and further
testing is necessary to confirm the sensors performance.

Fig. 7a shows the electrical conductivity of synthetic conductive
materials using the 4-probe DC method. LaNiO3.s conductivity was
measured in great detail using the 4-probe DC technique between 50 and
800 °C, revealing metallic conductivity behavior. The highest conduc-
tivity recorded for LaNiO3. 5 is 362 S/cm at 150 °C as depicted in Fig. 7a.
This observation indicates that conductivity decreases as temperature
increases, a phenomenon explained by Crystal Field Theory [31].
LaNiOs.5 consists of a low-spin configuration of Ni** (with a double
degenerate level of 1 and a triply degenerate level of 6), which is
consistent with its metallic conductive behavior. In contrast, LaFeO3.5
exhibits a high-spin configuration for Fe®*, characterized as a
charge-transfer insulator with localized electron configuration (double
degenerate level of 2 and triply degenerate level of 3). Consequently, the
LaNij.,Fe,O3. 5 system shows a c ition-controlled metal-insul
transition at x = 0.3, likely due to the enhanced disorder effect caused by
replacing Ni with Fe in the system. Due to its mixed conductivity
behavior, the electrical conductivity of LaNigeFeo 403:5 may be rela-
tively constant [22]. When Ni is replaced by Fe with x = 0.4, as illus-
trated in F'ig. 7b, the conduction behavior of LaNig gFeg 403.5 specimen
changes from metallic to semiconductive characteristics.

7.00 10.00
Coefficient of “"“(T)l expansion (x104°C1)
)

Fig. 8. The coefficient of thermal expansion of (8a) LaNi, ,Fe,03. 5 (with x = 0, 0.4 and 1) synthesized compounds and (8b) the currently SOFC electrolyte materials.
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Fig. 9. SEM images of LaNi, xFexO3., perovskite-type conducting materials (9a) LaNiO3. 5 5kx, (9b) LaNiOs.5 30kx, (9¢) LaNiO3.s 100kx, (9d) LaFeO3.5 S5kx, (9¢)
LaFeO3, 4 30kx, (9f) LaFeO;, ;5 100kx, (9g) LaNig gFeq 40445 5kx, (9h) LaNig ¢Feq 4045 30kx and (9i) LaNi ¢Feg 4035 100kx.

Semiconductive conducting behavior occurs in the lo p

to the cathode materials currently utilized in IT-SOFCs. Therefore, if the

range, from room temperature up to 800 “C. It is observed that as the
temperature increases, electrical conductivity gradually rises. The
LaNip gFeq 403.5 syntt d material exhibits a maximum electrical
conductivity of 42 S/cm. Although the LaNip ¢Feo 403.5 synthetic ma-
terials do not exhibit highly conductive behavior in this research, they
are suitable for use as cathode materials in IT-SOFC. Fig. 7b shows the
electrical conductivity at room temperature and 800 °C, obtained from
waste from the automotive parts industry as a precursor. Compared with
previously reported results at 800 °C, LaNig¢Fep403.5 has a signifi-
cantly lower electrical conductivity than other reported materials. This
is the result of not being able to synthesize them into a single phase.
However, the synthesized LaNig gFeg 403.5 conductive specimen cannot
be produced as a single phase under inappropriate synthesis conditions.
The resultant material exhibits poorer electrical conductivity compared

experiment is carried out and the conditions are suitable for the syn-
thesis of LaNiggFeg403.5 material with a 100 % single phase, the
electrical conductivity will increase to approximately around 300 S/cm
at an operating temperature 800 “C [25].

3.2.4. The coefficient of thermal expansion results of LaNi;.xFe O35
conductive perovskite-type materials

The thermal expansion coefficient (TEC) of LaNiy.cFe,03.5 (with x =
0, 0.4 and 1) synthesized samples as measured using a dilatometer is
shown in Fig. 8. The establishment of test conditions is based on refer-
ences related to IT-SOFC applications, which operate within a temper-
ature range from room temperature up to 1000 °C. From the experiment,
it was found that the thermal expansion coefficients of LaNiOj.gs,
LaNip.6Fe 4035 and LaFeO3.5 were 13.02 x 107%, 12,19 x 10 ® and
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——
100.00 um

Fig. 10. The porosity analysis of LaNig ¢Feg 4035 using synchrotron radiation XTM technique (10a) Projection image from micro-CT of XTM (10b) Reconstructed
image from Octopus reconstruction program (10c) 3D image from Drishti program (inside - cross section).

10.53 x 10 °°C™, respectively. The substitution of Fe in the Ni-position
as in the experiment from Fig. Sa, resulted in a decreasing value in the
thermal expansion coefficient of the LaNig ¢Fep 4035 perovskite elec-
trically conductive material. Additionally, when Ni is completely
replaced with Fe at 100 %, the thermal expansion coefficient value de-
creases and is lower than that of other workpieces. Therefore, it can be
concluded that iron processed from automobile manufacturing waste is
arranged into a unique structure with qualities that help reduce the
thermal expansion coefficient of the LaNi; . Fe,03.5 conductive perov-
skite structure. Additionally, as demonstrated in Fig. 8b [33,34], the
substitution by Fe-waste results in a thermal expansion coefficient that is
comparable to the electrolyte materials currently employed in IT-SOFCs
such as Yttria-stabilized zirconia (YSZ) and CeO; (with other dopants of
La, Sm Gd and Sr). The materials will be strong, long-lasting, and stable
to the environment inside the cell since they have similar coefficients of
thermal expansion after the cell has been assembled. Low thermal
expansion coefficients do not compromise cell performance at IT-SOFC
operating temperatures, contributing to a longer service life.

3.2.5. Microstructure and porosity analysis of conductive perovskite-type
materials by synchrotron light source

The results of a cross-sectional microstructure study using the FE-
SEM technique LaNi; Fe,O3.5 (with x = 0, 0.4 and 1) sintered at
1200 °C are presented in | 9. The microstructure study findings
indicate that LaNij..FeyO3.5 material exhibits a consistent, porous
microstructure composed of grains with uniform size distribution and a
pellet-like shape. The FE-SEM images clearly show that the LaNiOz.5
and LaFeOg3.; materials have larger grain sizes. The image J analysis
technique also supports and indicates that LaNiO3.5 and LaFeOs3.s
materials have average grain sizes of approximately 0.62 ypm and 0.57
pm, respectively. However, after adding Fe dopant to LaNiOgss, the
grain size of LaNig ¢Fep 4035 is significantly smaller than that of other
synthesized compositions with an average grain size of 0.13 pm. The
introduction of Fe dopant into LaNiO3.; reduces the average particle
size, which decreases with increasing Fe content due to lattice distortion
caused by the addition of Fe ions. This lattice distortion can lead to
reduced nucleation and grain growth rates in Fe-doped LaNiO3.5 The
reduction in average crystallized size suggests an improvement in
crystallinity [35,36]. Consequently, the grain and particle sizes are

smaller. This not only increases the contact surface area [25,36,37], but
also affects pore size. Smaller particle sizes lead to a more closely con-
nected and arranged structure, resulting in smaller pores [37,38]. This is
consistent with the research of A. Z. Mah d et al. which sh d that
doping Fe into ZnO resulted in smaller particle sizes, resulting in a
smaller pore size, higher surface area and higher percentage of porosity
[15,30]. Porous properties are desirable in the cathode material for
IT-SOFC (Intermediate Temperature Solid Oxide Fuel Cell) applications.
In addition to electrical conductivity, the cathode material needs to be
porous to facilitate the easy flow of fuel and oxygen gases into the
IT-SOFC unit cell, promoting efficient chemical reactions and enhancing
fuel cell efficiency and electricity generation. This is in accordance with
the findings from the synchrotron light source analysis, as demonstrated
in i 5

The micro-CT images of SR-XTM of LaNiggFeg 403.5 sample ob-
tained from a synchrotron light source are displayed in Fig. 10(a—c). The
solid black contrast in I'ig. 10a denotes a high sample density, which can
be attributed to the orientation of small particles. As a result, low X-ray
transmittance leads to ring artifacts in reconstructed images using the
Octopus reconstruction program, as shown in Fig. 10b. When irradiated,
light scattering occurs due to the metallic composition of the synthesized
sample. The XTM technique’s resolution restrictions, restrict analysis of
porosity smaller than 0.72 pm, preventing determination of the sample’s
overall porosity. This relationship between particle size and porosity is
confirmed by the arrangement of small particles, resulting in the for-
mation of small pores. This is evident in the distribution of tiny bright
spots scattered throughout the workpiece, as depicted in Fig. 10c witha
3D image from the Drishti program (inside cross-section).

4. Conclusions

Iron powder waste (Fe) from the automotive parts industry was
treated to reduce contamination before being used as a starting material
in this process. Upon exposure to air, the iron powder can oxidize,
forming oxide compounds. Therefore, it was synthesized by reacting
with HNOj acid, resulting in Fe;03. The next step was to study whether
this Fe,0s3 is effective enough to be used as a precursor for the synthesis
of advanced materials. In this research, Fe;03 derived from automotive
parts industry waste was used as a precursor for synthesizing perovskite
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(31]

32]

[33]
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structural materials. LaNij;.<Fe,O3.5 (with x = 0, 0.4 and 1) was inves-
tigated for use as a cathode in SOFCs, which are high-energy cells that
are not toxic to the envir This study includes the lysis of
physxcal properties analysw and testing of key material properties. The
p ucture, thermal coefficient
and electrical conductivity suggest that waste from the automotive parts
industry can be used, exhibiting properties similar to those reported in
previous research. This app h not only
pollution from waste but also enhances its value. The compounds syn-
thesized from automotive industrial waste may find application as IT-
SOFC cathode materials or serve other purposes. For instance, the
LaFeO3:5 compound can be employed as a gas sensing material,
ing further i ion into its additional properties.
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