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Pattern: PDF 06-0696 Radlation: 1.54060 Quality: Star (*)

Formula Fe d 20 [
Name Iron 202680 44674 100 1 1 0
Name (mineral) Iron, syn 1.43320 65.023 200 2/ o o©
Name . . . 1.17020 82.338 0 2 1 1
femite, bainite, ledkunite
(common) 101340 98.948 10 2 A
0.90640 116.389 12 3 1 0
0.82750 137.143 3 2 2 2
Lattios: Cubic Mol. welght=  55.85
t-1c Im-3m (229) Volume [CO]=  23.55
Dx=
Dm=
Wicor = «1.000
o= 286640

o

- 1.00000

Caolor: Gray, light gray mesallic

General Comments: Total impurities of sample <0.0013% each

metals and non<metals

Adational Patterr: See ICSD 64795 (POF 01.085.1410)
Temperature Of Data Collection: Pattern taken at 26 C

Sample Preparation: The Iron used was an excepionally pure
rolled shoet prepared at the NBS, Gathersburg, Maryland, USA.,
[Moore, G., J. Met, 5 1443 (1953)). & was annealed in an
tmosphere for 3 days at 1100 C and slowly cooled in a He
atmosphere
General Comments: y-Fe (foc)=(1390 C) &Fe (bec)

G I C O mineral optical data on specimen
from Meteorie: RR¥2Rge= 57.7, Disp.=16, VHN=158 (mean at
100, 200, 300), Color values=_311, .316, 57.9, Ref

: IMA Commisssion on Ore Microscopy QDF

Primary Reference

Publication: Natl. Bur. Stand. (U.S.), Circ. 539
Detait: volume IV, page 3 (1955)

Auhors: Swanson et al.

Radisgtion: CuKal

Filter:
u&“ 155060 depacing:

SSFOM:  222.1 (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 §0.792 46 2 of o
:’J;MI) 304-stainless steel, austenite :ﬁz :ﬁ:: 23: § f ?
1.03680 95968 12 2 2 2
0.857%0 118.161 3 4 0 0
Lattios: Cubic welght=  81.04
a.a: Fmedm (225) [CO|= 4631
Dx=
Dm=
Wcor= «1.000
a= 3159110

® 00000 [2* 4

o 00000

Color: 8lack
Anclysis: Guanstasve analysis by Atomic A P
Spectroscopy: chromium 17.9%, nickel 11.4%, molybdenum
<0.01%, s#icon 0.28%, analysis incomplete

{(:aen-:l gcmm!s: Quslmm: steed

1)

Is Feich anal

Primary Reference

Putiication: ICOD Grantsin=Akd

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

Radistionc Cu¥a Filer: M
r*,.m d-epacing:

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

Formula Fe2 03 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 26103 6 2 1 1
255300 30241 as| 2] 2] o
2.78400 22126 2| 2 oz
264380 231883 2| a i o
I-l-“ Cutee Mol welght= 155,69 251770 5631 100 3 1 1
8.q: £4132(213) ICO|= 5825 241150 37250 3| 2| 2| 2
:'_ 49 2.31630 28848 1 al 2] o
Wcor= 1.400 2.23200 40378 1 al 2]
a® 835150 208880 43288 16 4 o] o
202880 44.705 1 4 1)
1.96880 46072 1 a3 o
o 100000 [E% " 1.82240 50.008 2| & 2| 1
o 00 1.20450 53734 11 B 2 2
- 1.67000 54.926 1 4| 3] o
1.63750 86.107 1 5 il o
1.60730 §7273 24| 8 E
Color: brown 1.55070 54 569 1 s|  z2[ o
SunphLEnm Or Localty: Samgle from Control Data as used in 1.52480 0687 2 5 2 1
Ol Duta: B22.74 a7se0| 62627 34| 4| 4| o
General Comments: Optical data on specimen from lron 1.45370 63996 1 4 4 1
g“:ﬁm&c‘m“"ms&“ wpon propmaton 1a3220| 65074 i s| 3| o
(Bernal et al) 1.39150 67203 1 4| 4] 2
g s P —— °°'°°‘,‘;;5$5 m‘%. 1.37200] 68285 1 6 1] o
G., North Dakota Ste University, Fargo, North Dakota, USA, 1.35470 69307 1 & 1 1
1CDO Grant-in-Ald (1990). Agrees well with experimental 1.32040 71378 3 3 2 0
patiern. Addiional weak reflections [indicated by brackets) were 130420 72403 ] 5 3 o
1.27300 74473 6| 8| 3| 3
1.25800 75444 2| el 2] 2
1.24500 76.445 1 el 3] o
1.23140 77.445 1 AR E
PuEhcation: 10D Grantn-Akd 1.20630 79448 ) 4] 4 4
Authors: Schulz, D., McCarthy, G., North Dakota State 1.18310 80.426 1 s af 2
University, Farga, North Dakota, USA. 1.18100 21422 1 7| 1] o
1.13680 85341 1 7| 2| 1
1.11850 87307 2l el 4] 2
1.09680 89247 1 7 3] o
T o = 1.08720 60229 IR R
km 154080 d-epacing 1.04380 85.106 3 8 0 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 484426 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 43083 205 4 ol o
1.92491 47.178 12 3 3l 1
_ 1.71270 53456 24 4 2| 2
P Cuec weight= 23154 161475 56984 254 5 1 1
s.a: Fi-am @227) :'_-‘m' e 148324 62575] 381 4| 4| 0O
Om= 5178 141325 65.794 7 5 B
— Vicor= 5230 1.32655 70,950 22 6 2| o
a= 239050 1.27954 74028 &9 5 HIEE
1.26452 75.030 =3 6 z2[ 2
1.21106 78.996 23 4 i 2
-* 1o000  [2* # 1.17491 81534 4] 7 1K
e, noooo 112123 B6.728 G 4] 2
" 1.09235 sagse7| 102 7 3l 1
1.04221 94522 37 2 ol o
1.02506 97435 2 7 3| 3
NIST M&A Collection Code: N ALI917 4148 0.98223 02338 13 B 2| 2
Temperanure Facior: 182Fe,0 0.952835 05322 51 7 5 1
0.96246 106326 12 6 s 2
0.93208 110336 25 2 4 o
0.92058 113522 3 9 1 1
0.89443 118,507 7 6 6] 4
0.879%6 122274 35 9 3l 1
0.85535 128.128 24 2 4| 4
0.84328 131976 2 7 7] 1
0.82276 138259 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 wsing POWD-12++

Redieflon: C.Kal Filer:
x 1.54060
SOFOM:  999.9 (0.0003,33)

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

Formula Fe2 03 d 2 11X h 1
Name Iron Oxide 368452 24132 238 0 1 2
Name (mineral) Hematite, syn 2.70248 A 1 o] 4
Name . 251880 asg1e| 653 1 i o
(common) i) cekin - w 220517 39.220 6| o] o] 6
220800 40836 188 1 1 a
207926 43.489 24 2 o] 2
184248 49.427| 284 0 2l &
|'I-‘Dt 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 1 8
[F— 2360 160121 57.511 0 1 2l 2
a= 503700 148702 c2a88| 216 2 1 4
ex e —

-

_“ 1.00000 z & 135124 £9.510 25 2 0 8
gb 273307 131322 71.828 67 1 of 10
130768 72.180 17 1 K
125028 75.427 43 2 2l o
12283 77.676 12 0 al 6
ICSD Collection Code: 082134 121438 78.738 10 2 A
?:r“\:l; Ff:.nﬁﬁg%sg Xeray diffraction (powder) 120521 79.456 1 1 3 1
Additional Pattern: See POF 01.083.2810 11906s|  #oee2| % 1 2 8
Article Title: Effect of mechanical activation on the real structure 1.19068 80.622 X2 3 1 2
m’:‘;:’ y of bon(®) (%“)"' corundum-type sucture Ti6aa3|  s2832| 3| 0| 2| 10
ANX: AZX3 1.14758 84328 1 0 o] 12
1.14142 £4.887 55 1 al 4
1.10400 88 481 45 2 2[ 8

Structure

Publicasion: J. Sokd State Chem.

Detail: 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, E.A., Golovin, ALV,
Avvakumov, EG.

Primary Reference

Publication: Calculated from ICSD using POWD.12++
Redision: Cukal Fier: Nat speafied
"Wﬂu 1.54060 d-spacing:

SSFOM:  145.4(0.0059,29)
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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) 3.06495 22| 268 of o 2
Name . 2974981 29963 999 1 0 1
(common) Laniimmm cukie -A 227945 2502|227 il 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
Latice: Hexagonal Mol weight= 32581 1.65640 85426 200 1 1| 2
8. P63kmec (194) e cop= 823 1.64255 55934] 137] 2| 0] 1
Ome 1.53247 £0.351 2| 0| o a4
Wicor = 11.330 1.48991 62.264 43 2 0 2
e= 393730 1.3977% 6,883 15 1 of 4
1.20906 72.082 63| 2| o a3
:; ?:z z= 1 1.28878 73.410 2 2 il o
- 1.26121 75.288 | 2 E
:ﬁ 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
1CSD Collection Code: 028555 1.13660 85332 a| 3| o o
Test From ICSD: At least one TF missing 1.05007 89,926 58 2 1 3

Asticle Title: Syrukturuntersuchungen an La2 O3
Wyckoff Sequence: {2 a (PENVMMC)
ANX: AZX3

Structure

Publication: Z. Ancrg. Allg. Chem.

Detail: volume 340, page 232 (1965)

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

Publication: Calculated fram ICSD using POWD.12++

Radiafion: Cu¥al Fiter: Not specified
\.‘ﬁﬂ' 1.54060 d-apading:

SS/FOM:  999.9 (0.22)




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

Formula Fe2 O3 d 2 1 h
Name Iron Oxide 367938 24188 318 0 1| 2
Name (mineral) Hematite, syn 2.609685 a319a] ese| 1] o] 4
(common) bron(il) cukie - o 225;22 iﬁ 7: ; :) :
2.20491 40896 203 1 1| 3
2.07686 43542 2 2 of 2
1.83970 49506| 348 of] 2] a
Lattios: Rhombo.H.axes welght= 15569 1.65308 54.126 461 1 1| &
8.Q: Re3c(167) . [eop= 30115 163538 56.201 7 2] 1] 1
Dme 1.60167 57.453 27 1 2l 2
Vicor = 2,090 1.56717 57.670 7% 0 1| 8
o= 5.03200 148505 62.490) 264 2| 1| 4
on mae 1.45261 64.050| 267 a[ o] o
D z= 6 141258 66.092 4 1 2[ s
o7 1.00000 1.34842 #9.676 20 2 ol 8
:U 272013 1.30980 72.045 o4 1 ol 10
1.30470 723N 2 1 1| o
1.26147 75.271 4 2 [
1.25800 75515 55 2 2l o
1CSD Collection Code: 082137 1.22646 77.815 2 0 3 6
Remark From ICSODICSD: X-
Remark From ICSD/CSD: Rmmu::(umml a 1073 K 121303 78883 i 2 2 2
Temperature Factar: (TF 1.20398 79,562 2 1 EIE
Asticle Title: Efiect of mechanical activation on the real sructure 1.18035 80.650 17 3 1 2
o d"‘nmmw:ﬂt’m“;" conmndum-type struckure Taess0|  s0s01| 28] 1] 2| &
ANX: AZX3 1.16180 £3.061 46 ol 2] o
1.14442 84612 4 of of 12
1.14006 85.012 63 1 3l 4
1.10245 88 648 66 2 2l 8

Structure

Publication: J. Solid State Chem.

Detail: volume 123, page 191 (1996)

Authors: Sadykov, VA, 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.,
Avvakumoav, E.G.

Primary Reference

Publication: Calculated from ICSD using POWD.12++
Radlafion: Cukal Filer: Not specified
.‘m 1.54060 d-spacing:

SRFOM: 9999 (0.29)

88



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

Formula Fela O3 d 2 [
Name Iron Lanthanum Oxide 393015 22605 17 1 0 1
Name (mineral) 351683 25304 5 1 1 1
X 277855 32190 100 1 2 1
Name lanthanum orthoferrite
(common) 2£2380 34445 4 2 [
248673 36090 2 2 0 1
236974 37.938 4 1 1 2
_ 226995 39674 12 2 2 )
Latice: Orthorhombic Mol. weight= 24275 217977 41389 4 1 3 1
8.4 Pn"a (62) e [COj= 24281 210176 33000 2 2 2| 1
Dm= 196561 46144 0 2 0 2
Wicor = +1.000 150740 47638 5 2 3 )
a= 556630 120273 50592 2 1 3| 2
b= 785470
175722 51999 7 1 4 1
o= 555300
ob Z= 4 171726 53303 5 3 1 1
- 070873 120407 57.399 =] 2| 4 o0
o 157217 58676 2 2 3 2
@ arew s
154182 59945 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 67349 15 2 4 2
?ﬁas heated overnight 1o 1000%, then 1 day each at 1200* and 137047 68398 3 n 1 0
Color- Dark brown 136757 68563 2 2 3 )
Structure: The structure was qualitatively determined by Geller 132034 70825 2 3 3 2
and Wood (1
Poh { ).:m N A N phase was 132779 20920 2 1 5 2
found above 580* (Dalzie, 2) 130944 72068 5 1 4 3
Tm;mw:g:;u Collection: The mean temperature of data 129231 72177 2 3 : 3
Additional Patterrc To replace 00-015-0148, Geller and Wood (1) 1242% Lamad 11 2 0 4
122882 77638 3 4 1 2
122757 77332 3 2 3 2
119755 80.065 2 0 5 3
1.18452 81.116 4 2 v 0
117214 82169 3 3 5 1
1.13550 85434 5 4 4 )
‘S: Acta Crystall 1.13357 85614 4 0 4 4
Y ar-
Detail: volume 9, page 563 (1956) 1.12367 86553 2 4 3 2
:numu: 1. Geller, S., Wood, EA 110129 88755 2 n 1 3
Publication: Powder Diffraction 1.10031 88866 2 2 5 3
Detail: volume 1, page 269 (1986) 108958 89978 3 2 6 2
Authors: McMurdie, H., Moms, M., Evans, E., Paretzkin, B.,
Wong-Ng, W., Hubbarg, C. 10815 90.853 2 5 L 1
[T Fihor ™ 107875 91.133 2 1 1 5
Wavelengt ., .0, d-epacing: 1.04993 94.389 14 2 B 4
h ’ 104189 95348 2 4 5 0
SRFOM:  33.2(0.0106,84) 102322 97.670 2 3 3 p
100750 92737 2 5 3 1
100625 99.904 2 3 5 3
058292 103.498 3 4 0 4
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Pattern: PDF 36-1481 Radiation: 1.54060 Quality: Star (*)

Formula La(OH)3 d 2 18
Name Lanthanum Hydroxide 5.66243 15.665 60 1 of o
Name (mineral) 326306 27.308 63 1 1| o
Name 318709 27.973] 100 1 of 1
(common) 2.82697 31.624 17 2 of o
249180 36.014 g 1 1 1
2.28077 39.478 7% 2 of 1
2.13645 42.268 13 2 1 0
I'I-‘nlt Hexagonal weight= 18593 1.92935 47.063 7] 0 o] 2
8.Q: P63im (176) Mg [Cop= 14244 Ta207] 48085 8| 3] o] o0
Dm= 1.87027 48,644 61 2 1 1
Wicor = 1.000 1.82641 49.891 10 1 of 2
a= €.52860 1.66085 55.265 2] 1 1 2
1.63243 §6.312 1 2 2[ o
e 3 1.56334 57.822 7 2 o] 2
® 00000 [F* 2
- 1.56754 58 886 7 3 1 0
1_* 0.59108 1.45305 £4.028 8| 3 1E
143177 65.096 7 2 1 2
1.41357 66.040 4 4 of o
1.34788 69.708 14 3 of 2
Sample Preparation: 2 O3as heated with an excess of water and 1.32734 70.948 5 - 0 1
the mixture was refluxed for 4 days, fikered by suction and dnied 1.29716 72.855 q 3 2 0
at 105 C for a few hours
Structure: The s¥ructure was determined qualitatively by 1.25338 75.800 9 1 0 3
Zachariasen, W, Acta fogr., 1265 (1948) 1.24643 76.341 10 2 2 2
Temp Of Data C : The mean perature of data
collection was 24.7 C 1.23363 77.279 14 4 1 0
Additional Patterrc See 00-006.0586 1.22843 77.562 14 3 2 1
Color: Calorless 121718 78.522 sl 2| 1| 2
1.17084 82 280 & 2 of 3
Primary Reference
Publication: Powder Diffraction

Detail: volume 1, page 90 (1586)
Authors: McMurdie, M., Moms, M., Evans, E., Paretzkin, B.,
Wong-Ng, W., Hubbard, C.

Radiaflon: Cu¥al Filer: M
"M‘ 1.54080 d-apacing:

SSFOM:  81.4(0.0107,31)
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Utilizing acid-etched Fe-waste for sustainable synthesis of conductive
perovskite-type materials from automotive industrial residue
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ing, Institute of Engineering, Uni
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ARTICLE INFO ABSTRACT

d 1 bl

Handling editor: P. Vincenzini Ac hod for r waste and envi p brought on by landfills is to reuse waste,
ially 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.; perovskite conducting materials. The desired
perovskite conductive phase can be produced by substituting FezO3-treated waste at the B-site (Ni position)
before calcination at 1200 °C. However, LaNiO3.; and LaNig gFep 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/cm at 550 °C, respectively. Nonetheless, electrical conductivity of both compounds decreased
due to ded phase ¢ during the is process. The Fe,03-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 LaFeO3.; were identified, LaFeOs3.5, 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

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 preliminary study and management 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

However, XRD measurements revealed chemical changes caused by
using HNOj3 acid, leading to the formation of intact iron oxide com-
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 [3-6].

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.s. This
strategic decision is based on previous research showing that LaFeO3.;
has a smaller expansion coefficient [13]. LaNil.\Fe,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 LaNig.
Fep.403.5 perovskite structure was studied by R.N. Basu et al. (2004)
with two ¢ ion synthesis techni 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 pm, 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 gFeg 4035 samples sintered at 1200 °C for 3 h revealed 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 ¢Fe 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 LaNigeFeo 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¢Fep 403.5
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 envir al probl
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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;O3 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;03 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 HNOj took place within a laboratory chemical
fume hood. The mixture was allowed to soak for 20 min to ensure the
¢ letion of the chemical reaction. The iron waste that underwent acid

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

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 usmg a mortar and pestle. The
synth d ¢ d was 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 perature. The successfully calcined p 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. Sub ly, the cc d 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.

Ceramics International 50 (2024) 44268-44278

=

Washmg and
Magnetic separations

b

Dehumidification and Sieving

B oA

< Automotive
industrial waste

Reaction with
nitric acid

XRD, XRF

Dehumidification and Sieving XRD
Synthesized
conductive materials
by solid state reaction = T
Yy SO state J ‘_,:,";\v s‘]‘A
Dchumidiﬁcanon and Sieving = XRD

Calcination

» =
Pressing gy -
- F

Sintering

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
HNO; 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
intended to improve some qualities of automobile 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

P d by a mag F , 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 (I'ig. 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) — Fea03(5) + NHa(g) + H20(g) + Ha02(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 (NH3), water (H20) 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

cf
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Fig. 5. The structural phase of calcined powder at 800-1200 “C (5a) LaNiOj3. 5, (5b) LaFeOs3. 5, (5¢) LaNig ¢Fep 4035 and (5d) Phase quantity of LaNi; \Fe,03.5 (with
X =0, 0.4 and 1).

materials and lightweight materials [21]. Eq. (3) [22,23] represents the complete endothermic reaction of
LaOOH dehydration to LayO3; within a second temperature range of

32, ‘The result of analysis of characterisations and propertiss relevant to 600-800 °C. This reaction leads to a cumulative weight loss of 3 %.

applications 2LaO(OH)(s) — Laz03(s5) + H20(g) @)

3.2.1. Optimum temperature of synthesizing LaNij. Fe,03. 5 compounds Although the final temperature investigated occurred at 720 °C and
The synthesized LaNij xFexO3.5 conductive powder via solid-state it is a dehydration reaction caused by the adsorption of La;0; from

reaction technique was analyzed by using STA (TGA-DTA techniques) traditional solid-state reaction synthesis process, the actual calcining

as shown in Fig. 4. In the endothermic thermogravimetric analysis of the will be studied in the temperature range of 800-1200 °C. Due to the

synth d conductive powder, three distinct temperature points were large amount of chemicals utilized, the actual calcining process in a

observed and identified at around 380 °C, 520 °C and 720 °C. These laboratory demands higher temperatures to complete the chemical

temperatures correspond to stages of thermal degradation and collec-  reaction.

tively result in a total weight loss of 11 %. The observed reaction tem- . ) )

peratures are linked to the strong endothermic reaction caused by the ~ 3-2.2. The structural characteristics of LaNiy..FexOs.; calcined powder

substantial physical water adsorption capacity of LayOs. This remark- Utilizing STA to analyze the reaction between the compounds LaNi.
able adsorption capability masks the exothermic reactions necessary for «Fe,03.5, it was observed that the reaction terminated at approximately
the formation of synthesized LaNijFe,O3.5 conductive materials. 800 °C, signifying the onset of the calcination process starting between

Consequently, these exothermic reactions are not discernible in the STA 800 °C and 1200 °C. The powder was burned within the previously
graph. However, there are two primary temperature ranges associated mentioned temperature range after the raw materials had been mixed
with the endothermic reactions induced by La;03. In the initial tem- according to the estimated proportions. Subsequently, the structural
perature range of 300-600 °C, the endothermic reactions involve the ~ Characteristics of the calcined powder were examined using XRD, and
dehydration of La(OH); into LaOOH (Lanthanum hydroxide-oxide), ~the results are presented in Fig. Sa-c.
resulting in a cumulative weight loss of 8 %. These reactions occurred Fig. 5a shows the XRD structural phase analysis of LaNi;.,Fe,03.5
at temperatures of 380 °C and 520 °C, as defined in Eq. (2) [22,23]. (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.
La(OH)3(s) = LaO(OH)(s) + H20(g) 2)
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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=4.1771A) remaining from the reaction was found to be
99.79 % and 0.21 %, respectively. It can be concluded that the electri-
cally conductive compound LaNiOs.s5 is completely formed when
calcined at a temperature of 1000 °C.

Fig. 5b displays the XRD phase analysis results of LaNij.xFexO3+5
(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.s peaks.
After calcination at 1200 °C, the peaks of La(OH)3 and Fe203 completely
reacted to form smgle phases of 100 % LaFeOho with an orthorhombic
lattice (a = 5.556 A, b = 5.565 A, ¢ = 7.862 A).

Fig. 5c shows the XRD phase analysis results of LaNi;.,Fe,O3.5 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 ¢Feo 403.5 (JCPDS no. 88-0.37) and LaNi 7sFeo 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 gFeg 4035 and LaNig 75Feq 2503
+5 were detected with greater clarity. At the calcined temperature of
1200 °C, the precursor peaks of La(OH)3, NiO and Fe;O3 were fully
transformed into conductive phases of LaNiO3.5, LaNig ¢Feg 4035 and
LaNig 7sFeg 2503..5. It was found that the reactants were able to react and
change the structure to LaNig gFep 4035 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
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Fig. 6. Initial electrical conductivity of synthetic materials (6a) LaNiO3. 5 (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,Os. 5 perovskite-type
conductive materials

The initial electrical conductivity of LaNij;_\FeyO3.5 (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
of approximately 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.s 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
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electrical conductivity of LaNij.«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;.yFe,03.; 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, y\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, LaNi;.\FecO3.5 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
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utilized waste materials for synthesizing LaFeO3.; 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].
LaNiO3. 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
charg insul. with localized electron configuration (double
degenerate level of 2 and triply degenerate level of 3). Consequently, the
LaNij.Fe 035 system shows a composition-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 LaNigpFeo 403+5 may be rela-
tively constant [32]. When Ni is replaced by Fe with x = 0.4, as illus-
trated in Fig. 7b, the conduction behavior of LaNig gFeg 403.5 specimen
changes from metallic to semiconductive characteristics.

1.00 4.00 7.00 10.00 13.00

Coefficient of lkrmsl expansion (x104°C1)
(b)

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,.xFex0O3.5 perovskite-type conducting materials (9a) LaNiO3. 5 5kx, (9b) LaNiOs .5 30kx, (9¢) LaNiO3. 5 100kx, (9d) LaFeO3. 5 5kx, (9¢)
LaFeOs, 5 30k, (9f) LaFeOs, 5 100kx, (9g) LaNiy ¢Feq 4035 5kx, (9h) LaNig ¢Feq 4035 30kx and (9i) LaNig gFeq 4035 100Kx.

Semiconductive conducting behavior occurs in the low-temperature
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. I'ig. 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

to the cathode materials currently utilized in IT-SOFCs. Therefore, if the
experiment is carried out and the conditions are suitable for the syn-
thesis of LaNiggFep 403.5 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 LaNij;.xFe,O3.5
conductive perovskite-type materials

The thermal expansion coefficient (TEC) of LaNiy.xFe,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.s,
LaNig 6Feo,403:5 and LaFeOs.5 were 13.02 x 107°, 12.19 x 10°° and
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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. 8a, 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;.c\Fe,O3.5 conductive perov-
skite structure. Additionally, as demonstrated in | 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 Fig. 9. The microstructure study findings
indicate that LaNij.\Fe,O3.5 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 LaNiO3.5
and LaFeO3.; materials have larger grain sizes. The image J analysis
technique also supports and indicates that LaNiO3.5 and LaFeOj3.s
materials have average grain sizes of approximately 0.62 pm and 0.57
pm, respectively. However, after adding Fe dopant to LaNiO3.;, 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 Fig. 10.

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 Fig. 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 with a
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
physucal properties analysrs 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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