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2 Ao A= NdFeB G4 AT 0 ZHE 343t H(Fe) FAES 0]-8-6to] AFEE(FeO,) U JAE AL, €
A7 E7F FeO, U A2 EA4 ) H A= G2 WS o]& 916l DL watero]] F 10 wi%E 3]4]% 4 FAHs &9
of 2.0 M ¥ o{NH,0H) & H-& Fofsjo] Akshd A1A|E &5t 1L, °]& 300 T, 400 C, 500 C € 600 CT= 22+ &
A 2]5to] FeO, Ui YAHE 3, A 2] 220 W FeO, Ui YA B4 35T Xoray diffraction (XRD) £4] 4
I GA T =7 F7HESE <104> 34 1371 AgAste] 500 T o]l A a-Fe,0; 278 T2 X 5t= 21d W37t HE
=]} BET (Brunauer-Emmett-Teller) H| 324 £4 A1} 400 C o]/doll A A8 27} 371345 Bl EHZF o] TrAst=
A3 YEFY ATt HRTEM (high resolution transmission electron microscope) 3-& A%} rod & Y= JA7F H2AEHA L, &
A7 2% 7] w2t Ui dAte] 2717t S7Fshs A= YER U

FHO A 2T, d Bk, AP We QA A 25, =4

Abstract : In this study, iron oxide (FeOy) nanoparticles were synthesized using iron (Fe) by-products recovered from NdFeB
permanent magnet scraps, and the effect of heat-treatment temperature on the physical properties of the FeO, nanoparticles was
investigated. In order to prepare the FeO nanoparticles, 2.0 M ammonia (NH4OH) solution was added to an iron by-product
solution diluted to c.a. 10 wt% in D.I. water, which led to the precipitation of the iron oxide precursor. Then, the FeOy
nanoparticles were synthesized by heat-treatment at 300 C, 400 C, 500 C and 600 C. After that, the physical properties of the
FeOy nanoparticles were investigated in order to understand the effect of the heat-treatment temperature. The results of the X-ray
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diffraction (XRD) analysis showed that the diffraction peak in accordance with the <104> direction increased as the
heat-treatment increased, and a diffraction peak indicating the a-Fe,O; crystal structure was detected at heat-treatment

temperatures above 500 C. The BET specific surface area analysis revealed that the specific surface area decreased as the

heat-treatment temperature increased to above 400 C. Observation with a high resolution transmission electron microscope

(HRTEM) showed that rod-shaped nanoparticles were formed, and the size of the nanoparticles showed a tendency to increase as

the heat-treatment temperature increased.

Keywords : Permanent magnet scrap, Iron by-product, Iron oxide nanoparticles, Heat-treatment temperature, Physical properties
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F2, AsA H WA ESA B Aol SUFsHEA E
a5 9 A9 At 8 9 F7ESkAL AT, ofof wh
g, T3 AEE A3 S8l SlTH2) A& =S 9
s ol2fet A3 £A19 sfde] BartH|3], B2 71dEel
239E GG fRt AdES Aokl Uet4]. 591, ¢
gute AsAt 2 AR EEA Al 5 59 Aol 283
w5 YAAIE] 95% o1dE ol SJEStaL QLo A7 A
282 EFHolHs].

ol AlFEEo] ke 24 F 5Pl NdFeB JAH2
B2 AIMUAIE 7HAAL Qlo] ZHAAIE, A71ARs A | stol
BE|E 2sAke] REF HiFH, AV HRUE, AHEe], &
STFAILE, 78 Y] 5 w2 A S 895k FE
off FHASHA ARSI lTH6]. o9k Zo] TRt 2 AR
%= NdFeB A W& AF2] ARG 71%to] =effshaA
2330 wigse g A SURAL QAL FF o] F=
45 71 Aoz d&Sd.

YA 2379 82 U LT E(Nd), HAZZE(Dy)
S F= AH] ZEC] e ERF R, ot EF
gl diet A= gol A= o] oL, NdFeB2] 70% ©]
g2 AABIAL e H(Fe) F29 3 R AFVIHA] 245}
AT, dlE =9 ASFE(FeO,) W dAHe] 2415k ot g2
A7F o] o A|AL QA g2 Aol

FeOq= A8 S| 4e Uetdi= /e 734 3=
v SR, 7S 0L HYE AHEY oA
Fdl 45%E ST & e 7P At A A= F sy
ojtH7]. FT 7HAAE H AFSAIZFE NdFeB 4] 24
Ho| HiEo] A&H o= Frskl l=H, L3 Hol= Nd, Dy
S =R T obyet Fe 24k HEFOR ot Alel[8]
Feg G&% 0 3ol Aoke FHIE Wit 240k
< A4S fl9 B4 vS a83er 7T 5 S Aew
7Idigct. olg 93t 7|2 ATEA £ Aolie T A& vt
5= 0|80t FeO, W YRS FAok3lH, 59l Ueid ¢
Aol &/ EAfE] 2o Wl vasteg, dAE 2EE '
gt & M7t FeO, Ui YA &40 vl 9=
oI

2.1. GFXN AJHOZ FeO, LI YXIL| B

deEds A A3 EAE, £

g olgolel B AL G2 HERES Befste] A R4S
= FHIsHTh A 2= YEYOoKNH,0H) &
water9] 2.0 M &7} HE=5 &35to] EH[5IAAL, o7]°) &
AHA| 24 2 wt%2] polyvinylpolypyrrolidone (PVP)E 83|53
o} ©A] DL watero] °F 10 wt% s== 343t d F4E &9
<= THSIHAL, o]F §AZ wHlsHHA of7|o] SdA] &4
274 Fofsto] & 3 HE2 R, FeO, ATAIE HE31A
ot AEo] grd F pH7F A9 $40] @ WA HEES
A A8kt A4 & DU water®t HEES 25t &
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2.2. M= FeO, LI UXIO| 24 T7}

FeO, AAl= 2% MY A= ~550TC, 52 £= 10T
min. ©] $E2 SIS AFote] @ 5F L A% FBA
(Thermogravimetry and differential thermal analysis, TG-DTA)
2 Agsrect. olF e olgte] PAT Lhe e X-
Al 3] (X-ray Diffraction, XRD, Empyrean with Accessories) &
Ag Sl 87O -e7E 10900014 24 F+28 THsH
A}, 3-8 fEH Q] HHX]Z(Full width half maximum, FWHM)&
o]-gslo] P Y& AFESHY T ESE Brunauer, Emmett and
Teller (BET) B]XEHZ &7 ZH|(ASAP2020)E ©]-8-5Fc] FeO,
UhegiAe] BET WIERAE BASAT, ol B9l 24 450
BT YRS AEsto] HA o RE AEe Ao} vwala
o}, E3h 1E I 5EIHAAFEu] 7 (High resolution transmission
electron microscope, HRTEM, JEM-2010) AH| & AR&5to] EA
2] 2ko] e & ASE UiedRte] 719 B, 42 &
g
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Figure 1. Thermal behavior of FeO, precursor.
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3.2. FeOy LI IXI2| EXE| 2 E =2d =4 A1t

XRD 4] A3} Figure 207419} o] X-A 38 sfieoflA] 33.7,
358004 £Q mA7}F WEEYLL, o= <104>, <110> Y3Fof| A
2}7t 549 Aoz BAE Zog Helth Sojst 4o A4
57} Z7Ro] whe} <104> W=0] 7 (intensity)7+ Z7F5HEA
600 T EA 2] AEo|A&= <110> T AT} intensity”} 2F7F
ol o] THHYE. ol AXe LEI} ZAHRA <104
Z27Ho] 4 9 AA3E= AR Helrh

XRD £4 Autg2BE <104> 1327} Z715F 500 T 2 600
T dA9 ME9 X-A 34 diid S AAls] A4kt 1 2
¥}, 500 T EAF] A& ¢ Figure 3(a)ol A2k o] 33.2°,
35.7°0A 2 3E o327 JEE UL, o]F2 <104>, <110>
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Figure 2. X-ray diffraction patterns of FeO, nanoparticles heat-
treated at various temperatures.
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Figure 3. X-ray diffraction patterns of FeOy nanoparticles after
heat-treatment at 500 C and 600 C, respectively.

I Figure 3(b)2} o] 33.2°, 35.7°0f|4 =8 3|4 1=7} s
AL, o5 <104>, <110> W7o A 22t 3] dE Ao HAE
At <104> 1 379] 7S rhombohedral T+2E YER O] a-Fe,05
AA F1Z22 ¥ Ao HItH9]. TSt Scherrer’s EquationS ©]
&5t9] [10] XRDE] <104> 5 39] RIX|Z 0 2 HE Bt Y&
ghibstaitt

t = 0.9N/B cos&h M

TL 1478 nm € 21.72 nmZ AHEE o

o|%, 7} 2o FA =3t MES| BET H|EHAZ 575}
@3, I A3} 300 T, 400 C, 500 C L 600 CoJA] Ex=|3t
MEZE9] v EHZL Figure 40|49}k o] 242 3629 m’ g,
62.86m*g!, 4213 m?g! @ 26.74m’ g' 22 ZAE ) 300
CE AQsta dAe 227t S71deS olo] ¥hlg|sho
BET H|®EHAo] ZAadh= A3 Uetiielth. S84 vEd
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Figure 4. BET specific surface area and calculated mean particle
size along with heat-treatment temperature.

A Zr&< Equation (2)E o|-&sto] Ho Y=g Atsktt
D = 6/(p-d) )

Equation (2)°14 D, p 9 d & 27} B+ Y%, HHHA 4
Y=g oulgtet. S4F A3, Z42F 31.55 nm, 18.22 nm, 27.18
nm % 42.83 nm2 & AREESIT & gHAF AT 300 T A
25 Aefsta AT =7t S7Fd4E oo HlFsto] Hat
J&7t S7koke A2 YErd ik

AT 2&of T FeO, WrdAo] E42 wEstr] fls)
HRTEM 2 9l 245 5131t 300 T2 Q423 44 AHle
(127 = TEA] Figure 5(a)0fl 412k o] A4 9 +4 FE
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YAl TAE L. ol2 ozt Fofste] 4vhlE A Figure
S5(b)ofl ALt 2ol 52~75 nm 7] 1 YA} = 65 nm, ZO|
303 nm9 rod @ PAPF FESH= Zlo] WA Rod F YRS
] grfisto] 107k = 2R A3 Figure 5(c)of| 42t o] Zu|A|
Y YAEo| o] HFo R Wol TA Ui, & WForRE
BAUE o] THEGY B FES 407 = o fjsto]
TR A3} Figure 5(d)ol 412k Z20] 5 nm ©]5+9] U= YAHS]
AU Aol WHEQIH. o] 27] ¥he 9 I B4 &7t
o9 =43, ofof wEh Zu|AlEe] Ui dAEe] B A
EQPERE o A] AEE £017] flsf A= 2o #HUYE W
Al B3 Aol EAT AeR Fgdnt E3 ol=e d4
SHAIQ NH,OHE H| 14 & 5L BHAIA 27] S84
S27h wepr] A #Ho] Qe Ao FgHr). &3 ol
X-41 3] SR <104> peak HTk <110> peak 7} -2 ATHE
Aol = ALE HRIth &, & gAo] Wi HE {2
ZIP=HA <104> PFO 2 O] JFH T} <110> FFo=9| 44
o] ¢ ¥ dojt Ao E HRlrh

400 T2 FA=et A AHie(1.29)E ¥HA] Figure
6(a)llA12k o] 300 C FA T MEHT I FE7F B £
SHAl WEE L olF ot Sfisto] 4vkuj R IEA] Figure
6(b)o 412} Zo] & 15~19 nm, Z°] 79 ~263 nm2] rod & Y
A7F BEE AT Rod @ JARE B Ffisto] 109 = -2kt
A3} Figure 6(c)ol A2t o] ZuAlF9] PAEo] 4ol WFe
2300 C gAY MEET v Wol S=o] Sl Aol B,
Z Wgo g s FAUE o] IEEHIAY. T FES 407
2 t shfjsto] st A3} Figure 6(d)oA419F 2ol 5 nm o]s}

(b) 40,000 x
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Figure 5. HRTEM observation of FeOy nanoparticles heat-treated at 300 C.
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(c) 100,000 x | ‘ (d) 400,000 x
Figure 6. HRTEM observation of FeOx nanoparticles heat-treated at 400 C.
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€0 9= Aol AU ol= 300 T A2 A&} Zol A7) 2E7F oA dA B B3 4ol FRE Ao B
27| WHs 9 8 A Srt vl =9k, ofo] mE 2ulHlE At B rod2] AdZoe] 300 T FA2] ME] vl gadt A
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Figure 7. HRTEM observation of FeO, nanoparticles heat-treated at 500 C.
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Figure 8. HRTEM observation of FeOy nanoparticles heat-treated at 600 C.

2] AEof| A 2H5] AAEHA Fe2t O ZET F-2 Ao 7]Ql
St ZAC0R gt A BA3E BET H|#HA Zik o]
g A} AREE TS el BlmHA o] S Ao
2 339t E3h X-A 3" mfgoflA] <104> peak 71 25 H
Eol Ax AP 2% F7to] wE JFoE Helrt

500 C2 FAF A9 Aul&(1.27H)= A Figure
T(a)oll A2}t 2ol 4t FEi7t F3oHA T-E Y. olF At
Slfisto] 4kl 2 A Figure 7(b)oll AL} Zo] = 26 ~ 35
nm, Z°o] 108 ~165 nm2] rod 3§ YA7} = UL, 3 A=
= WEEA] AUt Rod F AAHE ¢ Sfisto] 1091 3
St A3} Figure 7(c)ol| 419} Zo] Zo] WFo 2 wo] 54 ¢
Zu|AFe] YAEo] A2 BAlsHHA st rodE AT A
o=z Helth A2 FA2A] rod Fol ol U YAFE0]
of7| A= HolA] ottt 53 FES 407 E o Sfisto] 3
2%t A} Figure 7(d)lA12F Zo] 10 nm, Zo] F 50 nm ©]5}9]
Y gAso] BA %= Ao] HE UL o= A 300 T E
400 C @A MEoNA BIE Y PAE 7t FEo] tE 1
AAH R £E5EUthe AS & 4 AUt ol HiedAEol
Hr} =2 oA AT YRR Shato] ] dojubH Al QJA|
7F At JA7E AREE A 71906k Ao R P9 o
A EA%H BET H|#HA 23tk o|2|gt @7 Ads= 3%
< Yetfo] HlmHAo] At AoE Pt E X-A
34 oA <104> peak 7} T] Eobzl Az o|<}k dAFto] Q=
Aoz HRlth &, dA] 2k F7to] wet <104> oz
o gAgt Aoz Bl

600 T2 FAZet A Aul&(.28HNE FZA] Figure

8(a)oll 412 o] 500 T FA|2] WEHY 4 FE7F o 5
SH Z0E HHEQ o] IxF Frfjsto] 4vHi R FHEkA|
Figure 8(b)ol A} Zo] £ 27 ~45nm, Z°] 93 ~219nm2] rod
3 A7 BEEUL, A7 A7 39nmo] 1 YAE HEE
Atk Rod & YA ©f Fiisto] 107k = 123t A3 Figure
8(c)ol A2t o] rod7} sHto] YRS skl Sl Aol B
E Q=T 500 C FA 2] A& Hlsh o 5= HUA ARF
Z+= ¥l F=0] glo] 2Ysixl Ao] THE|}. o] & 407HH=
o] griisto] TRt A} Figure §(d)olAet ol mlAIRE AA=
o] RMYEA &of stte] A4S 5HHA rod B JAL
3733t Aol SRIEATE ol= 600 To] 112 A A] AATE
HLE2 Shito] AojubH A F= 5 rod YA+ Ui ZrEo] Hast
3 ulA] 2&]o] ZUSHR|HA JR}O] Fo] dojd FHOoE H
Qlct. ofof whzh, Aol <104> HIFOo=E TR ARt AR
Ho|x, XRD At YX|sh= Zo& Helrh &, 600 T &
A2 A& X-A 3 peakof| A <104> peak ©] 7HF Eol 57t
g A= o] e Aer HAnh

o[} Zro] P2 =7t F7Iekel Wt FeO, Y A&} A
Aolhe FAS Equation (3)¥ Zo] e & QJTi11].

D = exp(-Q/kT) 3)

o714 D, Q k B T & 27 St A%, B4} oA,
Boltzmann 4% 9 Q4] £E8 Ukt @47 L57} 3
7Vl wet SHAF AS7} F7kHAA 9A A4 BT Shao]
Z7V8h3 olo] wet BT | oA S W) e
For YA BUS SolUrks WgoR U7t o] Uof
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U3 AnEoz dae] 207k Z7ke Ao Helth E4,
400 C o] oA AT Fe,05 WA AHE2] BET H|EH A
o gxE 3 i YLErF HRTEMO 2 kst 34t =19
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Ui JASo] Zo] HFo g SAHA I FJo s THEolA
A 70| W20 F7|7k 27k, & wrke] Ut 717} BET
HERH o 2RE ST B Uwel AAol Po] Wgow
£ Zol7t Qe Aoz Bt wehA, A &= 500 CojlA]
rhombohedral ZAFLZE 712 & 35nm ©]5}, Z0] 165 nm °]
519 rod FEE 71 0Fe0; S BS 4 AT

2 AFolA= NdFeB 1A+ Ao 2 HE 345t A
(Fe) FAMES ©]8-5H0] FeO, Yl YRS /d5H31AL, o] & 300
C, 400 C, 500 C 2 600 CoA Z}zF IAsto] FA T %
7} FeO, Yl JA2] 240 vlA= 9F dEsiqleh 1 23
XRD Hj€lofjA dAje] =7} S7FESE <104> 314 027}
75kl 500 C o]/dollA a-Fe,05 A28 LX|ot= A
=27t AE= AT BET B EHA Q] ¢ 400 T o]/folA &
A 227t F7FEE vl A o] Hadhe A UESL
T} HRTEM ¥29] ¢ IA4E U&7t = s, I3
g 2% 7ol ot Y QAo 2717 ST ok A UE
Walth o2 &35 IA8] 2% 500 CTof|A] rhombohedral 274
&5 7F £ 35 nm oJs}, o] 165 nm °]5}2] rod FEE
7 a-Fe0;s HedAsE 22 4= U

ad A

E ATE 20209 = AFIBAAA YRS PO R Fh=offA]
71 7FA(KETEP)Q] A9 whol £33t AL TA|Z o]
ZAE=ZAYTE No. 20205210100070).
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