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Abstract

To reveal the hydrogen reduction mechanism of iron ore, XAFS-CT and synchrotron nano
X-ray CT were employed to observe the heterogenous microstructure of the hematite particles
after isothermal reduction. These observations are conducted in a non-destructive manner with
three dimensional and spatial resolution better than 50 nm. XAFS-CT provided highly accurate
three-dimensional valence phase distributions by performing linear combination fitting of X-ray
absorption spectra for each voxel, determining the iron chemical states: Fe**, Fe?*, Fe’. Then, syn-
chrotron nano X-ray CT enabled the phase and pore three-dimensional distinction more quickly.
These analyses revealed that topochemical reactions dominated at 973 K, whereas topotaxial reac-
tions prevailed at 1173 K during the initial stage of the rection. This suggests that differences in
the early reduction behavior significantly influence subsequent phase transformations and final
reduction fractions. This method is expected to be widely applicable for three-dimensional analysis
of materials involving changes in chemical states.
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(a) Changes of reduction fractions of hematite particles determined by TG.'®
(b), (c) Change of phase fractions of reduced hematite particles determined by XRD. (b) 973 K, (c) 1173 K.'®
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Optical microscope images of reduced hematite particles: (a)-(c) 973 K and (d)-(f) 1173 K'®
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Cross-sectional visualization of the mineral phase distribution of the hematite particle reduced at 973 K for 14 min, as
characterized by XAFS-CT.'® (a) an absorption image at E=7118.15 eV, (b)-(e) segmented images by LCF analysis: (b)
RGB-image; red: Fe,0,, green: FeO, blue: Fe, (c) Fe,0,, (d) FeO, and (e) Fe in grayscale.
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(a) Absorption image at E=7118.15 eV (b) RGB image by XAFS-CT
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Cross-sectional visualization of the mineral phase distribution of the hematite particle reduced at 1173 K for 7 min, as
characterized by XAFS-CT.'® (a) an absorption image at E=7118.15 eV, (b)-(e) segmented images by LCF analysis: (b)
RGB-image; red: Fe,0,, green: FeO, blue: Fe, (c) Fe,0,, (d) FeO, and (e) Fe in grayscale.
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Cross-sectional visualization of hematite particles reduced at 973 K for 14 min and at 1173 K for 7 min.'®
(a), (c): CT images obtained by SR nanoscopic X-CT.'® (b), (d): images of mineral phase distribution segmented by XAFS-
CT. (XANES spectra are also shown for selected areas S1-S4.)
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Comparison of cross-sectional visualizations of the mineral phase distribution in the three-dimensional reconstructed volume
data obtained by SR nanoscopic X-CT of the hematite particles reduced at 973 K for 1 min and at 1 173 K for 1 min.'®

(a) E=7047.8 eV, (b) E=7118.15¢eV, and (c) E=7197.8 eV.
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CT cross-sectional visualizations of hematite particles reduced at 973 K and 1 173 K by SR nanoscopic X-CT measured at
E=7118.15 ¢V, and the cross- sectional visualizations of mineral phase distribution segmented by image analysis software.'®
(a)-(c) 973 K and (d)-(f) 1173 K: red: Fe,O,, orange: Fe,0,, pale-blue: FeO, blue: Fe, yellow: open pore, brown: close pore.
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Volume fractions of co-existing mineral phases and pores based on the segmented volume data determined by 3D-CT im-

ages obtained by SR nanoscopic X-CT. (a) 973 K, (b) 1173 K.'®
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XAFS-CT B & S nano X-CT % FAWC, ki AkE
T ORICEEDOMARZAL & Fe DILIREE % 5 22 1 55 1 Bk
(<50nm) T3 WICH M 2 IEBIECTEIZE L 720 TNH DR
BICHO X KEBRTIISICBITAATY A MRFHNOF
RO EA BT LT,

(o]

M8 IR LI, BILHATIZITBK BEIU1173K D
LR - RELORIE SIS 2 2 X e o 720 — T,
7 @ FL 4T 6 nano X-CT 5 & T, 973K &£ 1173K T
Fe,0, D3 A \ZIRE 2 B VAT L S 7z B9 123 TTim B
973 K—1min #77 (X 9 (a)) BL O 1173K-1min %71 (X9
(b)) I2B1F 5 Fe,0, I D 3 WITH 2 7R T 973K T,
Fe O, a7 &L, TORH% Fe,0, DY VY T2
T - x VIS RIR L7z, VBRI 5 NERIC A2 o T

(2)973K - 1 min (b)1173K - 1 min

: Closed pore

: Fe,0;, Orange: Fe;0,, Yellow: Open pore,

sEm = A A

X9 &Yt nano X #& CT (E=7118.15eV) (L& 38L&

AT L1 MIFD Fe,0, 1D 3D RRH '
(a) EITEBE 973K- Z Tk 1min, (b) FETEE
1173K, :Z=JchEE 1 min
Aerial perspective of the three-dimensional reconstructed
volume data of the Fe,0, phase obtained by SR nanoscopic
X-CT measured at E=7118.15eV.'®
(@) 973 K for 1 min and (b) 1173 K for 1 min.

ZRGALDMPUTB Y, UL Fe,0, 75 Fe,0, ~NDATE
B D AL (-13%) 1SRRI 2L EZ b5, —T,
1173K T3, KF4KIiZb7zo THIIRD Fe,0, F A 1 ¥ 27
BNz,

B 10 1, F—4fFTRITLIzATY A MFISH LT,
EBSD f##T T15372 Fe,0, Dk i~ v 7T %o 973K
TS L7 Fe,O, I, T8 A% LOM/MLIT T
B S 7z —77C, 173K TR & 4172 Fe,0, #I5Z,
MR FAA Y MR EZ R L, T O/ i
(10D FABIGE T X LIZIFTFATICHSI L T be ZitE
TOWFETIE, XRD X EBSD 12X 5~ 7 1 2z LAl ik
W& 8 LT, Fe,0, DEICIZBIT BT MAE ST

WBEM, AL, ZOREORMIIINE THRESNT
W\,
(e ]

FILHL, 973K—14min (56%) 3 L T 1173 K—7min (59%)
CIZIZFBETH S (X1 (a)o X8 DHMHH DO EIE =
bITEEZ R LAY, S - SILO A I E N ATHERR
SNz (K3, 4, 5, 7)o RITHMETT B ERFIRDIK
B Lz ZHUS, FeO & &BEOFTEEZITRRE LT,
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Magnetite
001

10 BITERANYEZ A MIFOEBSD #R (a), (b) &
U' BSE &f% (c), (d)®
(a), (c) BITEE 973K, &k 1min
(b), (d) BITRE 1173K, EITERE 1min
(a), (b) The results of EBSD measurements and (c), (d) BSE
image of the hematite particles after reduction: (a), (c) 973K
for 1 min. and (b),(d) 1 173K for 1 min.'®

FEMMDEEM L 72720 LHER S D, TORR, FAAL
HAIT3K, 13K HEICKELHIMT %, LAaL, KA
I INDHITIT 0% THY), ZIUFERILERSANT Y A

MRLF IR T OZEBRAE B & 1) UL TIE 2 <, RFERED
BEICHEITICE > TR S N72Z L Z27RIEBL TV A,

973K—14min ¥ 1 (X3, 8) OXFLIHEEIL, 1173K—7min
R E L CHMETH D, SELED/ NS WEIFTH o720
I, 973K TIIEEEEATFeO K AL v 2 BH I ThT-
FKRBIZEWT A5—T7, 113K Ti&, &R FPE DR
KR AAL B> T T AH720, FeO RAAL Y= E N2
CWERIETH DL L ERIEL TV 5,

CNHOMERNPS, mITHHNC BT, RFEDGE ISR R
5 5 GACIRDHRE D FRTCHEITICR E B2 52T 5
ZEERLTVD, INSDOFILERDENE, T
BB BIT ARG A B = AL DE (973K I bR I H )L
FOG, 173K IE MRS F 2 v VEIE) 2 5L Tw b &3
BEND,

L]

1 (a) 75, 973K & 1173K DA 72 F)E BT R I
ERELENDHoT2e ZOEEK L (b) £V, Fe0, Fe, O
BLUEBRHOILEDECDFRETH 5, 973K-60min Hi
T (17 () (&, EITHHD 973K-14min K1 (X 7 (b))
EHART, REOEEIKIBOIEE D 0.5um 75 1um
(ZEEPITHIIN L 720 LA L, AFIERICIE Fe O AYRAFL
TR 2D, BEUPEHIES N2 RL TS, &
512, SR CHME R SIS BIZE S TB Y,
CAUTEITCHIICIER S % 7 > & AIZACIH) L 72 Fe,0, D%
BCThbHEMEIND,

—H, 1173K-60min ¥ 7 (K 7 (f)) Ti&, EEOLFE
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SEIE OJE S Sum Bh bk 7o 720 RTINS IZ M 2012
Fe,_ O 78FAE L722%, #7CH ) 1173 K~7min KLF- (4 7 ()
L TRITPRECHETLTWE ZE DR TE T,
F72, ZOkF1E 973K—60min FiF (7 (c)) L HEL T,
MR CEMRNZFIEEEZHFLTBY, TUETHT
T & N7 R THRE S IICBERT L 72 Fe,0, N A 4 ¥ )Y
HATHBEEZEZOLND,

4. % £

XAFS-CT 3% K7 VTR SIS XAFS A7 Pb
T—=FIIMLCLCF 714 v 74 ¥ 7 &BHTHZ L1240,
F10nm® OFHIHD Fe DLEIRRE L T OEIG & HIZRE
HIEHWHETH S, TIUTLD, #ICIRE (Feflith) &
M MR ICRETE 2 LR SNz, 72721,
COFEE, WEICRRMZES 2 a2 i To b,

—7J5, Fe WIUmEBED T4V F— (7118.15eV) (28T %
B nano X-CT BIZClE, MHED TR X CT TIZH
7 Fe,0,/Fe,0, DBl A uI BE & 72 O FERFRIHIE - 5 AL —
7 N TEHIR R FUGIREEO 3R & s 2RI C X 5

RWFFECTHEN. L 72 XAFS-CT & UG nano X-CT I2& -
TBIS LAY I A MHNOILERMED T/ 3 R EDE
WL, BICA N ZALIDONWTERLT,

#ICHH (Fe,0,~Fe,0,) I2BC, 973K D Fe,0, A
i3 Fe,0, KL F- DKM A 5 HLIZ[A > o T —IZHEAT L 720
—7iT, 1173K Tid Fe,0, EMILBEFE S 5 Fe,0, F A A~
L OREFFIBIRERIFL 225587 L7z (K7, 9, 10),

B 115, ~NYFA FOETTIE, Fe DILFIREDZAL
(P AERAS 2 45T, Fe,0, 5 Fe,0,, Fe, O, Fe (&)
NEAL T Do 973K & 1173K D5E 13, Fe, OB & O
Fe,O, BUMI ISR IS § 2 BRERIRIEHP CTH 2o K11 (a)
75 Fe,O, DERFIRFEFEPHIL, 973K T 0, 1173K T 2.0x10?
DHEEWTH D, £72, Fe, O DERFIREHMAIL, 973K
T6.7x107, 1173K T 133x102 DEEILTH L, 512,
11 (b) DIREEX D5 Fe 0, & Fe,0, DIAFFIRDOMEF 55
It (p0,) 1, 973K T 1.7x10%atm, 1173K T 5.0x10*atm
Tdhbo FeO, FFEHOMRKIRE (55 WV IFERFITE) 132
S (BRFEDIE [pO,]~20%) &0 e FEREINL 720,
MR DT — R 2 2 LR IND, TNHHERE
IZXBEEARC L) R AR IEE L, RO (g/em?)
GO XIS %o

Fe,0,(5.24) —13%i%4 —Fe,0,(5.17) — 11 %31
—Fe0(5.74) —37%3) — Fe (7.87)

T L72BIF B 5 3 BTl AR~ 8 A MLT
WOILEED T/ 3 RITEDHREERTHL, €O
FRIGA A Z AL, “bRTFIANV "L PRYF L7
DEZTHFTE S,

MR VRIS TIE, iEED D S H LV ARD
R AR T B 7200, AR TIE, KRREOREVELT-#
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(a)
[~ ! ' ' Liquir_li_ oxide
1873} \ Liquid oxide Oxygen ]
% ®
. L ]
- Fe304 Fe203
—~ 14T3EECT + +
< i e P S Fe,05 | Oxygen
~ o FeO| FeO FeO 5.0 E-08 atm |
Fa-F &
+ Feso 4 17,5112}‘"}1
+ FeO
673 - .
0.22 0.26 0.30

Mass fraction: O/(Fe+0O)

X 11

(b)
1173
o—— R e
F6203 : :
= - iquid oxide
"('u' -..'_'_..-..i____: ______________
8 .10 e g
Q -11.8 _ L
e =TT i S~ S i A A
8 .4 I
Liquid Fé
= 111 '
673 1273 1873
T (K)

FactSage |2 & % FeO RDFEIREEX 'S

(@ 1atomBRTICH I Z2BEELEEFHERO/(Fe+O) DM REFDBIRIE Z N ZFhEREZFER 5.0x10%atm B LV

1.7x10'2atm)

(b) BSEAE (l0g,,p0,) LIBEDER (BHRIEAFIEDRISEL)

Phase diagrams of the Fe-O system calculated by FactSage'®
(a) The temperature vs. atomic fraction: O/(Fe+0) under oxygen gas at 1 atm. (Green and red dashed lines show oxygen

isobars of 5.0x 108 and 1.7x107'2 atms, respectively.)

(b) The oxygen partial pressure (log,,p0,) vs. temperature. (The blue line shows the reaction conditions of experiments.)

Stage Early

Intermediate

Late

Main reaction Fe,0; —Fe;0,

Fe;O, — FeO — Fe

FeO —Fe

®

973K

%% o WP 0 W

Topochemical > Topotaxial

173K

G @ By Uy

Topotaxial > Topochemical

20pm

| Red: Fe;0;,

: Fe;0,, Pale blue: FeO, Blue: Fe ‘

12 973K LU 1173KIZH TS Fe,0, FDAKFETRIE X F— L9
Fe,0, (#), Fe,0, (#L ), FeO (k&) Fe (&)
Reaction schemes of reduction of Fe,O, grains by hydrogen at 973 and 1173 K'®
Fe,0, (red), Fe,0, (orange), FeO (pale-blue), Fe (blue)

75 HUUZ > CREICHHEITS 5o —T7, PRYF T ¥
VRIS TIE, T LOHOBAR - AT L 72M &~ b
) 7 AMMOKERFIEE Z RO RO HETT b AT
Tld, ®ICTH L7z Fe,0, A Fe,0, ¥ b v 7 A L
RIS 2 RE L DRI ERET 5, &7 5,
1213, BITPIZBIT S Fe OfLFIRAELAL L E S
5 IBAF — L OBXTH 5o #ITHH (Fe,0,-Fe,0,)
T, 973K IZB W TEITITR TR 2 S Hub B —
ZHEAT T 20120 L, 1173K T3, Fe,0, & DMK E
WHRN L, FeO, DERAIZEES S (X4, 6)o T,
973K T & 117z Fe,0, FHlUZ, MMl - 7 > & AR D
KA CTHHOIR LT, 1173K T, {120} 7213 {130}

(CHRCIA L 7oK 2ol B 2 4 2 TR 2 (B6)o TILEE
OILEIREE D HIE, exp (1173/973)=#7 23 L BAEL SN b,
ZAUTHIGE LT, 1173K Tid Fe,0, 7HI{E 20 um OFLF-%
B L 9 2—75C, 973K TIFEE 7~8um D Fe,0, ¥ x )V
DR EN Do WMHFDEE, X 111RT Fe,0, HAH M
DFFEIRFREHFOENCTHITE 5o ZOFFAHFAS
Pk, IR IREABLASAL LIZ < L, /N Fe,0, 7835
CHED, R EGEAHILLRT, MRS LK
Fe,0, IS ET %0

OB AF — L Di#EIE, Fe,0,—Fe,0, HEEFZIER T 5
SAL (%) TR EIZ b BT 2o 9BK TR 37
VOSSR T, KA 5RO OILFGER iG> TR
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PR EINLDIR L, 1173K TIE MRS F 3 v VIUSH
BET, Fe,0,/Fe,0, FHHIZIT > TREITEH I NS,

T LD B OER, EcH (Fe,0, 25 Fe,_O)
WZH WM T %o Fe, O HAHFHIM O MR T IREE OFFAH L
973K & 1173K TRECEL S (K 11), 973K TIXEIRA
A EL L TREEBEIVHL, Fe0, 55 Fe,_ 0 Al
#9513, BRFRRELFEEMAEL (FeO) 6% F T
T AUENDH L0, Fe, O HIBROERIIHIR SN2,
*HRIYIZ, 1173K Tld Fe,0,/Fe,0, FHIIZI - 7ok TN
ZUZEY, IR ERFRIREIEL C Fe, O OBUEDMELE
ENbo SHII FHNIIEH- R L7z FeO F AL v D7,
EICHEY] (Fe, O—Fe) IZbWHT 5, TOERMTIE, #i7:
WL 7o & B kg AR FILE R A E S %, 973K Tld4
JE§kIEH Fe, O/Fe,0, FHIHA M L TRITAFR L, #IT
I3 70% CTRMT S (X1 (@) —7, 1173K TlE, 4
IBERIE DKL LRI I — 1D S I, IR TeERIE
95%HIZET S (X1 (a))o

5. #

XAFS-CT & Jdf nano X-CT OfAGHEIZLY, ~
XA ML OARE— % E=ICHELT 2 3 IRITTIICEIS 5 2
DT E Tz XAFS-CT Tld, &R 7 LIVIZIRFE S Fe
?D XANES A7 MU L THIBHE 71 v T4 ¥ 7%k
BT 52 LT, Fe0, Fe0, FeO, @@k (Fe) D55
A EICIE T & 720 ¥t nano X-CT TiE, A4 X
M AN F—%& T1815eVICHET 5 Z & T, FeO, &
Fe,O, DB HREL 72 1), XAFS-CT LD b@EA L —T
N CEELA D 3 IRITCRIEIAT % KT & 720

INHOTFHEIZLDY, Fe0, Fe0, HBXUFe 0 DM
LEMEDED R ER LT, BITWIBRE Tl MR 7 3
ANWVRISE PRY XL v VLR E) 2 DDEL B AT =
A DDFAEDFER SN2 973K TIE M R7 I HIVEH
FHHTHY, 1173K TR MRY 52 v VIS LB T
HHZEDPHSNI o720 TOMPARTTOE N, FD
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720
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