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1. INTRODUCTION

St eel is one of the most widely wused struc
productilf6B88wiasbillion tons, an increase of 4
production technology is mostly based o2n scar
rel eased, contributing to the greeobdowgeeeief f e

steel maki ngolpvie anas & tde,t2d r. i oA alt Li GbeBval, €E0e el maki r
project wemhsbown€&€Ohas been,d4e]s;t asbd disthieadn ddnl yEu
mol ten oxide el ect roofl yfsersr o(laMQEo)y ptreocdhuncotlioogny h
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million doll ar round of financing in the fi
greenhouse gas emissions during iron product:i
At present , tdoardoar e rrecaegmbvewat i on met ho
matured, such as nucl ear power, wind power, a
most widely used cheap and -llJe.anTlreememagtyh sd uao fc
met al by-cositne®WowhFa short, |l ow energy consu
environmentally friendly and contr ol [l @Qdbs eed
el ectrometal l urgy to prepare | iquid metal iro
at temperatures greater than 1538°C and cons.
metal |l ic iron by chl ori daen,d nadIlktad n ncea rsbod nuat ti e0o ns
poi ntssi ghnasf i cant advjalmjep® e ¢ eOWdars@ tcDaF e | e@Q@-o ut
NaCQmol ten salt to prepare met al Il ron and 0>
formati o3 oft hB@ks@Naas r educexantdo FdgFeaOhd o Wwasnal l
reduced to metallic iron. Li Gmd.l tlehm] sabtaisye
constant <cel l voltage of 1.8~3:X2-FeOFer aBd2Feh
wadetected in the expercompesaedtoF a@ daOh nc@ade He dP. t
studied the fill tOsags od rMow pmateer iwdlt harFde obt ai

8.2%cAMSin purmolCa€h salt at 1108 K. The actiyv
kimol 304F® not detected at a constanD:-peOrka.ti a
ZoulL.K12] studied the preparation of debhdohtiat

a voltage of 1.7 V in an al kaline solution
F@S—»F@4—>Fe.
I n all Oiiugdi ear elFye expl ai nedOsi @ad u dhtei osnt.u dHic

accordi ngO tmh atshee dgDza gsr aan, ptulreec es udbs a necessar
reduct i g It fwellFkeown that when theé e mp e risa higher ¢han 570°C, the
decomposition of E©s is carried out in three steps:BPe—-F éOs-Fe O -.FTehi s paper

t hermodynami c andcakicrudtaitcd otnls e ocroentbii cneeld wi t h a
testing methods, namel vy, cyclic voltammetry (
circuit pott)enme talhod OCEmbi ned with XRD and SE
reducti ofmgd:dfn g dlei dn€latcgpsiNaBl i s systemati e anc
step electronic process that trans®eosirwo el
( @&->F eOs-Fe OFe) . During t he OedwndiOF@nnt Erreamead [Ae
p r o d uTheepbduct composition under different constant cell voltages (0.2~3.0 V) was explored,
and iron metal was obtained when a smaller electrolysis voltage of 0.6 V was usgdmA 5me s h i r
metal is obtained at a voltage of 1.2 V with areuat efficiency of 95.3%, and the energy consumption

of producing iron is 3.35 kWh/kg, which is more eneeffycient and environmentally friendly
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2. EXPERI MENT

2.1 Materials and reagents

The experiments were carrihaCs®iurfo pthyar uns iChge
Regenktt €o, 2Th.i "a%r(Si 6afharm Chemitcd.l, BeIyieInFH %) C «
FeOz3(Si nopharm ChemiLtdl , REBedBWEpCBRinlophar m Che
Regentt €o, 2Ch.iNm:?p a waewmumt 260°C for 2puhit ¥h
graphite rods were polished with 400, 1000, a
surface was repeatedly washed with deionized
cuumatovénrao°C for 48 h. TW8mmnotdaei nMaess sc oSrtpene
aphite rod to foO:poavdeonavast airn.i f Dmenl Fe gr ol
essure of 10 MPaxXOtpeal I2etmi(nl 5 omno bitna i disameFtée r0,
mas s, 49% in porosity), whi ch was placed i
r 5 h to obtain sufficient mechanical stren
nded to a 5 mm staonpeeparsgé eal composbte ¢ce
uci ble co@aa@a(ilnh5hgg ., Na@bl ar ratio 42:58) was
urnace raised to 800°Gstagel5°wWi/me noff ox. @ rmm WA
and elecsrobysisdwaut for 2 h at a voltage o
Caedaltt and some met al i mpurities were remove
protection of high purity Ar (> 99.999%) gas.

-+~ O T ™ T T Q@ <
- 0O O oS- & T o

2.2 Electrochemical experiment

The CHIG660E electr dShamighali VC dh revla d tu aut,si eo@nhh i m
el ectrochemiealectestde Aysheemewas ugebdinbw) tds aa
counter electrode.

Ar outlet— — Electrode leads

Mullite tube
— Stopper (OD:5.0 mm;

ID:3.0mm)

Cured molten salt
(Higher than electric
furnace heating area)

Refractory brick ‘ Diaphragm
Ag wire (Ta:0.1lmm)

e (Dia:1.0mm)

/.’/- Heating furnace tube
4.0 % AgCl

Alumina curcible NaCl:CaCl,=48:52

Graphite anode —
Oxide cathode ‘

= {
Ar inlet ! \ |
I AN e

et

Reference electrode

Electrolyte with NaCl-CaCl,

Fi guméré&leectrode system diagr am.
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A Agirfed erence el ectr oden alummumglicaep a lf @dmby f
with a mol ar nraAg ®l =04f6 :NoaOC | 4:( Ca@ib,s i 9 9v.e9r9 Ui r[el 3]
x1 mm molybdenumdsinmi pt wondéd andowas uys eed eacst rto
( MCE) [ 11, 14«]l.ecThedeée hegetem diagram i s shown
carried out under high purity argon (> 99.999

2.3 Two-electrode constant cell voltage electrolysis

ThexXOfFseubstrate was eldeicftfreorleynzte dc eflolr v1o0 tha gaet
GWI NSTEK3®PGMpbDb®@®er supply. FBOes claithoalfet evra ss ian't
for 5 h, and the anode was a graphite rod. A
cooled with argon gas to 25°C, and the electr
containing al ctolholr emove 3tOhemiaomhl ori de sal't a
Characterization of the sampl e was ana280z0eH) ,b
energy dispersive spectroscopyay EOXT f EDAXI dGrer
( XRDy a0 00 wictlha Ciuk tKfs o bA)5.405

3. RESULTS AND DISCUSSION

3.1 Kinetics considerations

When the mol ar vohe e/ pa,f M hree pmmeetsaelnt(sp t he
represents the density) and the dguogyvékdgde o
n-po, n represents the number of met alwVatloms tihn

mol ten salt wil./l contact the inner oxide, anc
met al | ayer etloe cctornopdleeotxei dtahte on r e dQs, dtecb®dn5 .[ 20357 ,.
N=2re30d 4 . n98BlFedl2Ve&E,7. 106, and/Vilbef i g@nh olxe del i
Therefore, it is feasible to anal yrzeep atrhee imoolnt
It can be s&enphfarsem dtimg rfenl ¢etat oxihee hi ghdeco
val ent oxides step by step, and f i ncaelnlitye r eidr ocn
o-Fe form beHgOwoNl2aT@sy IO X eqh occupies the oc
i ron. The combination is firm, and electrolys

3.2 Cyclic voltammetry measurements

First, the reduegdgiimnNGa@&le hbec simc omelFe was S
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i , —— Blank | b ——30 mV/s 05
0.4f (@ & winreo, o100 ® 5 mvis |
. ——50 mV/s
0ol — With Fe,0,  70mVis
< o3 2 <
£ =
g 00r ]
3 5
o
0.2} - ==\,
R3 R2 R1
-0.4}
1 A 1 1 1 1 1 1 1 1 1 1
-30 -25 -20 -15 -10 -05 0.0 05 2.5 -2.0 -1.5 -1.0 -0.5 0.0
Potential / V vs.Ag/AgCI Potential / V vs.Ag/AgCI
Figure)2.Cyclic voltammetry curve with a scan
rat®csan 3@+®2680 mV/ sNadlaemeloOt® Cwi t h030 .n5 M@dE F
(I nsert: El ectrode physical map) .

Tabl@ Hhs free energies am:cdécompoeidt f oo mveliSC

Decomposit oo E YO(kJ/ mol) EON  ( wI©%)
6 R@:= 4 EOat+ Q( g ) 175.228 0. 45
2 @~ 6 Fe Q+g )O 370.320 0.96
2FeO=2Xg) O 299.517 -1.01
2NaCl =2,Ng)} CI 575.887 2.98
Cagl Casxfgll 635. 34 3.292
2CalO=2Lag30 1045. 428 2. 708
Fig. 2 (a) is a cyclic voltammetry curve o

bef oref taenrd f i Ok, i nagh dwiat s ckkRen r ate of 70 mV/s. T
voltammetry cuxDveFouUrupkeiakbea@appear8 ~iOn 4a Vs c avim €

A and peak A’ are the reductirespeetikyvelnyd 0TX
corresponds to the formation of <chlorine, and
ion concentration in the nearby molten salt c

the rate of redgciioos ahdsumcoemadies the curr
oxi dation peaks and re2uft+4d4o0WN; pehus, inhitser anm
potenti al scanning rang@. atTherblfatki agdgbkea C
are the CVs &xfatnapOffeirledsipnegcthevel y. To avoid t|
mol ten salt system, t-Beds@avWning range i s bet

According to thermodynamic calcul ations, 1
ther midygnanal ysi s shows :zthagOricshemaoreadupmgad s iotni wd
FeOst 0 FeO, meaning it is the more preferred r
the three reductiolsi peaisds bpegn@eanitctmdotaagl |Hec i r
Sshould be deoxidized syFeDss owhoked®2t ande®R2¢ e
FeOs-FeO, and the reduction peaks R3 and R3° ar

Fi g. 2(b) is a CV of ttehefs BaOn 1r0d@On greV/ wi.t Il ha
and the reduction peaks R1, R2, and R3 appe
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Il ncreases, the oxidation peak O becomes mor e
used, the reduetiomnhtibsmatomes DonpOzmat rfirxo md des
have enough time to transf gs Na€dtehret amfoaee, bfu
| arge concentration gradient and 2pnacrrteiacsiepda tceus
reduction of the iron metal during the subsenq
of O. When a sl ower scanning speed is appliec
FeOis NaCadeillnterfacencantdr ahieomr gradi ent iI's redu
the oxidation peak of O [16]. The reduction p
Even at 30 mV/ s, the reduction peaks R2 and F
mao e?di ffused to tdemaamrddke diun-ti enfgm t Fheed u cotnigon pr
I nterf ac@®amnfd tHla€ihbé t en salt, the concentratio
concentration gradient i scusrmaelnlt,, raensdultthien gr eidn
R3 disappear [2, 11, 14, ]

3.3 Square wave voltammetry and open circuit potential measurements

A square wave vVvoltammetry and open <circui
el ectrochemi cal Fe&dlweotxiiodmn th eolma wino ra efa ered letcda mr o
salt system. The data obtained are shown in
di stinct peaksl.aplpevar,:1 ppdedakk/ RR1 &(In.d8 H eVa)k. RBh gr e
platforms in the open circuitl.dotvgnt ipdlla Bd wir)wne

and platflo”mVR3 @&s shown in Fig. 3(b). The

deoxi dation reaction of i-sbpepoecti den omed lhet ican

FeOs-FeOs-FeOFe i s consistent with the conclusior
0.00 -1.0

(b) R1
/— -1.2¢ 2Fe0,+0” =3Fe0y+2¢
-0.01 ,/}f N
/ 1.4

‘ R2/3Fe0+3 =Fe,0,+2¢

-0.02} -1.6r

Current/ A

Potehéial 1A%

asl Fe+CJ" =FeO+2¢

-0.03}
-2.0F

R1
1 1 1 1 L L 1
-2.0 -1.5 -1.0 -0.5 0 50 100 150 200
Potential / V vs. Ag/AgCI Time / sec

Fi gur(ea)3.SWV at di fferent frequencies and (b
cathodic polarizaGaeholadaten2 s\alitn atth e& 0N& .

The reducti on fdeteesrsmionfe ds oblyi ds gruear e wav e
Fi g. 4 (eke) .p eTatk s, R1, R2, and R3, consi stent w
seen from the figure. The number of We/)e£lI8rlon
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77 0BG — (1)

where R(8.314J-mdtK™) is the molar gas constaf(K) is the temperature, n is the electron
transfer number and F(96485C-mpl i s Faraday’s constant .

—h— Rllp b g
sl
0,017 o2
. Ol —o—R3l, =
\ J N 13
g ,| ——RIE, /
= R —— R2E
£ 002} g P >
o : —e—R3E, .-~ 10 -4
= < p.- i
] ~ 1} A
Y = H H H H
/D
O - -
-0.03} ] o—" 3
) 0 L’ e—oo—
R1
1 n 1 n 1 n 1 1 1 1 _6
-2.0 -1.5 -1.0 -0.5 0 1 2 3
Potential / V vs. Ag/AgClI fY% HZ V2

Figur(ea)d SWV perfor-@a€mdlint tehred é&N(aklld i ohehi ps be
current density, peak potenti al and square

The current density of peaks R1, R2, and R
The number of el ectaond RBanantbensabtuRafeR2D
was 1.6 for R1, 2.15 for R2, Cgingl @1 ddt fioc alRI3)
metal |l i c terleerctbbyna ttrmodsfer process, as shown

R1:3 RO+ 2=2 O+ @
R2:Fels+2=®3Fe®+0
R3:Fe O+f2Fee % O

3.4 Two-electrode electrolysis at different cell voltages and product analyses

Fig. 5 is an XRD pattern of an electrol ysi
0.2 V i@anapmltieednedi a®e sppo dwutcC dd e ggiends Fteo apy
el ectrolysis is apg ipehdaset dd.axzr\a.m, Frtohne tfhoer nfada
the solid s xaOspthiacre ofntohdePe during deoxi dat.
applied forO 1li0Os hpr oodnul cyesgrrleasred dti sappears. When

i s between 0.6 V and 1.1 V, metallic 1T ron be
greater than 1.2 V is applied, the reduction i
change | aw of the oxides -val ehe oardebivel kel be

| owal ent oxi des step byolt@ipnedand finally, thi
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1 —0OFe D, — FeD —| Fe
4 — FeO 5 Fe
? T >1.2v
4 4 ﬂf 4 4 0.6~1.1V
3 2] [3 T 73 05V
£ 2 7 2?2 F oms 520%
IR A W TS £ g 02v
1 11 17
1 1 u \ M m 11 /Lvsintering
0 ' 20 ' 40 ' 60 ' 80 100
2Theta(Cu/Ka)/degree
Fi gur eX®mBD patGzama of edter ol ysis products obtair
voltage in LLha€h8l0Ne NalCi ( mol ar ratio: 48:
The SEM i mage of Fig. obtias nan délye stimdleysin:
and electrolysis at a potenti al of 1.2 03 1.°¢
particles grow after sintering at 800°C f-or 5
500 nm, i Whi dlacwl itate the increasgérom ¢bediant
the particles to the surface of the particl es
electrolysis at a voltage of 2 V.

sintéredat 800
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1.5V 10h

e

Figunfe)6 SEM smagetpat Fets (°10, )MPahnd8 OO ) after
electrolysis at 1.R2nVan( 8p@addouNweCdtnidc (fdor 31
shows the EDX identification).

The i1iron particles grow, amud. tHieg.pa@G(({ta)l s
application of a voltage of 1.5 V fpartcionls¢ a
continues to increagme Up gt.o 6q@pr axi matceolnystlat
which a voltage of 3.0 V is applied, and the
structur e. Thesd hree anolrtpsh oil mdyiyc aotf e tthlkeati r on pr «
di fferent cel |l vol tages. I n the el ectrochemi
atoms and the iron atoms aggregate to form i
control t he r e0ductthheo nn uwnabt eecra malf tFiewc Ige aotwitdhn r at ¢
affects the morphology of the reduced product

The data obtained from the recorded ti me
stage, thescluarge due to the redkcmolonerofs alutr
phase reaction boundary f or ms and e xt e@:ds I
subst R22te[ 20 the second stage, theactuimonentofdée
i's an exothermic reaction. The Fe met al for me
The met al | ayer i s dense, which hinders the r
i nsi de 0sfmat hé xFé @nt @l mol The conduction and
the current i s reduced, and the appearance o0
reduct iOsm sofcaFeied out in multiple steps. I n
phase to reach the background current[ 19]. I n
hi gher than 3.0 V is applied, iwlinclpamay cbesd
reduction. The iron particles produced by the
electron conductivity of the iron | ayer, and
to the | osist eofanohdee gdruarpihng t he el ectrolysis p
and the for naz3d, o4 ]o.f TChaeCse si de reactions wil
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and | ower current efficiency[5]. Theodexns tafa
FeOsmatri x and t hfe tXIRD mmlatl eyrsd ssa kot d atf it @em @&d @ cs$h
The calculation of the effi chpbOalce c tarnadc heenneircgayl
current under differenshewecinoTyghlie Zoh2b}t.i o

Second stage Third stage . Fourth stage
2000 | - - i .
: : — 1.2V
L\ . ——15V
{ : — 2.0V
| First stage
4 g — 2.5V
1500 - . :
3.0V Metallised surf%ice
< g :
£
=
o 1000 |-
= . .
@) § z
Metal conduc%tor - Oxide phase - Fe }?hasc v 3PI
500 | : :
0 I E " 1 " 1 . 1 " 1 " 1 " .I
0 100 200 300 400 500 600
Time / min

Fi gurCurtent time plots of electrolysis f-or 1

Caemol ten salt system. (I ns e rpth assheo@ises /afhde g n
t hheet alli zation of the oxide surface)
o O (b) 2 1-Cago
/ 2—Nacl
T 1 3—Cagl
S
\ g
. / l 22
2 y ] X
g .05 < co? +_)50; é £
% - ,,'/ < %
A — g
MOILTEN SALT:NaCl-CaC1, 0 2IO 4-0 6‘0 8I0 100
0. lro M0 Fe 2 Theta(Cu/Ka)/degree
Figur(ea)8.l on transfer model for toemadIlrea oxt raondde

XRD analysis of 't hedemoxlitdeant isoanl.t after el ec
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Tabl €aRcul atuirarenaf ef fi ci ency andOeelea aqtyr occohnesn
reduction under different electrolysis con

A Energ Theore
ctual c Actual
Elect_r; Mas s el ectric Cu_rr_erconsum[ el ectr recov
conditi Fes(g) (MA- h) efficie Fe b1 o eFEC gual i
(kWh/ k -Fe (¢
1.2 Vi1 0.977 1819 95. 3 3.35 0.652 0.684
1.5 Vi1 0.959 1848 90. 3 4. 57 0.606 0.671
2.0 V1 0.946 3890 83.5 14. 07 0.553 0. 662
2.5 V1 0.927 3086 84. 6 14.05 0.549 0.649
3.0 V1 0.970 5243 70. 8 32.63 0.482 0.679

4. CONCLUSIONS

The el ectrochemical behavi 0003i of aeCNegfBilerlotd e c
with a molar ratio of 48:52 was investigated
open  rcuit pot eati-t acumeehad &80606°C. The compos
products obtained by difdleying wemstamal vzéd
EDX met hods. The conclusions obtained are as

1) The reduction of solid E®3z in NaCFCaCbk molten salt is carried out by a thretep
electron transfer that transfemso electrons per steFeOz - F €03 F e O -)Hmally, metal iron
is obtained, and E®s and FgO are produced in the process

2) The process is a kinetic model of the thp®ase reaction boundary line that conforms to
the metal/solid oxide/molten salt from the outside to the inside. By controlling the constant cell
voltage electrolysis, the morphology of the reduction product eacobtrolled.

3) Finally, when an electrolysis voltage of 1.2 V is applied, the electrolysis can be
compl etely reduced after 10 h and metallized
current efficiency of 95.3%. The energyo n s u mp 33b kWih/kg. The data obtained can be
used as a basis for the industrial preparation of metallic iron and alloys by sgle rRelten salt
electrolysis.
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