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ABSTRACT

Molten oxide electrolysis can be used to reduce the carbon dioxide emissions from ironmaking. In
this paper, we electrochemically decompose iron oxide (Fe,O3) into iron (Fe) and oxygen (O,)
using boron trioxide and sodium oxide (B,03-Na,0) as the molten oxide electrolyte at 1000°C
that is less than the temperature of other molten oxide electrolysis. The formation of Fe at the
cathode and O, at the anode is identified by analysing products from both electrodes. The
results suggest that the cathodic current efficiency of electrolysis at 2 V is about 54.7%, energy
consumption is about 5.27 kW h kg™ of Fe at 2V electrolysis, and purity of the reduced Fe
was more than 97 mol.%. With respect to the process temperature and product yield, B,O3-
Na,O molten oxide has potential as a supporting electrolyte to reduce Fe,Os to Fe without

consuming any carbon.

Introduction

For every ton of steel produced, 1.83 tons of carbon dioxide
(COy) is emitted. For the steelmaking industry overall,
roughly three billion tons of CO, is emitted annually [1].
To reduce CO, emissions, technology development is
ongoing in the steelmaking industry, such as blast furnace
with top gas recycling, hydrogen-based reduction, carbon
capture utilisation and storage, biomass application, and
electrolysis [2,3]. Electrolysis is an innovative technology
with the potential to significantly reduce CO, emissions
[4]. In essence, iron ore is reduced using electricity as a redu-
cing agent and oxygen (O,) is emitted as a by-product with
an inert anode; producing the iron (Fe) does not consume
any carbon, theoretically. Moreover, CO, emissions can be
further reduced using electricity from carbon neutral
sources, such as nuclear power, solar photovoltaics, and
wind turbines.

The electrolysis of iron oxide (Fe,03) has been studied
in the laboratory with various electrolytes, such as
aqueous solution [5], molten hydroxide [6], molten car-
bonate [7], molten salt [8], and molten oxide [9-12]. As
an aqueous electrolyte, sodium hydroxide is advantageous
because it can result in Fe electrolysis at low temperatures
(110°C) with minimal electronic current losses; however, it
is also disadvantageous insofar that solubility to the feed-
stock is low, and the hydrogen evolving reaction takes
place in competition with the Fe reduction reaction,
which means that the current efficiency is low [5]. Alterna-
tively, chlorides have high electrical conductivity and are
often used as electrolytes in electrowinning and electror-
efining. They are disadvantageous insofar as the solubility
of oxygen ions is low for oxide electrolysis [13]. On the
other hand, the oxide feedstock is highly soluble in
the molten oxide, and current density is high due to the
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high concentration of ions in the electrolyte [14]. The
feedstock can be electrolysed by feeding raw material
into the electrolyte without any additional processes
[15]. One of the major problems concerning oxide electro-
lysis is that the acidic oxide forms a network structure that
deteriorates the mass transfer characteristics, including vis-
cosity. This can be overcome by adjusting the basicity of
the oxide [16]. The process of reducing Fe using silicon
dioxide, magnesium oxide, calcium oxide, and aluminium
oxide (SiO,—MgO-CaO-Al,03) as a supporting electrolyte
achieves a high current density (1 Acm™2 and greater)
and produces highly pure Fe [9]; however, high tempera-
tures are required.

The aim of the present study is to produce Fe without con-
suming carbon using molten oxide electrolysis at a tempera-
ture that is less than other molten oxide electrolysis. With an
inert anode, O, gases are evolved as a by-product while Fe,03
is reduced by the electricity, which means that Fe is produced
without emitting CO, gas. A molten oxide with a high solubi-
lity to various oxides is used as an electrolyte. It is advan-
tageous in terms of current density as well as the removal
of gangue from the reduced Fe when iron ore is used as
the feedstock. Moreover, the oxide electrolyte used in the
present study is molten at temperatures less than 1000°C.

Experimental

Boron oxide (B,0s) powder, sodium peroxide (Na,O,) gran-
ules (Alfa Aesar), and Fe,O3 powder were manually mixed
at a room temperature. The mixture was placed in an
alumina crucible (44 mm in diameter), which was placed in
an electrolytic furnace with air. The furnace was heated to
1050°C, which was maintained for 1 h to obtain sodium
oxide (Na,O) by decomposing Na,O, and stabilise the
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Figure 1. Schematic diagrams of electrolytic cells (not to scale) (a) for analysing the cathode reactions, electrolysis, and (b) for analysing the outlet gas.

electrolyte. A platinum (Pt) wire (0.5 mm in diameter) and Fe
wire (0.5 mm in diameter) were used as the working elec-
trode, a coil (5 mm in diameter) made from Pt wire (0.5 mm
in diameter) was used as the counter electrode, and a molyb-
denum (Mo) wire (5 mm in diameter) was used as the refer-
ence electrode. These electrodes were connected to Mo
wires (0.5 mm in diameter), which served as the current
leads. The alumina tube covered the Mo wires.

Figure 1 shows schematic diagrams of electrolytic cells. For
analysing the cathode reactions and producing Fe, the elec-
trolytic cell in Figure 1(a) was used. The alumina crucible con-
taining oxide mixture was placed in the electrolytic furnace
unsealed. The furnace temperature was controlled at 1050°
C for the temperature of the electrolyte to be 1000°C. The
type B thermocouple was used to measure the temperature
of the electrolyte. A Pt wire and a Pt coil were connected to
each Mo current lead. The current leads were connected to
a potentiostat (CHI 600E, CH Instruments). The electrolytic
cell in Figure 1(b) was used to measure the anodic product.
An alumina crucible (70 mm in diameter) was sealed in an
alumina tube (100 mm in diameter and 930 mm in height)
with highly pure argon (Ar) gas (99.999%) flowing at a rate
of 200mLmin'. O, Concentration of outlet gas was
measured by a gas analyser (Rapidox 3100, Cambridge Senso-
tec). Pt-Rh wires (0.5 mm in diameter) were used as current
leads, which were shrouded by the alumina tubes.

Electrochemical experiments were conducted using a
B,03-Na,0 electrolyte (70 and 30 mol.%, respectively). Com-
ponents of the electrolyte were selected in terms of the
melting temperature, solubility to Fe,O3, and electrical con-
ductivity. B,Os satisfies conditions of low melting tempera-
ture with sufficient solubility to Fe,Os. Furthermore, the
oxide mixture with the addition of Na,O becomes suitable
for an electrolyte in the liquid phase since Na,O breaks a
network structure of molten B,0Os. Experiments consisted of
three-electrode cyclic voltammetry (CV) measurements and
constant voltage electrolysis. The depth of the working elec-
trode immersed in the electrolyte was measured to calculate
the surface area. To obtain the electrodeposited iron,

constant voltage electrolysis with the two electrodes was per-
formed. After the electrolysis, the electrodes were lifted, sep-
arated from the electrolyte, and cooled. The electrodeposit at
the cathode was analysed using X-ray diffraction (XRD, D8
Advance, Bruker), optical microscopy (OM, DFC420, Leica),
scanning electron microscopy (SEM, SU70, Hitachi), and
energy dispersive X-ray spectroscopy (EDS, SU70, Hitachi).
The amount of reduced Fe from electrolysis was analysed
by thermogravimetric analysis (TGA, SDT Q600, TA Instru-
ments). Figure 2 shows the preparation steps for TGA. After
electrolysis, the cathode was separated from the electrolyte
and cooled in air, after which the attached material at the
cathode (A) was recovered. A was grinded into powder (B)
and a magnet was used to further select powder for the TGA
(C) from B. The total amount of selected powder was divided
into some samples. The TGA experiments were conducted
using these samples. The temperature was maintained at
150°C for 2 h (first step), after which it was raised to 900°C at
a rate of 10°C min™' (second step) and maintained at said
temperature for 3 h with O, gas flowing (third step). During
this process, the weight change of the sample was measured.

Results and discussion
Electrolyte selection

The melting point of B,05 is 450°C, which is low for an oxide
and it can dissolve Fe,03 at 1000°C up to 50 wt-%; however,
B,Os is unsuitable for an electrolyte due to the network
forming property in the liquid phase. According to previous
studies, the addition of a basic oxide to an acidic oxide
melt increases the optical basicity [17], decreases the kin-
ematic viscosity, increases the limiting current density [16],
and increases the electrical conductivity [18]. Accordingly,
Na,O was added as the supporting electrolyte, thereby creat-
ing the B,O3-Na,O mixture.

Figure 3(a) shows the binary phase diagram of the B,Os-
Na,O system at 1atm. The oxide mixture becomes the
molten state at 1000°C in the entire composition range
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Figure 2. Preparing samples for TGA.

except Na,O-rich region. As mentioned above, increasing the
basicity of oxide melt improves the transport properties of
the molten oxide electrolyte. Accordingly, an electrolyte
with a high Na,O concentration is optimal for electrolysis
with respect to transport properties. However, according to
a previous study using an iridium (Ir) anode, anode stability
is reduced in a basic melt compared with an acidic one
[10]. Since Pt is used as an anode material in the present
study, a composition with Na,O less than 50 mol-% is suitable
for a supporting electrolyte. Especially, the eutectic compo-
sition of 70 mol-% B,05; and 30 mol-% Na,O was selected in
this study to take advantage of its low melting temperature.
Composition and properties of the selected electrolyte at the
experimental condition are summarised in Table 1. Physico-
chemical properties are evaluated from FactSage 7.3 version
(melting temperature and viscosity) and previous studies
(density [19] and conductivity [20]). Figure 3(b) shows the iso-
pleth of (70 mol-% B,0s+ 30 mol-% Na,O) - Fe,Os in the
ternary B,03-Na,0-Fe,05 system in air [21]. According to
the diagram, the maximum solubility of Fe,Os in the melt
with 70 mol-% B,05 and 30 mol-% Na,O0 is 9.94 mol-%.

Electrochemical analysis

Figure 4(a) shows the cyclic voltammograms of the Pt-wire
working electrode with the Mo-wire pseudo-reference
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electrode in molten oxide electrolyte with and without
Fe,0s. In the curve of the Pt working electrode in the support-
ing electrolyte (dashed-dotted line), reduction current
increased continuously from roughly -0.3 V. This increase
appears as the supporting electrolyte decomposes. During
the anodic scan, the onset of the oxidation current is
observed at 1.1 V with some fluctuations. This behaviour is
observed when the gas evolving reaction occurred at the
anode, which is consistent with the CV results of an Ir
anode reported by Wang et al. [9]. Because the electrolyte
is oxide and the Pt electrode is inert, the gas produced by
the oxidation reaction is O,. When 5 wt-% Fe,0s is added
to the supporting electrolyte, reduction peaks are observed
at -0.13 (R1), 0.09 (R2), and 0.32 V (R3) as well as oxidation
peaks at 0.04 (O1) and 0.55 V (O3) (solid line). It is likely that
the O1 and O3 peaks are the anodic counterparts of the R1
and R3 peaks, respectively. The oxidation peak counterpart
to the R2 peak is covered by the O1 or O3 peak. As these
peaks are absent in the voltammogram of the supporting
electrolyte, they originate from the redox reactions of the
added Fe ions. To identify the reaction at the R2 peak, CV
was conducted with the Fe cathode. The curve of the Fe
working electrode in the supporting electrolyte has a
different pattern from that of the Pt working electrode, as
shown in Figure 4(b). A reduction peak is observed, and the
Fe electrode dissolves at the backward scan (solid line).
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Figure 3. (a) Binary phase diagram of B,03;-Na,0 at 1 atm with an O, partial pressure of 0.21. (b) Vertical section of ternary phase diagram of the B,05-Na,0-
Fe,03 system under the same pressure condition. The diagrams are calculated from FactSage 7.3 version with FTOxid database [21].
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Table 1. Composition (mol-%) and properties of the selected electrolyte at the
experimental condition.

Tm Viscosity Density Conductivity
B,0; Na,0 (%) (Pas) (gcm™) (Sem™)
70 30 7326 ~0.15 ~1.99 ~1.08

Considering that the current was almost zero when the Pt
wire was used as a working electrode in the supporting elec-
trolyte, the increase in the reduction and oxidation current
can be attributed to the redox reaction of the Fe electrode.
The R2 peak shown in the voltammogram of the Pt working
electrode (Figure 4(a)) was not observed in that of the Fe
working electrode. In the binary system of Pt and Fe, both
form solid solutions [22], and, because the activity of
reduced metal in the alloy is less than unity, the reduction
potential of the alloy is more positive than that of pure
metal. Accordingly, the R2 peak can be attributed to the
reduction of Fe by forming an alloy with Pt on the surface
of the electrode.

Figure 5 shows the cyclic voltammograms obtained by
changing the scan rate of the electrolyte containing 1 wt-%
Fe,0;. The peak potential (E,) and half peak potential (E,/,)
were measured along with the scan rate to investigate the
number of electrons transferred at each peak. The diagnostic
criteria of the voltammograms are outlined below [23,24].

Reversible reaction with a soluble product:

RT

Ep/z—Ep:2.2F. (1)

Reversible deposition of metals on the solid electrode:
RT
Epp —Ep =07725 -, 2

where n is the number of the electrons transferred in the reac-
tion and F is the Faraday constant. Table 2 shows the £,,, - £,
and n values calculated using each equation. For the R1 peak,
E, shifted in the less cathodic direction and E,,-E,
decreased with a decrease in the scan rate. When the scan
rate was lower than 10mVs™', the E, barely changed,
which means that the reaction at the R1 peak is reversible
when the scan rate decreases. The n values from Equation
(2), assuming that metal is deposited reversibly on the solid

(a)
& 0.3} —Fe2035wt% 03
£ — - - without Fe03
© 0.2}
< |
£ 01} §
- ;
&
g 0.0}
g -01f
5
O 0.2}
R1
03 R2 "

06 -03 00 03 06 09 12
Potential (V vs. Mo)

electrode, increased as the scan rate decreased and
approached a value of two. On the other hand, the n values
from Equation (1) assuming a reaction is reversible with
soluble product were 5.48 and 5.61 at 5 and 10 mVs™,
respectively. It is hard to assign a reaction to these electrons.
From the above results, the reaction at the R1 peak consists of
metal deposition with two electrons being transferred. Since
the peak occurred when Fe,03 was added to the electrolyte,
the resultant reaction is a reduction of Fe from Fe**.

For the R3 peak, E, was almost constant regardless of the
scan rate, and the reaction, therefore, is a reversible system.
The n values from Equation (1) were between 1.22 and 1.28;
from Equation (2), they ranged between 0.43 and 0.45,
which is an irrational number in an electrochemical reaction.
Considering the above results, the reaction at the R3 peakiis a
one-electron reaction, the reduced species of which are
soluble in the electrolyte. Since the peak occurred when
Fe,05; was added to the electrolyte, the resultant reaction is
a reduction of Fe** from Fe**,

Cathodic product analysis

The electrodeposits obtained by electrolysis were analysed by
EDS. Figure 6(a) shows the SEM image and EDS maps of the
sample obtained from two-electrode electrolysis at 1.4 V.
The electrodeposits had two forms: thin layer on the elec-
trode surface and particles dispersed in the oxide around
the electrode. An Fe layer with a thickness of roughly
35 um was observed around the electrode. Pt was also
observed in the Fe region electrodeposited on the electrode
surface, which means that an alloy layer is formed when Fe
reduction occurs on the Pt electrode. Iron was also observed
with particles in the vicinity of the cathode. Figure 6(c) shows
the OM image of the 1.4-V electrodeposit. In the image with
the long depth of field, it is evident that the Fe observed in
the vicinity of the cathode has a dendrite structure. Figure
6(b) shows the SEM images and EDS maps of the sample
obtained from two-electrode electrolysis at 2 V, from which
it is evident that the electrodeposit has a microstructure
similar to that of 1.4V; however, even though the same
charge passed during electrolysis, the two electrodeposits
have differences in the thickness of the Fe layer on the

(
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Figure 4. (a) Cyclic voltammograms of a Pt-wire working electrode with a Mo-wire pseudo-reference electrode in B,03—Na,O without Fe,0; (dashed-dotted line)
and with 5 wt-% Fe,05 (solid line) at 1000°C with a scan rate of 100 mV s (b) A cyclic voltammogram of a Fe-wire working electrode with a Mo-wire pseudo-

reference electrode in B,03-Na,0 at 1000°C with a scan rate of 50 mV s™".
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Figure 5. Cyclic voltammograms of a Pt-wire working electrode with a Mo-wire
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Fe,0; at 1000°C with various scan rates: 100 mV s~ (solid line), 50 mV s~
(dashed-dotted line), 10 mV s™' (dashed line), and 5 mV s~ (short dashed line).

surface of the electrode as well as the degree of dendritic
growth. In the OM image of the 2-V sample in Figure 6(d),
the dendrites have thinner branches than the 1.4-V sample.
In addition, the particles that show the cross section of the
dendrite branches are also more widespread in the SEM
image of the 2-V sample than that of the 1.4-V sample. This
dendritic growth can be observed in the mass transport con-
trolled region, the degree of which is consistent with the
overpotential applied to the cathode [25].

The TGA experiments were conducted to measure the
amount of reduced Fe from 1.4-V electrolysis. The total
amount of selected powder was 46.70 mg, which was
divided into two samples: C1 (22.01 mg) and C2 (24.69 mg).
During the TGA, the weight change of C1 was measured
(Figure 7(a)). At the first step, the weight of the powder

Table 2. Cathodic peak potential £, and n values at R1 and R3 at various scan
rates.

Scan rate Ep—Ep n from n from
Peak (mV s") E, (V) V) Equation (1) Equation (2)
R1 5 —-0.107 0.044 5.48 1.93
10 -0.112 0.043 5.61 1.97
50 —0.145 0.060 4.02 1.41
100 —0.164 0.071 3.40 1.19
R3 10 0.362 0.198 1.22 0.43
50 0.362 0.193 1.25 0.44
100 0.355 0.189 1.28 0.45

(b)
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converged to a single value; the weight change was 0.01%
of the initial powder weight, which can mainly be attributed
to the removal of moisture. Most of the weight changes were
observed at the second step; the weight of the powder was
saturated at the third step. The increase in weight observed
during heating can be attributed to the oxidation of Fe in
the sample. Thermodynamically, Fe,Os is the most stable
phase of Fe (and its oxides) under 1456°C at 1 atm of O.,.
The oxidation reaction of Fe and iron(ll) oxide can occur for
the entire temperature range of TGA. Therefore, the discussed
weight change is likely to be involved in both Fe and iron(ll)
oxide.

The XRD pattern of the attached material before TGA is
shown in Figure 7(b). Broad peaks of the amorphous electro-
lyte and Fe peaks can be observed. Based on the XRD results,
no Fe;0, peaks were observed in the XRD pattern of the elec-
trodeposit. We considered the amount of Fe;0,4 negligible in
the samples, and the increase in powder weight from the TGA
results can be attributed to the oxidation of Fe. Calculation of
current efficiency from a measurement of the weight of
reduced Fe by TGA was summarised in Table 3. During the
second and third steps, the measured weight change was
434 mg. As Fe oxidises to Fe,Oz during the TGA, the
amount of Fe was 10.09 mg ((2x55.845)/(3 x 15.999) x
4.34 mg) in the C1 sample. For C2, the weight change was
4.16 mg. With the same calculations, for C2, the weight of
Fe was 9.68 mg, which means that the total Fe was
19.77 mgq. Figure 8(a) shows the current according to time
during 1.4V electrolysis, from which it is evident that the
amount of total charges was 318 C for 8336 s. As the electro-
chemical equivalent of Fe is 1.9293 x 107 g, the theoretical
quantity of electrodeposition is 61.35mg. The current
efficiency of the Fe reduction reaction is calculated by com-
paring the amount of Fe from the TGA with the theoretical
quantity of Fe from the amount of charges recorded on the
potentiostat during electrolysis. According to this calculation,
the current efficiency is 32.2% at 1.4 V. Additional TGA was
also conducted with some of the powder attracted by the
magnet obtained from the electrodeposit of 2 V electrolysis.
A weight change of 3.01 mg was obtained from the initial
weight of 20.32 mg. Using the same calculation as above,
the amount of Fe in the sample was 7.00 mg. As the weight
of the whole powder attracted by magnet was 97.71 mg,
the proportional weight of Fe in said powder was 33.67 mg.
As shown in Figure 8(b), the amount of total charges was
also 318C for 1469s. The theoretical quantity of

50 pm

Figure 6. SEM and EDS observations of electrodeposited cross sections from electrolysis at (a) 1.4 and (b) 2 V, and OM images at (c) 1.4 and (d) 2 V.
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Figure 7. (a) Weight change of electrodeposit at 1.4 V during TGA. (b) XRD pattern of cathodic electrodeposit.

electrodeposition is 61.35 mg since the total charge passed
during 2 V electrolysis is the same as that during 1.4 V electro-
lysis. From the same calculation above, the current efficiency
was 54.9% at 2 V. In repeated experiments, the averages of
the current efficiencies were 33.2 (+2.9)% at 1.4V, and 54.7

(£2.4)% at 2 V.

Current efficiency of the proposed method

The charge used to reduce Fe,03 to Fe at 1.4 V consisted of
33.2% of the charge passed during electrolysis; the remaining

Table 3. Calculation of current efficiency from a measurement of the weight of

reduced Fe from the electrolysis of 1.4 V by TGA.

66.8% corresponds to current loss. Electronic current is a
factor in current loss. Electron hopping between ferric and
ferrous ions causes electrons to conduct through the electro-
lyte [26]. In doing so, current flows without Faradaic reactions.
Therefore, the electronic current is considered as a factor
which lowers the current efficiency of the electrolytic
system in the present study.

Stepped potential chronoamperometry was used to quan-
tify the electronic current in the electrolyte system. The long-
time values of current correspond to electronic current if Far-
adaic reaction does not occur [18]. Long-time values of
current density were measured along with cell voltage.
With the values obtained below a cell voltage of 0.6V
(Figure 9(a)), a linearly extrapolated line was fitted. The
linear relation was used to predict the contribution of elec-

Weight change of C1 during the TGA (mg) 4.34
Moles of O absorbed in C1 (mol) 271x107*  tronic current at the cell voltage where Faradaic reaction
Moles of oxidised Fe in C1 (mol) 181x10™  takes place (Figure 9(b)). This prediction was based on the
Weight of Fe in C1 (mg) 10.09 ti h | . d foll Ohm’s |
Weight change of C2 during the TGA (mg) 416 assumption that electronic conductance follows Ohm'’s law
Weight of Fe in C2 (mg) 9.68 [27]. The electronic current density calculated by the relation
Weight of Fe in the total sample (mg) 19.77 was 0.17 Acm™2 at 1.4V, corresponding to 30.4% of the
Total charges (C) 318 thod t density of 0.56 A cm™2 for 1.4 V electrolysi
Electrochemical equivalent of Fe (g) 19293 x 10~*  €athode current density or ©. cm —tor 1. electrolysis.
Theoretical quantity of electrodeposition (mg) 61.35 Thus, the electronic current is responsible for the efficiency
Current efficiency (%) 322 loss of 30.4% for 1.4V electrolysis. This current efficiency
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Figure 8. Current variations according to time for electrolysis at (a) 1.4 and (b) 2 V.



(a)

0.6
ﬁg . —0.2V
S . oAV
< 0.4 : --- 06V
7] .
c 4
g .
£ 02| b
e
= I
o B
i
0.0~ —— = ]
0 60 120 180
Time (sec)

IRONMAKING & STEELMAKING (&) 7

(b)

3.0
. - «- Long-time .
“'E 2.5+ —— Electronic
o »
<20t L
215¢ g
Q .
=] *
=1.0f :
2 #
30-5- .,.n".'

e ———
0.0 = : : :
0.0 04 0.8 1.2 1.6 2.0
Voltage (V)

Figure 9. (a) Current decay curves depending on cell voltage. (b) Long-time current densities depending on cell voltage, and linearly extrapolated line of electronic

current density fitted by the values of current densities below 0.6 V.

loss can be reduced as the cell voltage increases. The ratio of
electronic current to total current decreases as cell voltage
increases, as shown in Figure 9(b). The electronic current
density at 2 V is 0.25 A cm™2, which corresponds to 9.2% of
the cathode current density of 2.71 A cm™2. The ratio of elec-
tronic current to total current decreased from 30.4% to 9.2%
as the cell voltage increased from 1.4 to 2 V. The current
efficiencies obtained by TGA are 33.2% and 54.7% at 1.4
and 2V, respectively. Indeed, the increase in current
efficiency between 1.4 and 2V can be attributed to the
decrease in the ratio of electronic current to total current
along with an increase in cell voltage.

Energy consumption and reduction of CO, emission
The energy consumptions were calculated as follows:

VnF

E=—n 3
3600Are7 3)

where E is the energy consumption (kW h kg™ of Fe), V is the
cell voltage, A is the molar mass of Fe, and n is the current
efficiency. The values obtained at each electrolysis were sum-
marised in Table 4. The average of the energy consumption
was 6.11 (x0.51) kW h 1 kg’1 of Fe at 1.4-V electrolysis. This
value contains the energy directly used as electricity during
the electrolysis. At 2-V electrolysis, the average of the
energy consumption was 5.27 (+0.23)kWh 1 kg™ of Fe.
While increase in the cell voltage contributes to increase in
the value of the energy consumption, increase in the cathodic
current efficiency contributes reversely.

Oxidation reactions at the anode can occur by free oxide
anions (0%) and Fe?* ions. Fe** ions are formed by the
reduction reaction from Fe** ions at the cathode. Re-oxidation
of Fe®* ions at the anode which are reduced at the cathode

Table 4. Current efficiencies and energy consumptions at each electrolysis
condition.

Electrolysis Current efficiency Energy consumption (avg. + std.
conditions (avg. + std. (%)) (kW h kg™ of Fe))

14V, 318C 32.2 (£2.9) 6.11 (+0.51)
2V,318C 54.7 (£2.4) 5.27 (x£0.23)

leads to current efficiency loss though reduced Fe is formed
at the cathode. Figure 10 shows the changes in O, concen-
tration of the outlet gas during the 2-V electrolysis. Before
beginning electrolysis, the concentration of O, in the outlet
gas of the electrolytic furnace was measured. Voltage was
applied for 3826 s. About 1 min after starting electrolysis, the
O, concentration measured on the gas analyser increased.
The bell-shaped curve represents the measured O, concen-
tration, which increases during electrolysis and decreases
sharply after the voltage application stopped. It demonstrates
that oxygen gas can be evolved as by-product at the anode
though current loss by oxidation of Fe?* ions could be
included. The obtained results show that the B,0s-Na,O
oxide system can produce reduced Fe without CO, emission.

The consumption of the anode material should be con-
sidered in order to sustain decomposing Fe,Os; with oxygen
gas evolution. Noble metal anodes such as Pt and Ir may be
appropriate from this standpoint. For industrial operations,
however, affordable materials could be required as substi-
tutes for these expensive noble metal anodes. Chromium-
based alloys are reported [28] as one of the candidates satis-
fying depletion resistance and affordability. The anode
material shows stable behaviour at 1565°C due to the
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Figure 10. Current (dashed-dotted line) and oxygen concentration of outlet
gas (solid line) during electrolysis with an Pt cathode and Pt coil anode at
cell voltage of 2 V.
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corundum structure of a solid solution of chromium(lll) and
aluminium oxides which is also electronically conductive.
Nickel and its alloy anodes are also used to evolve oxygen
gas in the reports using hydroxide [6] and carbonates [7] elec-
trolytes, but nickel oxides formed on the nickel anode can dis-
solve into molten oxide electrolytes. That is, the following
properties are required for the potential anode materials:
the low solubility of oxides formed on the anode to oxide
electrolyte, and electronically conductivity of the oxide
layer. It is expected that other candidates for affordable
anode materials would be developed taking an advantage
of the low process temperature of the present study.

Conclusion

In this paper, Fe,O3 was reduced using a molten B,0s-Na,0
electrolyte with oxygen gas evolving as a by-product. The
reduction of ferric ion occurred in a two-step reaction: the
reduction from Fe®* to Fe?* is followed by the reduction
from Fe?* to Fe. A Pt-Fe alloy was formed on the surface of
the Pt cathode at the potential less cathodic than the poten-
tial that Fe is reduced. The cathodic current efficiency
increased as the cell voltage increased from 1.4V to 2 V.
This can be attributed to a decrease in the ratio of electronic
current to total current. The average energy consumption
was 5.27 kW h 1 kg™ of Fe at 2-V electrolysis at 1000°C low
for an oxide melt. Therefore, the B,05-Na,0O oxide system is
promising as a supporting electrolyte to electrochemically
reduce Fe,03 to Fe without consuming any carbon.
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