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Abstract: A novel method for efficiently recovering Fe and Mn from waste Mn ferrite by molten
salt electrolysis is firstly proposed. The electrolysis of molten salt (MnCl, (1.06 wt%)-FeCl;
(2.69 wt%)-NaCl-KCl) was performed at 800 °C. The phase of product at 2.0 V was metal Fe
while metal Fe and Mn were obtained by molten salt electrolysis at 2.3 V. The Fe/Mn mass ratio of
electrodeposited products at 2.0 V and 2.3 V were 687 and 3.2, respectively. The different proportions
of metal Fe-Mn were prepared by controlling the electrolytic voltages. This new method can realize
direct transformation of waste Mn ferrite to Fe-Mn alloy.
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1. Introduction

Ferrites are widely used in the electronics industry [1,2]. Since 2008, more than 250,000 tons of
Mn-Zn ferrite have been produced annually in China [3]. A large amount of waste ferrite is generated
in the manufacturing process of ferrite [3]. Traditional processes for treating waste ferrite included the
following procedures: H,SO, leaching, reducing, purification, co-precipitation, ball milling, sintering,
etc. [4]. The reducing agent used in traditional processes is generally high-purity reduced iron
powder [5]. The high price of high-purity iron powder severely affects the application of traditional
processes [5]. The development of new processes is very necessary. Chlorination has received
increasing attention in the treatment of solid waste and slag [6—10]. The crystal structure of Mn ferrite
(MnFe;O,) is spinel [11]. In our previous work, we reported that molten salt chlorination destroyed
the spinel structure of (Mn,Fe)(Cr,V),0, with AICl;, and then MnCl,, CrCl3, FeCl, and VCl; were
obtained [12,13]. In order to recover the Fe and Mn in waste ferrite, we propose that the new process
includes the following two steps: chlorination of waste Mn ferrite with AlCl; and the separation of Fe
and Mn by molten salt electrolysis. Figure 1 shows a flow diagram of a novel method for the utilization
of waste Mn ferrite.

After chlorination, Fe and Mn in waste Mn ferrite were present in the form of FeCl; and MnCl,.
The electrodeposition of Mn?* in a NaCl-KCl system was studied by Xiao et al. [14]. Yeetal. reported the
formation of Mg-Li-Mn alloys from MnCl,-MgCl,-LiCI-KCl salt [15]. Fe,O3 was chlorinated by AlCl5,
and then metallic Fe was obtained from molten salt containing FeCl; by molten salt electrolysis [16].
However, the electrolysis and separation of FeCl3-MnCl,-NaCl-KCl systems has been not reported.
In this work, as part of the foundational research on the recovery and separation of Fe and Mn from
waste ferrite by a chlorination—electrolysis method, the electrolytic separation of Fe and Mn from
FeCl3-MnCl,-NaCl-KCl molten salt has been studied.
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Figure 1. Flow diagram of a novel method for the utilization of waste Mn ferrite.

2. Materials and Methods

Analytically pure NaCl, KCl, FeClz and MnCl; are used in molten salt electrolysis. Equal molar
NaCl and KCl were selected as the molten salt medium. The sample with MnCl, (1.06 wt%)-FeCls
(2.69 wt%)-NaCl-KCl was put in a high-temperature furnace, and heated to 800 °C under the protection
of high-purity Ar gas. The electrolysis of Fe and Mn was conducted in a two-electrode cell. A tungsten
wire and a graphite rode were used as the cathode material and anode material, respectively. After the
electrolysis, the production of cathode surface was washed with deionized water to remove salt
(NaCl, KCl, FeCl3, and MnCl,) from the molten salt medium. The morphology of production
was analyzed with a scanning electron microscope (SEM, Zeiss Ultra 55, Oberkochen, Germany).
X-ray diffraction (XRD, Rigaku Smartlab, Tokyo, Japan) with a Cu K« radiation source was used to
identify the phase of the electrodeposited products. To accurately determine the content of Fe and
Mn in the products, the products were dissolved with aqua regia. Then the contents of Fe and Mn
in solution were measured by inductively couple plasma optical emission spectroscopy (ICP-OES,
Optima 5300DV, Waltham, MA, USA).

3. Results and Discussion

The electrolysis of molten salt (MnCl, (1.06 wt%)-FeCls (2.69 wt%)-NaCl-KCl) was performed at
800 °C. The decomposition voltages of FeCl; and MnCl, are calculated by the following Equations (1)—(4):

Mn + C12 = Ml’lClz (1)
RT aMnCl
EninCly = Epnct, = S 2
MnCl, MnCl, y4F naclz X OMn ?
Fe + 1.5Cl, = FeClj ©
RT,  QFeCl,
Erecly = Epeqy, = —=ln—5—— ?
eCl3 FeCl3 nF alCISZ X OFe
where Eninct, and Egecy, are the decomposition voltage of MnCl, and FeCls, respectively. El?/[l’lclz and

EgeC13 are the theoretical decomposition voltage of MnCl, and FeCls, respectively. R is the ideal gas
constant. T is the temperature in K. 7 is the number of electrons transferred. F is the Faraday constant.
amncl, and apecl, are the activity of MnCl, and the activity of FeCls, respectively. age and ay, are the
activity of Fe and the activity of Mn, respectively. acj, is the activity of Cl,.

The activity of Cl, is assumed to be 1 due to the high-purity Ar gas atmosphere in this experiment.

The activity of both metallic Fe and metallic Mn are assumed to be 1. The concentrations of FeCl; and
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MnCl, are used to calculate the decomposition voltages instead of activity, which are attributed to
low concentrations of FeCl; and MnCl, in MnCl, (1.06 wt%)-FeClj (2.69 wt%)-NaCl-KCl molten salt.
The theoretical decomposition voltages of MnCl, and FeClj at 800 °C are calculated by the Factsage
6.4 program. The theoretical decomposition voltages of MnCl, and FeCl; at 800 °C are 1.8 Vand 0.8 V,
respectively. The decomposition voltages of FeCl3 and MnCl, are calculated by Equations (2) and
(4). Thus, the decomposition voltages of MnCl, and FeCl3 at 800 °C are 2.3 V and 1.1V, respectively.
Considering the concentration polarization and electro-chemical polarization, the electrolysis voltages
of 2.0 V and 2.3 V are selected. The effect of electrolysis time at different voltages and 800 °C on
current is shown in Figure 2. The current vs. time curve shows a similar shape. With a constant
voltage of 2.0 V applied, the current dropped quickly from 1.60 A to 0.09 A in seconds, which indicated
that the cell voltage achieved equilibrium. As the electrolysis time increased to 8 min, the current
gradually increased from 0.09 A to 1.04A. During this electrolysis, metal Fe is deposited on the W
cathode, and the surface area of the W cathode increases. As the electrolysis time increases to 85 min,
the current decreases to 0.09 A, which can be attributed to a decreased concentration of Fe3*. Finally,
the current drops to about 0.02 A within 85-125 min [17]. With a constant voltage of 2.3 V applied,
the current dropped quickly from 2.05 A to 1.11 A in seconds. This may correspond to the electrolytic
cell of molten salt achieving equilibrium. As the electrolysis time increased to 13 min, the current
gradually increased from 1.11 A to 1.30 A. During this electrolysis, metal Fe and Mn are deposited on
the W cathode, and the surface area of the W cathode increases. As the electrolysis time increases to
60 min, the current decreases to 0.27 A, which can be attributed to a decreased concentration of Fe3*.
Finally, the current drops to about 0.16 A within 60-95 min.
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Figure 2. The current-time curve of electrolysis of molten salt (MnCl, (1.06 wt%)-FeCls
(2.69 wt%)-NaCl-KCl, 800 °C).

According to the calculated decomposition voltage, metal Fe was obtained when the electrolysis
voltage exceeded 1.1 V. Meanwhile, metal Mn was obtained at voltages exceeding 2.3 V. The XRD in
Figure 3 shows that the deposited products at 2.3 V are metal Fe and Mn. Meanwhile, the deposited
product at 2.0 V is metal Fe. The electrolysis voltage is increased from 2.0 V to 2.3 V, and Mn?* ions
were electrolyzed to metal Mn. The SEM morphology of the deposited products is shown in Figure 4.
The morphology of the product obtained at 2.0 V is dendritic. The morphology of metal Fe and Mn
at 2.3 V exhibits a stick-like shape. The element contents of Fe and Mn in electrodeposited product
were determined using ICP-OES. The Fe/Mn mass ratios of deposited product at2 V and 2.3 V are
687 and 3.2, respectively. Thus, the different proportions of metal Fe-Mn were prepared by controlling
the electrolytic voltages.
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Figure 3. The XRD analysis of the electrodeposited products by electrolysis with different constant cell
voltages (MnCl, (1.06 wt%)-FeCls (2.69 wt%)-NaCl-KCl, 800 °C).

Figure 4. SEM analysis of electrodeposited products under different electrolysis voltages: (a) 2.0 V;
(b) 2.3 V.

The economics of this process based on the production of 1 kg iron is discussed. Energy consumption
and material costs were calculated as follows.

The conditions for the controlled preparation of different proportions of metal Fe-Mn by molten
salt electrolysis were 2.0 V at 800 °C for 125 min. The energy consumption (Q, ]) was obtained through
Equation (5) [18].

Q=CxmXAT+KXxAXATxt-Q,+Q, + Q. (5)

where C is the specific heat of the material, J/(kg °C).m is the mass of the material, kg. AT is the
temperature difference, °C. K is the heat conductivity coefficient, W/(M? °C). A is the superficial area
of the reaction vessel, m?. T is the reaction time, h. Q; is the reaction heat during the reaction process,
J. Q; is the heat absorbed during the reduction process, J. Q. is the energy consumption during the
electro deposition, J.

Postulated conditions: the relationship of the specific heat of HyO (Cyy), NaCl (Cnjacr) and KCl1
(Ckqy) is described by Equation (6).

Chy = 4Cnaci = 4Cicar = 42 X 10° J/(kg °C). 6)

where Cyy, Cnacl, and Cgcy are the specific heat of H,O, NaCl, and KCJ, respectively.
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According to the Equations (5) and (6), the Equation (7) can be obtained.

Q = 1050 X 775 X 1295 + K X A X 775 X 2.08 + 2 x 1 x 125 x 60 X 2 x 1345 - Q, + Q. = @)
1.05 x 10% + K X A x 775 x 2.08 + 4.04 x 107 — Q, +Q.

where Q is the energy consumption in this process, J. K is the heat conductivity coefficient, W/(M? °C).
A is the superficial area of the reaction vessel, m?. Q, is the reaction heat during the reaction process,
J. Q; is the heat absorbed during the reduction process, J.

One kilogram of standard coal produces 2.92 x 107 J. Thus, about 4.8 kg standard coal (about 5.2 kg
anthracite) was needed. Meanwhile, the price of anthracite is about RMB 900 per ton according to
http://www.mycoal.cn. The price of energy consumption for producing 1 kg Fe is about RBM 4.7.

Molten salt electrolysis in this paper needs NaCl and KCl. The mass and the cost of materials
required to produce 1 kg Fe is summarized in Table 1. The prices of the materials originate from
https://www.yhs518.com/archives/2956.html. The cost of materials required to produce 1 kg Fe is
about RMB 187. The price of 1 kg Fe and 0.5 kg Mn shown in Table 2 is RMB 9 according to
https://www.mysteel.com/.

Table 1. The cost of materials required to produce 1 kg Fe.

Process Raw Materials Raw Material Amount/(g)  Cost (RMB)
Electrolysis NaCl 57,056 57
KCl 72,488 130

Table 2. The price of products.

Product Product Amount/(g)  Price (RMB)

Fe 1000 4
Mn 500 5

Although the cost of producing 1 kg Fe is about RMB 191.7, NaCl and KCI can be reused.
No other impurities are introduced during molten salt electrolysis. When the molten salt ratio is MnCl,
(1.06 wt%)-FeCls (2.69 wt%)-NaCl-KCl for electrolysis, NaCl and KCIl molten salt can be recycled
22 times to achieve profitability. In fact, the number of cycles of molten salt can be far more than
22 times. At the same time, the content of MnCl, and FeCl3 in the molten salt is relatively low.
When the content of MnCl, and FeCl; increases, profits can also be realized. Thus, this process is very
industrially promising.

4. Conclusions

In summary, the separation of Fe and Mn from waste Mn ferrite by molten salt electrolysis was
investigated. The electrolysis of molten salt (MnCl, (1.06 wt%)-FeCl; (2.69 wt%)-NaCl-KCl) was
performed at 800 °C. The phase of product at 2.0 V is metal Fe, while metal Fe and Mn are obtained by
molten salt electrolysis at 2.3 V. The Fe/Mn mass ratio of deposited products at 2.0 V and 2.3 V are
687 and 3.2, respectively. Direct extraction of Fe and Mn from waste Mn ferrite was achieved by a
chlorination-electrolysis process. This process is simple and effective for the usage of waste Mn ferrite.
The chlorination mechanism for waste Mn ferrite and the electrolysis mechanism for FeCl3-MnCl, are
the subject of further research.
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