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assuming that manganese was dissolved as Mn2+ into the elec-
trolyte (assuming manganese dissolution as the whole anode 
dissolution due to its similar atomic weight to iron). It was 
observed that the produced cathode deposit was mixed with the 
electrolyte. The size of the washed product is very small, which 
tends to be lost during the recovery steps, which is considered to 
cause the main loss of the cathode current efficiency.

The carbon content of the obtained ferromanganese was 
measured as 0.59 wt%, a decrease by one order of magnitude 
compared with the starting material (6.1 wt%). The carbon con-
tent of the product also meets the requirement of GB (Chinese 
standard) for low carbon ferromanganese. The carbon contained 
in the cathodic product is assumed to be from the small amount 
of anode mud, which fell off from the remained carbon in the 
anode since the cathodic product also existed in the molten 
salts.

C. Analysis of post-electrolysis anode and the dissolution 
mechanism of anode

After electrolysis the anode was analyzed. Figure 5 shows 
the photos of anode before and after electrolysis. After electroly-
sis the geometrical dimension is unchangeable, but the weight is 
reduced and the appearance has changed. On the side wall the 
anode loses metallic appearance. In Figure 5(b) from the bottom, 
there are three layers A, B and C. The outside layer (A) also 
lose metallic appearance, but the inside layers B and C is still 
metallic. So the anode is not completely dissolved. It seems that 
during the electrorefining, although the anode was consumed, the 
dimension still kept stable. It is assumed that the main remained 
impurities of carbon and silicon served as a body to maintain 
the dimension of the anode, although the main components of 
manganese and iron were anodically dissolved.

The mechanism of dissolution of anode was investigated. 
The original anode was polished and analyzed by SEM, with 
the image shown in Figure 6. Two phases exists in the high 
carbon ferromanganese. The bright grey and the dark grey 
phases are determined as Mn-Fe-Si (~ 4 wt % Si) and Mn-Fe 
by EDS, respectively. Based on previous investigation, for high 
carbon ferromanganese, there exists two phases: Mn-Fe-Si and 
(MnFe)7C3 [11]. So it is assumed that the dark grey phase Mn-Fe 
also contains carbon since the original anode contains ~6 wt% 
carbon.

After electrolysis the anode was also polished and charac-
terized by SEM. Figure 7(a) shows three layers in the anode, 

Fig. 3. Photos of molybdenum cathode before and after the electrolysis (a) and cathode product after washed and dried (b)

Fig. 4. Manganese metal deposited on the cathode after 3 h electrolysis 
in NaCl-KCl melt at 983 K (710°C): (a) scanning electron microscope 
(SEM) image of the product powder (b) X-ray diffraction pattern of 
the product manganese
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corresponding to the three layers in Figure 5(b). Figure 7(b,c) 
(in Figure 7(c) the sample was analyzed before polished) are 
the magnified SEM images of the area A (outside layer) in Fig-
ure 7(a). In Figure 7(c), carbon element could be detected by EDS 
when its content is close to 100 wt %. So the outside layer (A) is 
mainly a mixture of silicon and carbon, where both manganese 
and iron were anodically dissolved. Figure 7(d) is the magni-
fied SEM image of the layer B neighboring the outside layer A. 
Two phases are observed with the bright grey part correspond-
ing mainly to Fe-Si and dark grey part corresponding mainly 
to Fe, analyzed by EDS. Actually, the dark grey part should be 
Fe-C phase. This indicates that manganese, contained in these 
two phases previously, was anodically dissolved. So part B is 
mixture of Fe-Si and Fe-C. Area C in Figure 7(a) corresponds 
to the original composition as in Figure 6. This part was not 
involved in the anodic dissolution.

Therefore the mechanism of anodic dissolution of man-
ganese and iron from high carbon ferromanganese can be de-
scribed as follows. For a cylinder-shaped anode of high carbon 
ferromanganese, firstly, in the outside layer, Mn, contained in 
Mn-Fe-Si and Mn-Fe-C phases, is anodically dissolved into 
the electrolyte. Secondly, the remained Fe, contained in Fe-Si 
and Fe-C phases, continued to be anodically dissolved into the 
electrolyte. Thirdly, in the neighboring layer, Mn, contained in 
Mn-Fe-Si and Mn-Fe-C phases, is anodically dissolved into the 
electrolyte, which is similar to the first step. Then Fe is dissolved 
like the second step. So it is concluded that for a cylinder-shaped 
anode of high carbon ferromanganese, during the electrorefin-
ing, Mn is dissolved into the electrolyte, followed by Fe, layer 
by layer.

4. Conclusions

High carbon ferromanganese, as the starting material, 
was employed as the anode during potentiostatic electrolysis 
in NaCl-KCl melt at 983 K (710°C), with anodic and cathodic 
current densities as 0.15 and 1 A cm–2, respectively. Low carbon 
(0.59 wt %) ferromanganese (a decrease of carbon content by one 
order magnitude compared with high carbon ferromanganese), 
in the form of fine brown powder, was produced. The anode 
and cathode current efficiencies were estimated as 93.5% and 
79%, respectively. During the electrorefining, the main impurity 
of carbon and silicon in the anode were remained at the anode, 
resulting in keeping a stable anode dimension; manganese dis-
solved followed by iron, layer by layer from a cylindric anode. 
Mn ions and Fe ions migrated to the cathode, with manganese 
and iron deposited at the cathode. This novel process provides 
an alternative for low-cost refining methods to produce pure 
ferromanganese.

Fig. 5. Photos of anodes (a) and bottoms of anodes (b) before (left) and after (right) electrolysis

Fig. 6. SEM image and EDS analysis of starting high carbon ferro-
manganese
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Fig. 7. SEM images and EDS analysis of high carbon ferromanganese after its dissolution, (a) three layers (A, B and C); (b) magnified image of 
layer A in (a); (c) magnified image of layer A in (a) before polishing; (d) magnified image of layer B


