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Abstract: Laboratory and semi industrial experiments for pyrometallurgical
manufacturing of agglomerate from Obrochiste’s manganese concentrate (Dobrich
province, Bulgaria) and deactivated vanadium catalyst (from the sulfuric acid
production) in a Taman furnace and electric arc furnace are implemented. For a
reducing agent are used carbon, aluminium and silicon plus aluminium. The
coefficients of elements’ distribution between the metal and the slag phase for
vanadium, manganese, iron, silicon, calcium, potassium, aluminium and magnesium
are calculated.
Keywords: agglomerate, manganese concentrate, vanadium catalyst, managanese –
vanadium alloy, degree of distribution.
INTRODUCTION
The accurately balance moulding of the obtaining processes of metallurgic alloys is markedly
necessary for their practical obtaining [1, 2]. In order to achieve this aim, knowledge of the real
distribution coefficients of the elements is necessary in connection to the specific characteristics of
both the respective process and the aggregate in which it is conducting. The utilization of the
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manganese Obrochishte’s concentrate and the deactivated vanadium catalyst requires preliminary
calculations for their amalgamation, agglomeration conglomeration, calculations about alloy obtaining
and manufacturing of the prepared agglomerate to a complex alloy. The accurately calculation of the
reducing agent is from a vital importance for the obtaining of such an alloy like a part of the charge
materials for high-temperature manufacturing [3]. The quantities of the metal, the slag and gas phases
as well as the quantity of the reducing agent are tentatively determinated by preliminary calculations.
Laboratory and semi industrial complex manganese-vanadium alloy is obtained for the first time. The
experiments are conducted with a carbon, aluminium and silicon and aluminium reducing agent. The
real distribution coefficients of the elements between the metal, slag and gase phases are calculated
from the experimental data. The obtained coefficients are compared to the preliminarily fixed.
EXPERIMENTS AND CALCULATIONS
Series of experiments for obtaining of a complex manganese-vanadium alloy are conducted. The
charge materials (for its obtaining) mainly consists of agglomerate from Obrochishte’s manganese
concentrate and deactivated vanadium catalyst as well as calculated quantity of reducing agent. The
ration between the concentrate and the catalyst in the agglomerate is 70% : 30%. At all the laboratory
experiments the agglomerate is with a constant chemical composition as follows (%): MgO - 0.99;
Fe2O3 - 9.59; SiO2 - 24.58; Al2O3 - 2.44; MnO - 53.40; CaO - 5.25; V2O5 - 1.52; K2O - 2.23. I The
experiments are initially conducted with a minimum quantity ofcharrge materials in a Taman furnace
and subsequently with more charge materials in the electric arc furnace. Calculations for the end
product are completed using the following distribution coefficients before the alloys obtaining [4, 5]:
(ηLR) – a percentage of the element’s transition in the alloy - V – 98 %; Fе – 94 %; Si – 57 %; Са –
50 %; Мn – 72 %; Аl – 70 %; Мg – 60 % and К – 0 %;
(ηSRxOy) – a percentage of the element’s transition in the slag - V – 1 %; Fе – 6 %; Si – 33 %; Са – 50
%; Мn – 12 %; Аl – 30 %; Мg – 5 % and К – 10 %.
The rest to 100 % is for the gas phase.
The experimental obtained new distribution coefficients are calculated by the following expressions:
(ηLR) = (mLR x 100) / mAR, but

{1}

mLR = (mL x VLR) / 100, then
(ηLR) = (mL x VLR) / mAR,

{2}
{3}

where (ηLR) – distribution coefficient of the element in the alloy (%); mLR – the mass of the element in
the alloy (g); mL – the mass of the alloy (g); VLR – the quantity of the element in the alloy (%); mAR –
the quantity of the element in the agglomerate (g) - calculated toward to the chemical composition of
the agglomerate mentioned above.
The calculated model for the distribution coefficient of the elements in the slag is similar to the one
described above. The quantity of the respective element in the slag taking into account its oxide form
is preliminary found:
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(ηSRxOy) = (mSR / mAR) x 100 (%),

{4}

where (ηSRxOy) – distribution coefficient of the element in the slag (%); mSR – the quantity of the
element from the respective oxide (g).
The first three from the presented experiments are conducted in a Taman furnace without an addition
of flux to the charge materials. The charge materials consists of 100 g agglomerate for all the
experiments (each of the experiments) and a reducing agent with the respective quantity: a carbon 18.43 g; a technical aluminium - 16.82 g; 75 % FeSi - 9.97 g and a technical aluminium - 3.12 g. In
order to obtain a neutral atmosphere during the process a bottom blowing through the oven with argon
is proposed. After the reduction, an alloy is obtained for each of the experiments as follows: 37.00 g;
28.00 g and 27.10 g. The alloy and slag are subjected to chemical analysis to determine VLR and mSR.
The rest of the experiments are conducted in a monophase electric arc furnace with a power of the
transformer 75 kVA. The quantity of the agglomerate from the charge materials at carbothermal
reduction without flux, carbothermal reduction with flux (lime and fluxshpat), alumothermal reduction
with flux is respectively: 12.50 kg; 12.50 kg; 12.50 kg, and the used reducer is respectively: carbon –
3.60 kg and 3.70 kg; technical aluminium – 2.00 kg. After the reduction, an alloy is obtained for each
of the experiments as follows: 3050 g; 3000 g and 4710 g. The alloy and slag are subjected to
chemical analysis to determine VLR and mSR.The results from the different experimental calculations
are presented below.
I. Carbothermal obtaining of manganese-vanadium alloy in a Taman furnace. The calculated
distribution coefficients of both metal and slag phases at the treatment of the agglomerate from
deactivated vanadium catalyst and Obrochishte’s manganese concentrate (respectively 30% : 70%) in
a Taman furnace using a carbothermal method are presented in Fig. 1 and Fig. 2.
For the alloy:
ηV = (37 x 1.93)/0.85 = 84.01 %
ηFe = (37 x 12.98)/6.73 = 71.36 %
ηK = (37 x 0.01)/1.85 = 0.20 %
ηSi = (37 x 12.62)/11.47 = 40.71 %
ηCa = (37 x 3.95)/3.75 = 38.97 %
ηMn = (37 x 61.96)/41.37 = 55.42 %
ηAl = (37 x 1.03)/1.29 = 29.54 %
ηMg = (37 x 0.94)/0.59 = 58.95 %
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Fig. 1. Coefficient of elements’ distribution in alloy from carbothermal obtaining of
manganese-vanadium alloy in Taman furnace

For the slag:
ηV = (0.13/0.85) x 100 = 15.29 %
ηFe = (0.88/6.73) x 100 = 13.08 %
ηK = (0.19/1.85) x 100 = 10.27 %
ηSi = (5.74/11.47) x 100 = 50.04 %
ηCa = (2.25/3.75) x 100 = 60.00 %
ηMn = (12.41/41.37) x 100 = 29.99 %
ηAl = (0.90/1.29) x 100 = 69.77 %
ηMg = (0.03/0.59) x 100 = 5.09 %

70
60
50
40
%
30
20
10
0
V

Fe

K

Si

Ca Mn Al Mg

elements

Fig. 2. Coefficient of element’s distribution in the slag from carbothermal
obtaining of manganese-vanadium alloy in Taman furnace
78

J. Chem. Bio. Phy. Sci. Sec. A, November 2018 – January - 2019, Vol. 9, No.1; 075-087.
DOI:10.24214/jcbps.A.9.1.07587.]

Determination …

P. Petrov and М. Marinov.

II. Alumothermal obtaining of manganese-vanadium alloy in a Taman furnace. The calculated
distribution coefficients of both metal and slag phases at the treatment of the agglomerate from
deactivated vanadium catalyst and Obrochishte’s manganese concentrate (respectively 30% : 70%) in
a Taman furnace using an alumothermal method are presented in Fig. 3 and Fig. 4.
For the alloy:
ηV = (28 x 1.87)/0.85 = 61.60 %
ηFe = (28 x 14.49)/6.73 = 60.29 %
ηSi = (28 x 16.12)/11.47 = 39.35 %
ηMn = (28 x 67.51)/41.37 = 45.69 %
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Fig. 3. Coefficient of elements’ distribution in alloy from alumothermal obtaining
of manganese-vanadium alloy in Taman furnace
For the slag:
ηV = (0.23/0.85) x 100 = 27.06 %
ηFe = (1.95/6.73) x 100 = 28.98 %
ηK = (0.20/1.85) x 100 = 10.81 %
ηSi = (5.96/11.47) x 100 = 51.96 %
ηCa = (3.71/3.75) x 100 = 98.93 %
ηMn = (16.55/41.37) x 100 = 40.01 %
ηAl = (1.26/1.29) x 100 = 97.67 %
ηMg = (0.35/0.59) x 100 = 59.32 %

79

J. Chem. Bio. Phy. Sci. Sec. A, November 2018 – January - 2019, Vol. 9, No.1; 075-087.
DOI:10.24214/jcbps.A.9.1.07587.]

Determination …

P. Petrov and М. Marinov.
100
80
%

60
40
20
0
V

Fe

K

Si

Ca Mn Al Mg

elements

Fig. 4. Coefficient of elements’ distribution in the slag from alumothermal
obtaining of manganese-vanadium alloy in Taman furnace
III. Silicoalumothermal obtaining of manganese-vanadium alloy in a Taman furnace. The
calculated distribution coefficients of both metal and slag phases at the treatment of the agglomerate
from deactivated vanadium catalyst and Obrochishte’s manganese concentrate (respectively 30% :
70%) in a Taman furnace using a silicoalumothermal method are presented in Fig. 5 and Fig. 6.
For the alloy:
ηV = (27.10 x 1.95)/0.85 = 62.17 %
ηFe = (27.10 x 23.03)/6.73 = 92.74 %
ηMn = (27.10 x 74.10)/41.37 = 48.54 %
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Fig. 5. Coefficient of elements’ distribution in alloy from silicoalumoothermal
obtaining of manganese-vanadium alloy in Taman furnace
For the slag:
ηV = (0.22/0.85) x 100 = 25.88 %
ηFe = (0.42/6.73) x 100 = 6.24 %
ηK = (0.22/1.85) x 100 = 11.89 %
ηSi = (10.32/11.47) x 100 = 89.97 %
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ηCa = (3.64/3.75) x 100 = 97.07 %
ηMn = (14.89/41.37) x 100 = 35.99 %
ηAl = (1.28/1.29) x 100 = 99.23 %
ηMg = (0.39/0.59) x 100 = 66.10 %
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Fig. 6. Coefficient of elements’ distribution in the slag from silicoalumothermal
obtaining of manganese-vanadium alloy in Taman furnace

IV. Carbothermal obtaining of manganese-vanadium alloy in an electric arc furnace. The
calculated distribution coefficients of both metal and slag phases at the treatment of the agglomerate
from deactivated vanadium catalyst and Obrochishte’s manganese concentrate (respectively 30% :
70%) in an electric arc furnace using a carbothermal method without flux are presented in Fig. 7 and
Fig. 8.

For the alloy:
ηV = (3000 x 3.43)/106 = 97.17 %
ηFe = (3000 x 10.33)/840 = 36.91 %
ηK = (3000 x 0)/232 = 0.00 %
ηSi = (3000 x 9.33)/1433 = 19.54 %
ηCa = (3000 x 0.67)/471 = 10.25 %
ηMn = (3000 x 66.34)/5175 = 38.45 %
ηAl = (3000 x 3.67)/164 = 67.07 %
ηMg = (3000 x 0)/72 = 0.00 %
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Fig. 7. Coefficient of elements’ distribution in alloy from carbothermal obtaining of manganesevanadium alloy without flux in electric arc furnace
For the slag:
ηV = (2/106) x 100 = 1.89 %
ηFe = (520/840) x 100 = 61.91 %
ηK = (20/232) x 100 = 8.62 %
ηSi = (1000/1433) x 100 = 69.78 %
ηCa = (440/471) x 100 = 93.42 %
ηMn = (2380/5175) x 100 = 45.99 %
ηAl = (50/164) x 100 = 30.49 %
ηMg = (40/72) x 100 = 55.56 %
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Fig. 8. Coefficient of elements’ distribution in the slag from carbothermal
obtaining of manganese-vanadium alloy without flux in electric arc furnace

The calculated distribution coefficients of both metal and slag phases at the treatment of the
agglomerate from deactivated vanadium catalyst and Obrochishte’s manganese concentrate
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(respectively 30% : 70%) in an electric arc furnace using a carbothermal method with flux are
presented in Fig. 9 and Fig. 10.
For the alloy:
ηV = (3050 x 3.41)/106 = 98.11 %
ηFe = (3050 x 12.46)/840 = 45.24 %
ηK = (3050 x 0)/232 = 0.00 %
ηSi = (3050 x 7.54)/1433 = 16.05 %
ηCa = (3050 x 0.98)/471 = 6.37 %
ηMn = (3050 x 66.89)/5175 = 39.42 %
ηAl = (3050 x 3.53)/164 = 73.17 %
ηMg = (3050 x 0)/72 = 0.00 %
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Fig. 9. Coefficient of elements’ distribution in alloy from carbothermal obtaining of
manganese-vanadium alloy with flux in electric arc furnace

For the slag:
ηV = (1/106) x 100 = 0.94 %
ηFe = (450/840) x 100 = 53.57 %
ηK = (20/232) x 100 = 8.62 %
ηSi = (1200/1433) x 100 = 83.74 %
ηCa = (440/471) x 100 = 93.42 %
ηMn = (2230/5175) x 100 = 43.09 %
ηAl = (40/164) x 100 = 24.39 %
ηMg = (50/72) x 100 = 69.44 %
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Fig. 10. Coefficient of elements’ distribution in the slag from carbothermal obtaining of manganesevanadium alloy with flux in electric arc furnace
V. Alumothermal obtaining of manganese-vanadium alloy in an electric arc furnace. The
calculated distribution coefficients of both metal and slag phases at the treatment of the agglomerate
from deactivated vanadium catalyst and Obrochishte’s manganese concentrate (respectively 30% :
70%) in an electric arc furnace using an alumothermal method are presented in Fig. 11 and Fig. 12.

For the alloy:
ηV = (4710 x 2.23)/106 = 99.06 %
ηFe = (4710 x 16.34)/840 = 91.67 %
ηSi = (4710 x 14.23)/1433 = 46.76 %
ηMn = (4710 x 66.88)/5175 = 60.87 %
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Fig. 11. Coefficient of elements’ distribution in alloy from alumothermal obtaining of
manganese-vanadium alloy in electric arc furnace

For the slag:
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ηV = (0/106) x 100 = 0.00 %
ηFe = (59/840) x 100 = 7.02 %
ηK = (35/232) x 100 = 15.90 %
ηSi = (688/1433) x 100 = 48.01 %
ηCa = (461/471) x 100 = 97.88 %
ηMn = (1190/5175) x 100 = 23.00 %
ηAl = (162/164) x 100 = 98.78 %
ηMg = (46/72) x 100 = 63.89 %
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Fig. 12. Coefficient of elements’ distribution in the slag from alumothermal obtaining
of manganese-vanadium alloy in electric arc furnace

On the basеs of the calculations, the vanadium transition coefficient in the alloy and in the slag is
presented in Fig. 13 and Fig. 14 at the respective experiment for obtaining of manhanese-vanadium
alloy.
carbothermal in taman furnace

100
80

alumothermal in taman furnace

60

silicoalumothermal in taman
furnace

%
40

carbothermal in electric arc
furnace without flux

20

carbothermal in electric arc
furnace with flux

0
vanadium

alumothermal in electric arc
furnace

Fig. 13. Coefficient of distribution of vanadium in the alloy from the different methods of its
obtaining, %
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Fig. 14. Coefficient of distribution of vanadium in the slag from the different methods of its obtaining,
%
Relatively low extraction of vanadium in the alloy and comparatively high content in the slag phase
can be detected in the Taman furnace. The highest distribution coefficient is achieved in the alloy
using the carbothermal method for obtaining of manganese-vanadium alloy. Alumothermal and
silicoalumothermal manufacturing of the agglomerate are characterized with a considerable
exothermal effect and then the considerable separation of vanadium in the gas phase are become
possible. The low transition coefficient is due to the small capacity of the sample and the lack of flux
leading to not a good division of the metal and the slag phase.
The extraction degree in the alloy is much higher during the experiments in the electric arc furnace.
The flux influences positively the vanadium extraction in the alloy. The higher quantity of the charge
materials for manufacture and also the using of a bigger metallurgical aggregate leads to the alignment
of the deduction degree during both the alumothermal and the carbothermal obtaining with a flux of a
complex manganese-vanadium alloy.
CONCLUSION
1. Pyrometallurgical experiments of a reduction of agglomerate from Obrochishte’s manganese
concentrate and deactivated vanadium catalyst with a carbon, aluminium and silicon and
aluminium reducing agent in a Taman furnace and monophase electric arc furnace are
conducted. After analyzing the metal and the slag, the real distribution coefficients of the
elements are calculated at all the experiments.
2. Lower values of the deduction of the main elements in the metal phase and higher content in
the slag as compared to the theoretically presented are detected during the experiments in the
Taman furnace.

3. Considerable similarity in the deduction degree of the elements with the theoretically
presented is determined during the experiments in the electric arc furnace.

86

J. Chem. Bio. Phy. Sci. Sec. A, November 2018 – January - 2019, Vol. 9, No.1; 075-087.
DOI:10.24214/jcbps.A.9.1.07587.]

Determination …

P. Petrov and М. Marinov.

REFERENCES
1. A. Avramov, I. Ivanchev, Ts. Tsanev, Metalurgia na zheliazoto, Tehnika, S., 1994
2. M. Gasik, N. Liakishev, B. Emlin, Teoria i tehnologia prozvodstva ferosplavav, Metalurgia,
M., 1988
3. H. Erinin, A. Avramov, Metalurgia na ferosplavite, Tehnika, S., 1979
4. A. Avramov, Metalurgia na ferosplavite, Tehnika, S., 1988

5. M. Dritts, Svoistva elementov, Metalurgia, M., 1985

Corresponding author: P. Petrov and М. Marinov
University of chemical technology and metallurgy, Department of Metallurgy and Materials
Science, 1756 Sofia, Bulgaria, 8 St. Kliment Ohridski Blvd.,

e-mail: pbpetrov@abv.bg
Online publication Date: 06.12.2018

87

J. Chem. Bio. Phy. Sci. Sec. A, November 2018 – January - 2019, Vol. 9, No.1; 075-087.
DOI:10.24214/jcbps.A.9.1.07587.]

