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Abstract

The depletion of ores, a rise in the cost of their extraction, enrichment and processing 
led in the last 10‒15 years to a sharp rise in prices for tungsten products. Therefore, 
the processing began to involve technogenic waste ‒ dumps of enrichment factories 
and metallurgical industries, which previously did not represent the commercial 
interest on this case, we present the information on the results of the thermodynamic 
modeling of tungsten and bismuth chloride distillation in the processing of industrial 
waste using NaCl as a chlorinating agent. To calculate thermodynamic models 
for the associated extraction of tungsten and bismuth from industrial wastes, the 
ASTRA-4 software complex was used which created on basis of the maximum 
entropy of all possible reactions occurring during the retrieval of refractory metals 
from waste. Thus, the calculations carried out and experimental studies of the main 
provisions of thermodynamic calculation have shown the possibility of using NaCl 
salts for bismuth chlorination. At the same time, the maximum degree of sublimation 
of bismuth not be lower than 98% and can be achieved even at a temperature of 
1200 K and a pressure of 0.01–0.1 MPa. At the same time, NaCl is not an effective 
chlorinating agent for retrieving of tungsten during high-temperature processing of 
industrial wastes.
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1. Introduction

At present time, Kazakhstan has more than 20 
billion tons of waste, of which over 9 billion tons 
is accounted for the metal-containing waste of the 
mining and metallurgical industries. It is should be 
noted that in industry waste, especially in the elec-
tronics industry waste, silver, tin and copper are of-
ten found. Due to the fact, that these wastes found in 
small sizes (less than 1‒2 mm), magnetic, electro-
static, electrolytic and the other selective methods 
are used for their processing [1‒5]. The content of 
metals in industrial waste often exceeds their con-
tent in natural raw materials. For the processing of 
such wastes and the intermediate products, pyromet-
allurgical, hydrometallurgical, electrometallurgical, 
agglomeration, etc. are also used to extract the valu-
able components contained therein methods [6‒15].

Thermodynamic models are used for determine 
the equilibrium phase of metals in metallurgical 

slags using CEQCSI (Chemical Equilibrium Cal-
culations for the Steel Industry) [16]. After the 
creation of universal computer programs, the de-
termination of the equilibrium parameters of multi-
component heterogeneous chemical reactions, the 
degree of cognition of the studying processes had 
significantly expanded to produce the large num-
ber of output parameters.

In this paper, we present the information on 
the results of thermodynamic modeling of tung-
sten and bismuth chloride distillation during the 
recycling of industrial waste using as chlorinating 
agents NaCl. Thermodynamics makes it possible 
to determine the possibility of carrying out chemi-
cal reactions without penetrating the mechanism of 
processes and determining the speed of the process.

Intensive studies to determine the equilibrium 
parameters of multicomponent heterogeneous re-
actions carried out recently with using of the many 
types of software and tool complexes [17‒20].
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2. Experimental

The “ASTRA” complex created on basis of the 
maximum of entropy. The entropy value related to 
the degree of ordering of the energy state of the 
microparticles, of which the working bodies are 
composed. Since every thermodynamic system 
contains a large number of microparticles (mole-
cules, atoms, ions, etc.), its thermodynamic param-
eters (including component concentrations) can be 
taken with a high degree of accuracy equal to the 
average static values determined from the distribu-
tion of microparticles by its energy levels. 

The equilibrium state of the system corresponds 
to the least ordered, most chaotic of all possible 
particle distributions over energy levels. Such a 
distribution for a large number of particles is the 
most probable and can calculated on basis of the 
laws of probability theory applied to possible ener-
gy states of microparticles. Any isolated microsys-
tem that is not in a state of static equilibrium as 
result of the interaction of microparticles between 
itself, will be transformed into an equilibrium state 
with a higher probability, within the limits - to 
the most probable energy state. Statistical physics 
allows us to find the number of discrete states by 
which this macrostate realized. 

Comparison of this value with entropy, as repre-
sented in the phenomenological thermodynamics, 
reveals that the latter is a measure of the probabil-
ity of the system state. Therefore, accordingly, the 
maximum of entropy corresponds to the equilib-
rium conditions of the considered set of particles.

Thus, equilibrium calculation essence consists 
in determining the most probable state to which the 
system moves because of a spontaneous change in 
the energy level of the microparticles during their 
interaction with each other. In this case, the ther-
modynamic systems considered in isolation from 
the environment and quantitatively expressed in 
the form of the law of conservation of mass (M) of 
energy (U). For each of the chemical elements that 
make up the systems (when the vehicle is switched 
on, the possibility of the occurrence of nuclear re-
actions) is valid: M = const. The constancy of the 
total internal energy Un = const expresses the law 
of conservation of energy for equilibrium systems 
do not perform mechanical work in relation to the 
environment: V = const.

When equilibrium is established, all the thermo-
dynamic parameters of the system (temperature, 
pressure, enthalpy, etc.) are equalized over the oc-
cupied pressure and such a composition change is 

made in which the population of the energy levels 
of the microparticles corresponds to the most prob-
able one. The connection between the probability 
of the state of the system and its entropy allows 
us to formulate an extremely condition that deter-
mines the equilibrium state of the system in the 
form (1):

S = Smax  at  Мi = const (1), Un = const, V = const.

Thus, the maximum entropy method represents 
a unique opportunity to generalize the description 
of any high-temperature state with the help of only 
the fundamental laws of thermodynamics, regard-
less of the conditions and methods for achieving 
equilibrium. The method requires minimal infor-
mation about the system itself and its environment.

Thermodynamic modeling by the ASTRA soft-
ware complex requires solving two equilibrium 
conditions of the system under study with the en-
vironment (either numerical values of thermody-
namic equilibrium characteristics or functional re-
lationships between the parameters of this state). 
In order to describe the system itself as a material 
object, it is necessary to know only the content of 
the chemical elements that form it. Internal and 
interphase interactions are described by model 
thermodynamic states, for the closure of which the 
properties of only individual substances - equilib-
rium components are used.

The scope of the software complex “ASTRA” is 
limited only by the assumptions of the mathemati-
cal model, which is the basis of the computational 
algorithm. Outgoing assumptions in the program 
are as follows:

- systems are considered in a state of external 
and internal thermodynamic equilibrium (complete 
or local);

- closed systems are considered;
- presence of a gas phase is necessary, the gas 

phase being described by the equation of state of 
an ideal gas;

- surface effects at the phase boundary are not 
taken into account, the solubility of gases in the 
liquid and solid phases is absent;

- Condensed substances form single-component 
mixing phases or are included in the composition 
of ideal condensed solutions.

The database of the ASTRA-4 software com-
plex consists of thermodynamic, thermophysical 
and thermochemical properties of 5559 substances, 
81 elements of the system of the D.I. Mendeleyev’s 
table systematized in the Institute of High Energies 
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of the Russian Academy of Sciences, National Bu-
reau of Standards USA [5]. 

The output parameters of the “ASTRA” soft-
ware package are the parameters given in Table 1. 
In addition, the program calculates the distribution 
of components (ions, elements, compounds), the 
composition of the gas condensed phases. After 
some calculations (provided by the software sys-
tem), it is possible to determine the equilibrium 
distribution of the elements between all partici-
pants in the reaction, i.e. it is possible to determine 

the equilibrium degree of transition of elements in 
reaction products expressed in mass.

The long experience of using the ASTRA soft-
ware package in chloride-air processes and the 
good agreement between the results of thermody-
namic modeling and the experimental data were 
the basis for carrying out equilibrium studies in 
systems containing non-ferrous metals for raw ma-
terials undergoing agglomeration, in particular for 
processing W – containing raw material containing 
Bi2S3, Bi2O3 or WO3 [21].

Table 1 
Output parameters of the “Astra-4” software package

Parameter Parameter name SI Engineer`s system of 
units

P Pressure MPa kgs/cm2

T Temperature K K
V Specific volume m3/kg m3/kg
S Entropy kJ/(kg × K) kcal/(kg × K)
H Enthalpy kJ/kg kcal/kg
U Internal energy kJ/kg kcal/kg
M Total number of moles of components mol/kg mol/kg
Cpʹ Specific heat at the constant pressure (frozen) kJ/(kg × K kcal/(kg × K)
k k = Cp/Cv 1 1

Cp” Specific heat at the constant pressure (equilibrium) 1 1
kʹ k = Cp’/Cv’ 1 1
A Equilibrium velocity of sound m/s m/s
η Coefficient of dynamic viscosity Pa × c kg × c/m2

λ Coefficient of thermal conductivity W/(m × K) kcal/(h × m × K)
λʹ Total thermal conductivity W/(m × K) kcal/(h × m × K
Ma Average molar mass g/mol g/mol

Cp, g Specific heat capacity of the gas phase 
at constant pressure (frozen)

kJ/(kg × K) kcal/(kg × K)

k, g kg = Cpg/Cvg 1 1
R, g Gas constant kJ/(kg × K) kcal/(kg × K)

ω Mass fraction of all condensed phases 1 1
ω1 Mass proportion of solution 1 1 1
ω2 Mass proportion of solution 2 1 1
P Initial mixture density kg/sm3 kg/sm3

E Ox-Red potential B B
N Indicator of process of expansion 1 1
V Velocity of flow m/s m/s
M Mach number 1 1
Sr Relative flow area 1 1
Ssʹ Specific flow area kg/(m2 × s) kg/(m2 × s)
Is Specific thrust (impulse) in vacuum C C
B Expendable complex C C
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3. Results and Discussion

The distribution of components in the system 
Bi2S3 – WO3 – NaCl – O2 given by the (predicted) 
response Bi2S3 + WO3 + 8NaCl + 6O2 = WO2Cl2 
+ 2BiCl3 + 4Na2SO4 + 2SO2. The primary infor-
mation obtained on the computer of the SYSTEM 

under consideration, which makes it possible to 
calculate the distribution of elements and the com-
position of the gas phase at various pressures and 
temperatures.

As can be seen from Table 2, with P = 0.1 
MPa, in the system bismuth initially chlorinated 
BiCl3 to 98.81%, with a maximum at T = 200 K. 

Table 2 
Effect of temperature on the distribution of the degree of Bi, W at P = 0.1 MPa

Distributed
element

Compounds Degree of distribution (%) at temperature, K
1200 1300 1400 1500 1600 1700

О Bi2O3k 0.186 0.78 2.70 7.18 8.23 2.75
BiO - <0.001 <0.001 0.014 0.073 0.53

Bi4O6 <0.001 0.001 0.001 0.025 0.094 0.16
WO3 (k) 19.86 19.51 18.58 16.96 16.87 17.03
WO2CI2 0.091 0.32 0.94 2.02 1.97 0.595
W3O9 - - <0.001 0.005 0.43 1.25
SO2 0.328 0.37 5.39 16.06 27.36 28.64

W4O12 - - - 0.002 0.051 0.701
Na2SO4 79.30 76.96 68.96 47.33 24.64 22.20

O2 0.22 0.88 3.24 10.0 24.2 25.53
SO3 0.011 0.047 0.16 0.387 0.42 0.267

Bi Bi2O3 0.47 3.92 13.52 35.92 41.2 13.76
BiO - - - 0.054 0.55 3.94
Bi - - - 0.01 0.27 3.10

BiCl3 98.81 94.98 82.33 48.82 9.64 0.42
BiCl 0.25 1.1 4.1 15.06 47.86 77.43
Bi4O6 - - - 0.128 0.47 1.21

W WO3 (k) 99.31 97.56 92.91 84.79 84.35 85.17
WO2Cl2 0.68 2.43 7.08 15.16 14.80 4.47
W3O9 - - - 0.05 0.52 6.24
W4O12 - - - - 0.02 3.50

S Na2SO4 - - - - - 0.31
Na2SO4k 99.16 96.24 86.23 59.18 30.86 27.72

SO2 0.84 3.68 13.50 40.16 68.43 71.63
SO3 - 0.08 0.27 0.77 0.71 0.44

Na NaCl 0.08 0.34 1.34 5.59 24.47 57.84
NaClk 25.57 27.3 33.14 46.59 38.65 -

Na2SO4k 74.27 72.1 64.6 44.34 23.4 20.79
Na2Cl2 0.03 0.26 0.88 3.31 13.02 20.34
Na3Cl3 - <0.01 0.04 0.17 0.734 0.908

CI BiCl3 73.98 71.11 61.77 19.52 7.21 0.311
BiCl 0.062 0.27 1.023 6.94 11.94 19.33

WO2Cl2 0.170 0.606 1.77 4.27 3.69 1.11
NaClk 25.56 27.28 33.12 50.29 38.63 -
Na2Cl2 0.066 0.606 0.883 659 13.02 20.34
Na3Cl3 <0.01 0.01 0.042 0.35 0.73 0.908

Cl2 0.023 0.050 0.091 0.11 0.056 0.008
CI 0.002 0.010 0.033 0.10 0.177 0.145
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At T > 1200 K, the degree of transition of Bi in 
BiCl3 ‒ decreases to 0.42%, reaching its minimum 
value at T = 1700 K, and in BiCl ‒ increases, which 
is 77.43% at T = 1700 K.

The total degree of transition of Bi in gaseous 
chloride (BiCl3 and BiCI) also depends on the tem-
perature (Table 4). From Table 4 it follows that an 
increase in temperature negatively affects the tran-
sition of Bi to gaseous chlorides.

With an increase in temperature an extreme de-
gree of the Bi transition to Bi2O3 is observed with 
a maximum (41.2%) at T = 1600 K. At T = 1500 
K, the transition of Bi to BiO, Bi, Bi4O6 becomes 
noticeable. The degree of transition of W to the 
target product – WO2C12 with an increase in tem-
perature is extreme, with a maximum of 15.16% at 

Table 3
The effect of temperature on the composition of the gas phase (vol. %)

of the Bi2S3–WO3–NaCl–O2 at P = 0.1 MPa

Compounds Temperature, K
1700 1650 1600 1550 1500 1450 1400 1350 1300 1250 1200

1 2 3 4 5 6 7 8 9 10 11 12
BiCl 13.64 14.22 12.89 10.32 7.52 5.04 3.14 1.84 1.00 0.51 0.24
BiCl3 0.07 0.44 2.59 9.67 24.38 44.15 63.18 77.87 87.68 93.60 96.9
BiO 0.69 0.33 0.149 0.06 0.027 0.011 0.004 0.001 0.56∙10-3 0.17∙10-3 -
Bi3 0.24∙10-3 - - - - - - - - - -
Bi 0.54 0.21 0.07 0.02 0.008 0.003 0.001 0.41∙10-3 0.1∙10-3 - -

W2O5 0.02 0.01 0.003 0.001 0.4∙10-3 0.13∙10-3 - - - - -
W5O10 0.2∙10-3 0.56∙10-3 - - - - - - - - -
W3O9 0.18 0.07 0.02 0.007 0.002 0.6∙103 0.14∙10-3 - - - -

WO2Cl2 0.39 0.904 1.99 3.17 3.79 3.52 2.72 1.83 1.12 0.63 0.33
W4O12 0.07 0.026 0.008 0.002 0.7∙10-3 0.17∙10-3 - - - - -
NaCl 40.82 37.74 26.41 17.45 11.18 6.91 4.11 2.34 1.27 0.65 0.31

Na2Cl2 7.17 9.26 7.02 4.89 3.31 2.16 1.35 0.81 0.469 0.25 0.13
Na3Cl3 0.21 0.35 0.26 0.17 0.11 0.069 0.041 0.022 0.012 0.006 0.002

Na2SO4k 0.04 0.02 0.01 0.007 0.003 0.001 0.86∙10-3 0.37∙10-3 0.15∙10-3 - -
SO2 18.93 19.12 27.66 32.20 30.08 23.26 15.54 9.30 5.10 2.58 1.21
SO3 0.11 0.14 0.28 0.43 0.48 0.42 0.304 0.19 0.108 0.056 0.027
SO 0.29∙10-3 0.15∙10-3 0.1∙10-3 - - - - - - - -
Cl2 0.002 0.009 0.03 0.07 0.11 0.14 0.14 0.12 0.09 0.067 0.05
Cl 0.102 0.139 0.19 0.21 0.20 0.16 0.107 0.066 0.037 0.02 0.01
O2 16.87 16.90 20.33 21.24 18.75 14.10 9.32 5.57 3.08 1.60 0.79
O 0.001 0.001 0.65∙10-2 0.36∙10-3 0.2∙10-3 0.75∙10-4 - - - - -

Table 4
Effect of temperature on the degree of Bi transition to gaseous chlorides

T, K 1200 1300 1400 1500 1600 1700
The degree of transition of Bi Σ BiCl + BiCl3, % 99.06 96.08 86.43 63.88 57.50 77.86

T = 1500 K. At T >1600 K, the transition of W 
into gaseous W3O9 and W4O12 becomes noticeable 
at 1700 K is 5.24 and 3.50%, respectively.

In system Bi2S3 – WO3 – NaCl – O2 large part 
of sodium (Fig. 1) at a temperature of 1200 K 
stored in the form of sodium sulfate (74.27%), and 
25.57% in the form of condensed NaCl. Moreover, 
as the temperature increases the degree of transi-
tion in NaCl increases and reaches to a maximum 
– 46.59% at T = 1500 K, Na and the transition 
in Na2SO4 smoothly decreases to 20.79% when 
T = 1700 K. Furthermore, since the process pro-
ceeds 1400 K sodium volatilization in the form of 
NaCl and Na2Cl2, with a maximum degree of sub-
limation at 1700 K Na2Cl2 at 1700 K (20.34%) and 
NaCl (57.84%).
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Fig. 1. Influence of temperature for degree of distribution of elements (а) in system Bi2S3 – WO – NaCl – О2 at Р = 0.1 
MPa: a – indicator of extraction of tungsten by sodium chloride; b – distribution of sodium compounds

Fig. 2. Influence of temperature for degree of distribution S, Cl (α) in system Bi2S3 – WO3 – NaCl – O2 at Р = 0.1 MPa: 
a – dependence of presence in reaction zone of sodium sulfate and oxygen from temperature change; b – index of 
distribution of bismuth chloride on condition of presence of sodium chloride; c – dependence of tungsten oxychloride 
formation in presence of sodium chloride.

The absence of sulfide compounds of Bi in the 
observed system indicates about the complete ox-
idation of Bi2S3 at T = 1200 K. Moreover, in the 
temperature range of 1200‒1525 K sulfur advanta-
geously proceeds in SO2 (Figs. 2 and 3).

Gas phase composition of the system Bi2S3 
– WO3 – NaCl – O2 strongly depends from tem-
perature (Table 3, Fig. 4). If T = 1200 K it main-
ly (96.88%) consists of BiCl3, at T = 1550 K 
main components thereof are SO2 – 32.20%, 
O2 – 21.24%, NaCl – 17.45%, BiCI – 10.32% and 

BiCl3 – 9.67%. At T = 1700 K main components 
are NaCl – 40.82%, SO2 – 18.93%, O2 – 16.88%, 
BiCl – 13.6%, Na2Cl2 – 7.17%.

Concentration of WO2C12 does not exceed 4% 
and amounts to only 3.7% when T = 1500 K. Thus, 
in the system Bi2S3 – WO3 – NaCl – O2 at P = 0.1 
MPa the maximum distillation of Bi (in system 
BiCl3) to be expected at T = 1200 K. Under these 
conditions (at P = 0.1 MPa) NaCl is not an effec-
tive chlorinating agent for W in that сhloride distil-
lation is only 15.16% at 1500 K.
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Fig. 3. Influence of temperature for degree of distribution of oxygen (α) in system Bi2S3 – WO3 – NaCl – O2 at Р = 0.1 
MPa: a – dependence of oxygen distribution in presence of sodium chloride; b – indicators of extraction of the trivalent 
bismuth, trioxide and oxychloride of tungsten in dependence of temperature change.

Fig. 4. Influence of temperature on the content of components in gas phase(V) in the system Bi2S3 – WO3 – NaCl – 
O2 at Р = 0.1 MPa: a, b, c – the indicators of distribution of tungsten compounds and trichloride of bismuth incase of 
presence of sodium chloride and temperature change.

Pressure changes in Bi2S3 system WO3–NaCl– 
CO2 to P = 0.01 MPa leads to a substantial change 
quantities tungsten bismuth distribution between 
the original components and reaction products. 
The change in the equilibrium distribution of com-
ponents in this system, as a function of tempera-
ture, is given in Table 6 and in Figs. 5 and 6.

From Fig. 5 it follows that at a temperature of 
1200 K in the degree of transition of Bi is BiCl3 
– 96.88%, and BiCl – 2.0%.The degree of the Bi 
transition to BiCl increases up to 82% with in-
creasing the temperature up to 1550 K. When 
the temperature reached to 1700 K, the value of 

BiCl decreased to 16.6%. Simultaneously, with 
an increase in the degree of the Bi transition to 
BiCl, an increase in the transition of Bi to Bi2O3 
(13.96% at T = 1450 K) is observed, which ends 
at a temperature of 1550 K. But since 1400 K bis-
muth volatilization already resumed in elemental 
form and reaches 56.93% at T = 1700 K remain-
ing from Bi2S3 with a portion of bismuth is redis-
tributed between maxima – 22.96% (1700 K) and 
Bi6O4 – 5.68% (1550 K).The total transition in Bi 
gaseous BiCl and BiCl3 decreases with increas-
ing temperature, and most sharply at T>1500 K 
(Table 5).
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Table 5 
Effect of temperature on the transition of Bi to gaseous chlorides

T, K 1200 1300 1400 1500 1600 1700
The degree of transition in Bi Σ BiC13 + BiC1,% 96.88 91.04 86.11 79.30 57.16 16.6

Fig. 5. Influence of temperature on distribution of Bi, W (а) in the system Bi2S3 – W03 – NaCl at P = 0.01 MPa: 
a, b – impact of temperature on distribution in gas phase the bismuth and tungsten compounds.

Fig. 6. Influence of temperature on the degree of distribution Na and S: a – in the sodium compounds; b – in the sulfur 
dioxide and sodium sulfate.

As follows from Fig. 5, at Р = 0.01 MPa in a 
temperature range of 1200–1500 K up to 1700 K 
W proceeds mainly in WO3k of 98.52% (1200 K) 
~ 97.51% (1200 K) with a small maximum (up to 
96%) at T – 1400 K. The maximum shift of W into 
WO2Cl2 is observed at T = 1400 K (8.97%). At 
T = 1600 K W begins to pass into the gaseous 
W9O3, W4O12, W2O6. For example, when T = 1700 
K in the transition W in W3O9 is 61.89 %, W4O12 – 
31%, W2O6 – 6.66%.

Sodium in the system Bi2S3 – WO3 – NaCl – O2, 
with P = 0.01 MPa presented with several com-
pounds which are distributed as follows: tempera-
ture rising transition in Na gaseous NaCl increas-
es from 0 (1200 K) to 1700 K 92% (Fig. 6). Na 
sublimation is carried chloride dimer and trimer 
Na2Cl2 and Na3Cl3. Where in the maximum subli-
mation Na2Cl2 – 23.82%, and Na3Cl3 – 0.93% from 
T = 1400 K. A further increase in temperature 

to 1700 K results in lower degree of sublimation 
Na2Cl2 to 3.8% Na3Cl3 to 0.02%. It should be noted 
that the distribution S in SO2 increases at reaches 
94.47% at T = 1700 K.

Table 7 and Fig. 7 include information about 
the composition of the gas phase of the system at 
P = 0.01 MPa, which reflects the degree of chlorina-
tion processes and the formation of Bi and gaseous 
chlorides W. Thus, at T = 1200 K, the gas phase 
contains 85.99% BiCl3 and 1.79% BiCl.

At 1500 K, the main components of the gas phase 
are NaCl (44.24%), SO2 (18.69%), O2 (16.62%), 
BiCl (13.58%) and at 1700 K – NaCl (48.06%), 
SO2 (18.48%), O2 (17.00%), BiO (2.99%), Bi 
(7.42%). Due to a small extent in the form of chlo-
ride W WO2Cl2, this oxochloride content exceeds 
2%, accounting for only 0.97% in the temperature 
range of 1300–1400 K.
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Table 6 
Effect of temperature on the extent of distribution of the Bi, W, Na, S in 

the system Bi2S3 – WO3 –NaCl – O2 at a pressure of 0.01 MPa

Distributed
element

Compounds The degree of distribution (%) at the temperatures, K
200 1300 1400 500 600 1700

Bi Bi2O3k 1.09 8.8 12.12 10.92 - -
BiCl3 96.88 80.16 19.64 0.22 0,001 -
BiCl 2.0 10.88 66.47 79.08 57.16 16.6
BiO <0.001 0.012 0.32 2.92 14.37 22.96

Bi4O6 0.022 0.14 1.4 3.72 3.12 -
Bi <0.001 0.005 0.2 3.04 23.67 56.93
Bi2 - - 0.001 0.085 1.67 3.44

W WO3k 98.52 94.68 90.96 97.51 84.92 -
WO2Cl2 1.48 5.32 8.97 1.28 0.16 -
W3O9 - - 0.014 0.78 9.3 61.89
W4O12 - - - 0.33 4.6 31.32
W2O6 - - - 0.051 0.52 6.66

Na NaCl 0.08 5.08 41.49 64.31 78.12 92.0
Na - - <0.001 0.001 0.041 0.665

NaClk 25.69 26.84 - - - -
Na2SO4k 72.0 64.2 33.74 20.2 13.9 2.44
Na2SO4 <0.001 0.004 0.020 0.11 0.45 1.57
Na2Cl2 - 3.74 23.82 15.06 7.44 8
Na3Cl3 - 0.14 0.93 0.305 0.075 0.02

S SO2 2.94 14.13 54.49 72.53 80.6 94.42
Na2SO4k 97.02 85.69 45.03 26.97 18.54 3.248

SO3 0.04 0.17 0.44 0.28 0.24 0.186
Na2SO4 <0.001 0.001 0 0.14 0.62 2.009

Fig. 7. Influence of temperature for composition of gas phase of system Bi2S3 – WO3 – NaCl – O2 at P = 0.01 MPa: 
a, b – the gas composition at low pressure.

Total degree of transition in Bi, BiCl and BiCl3 
decreases from 99.96% to 4.21% as the tempera-
ture increases from 1200 K to 1700 K as follows 
(Table 8).

The formation of oxochloride W in the system is 
noted only in the temperature range 1200–1500 K 

with a maximum at 1200 K (3.99%). For T>1500 
K chlorination W occurs and proceeds in WO3, 
W3O9,W4O9, W2O6, W5O15, W3O8, W4O12. 

Moreover, if T>1600 K for W basic compounds 
are W3O9, O12, W4, W2O6.
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The received results of thermodynamic mod-
eling of a chlorination of tungsten and bismuth 
in the environment of ionic fusions are very im-
portant for creation of scientific bases and devel-
opment of new technologies of receiving non-fer-
rous metals from industrial wastes and secondary 
raw materials. It will allow to solve a number of 
the major technological, economic and ecological 
tasks: to return valuable and scarce metals to the 
sphere of production activity; to lower power costs 
of production of non-ferrous metals; to prevent or 
to significantly reduce hit of toxic products to the 
environment. 

4. Conclusions

According to the work done we can conclude 
that the use of NaCl as chlorinating agent at a 
chlorinating roasting joint Bi2S3 and WO3 is not 

Table 7 
Composition of the gas phase, vol.% of the system Bi2S3 – WO3 – NaCl – O2 at P = 0.01 MPa

Content of components, 
vol.%

Temperature, K
1200 1300 1400 1500 1600 1700

BiCl3 85.99 50.23 4.23 0.038 0.001 -
BiCl 1.79 6.82 14.32 13.58 8.64 2.16
BiO <0.001 0.007 0.069 0.50 2.17 2.99

Bi4O6 0.005 0.021 0.067 0.16 0.12 0.002
Bi 0.001 0.003 0.043 0.52 3.58 7.42
Bi2 - - <0.001 0.007 0.126 0.22

WO2C12 0.665 1.667 0.967 0.11 0.012 0.001
W3O9 - <0.001 0.002 0.022 0.23 1.39
W4O12 - - 0.001 0.007 0.087 0.51
W2O6 - - 0.001 0.004 0.039 0.21
NaCl 3.174 12.75 35.82 44.24 47.31 48.06

Na2SO4 <0.001 0,002 0.008 0.038 0.13 0.41
Na2Cl2 1.303 4.69 10.27 5.18 2.22 0.993

O2 2.92 10.04 15.99 16.62 16.89 17.00
SO2 3.958 13.28 17.61 18.69 18.28 18.48
CI 0.035 0.11 0.13 0.059 0.025 0.012

SO3 0.054 0.16 0.14 0.09 0.054 0.036
Na3Cl3 0.028 0.121 0.27 0.069 0.015 0.004

Cl2 0.056 0.07 0.021 0.001 0.001 -

Table 8 
Effect of temperature on the transition of Bi to gaseous chlorides

T, K 1200 1250 1300 1350 1400 1500 1600 1700
The degree of transitionin 
Bi Σ BiCl3 + BiCl, %

99.69 88.67 80.72 76.18 65.71 17.94 5.15 4.21

effective in the form of chloride W WO2C12.The 
degree of tungsten chlorination deteriorates with a 
decrease in pressure from 0.1 to 0.01 MPa, respec-
tively, 15.16% to 3.99%. Therefore, NaCl as a chlo-
rinating agent in the system: Bi2S2–WO3–NaCl– 
O2 can only be used to chlorination Bi, which at 
T = 1200 K and pressures of 0.01–0.1 MPa can 
reach 98.0–99.69%. Besides the problem of com-
plex processing of mineral raw materials and the 
associated problems of creating Non-waste tech-
nologies is the most important strategy for sus-
tainable social and economic development of the 
world community. The intensity of this develop-
ment largely determined by the rationality and ide-
ality technology of processing of difficult-to-digest 
raw materials and man-caused waste, including 
waste from mining and metallurgical enterprises. 
Accumulated world experience processing of nat-
ural and technogenic raw materials indicates that 
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one of the promising methods of extracting metals 
from difficult enrich raw materials is the method 
by use of chloride refining. Opportunity of com-
bining in one furnace aggregate the processes of 
chlorination of metals and the formation of various 
building materials can be attributed to technologies 
with large potentially production, economic and 
environmental opportunities. In this regard, the de-
velopment of this method is directly depends on 
the degree of study of complex simultaneous-flow-
ing processes of chlorination, formation of a build-
ing composition, combustion of fuel in a layer of 
material.

References

[1]. A. Khaliq, M.A. Rhamadhani, G. Brooks, S. 
Masood, Resources 2 (2014) 152‒179. DOI: 
10.3390/resources3010152

[2]. M.A. Shuva, M.A. Rhamdhani, G.A. Brooks, 
S. Masood, M.A. Reuter, Journal of cleaner 
production 131 (2016) 795‒809. DOI: 10.1016/j.
jclepro.2016.04.061

[3]. M.A. Rhamdhani, M. Ghodrat, G. Brooks, 
S. Masood, G. Corder, N. Haque, M. Reuter. 
Evaluation of E-Waste, The 8th High Temperature 
Processing Symposium 2016, Swinburne 
University of Technology, p. 30-31.

[4]. Chinese patent. Method for recovering bismuth 
from bismuth slag. CN102586627B. Filing date 
2012-02-14 

[5]. United States Patent 4718996, January 12, 
1988. Recovery of tungsten, scandium, iron, 
and manganese values from tungsten bearing 
material. Inventors: Clarence D. Vanderpool, 
Martin B. Maclnnis, Judith A. Ladd. 

[6]. S.K. Bhargava, M.I. Pownceby, R. Ram, Metals. 
6 (5) (2016) 122. DOI: 10.3390/met6050122

[7]. G.I. Khanturgaeva, E.V. Zoltoev, S.D. Urbazaeva, 
and S.V. Ratushnaya, J. Min. Sci. 38 (1) (2002) 
94‒99. DOI: 10.1023/A:1020209206158

[8]. B.E. Etschmann, W. Liu, A. Pring, P.V. Grundler, 
B. Tooth, S. Borg, D. Testemale, D. Brewe, J. 
Brugger, Chem. Geol. 425 (2016) 37‒51. DOI: 
10.1016/j.chemgeo.2016.01.015 

[9]. V.A. Krenev, N.F. Drobot, and S.V. Fomichev, 
Theoretical Foundations of Chemical 
Engineering 49 (4) (2015) 540‒544. DOI: 
10.1134/S0040579515040132

[10]. S.D. Kovaleski. Life Model of Hollow Cathodes 
Using a Barium Calcium Aluminate Impregnated 
Tungsten Emitter, 27th Int. Electric Propulsion 
Conf., NASA/CR‒2001-211290, Pasadena, 
California, October 14–19 (2001) p. 1‒15.

[11]. H. Muscher, J. Konys, Z. Voss, O. Wedemayer. 
Measurement of oxygen activities in eutectic 
lead-bismuth by means of the EMF method 
Programm Nukleare Sicherheitsforchung. 
Forchungszentrum Karlshruhe GmbH, Karlsruhe 
2001. p. 54. ISSN 0947-8620

[12]. V.M. Khaltanova, A.N. Chagdurov, T.B. 
Kim, T.B. Tsyrenov, B.B. Dorzhiev, N.N. 
Smirnyagina. Thermodynamic modeling and 
studying of process of a self-extending high-
temperature synthesis of carbides and borides 
chrome, tungsten and molybdenum in vacuum 
vacuum. 10 Int. Conf. Modification of Materials 
with Particle Beams and Plasma Flows. 
Proceedings. – Tomsk: Publishing House of the 
IOA SB RAS, 2010, p.552-554.

[13]. M.M. Lencka, M. Oledzka, and R.E. Riman, 
Chem. Mater. 12 (5) (2000) 1323–1330. DOI: 
10.1021/cm9906654

[14]. B.R. Marković, D.T. Živković, D.M. 
Manasijević, N.M. Talijan, M.D. Sokić and V.R. 
Ćosović, Journal of Powder Metallurgy and 
Mining 2 (2012) 328‒342. DOI: 10.4172/2168-
9806.1000104

[15]. H.A. Murdoch and C.A. Schuh, Acta Mater. 
6 (2013) 2121‒2132. DOI: 10.1016/j.
actamat.2012.12.033

[16]. D.R Stull, H, Prophet JANAF thermochemical 
tables: 2nd edition. eBook: Document : National 
government publication, NSRDS-NBS, 37. Bib 
ID 4614045. http://purl.access.gpo.gov/GPO/
LPS112842

[17]. A.A. Pupyshev, Termodinamicheskoe modeli-
rovanie termohimicheskih processov v 
spektral’nyh istochnikah [Thermodynamic 
modeling of thermochemical processes in 
spectral sources. Educational electronic text 
edition]. Ekaterinburg: GOU-VPO USTU-UPI, 
2007, p. 85 (in Russian).

[18]. U.R. Kattner, The Journal of The Minerals, 
Metals & Materials Society (12) (1997) 14‒19. 
DOI: 10.1007/s11837-997-0024-5

[19]. J. Lehmann. Rev. Met. Paris 105 (2008) 539‒550. 
DOI: 10.1051/metal:2008070

[20]. N.D. Smith, T. Lichtenstein, J. Gesualdi, K. 
Kumar, H. Kim, Electrochim. Acta 225 (2017) 
584‒591. DOI: 10.1016/j.electacta.2016.12.051

[21]. S.T. Tleuova, V.M. Shevko, A.C. Tleuov, 
[Termodinamicheskij analiz i kinetika sinteza 
mineralov keramzita v prisutstvii uglevodorodov 
The thermodynamic analysis and kinetics of 
synthesis of minerals of expanded clay in the 
presence of hydrocarbons], Shymkent, M. 
Auezov South Kazakhstan State University 
2002, p. 126, ISBN 9965-589-14-3 (in Russian).


