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Abstract: The kinetics and mechanism of natural wolframite interactions with sodium carbonate during air heating were studied. X-ray 
phase and X-ray microanalysis were used to establish that the initial monocrystalline wolframite consists of Fe0.5Mn0.5WO4 and 
Fe0.3Mn0.7WO4. Differential thermal analysis showed that the interaction of wolframite with sodium carbonate begins above 450°C with the 
formation of tungstate, sodium ferrite, iron oxides, and manganese. Model experiments on sintering with the subsequent removal of wa-
ter-soluble compounds (leaching) tracked the change in the structure of wolframite. The atomic ratio of Fe/Mn in wolframite does not change 
up to 600°C, and subsequently decreases to 0.2 during heating, which allows the mechanism of the process to be identified and indicates the 
greater reactivity of wolframites with an increased proportion of iron. Thermal analysis with data processing using non-isothermal kinetics 
established that the interaction of wolframite with sodium carbonate in an air stream proceeds via a two-stage mechanism, wherein the first 
stage is limited by diffusion (activation energy, E = 243 kJ/mol) and the second stage is limited by autocatalysis (activation energy, E = 212 
kJ/mol) due to the formation of a Na2WO4–Na2CO3 eutectic. 
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1. Introduction 

In the industrial practice of wolframite concentrate 
processing, the most widespread technology includes sin-
tering with soda, water leaching of sodium compounds, and 
precipitation of CaWO4 [1] as a half product for the synthe-
sis of pure oxide and metal. An important element of the 
technology is sintering of tungsten with calcined soda [14] 
to convert tungsten from FexMn1xWO4 to water-soluble 
Na2WO4. 

A large amount of information exists on the process of 
tungsten-containing raw materials by sintering with alkali 
metal carbonates [59], however publications on the kinet-
ics and chemistry of the interaction in FexMn1xWO4–Na2CO3 
mixtures during heating are very limited. Researchers [1011] 
concluded that there is a two-stage mechanism for the inte-
raction of wolframite with sodium carbonate during heating 
of their mixtures. Initially, solid-phase reactions occur with 

the formation of Na2WO4. This stage is characterized by a 
kinetic regime with activation energy of 407 kJ/mol. Above 
975°C, the interaction is limited by the diffusion of the 
reactants and the activation energy decreases to 18.8 kJ/mol, 
confirmed by the appearance of the eutectic of the 
Na2WO4–Na2CO3 system. 

According to other research [12], the sintering of a 
low-grade hubnerite concentrate with sodium sulfate at 
700–900°C occurs in one stage and is characterized by an 
activation energy of approximately 313 kJ/mol. The limiting 
stage of the process determines the diffusion of sodium sul-
fate through the layer of reaction products to the reaction 
surface and the discharge of interaction products. 

According to [1314], the interaction of tungstates for 
polyvalent d-block elements (Mn, Fe, Co) with sodium car-
bonate is characterized by three stages. The first stage is the 
ion exchange of reagents with the formation of sodium 
tungstate and unstable manganese carbonates (Fe, Co), the 
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second is the dissociation of carbonates with the formation 
of oxides(II) that are unstable at elevated temperatures, and 
the third is oxidativereduction reactions converting metal 
oxides to higher valence state. 

The interaction of WO3 with Na2CO3 is thermodynami-
cally possible [14], but the rate of reaction [15] is low due to 
kinetic difficulties and high-energy values of crystal lattices, 
2.3 and 24.2 MJ/mol for Na2CO3 and WO3, respectively. 
The activation energy of the WO3 reaction with Na2CO3 va-
ries [16] from 347.8 to 372.9 kJ/mol depending on the cal-
culation method. Intensification of the solid-phase interac-
tion of reagents is possible by introducing sulfate or sodium 
nitrate into the reaction mixture, as well as replacing 
Na2CO3 with Na2C2O4 [15]. 

The interaction of the sintering process of a 
tungsten-containing concentrate with sodium carbonate 
was described by a one-step model for autocatalytic reac-
tions [17]. An assumption was made regarding a change in 
the atomic ratio Fe/Mn in the wolframite during its sintering 
with soda. Notably, in addition to FexMn1xWO4, the studies 
were conducted with a concentrate containing related com-
pounds, such as Al2SiO5, FeS2, FeAsS, and SiO2. 

Despite previous studies, the mechanism and kinetic pa-
rameters of the wolframite interaction with sodium carbo-
nate require clarification. It is assumed that the kinetics of 
the process is influenced not only by accompanying impuri-
ties but also by the structure of wolframite. The purpose of 
this work is to study the kinetics and mechanism of the in-
teraction of natural wolframite with sodium carbonate dur-
ing sintering. 

2. Experimental  

A natural monocrystal of wolframite (Akchatau, Ka-
zakhstan)-(Fe, Mn)WO4, containing 61.1wt% W, 6.1wt% Fe, 
10.9wt% Mn, 0.34wt% Si, was used as the initial sample. 
The original crystal had dimensions of ~4 cm  4 cm  2 cm, 
and was crushed to a fraction of 0.1 mm before the experi-
ments. Sodium carbonate of “analytical reagent” qualifica-
tion contained at least 99.2wt% Na2CO3. 

Electron probe microanalysis (EPMA) was performed 
using a TESCAN MIRA 3 LMU scanning electron micro-
scope and an Oxford INCA Energy 350 X-max 80 energy 
dispersive X-ray spectrometer. X-ray phase analysis (XRPA) 
and X-ray diffraction (XRD) analysis of the formed products 
were performed on a Shimadzu XRD-7000 diffractometer 
(Cu-K-radiation, graphite monochromator, Bragg-Brentano 
focusing) with angle range 15.0°–80.0°, a shooting incre-

ment of 0.02 by 2θ, and exposure of 2 s. The ICDD PDF-2 
database [18] was used to decipher the XRD patterns. A 
Brucker D8 Advance diffractometer (Cu-Kα-radiation, 
VȦNTEC-1 position-sensitive detector, β-filter) was used to 
determine the unit cell parameters of wolframite. The angle 
interval was 5°–105° with a step of 0.021° at 2θ and an ex-
posure time of 1500 s. Decryption was performed via the 
DIFFRAC plus: EVA software package and ICDD PDF-2 
database. The quantitative phase composition was estab-
lished by a full-profile analysis in the TOPAS program. 

Thermal analysis of crushed materials (particle size less 
than 0.1 mm, 27.5 mg) was performed on a Netzsch STA 
449 C Jupiter equipment with continuous heating of samples 
placed in an alundum crucible. The measurements were 
performed by differential scanning calorimetry (DSC) and 
differential thermal analysis (DTA). The samples were 
heated to 850–900°C at 2.5, 5, 10, and 20°C/min in streams 
of air or argon (30–50 ml/min). The Netzsch Thermokinetics 
3.0 software package was used to calculate the kinetic pa-
rameters and estimate the reaction model [19]. 

Model experiments were performed with a mixture of 
crushed mineral (1 g) and a stoichiometric amount of so-
dium carbonate (0.35 g) in an alundum crucible, placed in a 
muffle furnace and heated at a rate of 10°C/min to the re-
quired temperature (450–800°C). After the heat treatment, 
the crucible was removed and cooled in air. Formed prod-
ucts (sintered mass) were subject to water leaching in dis-
tilled water (95°C, liquid-to-solid ratio = 15, leaching time, τ 
= 0.5 h) and the pulp was filtered. The phase composition of 
the cakes was determined by powder XRD. The chemical 
composition of the initial materials and interaction products 
was determined by atomic emission spectroscopy using a 
Spectroflame Modula S spectrometer. 

3. Results and discussion 

Diffraction lines corresponding to two solid solutions of 
wolframite of the FexMn1xWO4 type were detected on a 
diffractogram of the initial mineral according to XRD data 
(Fig. 1). Wolframite has a monoclinic syngony, a prismatic 
(L2PC) symmetry class, and space group of P2/c (С2h

4) [20]. 
The unit cell parameters of wolframite depend on the 
Fe/Mn molar ratio in the mineral and increase linearly with 
the increase in the manganese fraction. Thus, the parame-
ter a varies linearly [21] within 0.4729–0.4832 nm, b = 
0.5702–0.5759 nm, c = 0.4966–0.5000 nm, and β = 
90.00°–91.17° when the composition changes from FeWO4 
to MnWO4. 
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Fig. 1.  X-ray powder diffraction pattern of wolframite mo-
nocrystal containing the final Rietveld refinement plot. Ob-
served profile (top line) and its difference plot (bottom line) for 
FexMn1xWO4 in the monoclinic P2/c space group. The vertical 
markers correspond to the allowed Bragg reflections: top 
markers—Fe0.3Mn0.7WO4, bottom markers—Fe0.5Mn0.5WO4. 

Using the full-profile analysis according to the Rietveld 
method, which allows for the identification of dual (or split) 
X-ray reflexes, the unit cell parameters of the tungstates 
were determined. For the first phase, the parameters were 

defined as a = 0.4781 nm, b = 0.5733 nm, c = 0.4982 nm, β 
= 90.58° and for the second phase, were a = 0.4801 nm, b = 
0.5743 nm, c = 0.4988 nm, β = 90.88°. The composition 
of wolframites, determined from the parameters of the 
unit cell [21], considering the measurement error, corres-
ponds to the formulas Fe0.5Mn0.5WO4 and Fe0.3Mn0.7WO4. 

The composition of the mineral was specified by X-ray 
microanalysis. According to the local probing data of the phas-
es (Fig. 2), the composition of wolframite varies within the fol-
lowing ranges: 59.0wt%–62.6wt% W, 9.5wt%–14.7wt% Mn, 
4.7wt%–8.8wt% Fe (Table 1). Adjusting the data to the 
generally accepted formula FexMn1xWO4 suggests that 
there are two compositions in the mineral wolframite: 
Fe0.5Mn0.5WO4 and Fe0.3Mn0.7WO4, which are close to those 
determined by XRD data. In addition, the initial sample is 
characterized by a large number of cracks oriented parallel 
to the surface of the crystal. The composition of the mineral in 
the areas of the cracked structure is characterized by a high 
content of manganese. The thickness of the layer with a re-
duced Fe/Mn atomic ratio around the cracks reached 100 μm. 

 

Fig. 2.  Microstructure of wolframite and areas of local probing of phases: (a) general form; (b) selected b-region in (a); (c) selected 
c-region in (a); (d) selected d-region in (a). 
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Table 1.  Composition of wolframite at local probing points 
(according to Fig. 2) 

Point 
number 

Composition / wt% Fe/Mn 
(atomic ratio) 

Formulae 
Mn Fe W 

1 10.0 8.1 60.8 0.8 Fe0.44Mn0.55WO4

2 9.8 8.5 60.6 0.9 Fe0.46Mn0.54WO4

3 9.7 8.6 60.5 0.9 Fe0.47Mn0.54WO4

4 10.3 8.2 60.4 0.8 Fe0.44Mn0.57WO4

5 9.8 8.7 60.4 0.9 Fe0.48Mn0.54WO4

6 9.8 8.0 61.0 0.8 Fe0.43Mn0.54WO4

7 9.7 8.3 60.8 0.8 Fe0.45Mn0.54WO4

8 10.2 8.2 60.5 0.8 Fe0.44Mn0.56WO4

9 9.5 8.8 60.6 0.9 Fe0.48Mn0.53WO4

10 10.2 7.7 61.0 0.7 Fe0.41Mn0.56WO4

11 9.6 8.2 61.1 0.8 Fe0.44Mn0.53WO4

12 14.7 5.1 59.0 0.3 Fe0.29Mn0.83WO4.1

13 13.5 4.7 60.7 0.3 Fe0.25Mn0.74WO4

14 13.3 4.7 60.9 0.3 Fe0.25Mn0.73WO4

15 9.7 8.4 60.9 0.9 Fe0.45Mn0.53WO4

16 10.6 5.7 62.6 0.5 Fe0.30Mn0.57WO3.9

 
As shown in the TG curve in Fig. 3(a), the change in 

sample mass does not exceed 0.1% in temperature range of 
30 to 1000°C. DSC up to 1000°C (20°C/min) under airflow 
on the heat flow curve did not reveal transformations in the 
structure of the mineral. According to Fig. 3(b), for a mix-

ture of wolframite with sodium carbonate during heating 
(DTA) in airflow up to 200°C, a 3.6% decrease in sample 
mass was associated with the removal of moisture from the 
reagent mixture, primarily hygroscopic Na2CO3. Above 
420°C, the change in sample mass is associated with the in-
teraction of wolframite and Na2CO3, accompanied by the 
release of CO2 (gas), resulting in a loss of sample mass of 
8.6%. The extreme values traced on the differential mass 
change curve (DTG) correspond to the moisture removal 
and chemical interaction of reagents. In sync with the DTG 
curve, the endothermic effects (start/extreme value) of 
moisture removal at 88/108°C and the melting of eutectic 
Na2CO3–Na2WO4-585/593°C are recorded on the DTA 
curve. In addition, the effect of 659/683°С was recorded, 
which corresponds to the melting of Na2WO4 [2223]. Va-
rying the heating rate within 2.5–20°C/min had little effect 
on the temperature of the endothermic effects. XRPA of the 
interaction products revealed sodium tungstate and oxides of 
iron and manganese (Table 2). 

Heating of wolframite with soda in a stream of argon, 
presented on Fig. 3(c), is accompanied by endoeffects (DTA) 
at 580/602°С and 660/683°С. In comparison with the expe-
riment in air, the onset temperature of the interaction for the 
reactants increases to 580°C and the magnitude of the mass 
change rate (DTG curve) increases as well. The maximum 
rate of mass change during heating in argon is much greater 
than in air. The total mass loss of the sample when heated in 

 

Fig. 3.  Thermogram of the (a) original
wolframite and (b, c) its mixture with
Na2CO3 when heated at 20°C/min in a
stream of (a, b) air and (c) argon. 
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Table 2.  Phase composition for sintering products of wolframite mixtures with sodium carbonate under continuous heating in air 

Synthesis 
sample No. 

Final tempera-
ture / °С 

Mass 
change / % 

Phase composition of the interaction products 

1 450 0.7 Fe0.5Mn0.5WO4, Fe0.3Mn0.7WO4, Na2CO3, Na2WO4 

2 500 0.7 Fe0.5Mn0.5WO4, Fe0.3Mn0.7WO4, Na2CO3, Na2WO4, NaFeO2 

3 550 2.7 Fe0.5Mn0.5WO4, Fe0.3Mn0.7WO4, Na2WO4, Na2CO3, NaFeO2, Fe2O3(traces), Mn3O4(traces)

4 600 6.5 Fe0.5Mn0.5WO4, Fe0.3Mn0.7WO4, Na2WO4, Na2CO3, NaFeO2, Fe2O3, Mn3O4 

5 700 9.2 Na2WO4, Fe2O3, Mn2O3, Fe0.1Mn0.9WO4(traces) 

6 800 9.1 Na2WO4, Fe2O3, Mn2O3, Fe0.2Mn0.8WO4(traces) 

 

argon, compared with air, is somewhat greater, which is ex-
plained by the formation of iron and manganese oxides of 
lower valence. 

Model experiments (muffle furnace, 1 g sample, air) for 
specifying the composition of the phases during wolframite 
sintering with soda allowed for scaling the experiment and 
synthesis of samples suitable for leaching and estimation of 
the formed cakes composition. According to the XRPA of 
non-isothermal heating of products (Table 2), the interaction 
of wolframite with sodium carbonate begins at temperatures 
above 450°C with the formation of sodium tungstate, so-
dium ferrite, as well as iron and manganese oxides. A 
slightly smaller decrease in the mass of the sample upon 
heating to 800°C, in comparison with previous experience 
(700°C), is associated with the complete transition of iron 
and manganese oxides to a higher valence state. There is 
practically no change in the mass of the sample above 
700°C, indicating the process is close to completion. 

Products obtained by wolframite sintering with sodium 

carbonate were subjected to water leaching, after which the 
phase composition of the solid residues (cakes) was speci-
fied. In the course of leaching, Na2WO4, NaFeO2, and 
Na2CO3 were transferred into the solution, which resulted in 
the solid residue enriched with the content of iron and man-
ganese oxides. The main components of water leaching 
cakes (Table 3) are wolframite, manganese oxides-Mn3O4, 
iron(III) oxides, as well as their hydrates FeOOH and 
NaxMnO2.8H1.6 (structural type Mg0.25MnO2.8H1.6). In the 
sintered mass leaching cakes, tungsten-containing phases 
are represented by wolframites: Fe0.5Mn0.5WO4 and 
Fe0.3Mn0.7WO4. The composition of the cakes is influenced 
by the genesis of the original sample. An increase in the 
temperature and, therefore, the completeness of the transi-
tion of FexMn1xWO4 to Na2WO4, ensures a decrease in the 
tungsten-containing compounds in the leaching cakes. In the 
leaching cakes, the synthesis of which was performed at 
700–800°C, traces of wolframite with an increased manga-
nese content, Fe0.10.2Mn0.80.9WO4, were observed. 

Table 3.  Phase composition of leaching cakes for sintering products (initial samples according to Table 2) 

Sample No. Filter cake yield / % Phase composition (Fraction / wt%) 

1 66.9 Fe0.5Mn0.5WO4 (62.5), Fe0.3Mn0.7WO4 (37.5) 

2 68.4 Fe0.5Mn0.5WO4 (61.7), Fe0.3Mn0.7WO4 (38.3) 

3 58.5 Fe0.5Mn0.5WO4 (57.1), Fe0.3Mn0.7WO4 (41.1), Fe2O3 (0.9), Mn3O4 (0.8) 

4 47.7 Fe0.5Mn0.5WO4 (46.5), Fe0.3Mn0.7WO4 (41.1), MexMnO2.8H1.6 (6.7), Fe2O3 (3.4), Mn3O4 (2.1) 

5 21.3 Mn2O3 (68.7), Fe2O3 (21.3), NaxMnO2.8H1.6 (3.5), FeOOH (2.4), Fe0.1Mn0.9WO4 (2.3), Mn3O4 (1.8)

6 21.5 Mn2O3 (71.9), Fe2O3 (14.0), NaxMnO2.8H1.6 (8.0), FeOOH (3.1), Fe0.2Mn0.8WO4 (1.8), Mn3O4 (1.1)

 

The unit cells parameters (Table 4) of wolframites re-
maining in the leaching cake and their composition did not 
change in Samples 1–4. However, in samples whose prepa-
ration was coupled with heating up to 700–800°C, the 
atomic ratio of Fe/Mn in wolframite was 0.2. The preferred 
interaction with soda for wolframite with a high iron content 
can then be studied, and the initial stage of the sintering 
process is represented in Eq. (1). 
FexMn1xWO4 + 1.5yNa2CO3 + 0.25yO2 =  
FexyMn1xW1y O44y + yNa2WO4 + yNaFeO2 + 1.5yCO2  (1) 

The calculations of the kinetic parameters of the interac-
tion of wolframite with soda in air are based on thermogra-
vimetric analysis data (Fig. 4) obtained by heating the sam-
ples at 2.5, 10, and 20°C/min. To describe the experimental 
data, the model-free Friedman method [2426] was used, in 
which the general kinetic equation are presented as Eqs. (2) 
and (3). 
d /d ( ) ( )t f k T   (2) 

( ) exp
E

k T A
RT

   
 

 (3) 
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where α is the degree of transformation adopted as the ratio of 
the fixed and maximum mass changes, t is the duration of the 
experiment, T is the temperature, f(α) is the function defining 

the reaction model, k(T) is the rate constant, A is the 
pre-exponential multiplier, E is the activation energy, and R is 
universal gas constant. 

Table 4.  Unit cells parameters and composition of wolframites remaining in the leaching cakes 

Sample No. 
Wolframite primitive cells parameters 

Composition of wolframites 
Fe/Mn 

(molar ratio) a / nm b / nm c / nm β / (°) 

Initial 
0.4781 0.5733 0.4982 90.58 Fe0.5Mn0.5WO4 1.00 

0.4801 0.5743 0.4988 90.88 Fe0.3Mn0.7WO4 0.43 

1 
0.4781 0.5732 0.4982 90.60 Fe0.5Mn0.5WO4 1.00 

0.4802 0.5741 0.4988 90.88 Fe0.3Mn0.7WO4 0.43 

2 
0.4781 0.5732 0.4982 90.59 Fe0.5Mn0.5WO4 1.00 

0.4803 0.5740 0.4988 90.90 Fe0.3Mn0.7WO4 0.43 

3 
0.4781 0.5731 0.4982 90.58 Fe0.5Mn0.5WO4 1.00 

0.4801 0.5740 0.4987 90.92 Fe0.3Mn0.7WO4 0.43 

4 
0.4781 0.5731 0.4982 90.62 Fe0.5Mn0.5WO4 1.00 

0.4801 0.5740 0.4988 90.90 Fe0.3Mn0.7WO4 0.43 

5 0.4817 0.5746 0.4995 90.97 Fe0.1Mn0.9WO4 0.11 

6 0.4813 0.5742 0.4996 90.97 Fe0.2Mn0.8WO4 0.22 

 

 

Fig. 4.  Mass change of a wolframite mixture with Na2CO3 in air 
during heating at 2.5, 10, and 20°C/min. Points—experimental 
data; lines—model describing the reaction of the nth order 
with autocatalysis on the C component. 

Application of the differential isoconversion Friedman me-

thod allows estimation of the changes for E from α [2426]. 
The values of E are determined from the slope of the lines in 
the coordinates lg(dα/dt) from 1/T, for fixed α values (Fig. 
5). The slope of the experimental curve at the beginning of 
the reaction is less than the slope of the isoconversion lines, 
indicating that the initial reaction of one-, two- or 
three-dimensional diffusions [19]. A no-model estimation of 
kinetic parameters is useful for preliminary analysis of the 
number of stages for the process and the probable values of 
E and lgА. According to the obtained data, the sintering 
process of wolframite with sodium carbonate consists of at 
least two stages, the first of which is the value of E is in the 
range of 240–260 kJ/mol, and lgA is 12.0–14.4 (Table 5). 
When the degree of conversion is more than 0.7 (second stage), 
E decreases to 160–220 kJ/mol and lgA to 7.1–10.6. 

 

Fig. 5.  Experimental data processing the interaction of wolframite with sodium carbonate (air) according to the Friedman method: 
(a) mass loss rate curves; (b) dependence of the activation energy and the pre-exponential factor on the mass loss of the sample. 
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The subsequent evaluation of the kinetic parameters of 
the wolframite interaction with sodium carbonate was per-
formed by data processing using non-linear regression with 
two-stage process models. The experimental data are de-
scribed in two consecutive stages, the first of which occurs 
in the diffusion (D3 or D4) mode, and the second corres-
ponds to the reaction of the nth order with autocatalysis on 
the C component (CnC) or the nth order reaction (Fn). In 
this case, the kinetic equations of the first (D3) and second 
(CnC) stages during wolframite sintering with sodium car-
bonate can be represented by Eqs. (4) and (5) (R2 more than 
0.9995). 

1 1
11.91 3 3d 243000

10 exp 1.5(1 ) (1 ) 1
dt RT

  
        

    
 (4) 

9.8 0.99 3.262d 212000
10 exp (1 ) (1 10 )

dt RT

       
 

 (5) 

The established kinetic parameters (Table 6) indicate a 
discrepancy between the values of the activation energy and 
processes staging with the literatures [10–15,27] due to the 

variety of factors affecting the kinetics of the process, pri-
marily differences in the composition and structure of the 
initial samples, the presence of impurities, and the partial 
pressure of oxygen. 

Table 5.  Changes in E and lgA from the degree of conversion 
(α) during the interaction of wolframite with sodium carbonate 
(Friedman method) 

α / % E / (kJ·mol1) lg(A / s−1) 

5 245 ± 10 13.5 

10 262 ± 10 14.5 

20 267 ± 3 14.3 

30 248 ± 3 12.9 

40 241 ± 17 12.3 

50 254 ± 42 13.0 

60 242 ± 17 12.0 

70 221 ± 4 10.6 

80 166 ± 17 7.1 

90 279 ± 115 13.4 
 

Table 6.  Kinetic parameters for the interaction of wolframite with sodium carbonate 

Reaction type 
Stage 1 Stage 2 

R2 
E1 / (kJ·mol1) lg(A1 / s

−1) E2 / (kJ·mol1) lg(A2 / s
−1) n2

 lgKcat 

D3-CnC 243 11.9 212 9.8 0.99 −3.26 0.9996 

D3-Fn 243 11.9 212 9.8 0.99 — 0.9996 

D4-CnC 233 11.2 221 10.5 1.24 −2.59 0.9995 
 

The mechanism of wolframite interactions with sodium 
carbonate can be represented as follows: at the interphase, 
reactions between solid reactants occur with the formation 
of sodium tungstate layer. The surface migration of reagents 
with subsequent bulk diffusion through the layer of the reac-
tion product is likely the limiting stage of the process. A 
similar mechanism [28], which determines diffusion through 
the product layer with similar activation energy values of 
297 and 184 kJ/mol, was described in the study of the inte-
raction of WO3 and MoO3 with heavy metal oxides, as well 
as for reactions of MoO3 with alkaline earth metal carbo-
nates with an activation energy of 230–250 kJ/mol. At 
581°C, a low-melting eutectic Na2WO4Na2CO3 is formed 
in the system [2223], diffusion difficulties decrease, and 
the process goes into an autocatalytic mode. 

4. Conclusions 

Natural monocrystal wolframite has areas that differ in 
the atomic ratio of Fe/Mn. In a sample of wolframite from 
the Akchatau deposit (Kazakhstan), the instability of the 
Fe/Mn ratio corresponds to the Fe0.5Mn0.5WO4 and 

Fe0.3Mn0.7WO4 compositions. 
The wolframite interaction with sodium carbonate begins 

above 450°C with the formation of low-melting tungstate 
and sodium ferrite, as well as the eutectic of 
Na2CO3Na2WO4. The interaction of wolframite with so-
dium carbonate in air proceeds via a two-stage mechanism, 
limited in the first stage by the diffusion of reagents to the 
contact surface and the removal of interaction products. The 
low-melting phases in the system contribute to the transition 
of the process to the autocatalytic mode. The activation 
energies of the first and second processes are 243 and 212 
kJ/mol, respectively. These results are useful for the expla-
nation of the mechanism for polycationic oxide transforma-
tion during high-temperature interactions with soda, ex-
plaining the features and substantiation of the modes of 
processes during the processing of wolframite concentrates. 
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