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Abstract: Industrial production of refractory metals is governed primarily by
thermodynamic constraints arising from the strong affinity of these metals
toward carbon and oxygen. In the present work, a unified thermodynamic
assessment of representative refractory metals (V, Nb, Ta, Mo, W, and Re) was
performed to establish the thermodynamic basis for selecting pyrometallurgical
extraction routes. Standard Gibbs free energy calculations, Ellingham diagrams,
and HSC Chemistry equilibrium calculations were employed to compare oxide
stability, carbide formation tendency, hydrogen reduction, metallothermic
reduction, and chlorination-based extraction routes. The calculations show that
Nb,Os and Ta,Os possess the highest thermodynamic stability and
simultaneously exhibit the strongest tendency toward carbide formation,
explaining why chlorination followed by metallothermic reduction is preferred
industrially. In contrast, MoOs and WOj are sufficiently reducible by hydrogen,
while equilibrium calculations demonstrate the important influence of hydrogen
excess on the final metallization degree. Metallothermic reduction of V,0s with
Al, Mg, and Ca is thermodynamically feasible over the investigated temperature
range, whereas industrial preference for aluminothermy is mainly determined by
technological and economic factors. Thermodynamic analysis of chlorination
and carbochlorination further demonstrates that direct chlorination of Nb,Os and
Ta,Os is unfavorable, while carbochlorination provides a strong driving force for
pentachloride formation. The results provide a consistent thermodynamic
explanation for the selection of industrial extraction routes for refractory metals.

Keywords: Ellingham diagrams; Gibbs free energy; equilibrium calculations;
hydrogen reduction; carbochlorination; metallothermy.

INTRODUCTION

Refractory metals constitute a technologically important class of engineering
materials owing to their extremely high melting temperatures, excellent high-
temperature strength, superior thermal conductivity, good corrosion resistance,
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and significant stability under severe service conditions. These unique properties
have enabled their widespread application in aerospace propulsion, nuclear energy
systems, high-temperature furnaces, chemical processing equipment, electronics,
defense technologies, and advanced energy conversion systems. In recent years,
the growing demand for high-performance materials capable of operating under
increasingly extreme conditions has further stimulated research into refractory
metals and their extraction, processing, and recycling.'™

Despite their extensive industrial importance, the definition of refractory
metals is not entirely consistent throughout the literature. Some authors classify
refractory metals as metallic elements with melting temperatures exceeding
approximately 1650 °C, thereby including Ti, Zr, Hf, Cr, V, Nb, Mo, Ta, W, and
Re.? In contrast, many contemporary publications adopt a more restrictive
definition based on melting temperatures above 2000 °C and primarily consider V,
Nb, Ta, Mo, W, and Re as the representative refractory metals.'> Regardless of the
adopted classification, all these metals exhibit very high thermal stability and
present considerable challenges during extractive metallurgy.

The extraction of refractory metals differs substantially from that of common
engineering metals because their oxides possess high thermodynamic stability,
while several of these metals readily form stable carbides or oxycarbides during
carbothermic  reduction.®”  Consequently, conventional pyrometallurgical
reduction routes are often ineffective or produce impure products. Industrial
production therefore relies on various alternative technologies, including hydrogen
reduction, metallothermic reduction, and chlorination followed by chloride
reduction.®'? The selection of a particular extraction route is fundamentally
governed by thermodynamic constraints rather than solely by technological
considerations.  Although  hydrometallurgical and electrometallurgical
technologies also play important roles in the production and purification of
refractory metals, particularly for niobium and tantalum, the present study is
restricted to pyrometallurgical routes whose feasibility is governed primarily by
high-temperature thermodynamics.

Even though numerous review papers discuss the processing, alloy design,
additive manufacturing, and applications of refractory metals, systematic
thermodynamic comparisons explaining why different industrial extraction routes
are required for individual refractory metals remain relatively scarce. In particular,
a unified assessment of oxide stability, reduction behavior, carbide formation
tendency, chlorination reactions, and equilibrium phase relationships has not been
comprehensively presented.

Therefore, the objective of the present work is to establish a unified
thermodynamic framework for evaluating the extraction behavior of representative
refractory metals (V, Nb, Ta, Mo, W, and Re). Gibbs free energy calculations,
Ellingham diagrams, and equilibrium calculations performed using HSC
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Chemistry software are employed to compare the thermodynamic feasibility of
carbothermic, hydrogen, metallothermic, and chlorination-based extraction routes.
The obtained results provide a consistent explanation for the industrial preference
of different extraction technologies and identify the principal thermodynamic
limitations controlling the production of refractory metals.

METHODOLOGY

The thermodynamic calculations were performed using HSC Chemistry software (ver.
10.8.2.0)."% Standard Gibbs free energy changes were calculated using the Reaction Equations
module, while equilibrium phase compositions were determined by Gibbs free-energy
minimization using the Equilibrium Compositions module. Ellingham diagrams were
constructed for oxide formation reactions normalized to one mole of oxygen, whereas carbide
formation reactions were normalized to one mole of carbon to enable direct comparison of
thermodynamic stability. Hydrogen reduction, metallothermic reduction, chlorination,
carbochlorination, and chloride-reduction reactions were evaluated under standard-state
conditions. Equilibrium calculations were performed at a total pressure of 1 bar using
stoichiometric and excess amounts of reducing agents depending on the investigated process.
All relevant condensed and gaseous species available in the HSC thermodynamic database were
included in the equilibrium calculations.

The calculated thermodynamic trends were interpreted in the context of published
industrial extraction routes. Although rhenium is included in the comparative Ellingham
analysis, subsequent sections focus on V, Nb, Ta, Mo, and W because the industrial recovery
of rhenium is governed primarily by the volatility of Re,O7 during oxidative roasting rather than
by the pyrometallurgical reduction routes considered in the present work.

RESULTS AND DISCUSSION
Thermodynamic stability of refractory metal oxides

Fig. 1 presents the Ellingham diagram for the oxidation of representative
refractory metals together with the equilibrium lines for the C/CO, CO/CO:2 and
H2/H20 systems. The Gibbs free energy changes were normalized to one mole of
oxygen to enable direct comparison of oxide stability over the investigated
temperature range.

The stability decreases in the following order:

Ta205 > Nb20s5 > V205 > WOs3 > MoOs3 > Re207

This trend is consistent with previously reported comparative Ellingham
analyses of Group IV-VI refractory metal oxides.'* Among the investigated
oxides, tantalum pentoxide exhibits the lowest Gibbs free energy throughout the
entire temperature range, indicating the highest resistance toward chemical
reduction. Niobium pentoxide shows very similar behavior, reflecting the close
chemical similarity between niobium and tantalum. In contrast, molybdenum and
tungsten oxides are considerably less stable, while rhenium oxide exhibits the
lowest thermodynamic stability.
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Fig. 1. Standard Gibbs energy changes for the formation of representative refractory metal
oxides together with the equilibrium lines for common reducing agents (C and H»). All
reactions were normalized to one mole of O,.

All oxide stability curves display positive slopes, indicating that oxide
stability decreases with increasing temperature. Consequently, elevated
temperatures thermodynamically favor oxide reduction, although the extent of this
effect strongly depends on the intrinsic stability of each oxide.

Comparison with the H2/H20 equilibrium line reveals that molybdenum and
tungsten oxides become thermodynamically reducible by hydrogen over a broad
high-temperature region, whereas the reduction of Nb20s and Ta20s remains
considerably less favorable. These results are fully consistent with industrial
practice, where hydrogen reduction represents the principal production route for
metallic molybdenum and tungsten powders, while niobium and tantalum are
generally extracted via chlorination followed by metallothermic reduction.

A similar conclusion can be drawn from comparison with the carbon oxidation
reactions. The large separation between the CO/CO2 equilibrium lines and the
stability curves of Nb20s and Ta20s demonstrates that direct carbothermic
reduction is thermodynamically unfavorable. Vanadium pentoxide occupies an
intermediate position between molybdenum/tungsten oxides and the highly stable
oxides of niobium and tantalum, explaining why industrial vanadium production
frequently relies on aluminothermic or calciothermic reduction, whereas
carbothermic processes are mainly employed for ferrovanadium production rather
than for obtaining high-purity metallic vanadium.
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The very low thermodynamic stability and high volatility of Re207 distinguish
rhenium from the other refractory metals. Unlike Nb, Ta, Mo, and W, the volatility
of rhenium oxide governs its industrial extraction, enabling efficient recovery of
rhenium from roasting gases generated during molybdenite processing. '

Overall, the Ellingham analysis demonstrates that the industrial extraction
routes of refractory metals are primarily governed by the thermodynamic stability
of their oxides."* However, oxide stability alone cannot fully explain the limited
applicability of carbothermic reduction. An equally important factor is the strong
tendency of several refractory metals to form highly stable carbides, which is
analyzed in the following section.

Thermodynamic stability of refractory metal carbides

Fig. 2 presents the standard Gibbs energy changes for the formation of
representative refractory metal carbides from their constituent elements. All
reactions were normalized to one mole of carbon to enable direct comparison of
carbide stability over the investigated temperature range.
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Fig. 2. Standard Gibbs energy changes for the formation of representative refractory-metal

carbides from their constituent elements. All reactions were normalized to one mole of
carbon.

The calculated Gibbs energy values remain negative throughout the
investigated temperature range for all carbides, confirming the strong affinity of
refractory metals toward carbon and the thermodynamic feasibility of carbide
formation during carbothermic reduction.
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Among the investigated carbides, Ta2C and Nb2C exhibit the most negative
Gibbs energy values, indicating the highest thermodynamic stability. These results
agree well with previous thermodynamic assessments of group IVB and VB
transition-metal carbides and explain why carbothermic reduction of Ta20s and
Nb20s preferentially leads to carbide formation rather than high-purity metals.'¢
Vanadium exhibits intermediate behavior, with both VC and V:C remaining
thermodynamically stable but less favorable than the corresponding tantalum and
niobium carbides, consistent with the industrial preference for metallothermic
production of metallic vanadium.'”

In contrast, tungsten and molybdenum carbides exhibit considerably less
negative Gibbs energy values. Consequently, hydrogen reduction can be
successfully employed for the industrial extraction of tungsten and molybdenum
powders while minimizing carbide formation under appropriately controlled
processing conditions.

Comparison of Figs. 1 and 2 demonstrates that refractory metals forming the
most stable oxides (Nb and Ta) also exhibit the strongest tendency toward carbide
formation. Consequently, carbothermic reduction is hindered not only by the
exceptional stability of their oxides but also by the simultaneous formation of
highly stable carbides, providing a thermodynamic explanation for the industrial
preference for chlorination followed by metallothermic reduction. Conversely, the
lower stability of both oxides and carbides in the Mo—W systems makes hydrogen
reduction the preferred industrial extraction route. These results demonstrate that
the selection of pyrometallurgical extraction technologies is governed by the
combined stability of both oxides and carbides rather than by oxide stability alone.
Equilibrium analysis of hydrogen reduction of molybdenum and tungsten oxides

The calculated equilibrium compositions during the hydrogen reduction of 1
kmol of MoO3 and WOs3, respectively, using initial hydrogen amounts of 3, 4, and
5 kmol at a total pressure of 1 bar are presented in Figs. 3 a-c and 4 a-c. The selected
hydrogen quantities correspond to the stoichiometric requirement for complete
reduction and to progressively increasing hydrogen excess. The calculations
demonstrate that both oxide systems are strongly affected by the initial hydrogen
availability, although their reduction behavior differs considerably because of the
different thermodynamic stability and complexity of the Mo—O and W-O systems.
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Fig. 3. Calculated equilibrium compositions during the hydrogen reduction of 1 kmol of MoOj3
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For the MoOs—H:z system (Fig. 3), the reduction proceeds through the well-
established two-step pathway:

MoOs + Hz(g) — MoO2 + H20(g) (1)
MoO:2 + 2H2(g) — Mo + 2H20(g) 2)

Therefore, MoO: represents the dominant intermediate over a broad
temperature range before complete metallization.

Increasing the hydrogen amount progressively shifts the onset of metallic
molybdenum formation from approximately 850 °C to about 700-750 °C while
simultaneously increasing the final metallization degree.

The predicted two-step reduction sequence is fully consistent with the
industrial hydrogen reduction process described by Habashi, where MoOs3 is first
converted into MoOz2 and subsequently reduced to metallic molybdenum.” Similar
reduction pathways have also been confirmed by recent in situ X-ray diffraction
studies, which identified MoO: as the principal intermediate phase, whereas
transient mixed-valence oxides represent kinetically controlled species not
expected under equilibrium conditions.’

The W—O-H system exhibits a more complex reduction behavior (Fig. 4). In
addition to WOs3, WOz, and metallic W, several oxygen-deficient intermediate
oxides, including WO2.96, WO2.90, and WO2.72, were included in the Gibbs-energy
minimization. These tungsten suboxides provide intermediate stages between WO3
and WOz and account for the more gradual redistribution of oxygen during
reduction. For clarity, only the principal phases are presented in the final
equilibrium diagrams. In contrast to the comparatively simple MoO3—-MoO2-Mo
sequence, the distribution of tungsten among several oxide phases broadens the
reduction interval and delays complete metallization. Similar observations have
been reported for tungsten oxide reduction, where several suboxides may appear
during hydrogen reduction depending on the experimental conditions.” However,
the present equilibrium calculations indicate that WO: is the dominant
thermodynamic intermediate, whereas other tungsten suboxides exhibit only minor
equilibrium abundances.

Metallic tungsten begins to appear at approximately 800-850 °C for the
stoichiometric mixture containing 3 kmol H2. An increased hydrogen amount shifts
its formation to slightly lower temperatures and increases the equilibrium metal
yield. Nevertheless, even with 5 kmol H2, complete reduction is not reached at
1500 °C. The calculated amounts of metallic W at this temperature are
approximately 0.45, 0.65, and 0.87 kmol for initial hydrogen quantities of 3, 4, and
5 kmol, respectively. The remaining tungsten is distributed predominantly between
WO: and small quantities of higher suboxides and residual WOs.

A direct comparison of the two systems demonstrates that MoOs3 is more
readily reduced to the metal than WO3 under identical conditions. With 5 kmol Ha,
essentially complete molybdenum metallization is achieved, whereas a measurable
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fraction of tungsten remains oxidized at 1500 °C. This difference agrees with the
Ellingham analysis in Fig. 1, which showed that WO3 has a more negative standard
Gibbs energy of formation and is therefore thermodynamically more stable than
MoOQO:s.

Despite these differences, both systems exhibit the same principal dependence
on gas composition. Increasing the initial amount of hydrogen raises the
equilibrium H2/H20 ratio, strengthens the reducing potential of the atmosphere,
decreases the residual oxide content, and promotes metal formation. This explains
why industrial extraction of Mo and W powders employs a continuous flow and
excess of dry hydrogen, together with efficient removal of the generated water
vapor.’

The effect of total pressure was also examined in additional calculations.
Reducing the total pressure produced only negligible changes in the calculated
equilibrium compositions. This is consistent with the overall reactions:

MoOs+3Hz(g)=Mo+3H20(g) 3)
WOs+3Ha(2)=W+3H20(g) (4)

for which the total number of gaseous moles remains unchanged. Accordingly,
the equilibrium is controlled mainly by the ratio pH2/pH20, rather than by the
absolute total pressure. Since the equilibrium diagrams obtained at lower pressures
were nearly identical, only the results calculated at 1 bar are presented.

Overall, the equilibrium calculations complement the standard Gibbs-energy
analysis by showing that thermodynamic feasibility alone does not guarantee
complete reduction. The attainable metal yield depends strongly on hydrogen
excess and on the stability of intermediate oxides. The simpler Mo—O system
permits nearly complete metallization under the investigated conditions, whereas
the greater stability of WOs3 and the occurrence of multiple tungsten suboxides
result in a broader reduction interval and a lower equilibrium yield of metallic
tungsten. The principal equilibrium parameters characterizing the reduction of
MoOs3 and WOs3 under different hydrogen amounts are summarized in Table I.
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TABLE I. Effect of the initial hydrogen amount on the equilibrium reduction of 1 kmol MoO;
and WO; at 1500 °C and 1 bar.

Initial ~ Approximate temp.  Metal at Principal Approximate
Oxide H,/ of metal 1500 °C residual oxide metallization
kmol appearance / °C / kmol at 1500 °C degree®/ %
MoO; 3 850-900 0.50 MoO, 50
MoO; 4 750-800 0.82 MoO, 82
MoO; 5 700-750 ~1.00 Practically =100
absent
wo, 3 800-850 0.45 WO+ 45
suboxides
WO; 4 750-800 0.65 WO, + 65
suboxides
WO, 5 700-750 0.87 WO:  minor 87
suboxides

*The metallization degree was calculated as the equilibrium amount of metallic Mo or W
divided by the initial amount of the corresponding metal introduced as 1 kmol of MoOs or
WOs.

Thermodynamic analysis of the metallothermic reduction of V>Os

Fig. 5 compares the standard Gibbs free energy changes for the metallothermic
reduction of vanadium pentoxide using aluminum, calcium, and magnesium over
the investigated temperature range. All three reactions exhibit highly negative AG®
values throughout the entire temperature interval, demonstrating that the reduction
of V20s by these metallic reductants is thermodynamically feasible under standard
conditions.

V205+5Mg=2V+5Mg0

-3200 =

500.0 1000.0 1500.0 2000.0
TG
Fig. 5. Standard Gibbs free energy changes for the metallothermic reduction of vanadium
pentoxide by aluminum, calcium, and magnesium as a function of temperature.
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Among the investigated reductants, aluminothermic reduction exhibits the
most negative Gibbs free energy, indicating the largest thermodynamic driving
force for oxygen removal from vanadium pentoxide. The high stability of Al203
makes aluminum the most effective reductant from a purely thermodynamic
perspective. Calcium also shows very high reducing capability, although its
driving force is somewhat lower than that of aluminum. Magnesium exhibits the
least negative AG® values of the three reductants, but the reaction remains strongly
spontaneous over the entire investigated temperature range.

For all three reactions, the Gibbs free energy becomes gradually less negative
with increasing temperature, indicating a slight decrease in thermodynamic driving
force. Nevertheless, the magnitude of AG® remains sufficiently negative even at
2000 °C, suggesting that thermodynamic limitations do not restrict the reduction
process within the temperatures commonly employed in vanadium metallurgy.

These results indicate that the industrial selection of the reducing agent cannot
be explained solely by thermodynamic considerations. Since aluminum, calcium,
and magnesium all provide sufficient thermodynamic driving force for complete
reduction, the preferred industrial route is governed primarily by technological and
economic factors, including reaction controllability, reductant cost, product purity,
by-product separation, and subsequent refining requirements.'’ Consequently,
equilibrium calculations presented in the following part are necessary to evaluate
the actual phase evolution and reduction behavior under practical processing
conditions.

Fig. 6 shows the calculated equilibrium phase compositions during the
reduction of 1 kmol V20s using stoichiometric amounts of aluminum, magnesium,
and calcium at a total pressure of 1 bar. The initial reducing-agent amounts were
defined according to the reactions:

3V205+10AI=6V+5A1203 (5)
V205+5Mg=2V+5MgO (6)
V205+5Ca=2V+5Ca0O @)

All relevant vanadium oxides were included in the Gibbs-energy
minimization. Nevertheless, the calculated equilibrium compositions show that
V20s is essentially completely converted into metallic vanadium over a broad
temperature range for all three reducing agents. At 1200 °C, the equilibrium
amounts closely approach the stoichiometric values of 2 kmol V together with 1.67
kmol AlOs, 5 kmol MgO, or 5 kmol CaO, respectively. The negligible equilibrium
amounts of intermediate vanadium oxides confirm that none of the investigated
reactions is thermodynamically limited by the stability of VO2, V203, or VO under
these conditions.



DRAGAN MANASIJEVIC

A (b)
5 50
giol B 45
T 40+
i 41203
__16 e 1 %5
o [}
g1 E30
Fia =
_ ~25
Cio [~
20+
08
L5
06
10
04
02 . i 05- Mg(g)
0.0 . . . o0 e — - Foms
600.0 800.0 1000.0 1200.0 1400.0 1600.0 1800.0 600.0 800.0 1000.0 1200.0 1400.0 1600.0 1800.0
K T/°C
(c)
50
451
40
35
63‘0
E
25
b
S0
157
10
05
00— I
600.0 800.0 1000.0 1200.0 1400.0 1600.0 1800.0
Tl
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1 bar using stoichiometric amounts of (a) Al, (b) Mg, and (c¢) Ca.

For the aluminothermic system, metallic vanadium and Al203 remain the
dominant products throughout most of the investigated temperature range. At very
high temperatures, particularly above approximately 1400-1500 °C, a slight
decrease in the equilibrium amounts of V and Al203 is accompanied by the
appearance of small quantities of VO and residual Al. This behavior indicates
partial reversal of the final reduction step and redistribution of oxygen between
vanadium and aluminum-containing phases. The effect is suppressed when excess
aluminum is introduced, although the thermodynamic improvement is
accompanied by a considerable increase in the amount of residual Al. This result
is consistent with the practical formation of crude V-Al products during
aluminothermic extraction, which require subsequent dealuminization and
refining.

The magnesiothermic system also exhibits essentially complete reduction at
moderate temperatures. Under stoichiometric conditions, approximately 2 kmol V
and 5 kmol MgO are stable up to around 1500-1600 °C. Above this range, the
increasing volatility of magnesium becomes important. The equilibrium amount of
Mg(g) increases, while the amounts of MgO and metallic V decrease and VO
begins to form. The high-temperature redistribution may be represented
schematically by:

V+MgO=VO+Mg(g) ®)
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Therefore, although magnesium is an effective reducing agent, excessively
high temperatures promote Mg volatilization, reductant loss, and partial
reoxidation of vanadium. Calculations with 10 and 20% excess Mg showed that
the additional reductant mainly remains as Mg or Mg(g), without substantially
changing the vanadium metal yield in the technically relevant temperature range.

Calcium provides the most stable equilibrium products over the investigated
interval. The calculated amounts of V and CaO remain very close to 2 and 5 kmol,
respectively, even at elevated temperatures. In contrast to magnesium, appreciable
calcium volatilization is predicted only near the upper end of the investigated
range, while the formation of VO remains negligible. The results therefore confirm
the exceptionally strong oxygen affinity of calcium and its ability to produce nearly
complete vanadium metallization over a very broad temperature range. Excess
calcium remains predominantly unreacted, with partial transfer to Ca(g) only at the
highest temperatures.

The equilibrium calculations are consistent with the standard Gibbs-energy
results, confirming that all three metallothermic reactions are strongly favorable.
Within the thermodynamic equilibrium model implemented in HSC Chemistry,
Al, Mg, and Ca all provide essentially complete reduction of V20s at 1200 °C.
However, these predictions represent ideal equilibrium conditions and do not
account for kinetic limitations or other factors affecting actual industrial processes.
The practical differences between these reducing agents are therefore associated
with high-temperature phase stability, reductant volatility, reaction control,
product handling, and subsequent refining requirements. Although calcium is
thermodynamically a very strong reducing agent and magnesium is also fully
capable of reducing V20s, aluminothermic reduction is the dominant commercial
route. Aluminum is comparatively inexpensive, readily available, easy to store and
handle, and substantially less volatile than magnesium. In addition, the
aluminothermic reduction of V20s is highly exothermic, releasing sufficient heat
to sustain an autogenous thermite process and facilitating its application on an
industrial scale. Calcium reduction is more difficult to control because of its highly
reactive nature, sensitivity to moisture, demanding storage requirements, and the
violent character of the reaction. Magnesium introduces additional problems
associated with evaporation, recovery of excess reductant, and separation of MgO
from the metallic product. Consequently, the practical balance of thermodynamic
effectiveness, cost, process controllability, scalability, and compatibility with
subsequent vacuum or electron-beam refining explains why aluminothermic
reduction remains the principal industrial route for producing crude vanadium.
This agrees with the reviewed industrial practice, where aluminothermic reduction
followed by vacuum treatment or electron-beam melting is identified as the
mainstream route for high-purity vanadium production.'°



DRAGAN MANASIJEVIC

Thermodynamic analysis of halide-based extraction routes for Niobium and tantalum

Unlike molybdenum, tungsten, and vanadium, niobium and tantalum are not
commonly produced by direct reduction of their oxides because of the very high
thermodynamic stability of Nb20s and Ta20s. Instead, industrial production is
predominantly based on halide intermediates, in which the refractory oxides are
first converted into volatile pentachlorides or fluoride complexes, followed by
metallothermic reduction to the corresponding metals.” This approach not only
overcomes the high stability of the oxides but also enables efficient purification
and separation of niobium and tantalum, whose chemical properties are otherwise
very similar. Consequently, chlorination and carbochlorination represent key
thermodynamic steps in the industrial extraction of these refractory metals.

To evaluate the thermodynamic driving force of the chlorination process, the
standard Gibbs free energy changes for direct chlorination and carbochlorination
of Nb20s and Ta20s were calculated and are presented in Fig. 7.

Ta205+5C12(g)=2TaCl5(g)+2.502(g)

Nb205+5CI2(g)=2NbCl5(g)+2.502(g)

-400 3 Ta205+5C+5012(g)=2TaCI5(g)+5C0(g)

-600 sk

r

AG [ kdmol?’

40001 2Ta205+5C+10012(g)=4TaCl5(g)+5C02(q)
-1200 SR T R i — ——

N 5+ 5C+10C12(g)=4NbCI5(

5000 6000 7000 8000  900.0 10000 11000  1200.0
71
Fig. 7. Standard Gibbs free energy changes for direct chlorination and carbochlorination of
Nb,Os and Ta,Os.

Fig. 7 clearly demonstrates that direct chlorination of Nb20s and Ta20s is
thermodynamically unfavorable over the entire investigated temperature range.
The calculated Gibbs free energy changes remain strongly positive, approximately
+400-450 kJ, indicating that chlorine alone cannot effectively convert the
refractory oxides into volatile pentachlorides. A completely different
thermodynamic behavior is obtained when carbon is introduced as an auxiliary
reducing agent. Both carbochlorination reactions leading to the formation of CO
exhibit strongly negative Gibbs free energy changes throughout the investigated
temperature range, confirming that simultaneous reduction and chlorination
efficiently destabilize the oxide lattice and promote the formation of volatile
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NbCls(g) and TaCls(g). The driving force becomes even larger when carbon is
completely oxidized to CO2, where AG® decreases to approximately —1100 to —
1200 kJ. These results demonstrate that the removal of oxygen as carbon oxides is
the principal thermodynamic factor responsible for the feasibility of the
chlorination process.

Only relatively small differences are observed between niobium and tantalum.
In all corresponding reactions, Ta20s exhibits slightly less negative Gibbs free
energy changes than Nb20s, indicating its somewhat higher thermodynamic
stability. Nevertheless, the differences are modest and both oxides exhibit
essentially the same extraction behavior. Consequently, the choice of operating
conditions in industrial practice is governed primarily by process kinetics,
separation requirements, and purification considerations rather than by significant
differences in equilibrium thermodynamics.

The calculated thermodynamic trends are consistent with the industrial
extraction route described by Habashi’ and the chlorination studies of niobium and
tantalum oxides reported by Allain et al.'' Industrial production of niobium and
tantalum involves purification and separation of Nb20s- and Ta20s-containing
concentrates, followed by reductive chlorination in the presence of carbon at
approximately 900 °C to produce volatile NbCls and TaCls, while oxygen is
removed as CO. The present calculations quantitatively support this process by
showing that only carbochlorination provides a sufficiently large thermodynamic
driving force for pentachloride formation, whereas direct chlorination remains
unfavorable over the investigated temperature range. These findings are further
supported by the equilibrium calculations and experimental results of Yang and
Hlavacek, who reported complete conversion of both Nb20s and Ta20s in the
presence of chlorine and carbon (or CO), with NbCls and TaCls as the principal
products.'? Their results also confirmed that direct chlorination is insignificant and
that both oxides exhibit very similar equilibrium behavior, consistent with the
small differences between the corresponding AG® curves obtained in the present
study.

Although the reactions producing CO: exhibit a larger standard
thermodynamic driving force, their equilibrium simulations showed that CO
becomes the dominant carbon-containing product above approximately 800 °C.
Therefore, the reaction M20s5+5C+5Cl2(g)=2MCls(g)+5CO(g) is expected to
dominate within the industrially relevant temperature range of 800—1000 °C.

Fig. 8 presents the standard Gibbs free energy changes for the reduction of
gaseous niobium and tantalum pentachlorides by hydrogen, sodium, magnesium,
and calcium. All reactions were normalized to one mole of the corresponding
pentachloride, enabling direct comparison of the thermodynamic driving forces
associated with the investigated reducing agents.
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Fig. 8. Standard Gibbs energy changes for the reduction of NbCls and TaCls by H,, Na, Mg,
and Ca. All reactions were normalized to one mole of pentachloride.

The calculated results reveal a clear distinction between hydrogen reduction
and metallothermic reduction. Reactions involving Na, Mg, and Ca exhibit
strongly negative Gibbs free energy values throughout the entire investigated
temperature range, confirming that all three metallic reductants are
thermodynamically capable of converting NbCls and TaCls into the corresponding
metals. In contrast, the overall hydrogen-reduction reactions are unfavorable at
lower temperatures and become thermodynamically feasible only after a critical
temperature is exceeded.

For each reducing agent, reduction of NbCls is more favorable than reduction
of TaCls. The difference is particularly pronounced for hydrogen. The overall
reaction:

NbCls(g)+2.5H2(g)=Nb+SHCl(g) (9)

becomes thermodynamically favorable at a substantially lower temperature
than the corresponding TaCls reaction. According to the calculated trends,
complete hydrogen reduction of NbCls becomes feasible at approximately 750—
800 °C, whereas TaCls requires temperatures of roughly 1100-1200 °C. This
confirms the greater resistance of tantalum pentachloride toward hydrogen
reduction and indicates that higher temperature and a larger H2/HCI ratio are
required for tantalum production.

The overall hydrogen-reduction curves provide a simplified representation of
the net conversion to metal. In practice, hydrogen reduction proceeds stepwise
through lower chlorides and disproportionation reactions rather than by a single
direct reaction. Experimental studies of NbCls reduction have shown that the
reaction begins near 400 °C.!7 At approximately 400-550 °C, NbCls is first



THERMODYNAMIC ASSESSMENT OF PYROMETALLURGICAL EXTRACTION ROUTES 1 7

reduced to NbCls, followed by formation of lower chlorides, particularly NbsCls.
Metallic niobium begins to appear above about 600 °C, while high metal yields
require temperatures above approximately 1000 °C. Under optimized conditions
at 1200 °C, niobium yields close to 95% were reported.!” The intermediate
reactions were omitted from Figure 8 to preserve graphical clarity, but their
contribution must be considered when interpreting the hydrogen route. The
calculated overall AG® curve therefore defines the limiting thermodynamic
tendency for complete conversion, whereas the experimentally observed reaction
pathway is controlled by the stability and disproportionation behavior of lower
niobium chlorides.

The metallothermic reactions display much larger negative Gibbs free energy
values than the hydrogen reactions. This reflects the strong stability of NaCl,
MgClz, and CaClz and confirms that reduction of the pentachlorides by active
metals is not significantly limited by equilibrium thermodynamics. The relative
ranking of the metallic reducing agents varies with temperature because of
differences in reaction entropy and the thermodynamic properties of the
corresponding chloride products. Consequently, the most negative curve at a
particular temperature should not be interpreted as the sole criterion for industrial
selection.

Sodium reduction becomes particularly favorable at elevated temperatures,
especially for NbCls, while calcium provides a very large thermodynamic driving
force over much of the investigated range. Magnesium also remains strongly
favorable and exhibits a comparatively regular temperature dependence. In
practical terms, however, the selection among Na, Mg, and Ca is governed by
additional factors, including reductant cost, reaction intensity, handling safety,
contamination risk, volatility, salt separation, and the possibility of recovering or
removing the by-product chlorides.

Overall, the results demonstrate that metallothermic reduction is
thermodynamically more robust than hydrogen reduction for both NbCls and
TaCls. Hydrogen remains technologically attractive because it avoids introducing
metallic impurities and solid reducing-agent residues, but it requires elevated
temperatures, excess hydrogen, continuous removal of HCI, and careful control of
multiple intermediate chloride reactions. Metallothermic routes are therefore more
suitable for bulk metal production, whereas hydrogen reduction is more strongly
dependent on process design and may be particularly useful in specialized high-
purity or vapor-phase applications.

CONCLUSION

a) Ellingham analysis demonstrates that Nb20Os and Ta20s possess the highest
thermodynamic stability among the investigated refractory-metal oxides, whereas
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MoOs3 and WOs are considerably less stable and therefore more amenable to
hydrogen reduction.

b) The exceptionally high stability of Nb and Ta carbides provides an
additional thermodynamic explanation for the limited applicability of
carbothermic reduction.

¢) Equilibrium calculations show that hydrogen reduction of MoO3 proceeds
through the MoO: intermediate and is strongly promoted by hydrogen excess,
while the more complex W—O system exhibits a broader reduction interval because
of the formation of tungsten suboxides.

d) Al, Mg, and Ca are all thermodynamically capable of reducing V20s, but
industrial preference for aluminothermy results primarily from technological and
economic advantages rather than equilibrium limitations.

e) Direct chlorination of Nb20s and Ta20s is thermodynamically unfavorable,
whereas carbochlorination provides a large thermodynamic driving force for the
formation of volatile pentachlorides.

f) Overall, the results demonstrate how differences in oxide and carbide
stability and reduction behavior influence the selection of industrial extraction
routes for refractory metals.

The present analysis is based on equilibrium thermodynamics and therefore
does not account for kinetic limitations, mass-transfer phenomena, reactor design,
or process economics, which should be considered during industrial process
optimization.
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H3BOJ

TEPMOIUHAMUWYKA AHAJIU3A UHOYCTPUICKUX ITUPOMETATYPIIKUX ITOCTYTIAKA
EKCTPAKIJUJE BATPOCTATHUX METAJIA

JOPAT'AH MAHACHJEBWR
Yuueep3suitiewi y Beoipagy, Texnuuxu ¢axynuieii y bopy, Bop, Cpduja.

HupycTpujcka MPOM3BOAKA BAaTPOCTAJIHMX MeETajla IPBEHCTBEHO j€  yCIOB/bEHA
TEepMOAMHAMUYKUM OTpaHHYehHMa koja ITpoH3nIase U3 BeluKor arHUTeTa OBUX MeTasla Iipema
VIJbEHUKY ¥ KHCEOHUKY. Y OBOM paly CIpOBefieHa je odjenvibeHa TepMOAWHAMHYKa aHalH3a
penpe3eHTaTUBHUX BaTpocTanHux mertana (V, Nb, Ta, Mo, W u Re) ca uumem yTBphHBama
TepMOLWHAMHUUKe OCHOBe 3a U300p MHPOMETANYPIIKUX MOCTyMaKka ekcrpakuuje. 3a nopehemwe
CTaDWIHOCTM OKCHZOQ, CKJIOHOCTHM Ka o0pasoBamy Kapdupma, peoyKuuje BOFOHHKOM,
METaJIOTEPMHU]jCKe PeAYKLIHje U MOCTyNaKa eKCTpaKLUje 3aCHOBAaHUX Ha XJIOPOBalky NPUMEHBEHU
Cy IpopavyHH cTaHAapaHe ['nbcose eHepruje, EnTnHramoBy fujarpamMu 1 paBHOTEXHH TPOPAYyHU
y nporpamy HSC Chemistry. IpopauyHu mnokasyjy na Nb20s u Ta:0s mocenmyjy Hajsehy
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TEPMOOMHAMUYKY CTaOWIHOCT M MCTOBDEMEHO HAjU3pPaKEHMjy CKIOHOCT Kka 00pasoBaiby
KapOupaa, WTO o0jallkaBa 3alUTO Ce y HHAYCTPUjU TNPEeNHOCT Jaje XJIopoBaky NpaheHoM
MeTanoTepmujckoM penykuujom. Hacynpor tome, MoOs u WO3 mory ce noBo/bHO edrKacHO
PenykoBaTH BOJIOHMKOM, NOK DaBHOTEXHM NPOpauyHH yKasdyjy Ha 3HayajaH yTHLAj BUILIKA
BOJJOHMKA Ha KOHAYHY CTEIIEH MeTanusauuje. Meranorepmujcka peaykuyja Vz0s nomohy Al, Mg
u Ca TepMOOMHAMHUYKY je Moryha y HCIUTHBAaHOM TEMIIEPATYPHOM OIICETY, IOK je UHAYCTpUjcKa
NPEeJHOCT aTyMHUHOTEDMUje YINIaBHOM ofpeheHa TEeXHONMOMKUM K €KOHOMCKUM (DaKTopuMma.
TepmoovHaMuuKa aHaau3a XJIOpoBawma M kapboxiopoBama OAATHO Iokasyje 1a je JUPEKTHO
xsnopoBame Nb20s u Ta20s HernoBoseHO, NOK kapdoxyiopoBame obe3dbeljyje BenuKy moKpeTauky
cwiIy 3a obpa3oBame neHTaxiaopuna. JodujeHn pe3yntaTy Mpyskajy JOCIeIHO TePMOIUHAMUYKO
odjalmene n3dopa MHOYCTPHjCKUX MOCTYNaKa eKCTpaKLHje BaTPOCTAIHUX MeTana.

(ITpumibeHO 21. aBrycra; peBUAUPAHO 6. HoBeMOpa; npuxsaheHo 9. Hoemdpa 2026.)
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