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Abstract—The kinetics of low-temperature (900–1180°C) reduction of iron tantalate (98.2 wt % FeTa2O6,
1.8 wt % Ta2O5, and particle size <0.1 mm) with an excess of aluminum (particle size <0.14 mm) and
Al : FeTa2O6 molar ratio equal to 6 is studied. The differential scanning calorimetry and X-ray phase analysis
data show that the reduction process terminates approximately at 1180°C to form TaFeAl, TaAl3, and Ta17Al12
metal products. The thermokinetic calculations (Ozawa–Flynn–Wall and nonlinear regression methods)
indicate that the formal mechanism of the process is as a Bna → CnC scheme, which includes two successive
stages controlled by the reactions activated autocatalytically. The kinetic parameters of the stages are as fol-
lows: (1) Е1 = 429 kJ mol–1 and A1 = 1015.3 s–1 and (2) Е2 = 176 kJ mol–1 and A2 = 103.9 s–1 (where Еj is the
activation energy and Aj is the pre-exponential factor). The prediction within the Bna → CnC model indicates
that the reaction mixture containing ≥98 mol % of a formal final reduction product may be obtained within
1040–1120°C over a period of 1.5–5 min. The proposed model can be used to develop scientific foundations
and to substantiate technological modes of obtaining tantalum alloys from mineral and technogenic raw
materials.
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INTRODUCTION
One of the sources of tantalum are concentrates

containing minerals of the tantalum niobate group,
which are as isomorphic complex oxides with a general
formula (Fe,Mn)(Nb,Ta)2O6 [1]. Pure tantalum can
be obtained from such concentrates via acid leaching to
transfer tantalum and niobium into solution, the liquid
extraction of tantalum, the aluminothermal reduction of
Ta2O5 with iron or manganese alloy additions (as metals
or oxides), heating in vacuum, and electron beam melt-
ing of Ta–Al–Fe or Ta–Mn–Fe alloys [2]. Alloying
additives and excess aluminum during the reduction of
Ta2O5 are necessary to decrease the melting temperatures
of alloy and slag and their effective separation in the liq-
uid phase [3]. Meanwhile, the elemental composition of
tantalum niobates makes it possible to obtain tantalum
alloys via direct aluminothermic reduction of tantalum-
containing concentrates.

The development of the scientific foundations of
such a technology requires data on the interaction
between aluminum and tantalum niobates of various
compositions, including that enriched in tantalum and
iron with an extreme formula of FeTa2O6. This com-

pound is dimorphic and can exist as ferrotantalite and
ferrotapiolite minerals crystallized in the rhombic and
tetragonal modifications, respectively [4]. There are
no data on the thermodynamics and the kinetics of its
direct aluminothermic reduction in the literature. The
results of study of interaction of aluminum with simple
tantalum, niobium, and chromium oxides and pyrochlore
concentrates [5–7], as well as the chemistry of reduc-
tion of synthetic manganese tantalate and iron niobate
[8, 9], may be used only as initial data to understand
the aluminothermic reduction of iron tantalate. High
temperature of aluminothermic processes determines
their intense dynamics. The completeness and the rate
of interaction between liquid aluminum and solid
oxides, however, have a significant influence on the
reduction parameters as a whole [6].

The aim of this work is to study the kinetics of low-
temperature interaction between iron tantalate and an
excess of aluminum.

EXPERIMENTAL
An iron tantalate sample was synthesized via the

solid-phase sintering of a mixture of iron(II) oxide
1400



KINETICS OF LOW-TEMPERATURE ALUMINOTHERMIC REDUCTION 1401
(99.2 wt % FeO) and tantalum(V) oxide (99.9 wt %
β-Ta2O5). The samples of powdered (particle size <0.1 mm)
chemically pure iron(III) oxide (99 wt % Fe2O3) and car-
bonyl iron (99.96 wt % Fe) used in a stoichiometric ratio
were mixed, briquetted on a hydraulic press (100 MPa),
and placed into a quartz tube, which was then evacu-
ated to a residual pressure of 10–4 atm and kept in an
electric muffle furnace for 360 h at 700°C to obtain
iron(II) oxide. The resulting product was cooled in an
oven and ground in an agate mortar to a particle size of
<0.1 mm. The weighed amount of a grade B metallur-
gical tantalum powder (99.5 wt % Ta; particle size
<0.1 mm) was placed into an alundum boat and kept
in an electric muffle furnace with access air for 4 h at
1100°C to synthesize tantalum(V) oxide. The resulting
product was cooled in air, ground in an agate mortar to
a particle size of <0.1 mm, and heated repeatedly
under similar conditions. The samples of iron(II) and
tantalum(V) oxides used in a stoichiometric ratio were
mixed, briquetted in a hydraulic press (100 MPa), and
kept in an alundum boat of a tubular electric furnace
for 12 h at 1200°C, in the working chamber of which
helium (99.995 vol % He) was supplied continuously
at a f low rate of 30 cm3 min–1. The resulting product
was cooled in an oven and ground in an agate mortar
to a particle size of <0.1 mm. The temperature was
measured on a chromel-alumel thermocouple with an
error of ±10°C in all cases.

The PA4 aluminum powder with a particle size of
<0.14 mm containing ≥98, ≤0.35, ≤0.40, ≤0.02, and
≤0.2 wt % of Al, Fe, Si, Cu, and H2O, respectively, was
used as a reduction agent.

The aluminum and iron tantalate samples used in
an Al : FeTa2O6 molar ratio equal to 6 were thoroughly
mixed and compacted in an alundum crucible. The ele-
mental and phase composition of the mixtures was calcu-
lated by means of HSC Chemistry 6.12 software [10].

The aluminothermic reduction of iron tantalate
was performed with combined thermogravimetry
(TG) and differential scanning calorimetry (DSC) on
a NETZSCH STA 449 C Jupiter thermal analyzer.
The samples (25.2–30.2 mg) of the mixtures were placed
into an alundum crucible with a lid having a calibrated
hole, heated from 30 to 1180°C, and then cooled from
1180 to 500°C at rates of 10, 15, and 20°C min–1 in an
argon flow (99.995 vol % Ar) at 50 cm3 min–1. A cal-
cined alundum crucible served as the reference mate-
rial. The measurement errors for the mass, tempera-
ture, and heat were ±0.01 mg, ±3°C, and ±5%,
respectively. The correction parameters were assessed
from the enthalpy of melting of chemically pure
indium (99.99 wt % In) with NETZSCH Thermoki-
netics 3.0 software [11].

The iron tantalate samples and its reduction prod-
ucts were studied with X-ray phase analysis (XRD) on
a Bruker D8 ADVANCE spectrometer. The data were
recorded in the range of 5°–130° and 5°–90° (2θ) for
the starting tantalate and its interaction products with
INORGANIC MATERIALS: APPLIED RESEARCH  Vol.
aluminum, respectively, with a step of 0.021° (2θ) and
exposure of 493 s. The acquisition parameters were as
follows: Cu Kα radiation (λ = 0.154051 nm), the volt-
age of 34 kV, the current on a tube of 40 mA, and
VÅNTEC–1 position-sensitive detector. A β filter and
Bragg–Brentano geometry were used. The ICDD
PDF-4 database was used to identify the phases [12].
The crystal structure of the samples was assessed with
application of DIFFRAC.EVA software [13]. The unit
cell parameters of the phases were calculated by the
least squares method using the Celref program [14]. The
quantitative phase analysis and the refinement of struc-
tural parameters of the phases were performed by the
Rietveld method [15] using the TOPAS program [16].

The aluminothermic reduction of iron tantalate
was simulated thermodynamically via minimization of
the standard Gibbs energy (ΔGT) of phases within
500–3000°C and at Al : FeTa2O6 molar ratios from 1 to
6 using HSC Chemistry 6.12 software [10]. The stan-
dard enthalpy of formation (ΔHf298 in kJ mol–1), the
entropy of formation (ΔSf298 in J mol–1 K–1), and the
relationships between the coefficients of isobaric heat
capacity (Cp,T = A + B × 10–3 T + C × 105T–2 + D ×
10–6T2, in J mol–1 K–1) and the absolute temperature
(T in K) for FeTa2O6, Ta2Al, and TaAl3 not found in
the program database were taken from published
sources or were calculated according to known
methods [17–21] (Table 1). The gaseous N2 and some
condensed compounds (Al2O3, FeTa2O6, FeO, Fe2O3,
Fe3O4, Ta2O5, FeAlO4, Al, Fe, Ta, Fe2Ta, Ta2Al, and
TaAl3) were considered.

The DSC data for heating a mixture of reagents at
the Al : FeTa2O6 ratio equal to 6 were processed using
the following kinetic equations to assess the effective
activation energy, the pre-exponential factor, and the
number of formal stages of the aluminothermic reduc-
tion reaction of iron tantalate [22–24]:

(1)

(2)

where α is the degree of conversion of the starting
reagent into a product; t the time (s); dH the infinites-
imal change in enthalpy of reaction (J g–1); dα/dt the
conversion rate (s–1); k(T) is the rate constant of a
reaction (s–1); Tin, T, and Tf are the absolute tempera-
tures of a sample at the initial, current, and final
moments of the reaction, respectively (K); A is the
pre-exponential factor (s–1); E is the effective activa-
tion energy of the reaction (J mol–1); R the universal
gas constant (J mol–1 K–1); f(α) the kinetic model of
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Table 1. Thermodynamic properties of FeTa2O6, Ta2Al, and TaAl3 in the temperature range from T1 to T2

Phase
Enthalpy, ΔHf,298, 

kJ mol–1

Enthropy, ΔSf,298,
J mol–1 K–1

Coefficients of dependence of isobaric heat capacity
T1 – T2, К

А B C D

FeTa2O6 –2365.6 200.7 197.40 47.83 –31.80 –19.72 323–1203
Ta2Al –70.62 111.3 87.67 –22.54 –7.2 0 298–933
TaAl3 –122.36 126.34 126.26 –62.97 –13.95 0 298–933

Table 2. Properties of phases identified in iron tantalate sample

Phase Space 
group

Unit cell parameters
Amount, wt % PDF [12]

a, Å b, Å c, Å V, Å3

FeTa2O6 P42/mnm 4.7565(1) – 9.1992(1) 208.13(1) 98.2 04–007–9309
Ta2O5 Pmmm 6.193(2) 3.663(1) 3.890(1) 88.26(4) 1.8 04–013–9608
the reaction; and β the rate of temperature change
(K s–1) (β = dT/dt).

The model dependent kinetic analysis (implying
that the process mechanism is one-stage) was performed
using the following expression, which is Eq. (1) trans-
formed within the framework of the Ozawa–Flynn–
Wall formalism [25–27]:

(3)

The relationship between lnβi and 1/Tα,i was approxi-
mated linearly, the Eα value was assessed from the
slope of isoconversion line, and Аα was found from the
point of its intersection with the y axis (assuming that
the reaction is first-order) for a series of temperature
programs (βi = 10, 15, and 20°C min–1) and a number
of α values. The subscripts α and i indicate that the
corresponding values are taken at fixed α and β values.
The number (j) of elementary stages is found for the
multistage process from the form of the relationship
between Eα and α. The kinetic parameters (Aj and Ej)
of the stages were refined via nonlinear regression by
selecting an acceptable standard reaction model fj(αj)
[22]. The data obtained were used to give the kinetic
equations of elementary stages as analytical expres-
sions [23, 28]:

(4)

where αj is the degree of conversion of the starting
reagent of the jth stage into its final product. The
degree of conversion (αΣ) of the starting formal
reagent of the total reaction into its formal products
was found from the following equation [23]:

(5)

α

α
β = −

,

ln const 1.052 .i
i

E
RT

α  = − α 
 

exp ( ),j j
j j j

d E
A f

dt RT

Σα = α ,j j
j

w

INORGANIC MATE
where wj is the contribution of the thermal effect of the
jth stage to the total thermal effect of the reaction. The
process model selected was used to predict the kinetics
of reduction of iron tantalate in the isothermal regime.
NETZSCH Thermokinetics 3.0 software was used for
the calculations [11].

RESULTS AND DISCUSSION

The diffraction pattern of the iron tantalate sample
synthesized (Fig. 1) shows the reflections of ferrotapi-
olite with a tetragonal structure (04–007–9309 [12])
and tantalum(V) oxide with an orthorhombic struc-
ture (04–013–9608 [12]). Table 2 shows the properties
of the phases. The amount of Ta2O5 impurity in iron
tantalate is no more than 1.8 wt %.

The process was simulated thermodynamically to
select the optimal reduction regime. Figure 2 indicates
that the reduced tantalum and iron can exist both in
the elemental form and as Fe2Ta, Ta2Al, and TaAl3
intermetallic compounds in the composition of inter-
action products. The metal phase mainly consists of
tantalum compounds with iron and aluminum at low
temperatures, but it has a high amount of tantalum
with an increase in temperature. An analysis of the
relationship between the change in composition of the
reaction products and the amount of a reduction agent
makes it possible to deduce the following transforma-
tion sequence of tantalum-containing phases in the
system:

(6)

Complete reduction of tantalum and iron from
oxides at 1200°C can be expected when the Al :
FeTa2O6 ratio is no less than 4 and 1, respectively.
Considering that the melting point of metal reduction
products can be decreased owing to the formation of

→ → → +
→ + + +

2 6 2 5 2

2 2 3

FeTa O Fe Ta O Fe Ta Ta
Ta Fe Ta Ta Al TaAl .
RIALS: APPLIED RESEARCH  Vol. 12  No. 5  2021
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Fig. 1. XRD pattern of iron tantalate sample and full-profile analysis data: points and lines on XRD pattern show experimental
and calculated curves, respectively; the horizontal line below is the difference curve; vertical strokes are Bragg reflections allowed
for each phase; and (1) lines of Ta2O5. Reliability factors: expected factor Rexp = 2.17, profile-weighted factor Rwp = 2.87, profile
factor Rp = 2.20, and goodness of fit GoF = 1.32.
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Fig. 2. Changes in equilibrium composition of reaction mixture during aluminothermic reduction of FeTa2O6 depending on
(a) temperature for molar ratio Al : FeTa2O6 = 6 and (b) molar ratio Al : FeTa2O6 at 1200°C.
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intermetallic phases, an excess of a reduction agent
corresponding to the Al : FeTa2O6 molar ratio equal to
6 was used in the experiments. The composition of a
mixture of iron tantalate with aluminum used in the
experiments was calculated from XRD data (Table 3).

When a mixture of iron tantalate with aluminum is
heated from 30 to 1180°C (β = 10°C min–1), some
effects are observed on the DSC curve (Fig. 3). The
endothermic peak with start/maximum at 647/661°C
is assigned to the melting of aluminum [29]. Two exo-
thermic peaks with start/maximum temperatures of
INORGANIC MATERIALS: APPLIED RESEARCH  Vol.

Table 3. Calculated composition of mixture of aluminum wi

Elemental composition, wt %

Fe Ta Al O Ot

8.1 53.7 23.5 14.2 0
891/899 and 987/1032°C and heats of 7 and 415 J g–1

are probably due to the reduction reactions of tanta-
lum oxide and iron tantalate, respectively. The DSC
data within 900–1117°C were used for the subsequent
kinetic analysis in this regard. The endothermic peak
with start/maximum at 1115/1130°C indicates the
melting of one of the low-melting reduction products:
the Fe–Al–Ta eutectic [29]. The exothermic effect
with start/maximum temperatures at 1125/1123°C
appearing on the DSC curve after cooling of the reac-
tion mixture from 1180 to 500°C is due to the crystal-
 12  No. 5  2021

th iron tantalate used in experiments

Phase composition, wt %.

her FeTa2O6 Ta2O5 Al Other

.5 74.6 1.4 23.5 0.5
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Fig. 3. DSC curve of mixture of iron tantalate and alumi-
num during heating from 30 to 1180°C and cooling to
500°C (β = 10°C min–1) in argon flow.
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lization of this eutectic. The shape of a curve during
cooling indicates that there is no aluminum unreacted
in the reduction products. The weight of the sample
changed by 0.30% during its heating to 1180°C, which
is due to an insignificant amount of oxygen in the
argon used.

The results of full-profile analysis of diffraction
patterns of the products obtained after heating from 30
to 1180°C and cooling of a mixture of iron tantalate
with aluminum (Fig. 4 and Table 4) confirm the ther-
INORGANIC MATE

Fig. 4. XRD patterns of products of heating from 30 to 1180°C a
num: (a) β = 10, (b) β = 15, and (c) β = 20°C min–1.
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modynamic simulation data that the metals can be
reduced almost completely from iron tantalate at low
temperatures (about 1200°C). Insignificant amounts
of starting reagents unreacted (≤0.4, 0.6–1.2, and 1.8–
2.9 wt % of Al, FeTa2O6, and Ta2O5, respectively) and
intermediate oxides (1.5–3.1 and 2.1–2.2 wt % of
Al0.5Ta0.5O2 and Fe0.5Ta0.5O2, respectively) confirm these
observations. The amount of metal reduction products
(TaFeAl, TaAl3, and Ta17Al12) is 60.0–66.7 wt %. It
should be noted that the composition of the products
is changed insignificantly depending on a heating rate
(Fig. 5). Indeed, the amount of TaFeAl, Ta17Al12, and
Al2O3 increases with its decrease, whereas that of
TaAl3 decreases. This indicates that TaAl3, from which
the TaFeAl and Ta17Al12 intermetallic compounds are
additionally formed during slower or more prolonged
heating, is primarily formed.

The following chemical processes are assumed on
the basis of the data obtained:

(7)

(8)

(9)

(10)

+ = + +2 6 3 2 3FeTa O 6Al Fe 2TaAl 2Al O ,

+ = +
+ +

2 6

0.5 0.5 2 2 3

FeTa O 14 3 Al 1.5Ta 0.5Fe
Fe Ta O 4 3 Al O ,

+ = + +2 6 2 5 2 3FeTa O 2 3 Al Fe Ta O 1 3 Al O ,

+
= + +

0.5 0.5 2

2 3

Fe Ta O 4 3 Al
0.5Fe 0.5Ta 2 3 Al O ,
RIALS: APPLIED RESEARCH  Vol. 12  No. 5  2021
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Table 4. Composition and structural properties of phases identified in heating products from 30 to 1180°C and cooling
(β = 10, 15, and 20°C min–1) in argon f low of mixture of iron tantalate with aluminum

Phase Space group
Unit cell parameters

Amount, wt % PDF [12]
a, Å b, Å c, Å V, Å3

Al Fm-3m 4.095 – – 68.69 0.0–0.4 04–012–7848
Al2O3 R-3c 4.757 – 12.995 254.64 33.2–37.5 04–015–8608
TaAl3 I4/mmm 3.840 – 8.545 126.03 11.1–21.6 04–001–3363
Ta17Al12 I-43m 9.904 – – 971.51 5.9–7.8 04–003–2132
TaFeAl P63/mmc 4.998 – 8.156 176.42 31.9–37.3 04–005–0134
FeTa2O6 P42/mnm 4.754 – 9.207 208.11 0.6–1.2 04–007–9309
Ta2O5 Pmmm 6.217 3.646 3.877 87.87 1.8–2.9 04–013–9608
Al0,5Ta0,5O2 P42/mnm 4.591 – 2.970 62.61 1.5–3.1 04–002–2521
Fe0,5Ta0,5O2 Pbcn 4.634 5.621 4.904 127.74 2.1–2.2 04–005–8833
(11)

(12)

(13)

(14)

The kinetic parameters of aluminothermic reduc-
tion of iron tantalate in the temperature range of 900–
1117°C obtained within the Ozawa–Flynn–Wall ana-
lysis (Figs. 6 and 7) indicate two controlling stages of
the process. The kinetic parameters of the stages vary
within the following limits (Table 5): α = 0.02–0.4,
E = 204–245 kJ mol–1, and logA = 4.56–6.78 s–1 for
the first one and α = 0.4–0.98, E = 164–214 kJ mol–1,
and logA = 3.97–5.77 s–1 for the second one.

+
= + +

2 6

17 12 2 3

17FeTa O 97Al
Ta Al 17FeTaAl 34Al O ,

+ + =3TaAl 3Fe 2Ta 3FeTaAl,

+ =2 5 2 3 0.5 0,5 2Ta O Al O 4Al Ta O ,

+ +
= +

3 2 5

17 12 2 3

7.727TaAl 4.636Ta O 4.273Al
Ta Al 7.727Al O .
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Fig. 5. Change in amount of phases in low-temperature
aluminothermic reduction products of iron tantalate
depending on heating rate: (1) Al2O3, (2) TaFeAl,
(3) TaAl3, and (4) Ta17Al12.
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The results of nonlinear regression analysis of
experimental data (Fig. 8 and Table 6) indicate that
the kinetics of low-temperature reduction stage can be
described with a high reliability level and adequacy by
a sequence of two controlling stages:

(15)

The first stage is controlled by an autocatalytic
reaction described with the extended Prout–Tomp-
kins equation (Bna) [11] and is characterized by the
following parameters: Е1 = 429 kJ mol–1, A1 = 1015.3 s–1,

f1(α1) = (1 – α1)0.73 , and w1 = 0.33.
The second stage is controlled by the nth order

autocatalytic reaction (CnC) [11] and its kinetic parame-
ters are as follows: E2 = 176 kJ mol–1, A2 = 103.9 s–1,
f2(α2) = (1–α2)0.63(1 + 29.51α2), and w2 = 0.67; the
resulting products are a catalyst.

⎯⎯⎯→ ⎯⎯⎯→1̀ 2A B C.k k

α0.24
1
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Fig. 6. Ozawa–Flynn–Wall plot constructed from DSC
heating data (900–1117°C and β = 10, 15, and 20°C min–1)
in argon f low of mixture of iron tantalate with aluminum.

1.35

1.25

1.15

1.05

0.95
0.72 0.74 0.76 0.78

1000T –1, K–1

ln
�,

 K
 m

in
–

1

0.80 0.82

0.98 0.02



1406 GULYAEVA et al.

Fig. 7. Changes in kinetic parameters of low-temperature
aluminothermic reduction of iron tantalate depending on
degree of conversion (Ozawa–Flynn–Wall analysis results).
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The equations describing the kinetics of aluminother-
mic reduction of iron tantalate (Al : FeTa2O6 = 6) at 900–
1117°C in a two-stage approximation (Bna → CnC) can
be represented in analytical form as follows:

(16)

(17)

(18)

α  = − α α − 
 

15.3 0.73 0.241
1 1

429 000
10 (1 ) exp ,d

dt RT

α = − α

 × + α − 
 

3.9 0.632
2

2

10 (1 )

176 000
(1 29.51 )exp ,

d
dt

RT

Σα = α + α1 20.33 0.67 .
INORGANIC MATE

Table 5. Kinetic parameters of low-temperature aluminoth
Flynn-Wall theory

Degree of conversion of starting 
reagent into product, α

Effective activation
Е, kJ 

0.02 204
0.05 231 
0.10 245 
0.20 243 
0.30 229 
0.40 214 
0.50 203 
0.60 192 
0.70 178 
0.80 164 
0.90 166 
0.95 174 
0.98 190 
The simulation results of isothermal kinetics of the
reduction of iron tantalate within the Bna → CnC
model (Fig. 9) indicate that the interactions are
intense. A reaction mixture containing ≥98 mol % of a
formal final reduction product can be obtained during the
isothermal holding within 1040–1120°C for 1.5–5 min.

The aluminothermic reduction process of iron tan-
talate leads to active heat release, and the interaction
reaction between liquid aluminum and solid oxide
spreads throughout the system after local initiation.
The melting point of FeTa2O6 is 1614°C [17], and the
FeO–Ta2O5 and Al2O3–Ta2O5 intermediate oxides
also remain in the solid state under experimental con-
ditions [30, 31]. The mechanism of reactions in the
RIALS: APPLIED RESEARCH  Vol. 12  No. 5  2021

ermic reduction of iron tantalate calculated within Ozawa–

 energy of reaction, 
mol–1 Pre-exponential factor, logA, s–1

 ± 116 4.56
± 106 5.90
± 80 6.74
± 55 6.78
± 42 6.31
± 33 5.77
± 30 5.36
± 27 4.99
± 19 4.44
± 16 3.97
± 4 4.17
± 13 4.63
± 20 5.44
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Table 6. Kinetic parameters of low-temperature aluminothermic reduction of iron tantalate calculated within two-stage
(Bna → CnC) model of process

Statistical characteristics of the calculation: r = 0.994, d = 0.023, Fexp = 1, Fcrit(0.95) = 1.12, tcrit(0.95) = 1.954 (r is the correlation coef-
ficient, d is the Durbin–Watson criterion, Fexp and Fcrit(0.95) are, respectively, the experimental and critical values of the Fisher crite-
rion with a confidence probability of 95%, tcrit(0.95) is the critical value of the Student criterion with a confidence probability of 95%.

Parameter
Formal stages of process

first stage second stage

Reaction model Extended Prout–Tompkins equation (Bna) Reaction of nth order with autocatalysis (CnC)

fj(αj) (1 – α1)n (1 – α2)n (1 + Kcatα2) 

Еj, kJ mol—1 429 ± 21 176 ± 4

logAj, s–1 15.3 ± 0.8 3.9 ± 0.2

logKcat – 1.47 ± 0.09
nj 0.73 ± 0.06 0.63 ± 0.03
mj 0.24 ± 0.06 –
wj 0.33 0.67

α1
m

liquid and solid phases is complex and includes the
reaction diffusion processes. Since the starting parti-
cles of reagents are sufficiently dispersed, the resulting
solid products (Fe0.5Ta0.5O2, Al0.5Ta0.5O2, and Al2O3)
apparently do not prevent the diffusion of liquid alu-
minum to the reaction surface. As a result, the process
is controlled by the reactions activated autocatalyti-
cally, with one or more metal products as catalysts.

The proposed model of aluminothermic reduction
of iron tantalate ref lects the fundamental kinetic laws
and macromechanism of the process despite the fact
that it is calculated for a certain reagent mode
(Al : FeTa2O6 = 6) and component size (<0.14 mm). It
can be useful to develop and to substantiate the tech-
nological regimes for obtaining alloys from tantalum-
containing raw materials.
INORGANIC MATERIALS: APPLIED RESEARCH  Vol.

Fig. 9. Predicted effect of temperature and duration of iso-
thermal holding on amount of formal resulting product of
low-temperature aluminothermic reduction of iron tanta-
late in reaction mixture for two-stage (Bna → CnC) model
of process.
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CONCLUSIONS

The reduction of iron tantalate (98.2 and 1.8 wt % of
FeTa2O6 and Ta2O5, respectively; particle size <0.1 mm)
with an excess of aluminum (particle size <0.14 mm)
at the Al : FeTa2O6 molar ratio equal to 6 is almost
completed up to 1180°C. The metal interaction prod-
ucts are TaFeAl, TaAl3, and Ta17Al12. A low amount of
Al0.5Ta0.5O2 and Fe0.5Ta0.5O2 intermediate oxides can
be formed.

The formal mechanism of the process can be rep-
resented by a scheme that includes two successive lim-
itation stages. The first stage is controlled by an auto-
catalytic reaction described by the extended Prout–
Tompkins equation (Bna) and has the following
parameters: Е1 = 429 kJ mol–1, A1 = 1015.3 s–1, f1(α1) =

(1 – α1)0.73 , and w1 = 0.33. The second one is con-
trolled by the nth order reaction with autocatalysis
(CnC): Е2 = 176 kJ mol–1, A2 = 103.9 s–1, f2(α2) = (1 –
α2)0.63(1 + 29.51α2), and w2 = 0.67; the resulting metal
products are catalysts. A reaction mixture containing
≥98 mol % of a formal final reduction product can be
obtained with isothermal holding within 1040–
1120°C for 1.5–5 min.

The proposed model can be used to develop scien-
tific foundations and to substantiate technological
regimes for obtaining tantalum alloys from mineral
and technogenic raw materials.
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