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Abstract—The carbothermic reduction of NiO, CoO, CuO, MoO;, and the MMoO, (M = Ni, Co, Cu) molyb-
dates has been studied by thermogravimetry. The results demonstrate that the reactivity of the molybdates with
solid carbon, the sequence of reduction reactions, and the composition of reaction intermediates are determined
by the reactivity of the constituent oxides, which decreases in the order CuO > MoO; > NiO > CoO. The reaction
intermediates in the reduction of CuMoO, are CugMo0s0;3 and Cu,M050,, and those in the reduction of
CoMoO, are Co,Mo050g and CoMoOj3. NiMoOj, is reduced without oxide intermediates. The reactions of
CuMoO, and NiMoO, with solid carbon lead to selective reduction of the molybdates to metals (Cu or Ni) and
molybdenum oxides (MoO, and MoOs _,). In the reactions of NiMoO, and CoMoO, with CO gas, the metals

are formed at comparable rates, which favors the formation of metal solid solutions, intermetallic phases, and

mixed carbides.
DOI: 10.1134/S0020168508080207

INTRODUCTION

In recent years, there has been increasing interest in
the coreduction of metals in multicomponent oxide sys-
tems—not only for the extraction of elements from
slags and mineral associations but also for the produc-
tion of cermets. Intense scientific and technological
interest has been centered on processes for the prepara-
tion of composite powders of hard tungsten alloys that
would combine nanostructure with a highly homoge-
neous distribution of carbide phases and a metallic
binder owing to the use of binary tungstate and molyb-
date systems as starting reagents and carbon as both a
reductant and carbonizing reagent [1, 2]. The carboth-
ermic reduction of mixed oxide systems is a multistep
process which leads to the formation of various inter-
mediate oxide phases and reduction products, depend-
ing on the nature of the starting reagents and synthesis
conditions [3, 4]. Reduction annealing of binary
molybdenum, tungsten, and copper oxides in hydrogen
may follow a variety of reaction paths, which was
found to influence the homogeneity of the metal distri-
bution in the reduced phases and their composition and
structure [4]. As shown in our earlier study of the phase
formation sequence in reactions of nickel and cobalt
tungstates with carbon [5], the reaction paths and,
accordingly, the phase compositions of the reaction
products differ significantly for CoWO, and NiwWQO,,
which can be understood in terms of the reduction
kinetics of the tungstates.

The purpose of this work was to establish the phase
formation sequence in the carbothermic reduction of
the MMoO, (M = Cu, Ni, Co) molybdates.

EXPERIMENTAL

In our preparations, we used reagent- and analytical-
grade oxides. CoMoQO,, NiMoO,, and CuMoO, were
prepared via coprecipitation from equimolar solutions
of divalent-metal nitrates and sodium molybdate
(Na,MoO,). The precipitates were calcined in air, first
at 350 and then at 600°C, for a total of 2 h. The resultant
powders were investigated in the as-prepared state or
after grinding in a Petsch PM-400 planetary ball mill.
The particle size distribution was evaluated using an
Analysette 22 Comfort laser analyzer. The average par-

ticle diameter was determined as d = Zi d;n;/ zin,-,

where d is the average particle diameter, n is the num-
ber of particles in a given size range, and i is the number
of size ranges. The reductant used was carbon black
(RF State Standard GOST 12222-78). We used stoichi-
ometric mixtures to obtain metals and also mixtures
containing up to 50% excess carbon. The mixtures were
prepared by grinding in an agate mortar. Reduction was
carried out in flowing argon (15 1/h) during heating at a
rate of 5°C/min or under quasi-isothermal conditions in
the furnace of a MOM Q-1000 thermoanalytical sys-
tem. The extent of reduction, o, was evaluated from
thermogravimetric (TG) curves as the ratio of the
weight loss of the sample to the maximum possible gas
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release, corresponding to the completion of the reaction
and formation of the metal. Phase composition of reac-
tion products was determined by x-ray diffraction
(XRD) on a DRON-7 diffractometer with CukK,, radia-

tion.

RESULTS AND DISCUSSION

The kinetics of reactions between oxides and carbon
during the reduction process can be limited by various
factors [6, 7]. In the absence of phase transitions and
dissociation, the reduction of most metal oxides can be
represented by a two-step scheme: in the first, slow
step, the surface of particles reacts with solid carbon; in
the second, faster step, the particle surface reacts with
the CO resulting from the oxidation of carbon at tem-
peratures above 750°C. Solid-state reactions between
carbon and compounds having low vapor pressure
(NiO, CuO, Cu,0) are only active in the first step of the
reduction process. The forming barrier layer, consisting
of the lower oxide or metal, prevents direct contact
between the solid reactants. High reaction rates even in
the first step of the reduction process can be insured by
pairs of metal oxides that form via sublimation (MoOs,
WO,, V,05) or dissociation (Cu,O, Ag,O, MnO,, ZnO).

Figure 1 presents the TG data obtained at a constant
heating rate of the furnace of the thermoanalytical sys-
tem for reactions of carbon with CuO, CoO, NiO, and
MoO; powders preground in a planetary mill to roughly

the same particle size, d = 2—4 pm. The increase in
reaction rate starting at 380°C (with a maximum at
525°C) in the initial stages of the reduction of CuO to
the more stable oxide Cu,O (Fig. 1, curve /) is essen-
tially insensitive to excess carbon and seems to be due
to the solid-state reaction on the surface of the oxide
particles. Raising the temperature increases Cu,O dis-

sociation: according to reference data [8], logp, =

—46.5 at 200°C and logpo, = -8.8 at 500°C, which
insures the reduction of Cu,O to copper metal (with a
maximum in reaction rate at 625°C).

The DTG curves for the reduction of NiO and CoO
(Fig. 1, curves 2, 3) show two weight loss regions. Over
the entire temperature range studied, the reduction
products are metals. The temperatures of the first step,
=630°C for NiO and =730°C for CoO, correlate well
with the thermodynamic data for the reactions of these
oxide with solid carbon and are attributable to contact
reduction on the surface of NiO and CoO. At higher
temperatures, the DTG curves of the processes under
consideration are indicative of more active reaction
owing to the presence of excess carbon. This is associ-
ated with the formation of CO gas at temperatures
above 750°C, which takes part in the reduction process.

The carbon reduction of MoO; (Fig. 1, curve 4)
involves two steps. In the range 460—620°C (maximum
in reaction rate at 550°C), we observe the formation of
MoO,, which then reacts with MoO; to form MoO; _,
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Fig. 1. DTG curves for the carbon (50 wt % excess) reduc-
tion of oxides: (/) CuO (d =3.7 um), (2) (NiO (d =5 um),

(3) CoO (d =4.6 um); (4) MoO5 (d = 2.6 um).

oxides. The accumulation of intermediate oxides leads
to a gradual decrease in reaction rate, and the DTG
curve shows a linear portion, corresponding to a negli-
gible reaction rate. Above 775°C, diffusion limitations
are partially eliminated owing to the formation of a lig-
uid phase in the reaction zone through the melting of
Mo,0,, and MogO,;. The second step of reduction
(maximum in reaction rate at 820°C) is more active, and
its products include Mo and Mo,C. Since this tempera-
ture range corresponds to active CO evolution, the DTG
curve shows another maximum in reaction rate, at
910°C, which is due to the excess carbon, like in the
case of NiO and CoO.

The onset of the reduction of molybdates in the
DTG curves in Fig. 2 (340°C for CuMoOQ,, =520°C for
NiMoOQ,, and =620°C for CoMo0O,) and the weight loss
rate correlate with the reactivity of the constituent
oxides, which decreases in the order CuO > NiO > CoO
(Fig. 1). In the initial stages of the processes under con-
sideration, the reduction rate notably decreases with
decreasing particle size, which seems to be due to the
reaction of the oxide surface with carbon. In the DTG
curves of NiMoO, and CoMoO,, excess carbon
increases the peak at 950°C, where the CO : CO, ratio
is sufficient to displace the reaction equilibrium toward
CO formation. The formation sequence of reduced and
intermediate oxide phases in different temperature
ranges was studied in isothermal experiments (table).

The reduction of CuMoQ, involves three consecu-
tive steps, evidenced by peaks in its DTG curve (Fig. 2,
curve 2). The reaction of CuMoQO, with carbon (peak at
405°C) seems to be accompanied by detachment of
oxygens from divalent copper atoms, which are thus
partially reduced to univalent copper. This is due to the
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Fig. 2. DTG curves for the carbon (50 wt % excess) reduc-
tion of molybdates: (/) CuMoOy, (d = 127 pm),

(2) NiMoOy (d =24.1um), (3) CoMoOy, (d = 17.7 um).

higher reactivity of CuO compared to MoO; (Fig. 1).
We observe the formation of CugMosO;3 and
Cu,Mo0,0,, with no Cu,O formation. After isothermal
heat treatment at 415°C, the parent molybdate, which
consisted of fine (d = 2.5 um) and coarse (d = 12.2 um)

Phase composition of the products of carbon reduction of
molybdates

,°C| t,h o | Oxide phases Reduced phases
CuMoO, +C, d =122 um
415 | 3.5 |0.18 |Cuy,Mo050yy,
Cu()MOSOlS’
500 | 2 |0.37 |Cuy)O, MoO,, | Cu
MoO; _
600 | 2 |0.49 |MoO, Cu
NiMoO, + C, d =24.1 um
600 | 2 | 0.386|NiMoO,, Ni
MOO3,x,
MoO,
850 | 2 [0.79 |NiMoO, Ni, Mo, Mo,C
950 | 1 0.99 Ni, _ Mo,, Ni;Mo,
Mo, NiXMoyCZ, Mo,C
CoMoO, +C, d =17.7 um
650 | 2 | 0.317|CoMoOQy,,
C02M0308,
CoMoO4
950 | 1 0.99 Co;Mog,Cos;Mo,
Co, _,Mo,, Mo,
CoMo,C,, Mo,C
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fractions, was not detected by XRD. The presence of
two peaks in the DTG curve in the next step of reduc-
tion correlates with the endothermic peaks in the DTA
curve, whose temperatures, 455 and 505°C, correspond
to the congruent melting of CusMos0,5 and Cu,Mo0;0,,
[9]. This reaction stage involves phase separation and
leads to the formation of Cu,O (with partial reduction
to Cu), MoO,, and MoO;_,. The third step, with a peak
at 570°C, is the complete reduction of Cu,O to Cu.

The reaction of NiMoQO, with carbon leads to the
formation of Ni metal even in the initial stage, at 600°C
(Fig. 2, curve 2). Some of the MoO; formed is then
reduced to MoO, and intermediate molybdenum
oxides. Note that, in this temperature range, both NiO
and MoO; are capable of being reduced (Fig. 1). The
next step, above 825°C, is accompanied by an endother-
mic peak in the DTA curve, due to the melting of the
intermediate molybdenum oxides. The process is char-
acterized by two maxima in reaction rate, at 825 and
875°C, similar to the peaks in the second step of the
reduction of molybdenum(VI) oxide (Fig. 1, curve 4).
In this step of the process, fine-particle NiMoO, (d =
4.2 um) is fully reduced to Ni and Mo,C at 850°C,
while coarser particles (d = 24.1 um) contain the parent
molybdate, which reacts with CO as the temperature is
raised. The products of 950°C reduction include, in
addition to Ni and Mo, the intermetallic phase Ni,Mo,
a solid solution of molybdenum in nickel Ni,_ Mo,,
XRD peaks in the range 20 =43°-44°), and a mixed car-
bide isostructural with Ni,W,C. It seems likely that,
during the CO reduction of the molybdate, the rates of
nickel and molybdenum formation are comparable to
one another, which favors the formation of binary inter-
metallic compounds.

The carbon reduction of CoMoQ, particles via sur-
face reaction starting at 620°C (Fig. 2, curve 3) occurs
with a slow rate (maximum at =800°C). At 650°C, no
metallic Co was detected, while molybdenum was
reduced to form the intermediate oxides Co,Mo0;0;4 and
CoMoO; (table), which can be accounted for by the
large difference in reactivity between CoO and MoO;
at this temperature (Fig. 1). The next step, with a max-
imum in reaction rate at 950°C, like in the case of
NiMoO,, involves CO evolution. The samples reduced
at 950°C contained intermetallic phases, attesting to
coreduction of the metals in the molybdate system:
Co, _,Mo, solid solutions (XRD peaks in the range
43°-44°), CosMo, Co;Mo, and a phase isostructural
with the mixed carbide Co;W;C. Also present were Mo
and Mo,C. Note that the particle size of the parent
molybdate had no effect on the shape of the DTG curve,

but the reaction products of fine-particle CoMoO, (d =
3.6 um) contained more carbides, while the reduction

of coarse-particle CoMoO, (d = 17.7 um) under the
same conditions produced, for the most part, metallic
phases.
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CONCLUSIONS

The carbothermic reduction of NiO, CoO, CuO,
MoO;, and the MMoO, (M = Ni, Co, Cu) molybdates
was studied by TG. In the initial stages of all the pro-
cesses studied, the surface of molybdate particles reacts
with solid carbon. The reduction onset temperatures
(340°C for CuMoQ,, =520°C for NiMoQ,, and =620°C
for CoMo00,) and the sequence of reduction reactions cor-
relate with the reactivity of the constituent oxides, which
decreases in the order CuO > MoQO; > NiO > CoO. The
difference in reduction temperature between CuO and
CoO in comparison with MoOj; leads, in the case of
CuMoQ,, to primary reduction of Cu(Il) to Cu(I) and
the formation of the intermediate compounds
Cu,Mo,0,,and CusMos0,5 and, in the case of CoMoQO,,
to primary reduction of Mo(VI) to Mo(IV) and the for-
mation of Co,Mo0;04 and CoM0oO;. During the congru-
ent melting of CusMos0;3 and Cu,M0;0,, (455 and
505°C, respectively), these compounds are reduced by
carbon to Cu, MoO,, and MoO;_,. Co,M0;0; and
CoMoO; are nonreactive with carbon but react with CO
gas starting at 800°C. The constituent oxides of
NiMoO, (NiO and MoOs;) can be reduced by carbon in
the same temperature range, leading to the formation of
Ni, MoO,, and MoO;_,, with no intermediate oxide
compounds. The present results demonstrate that, even
with different reaction paths, the conditions under
which only one metallic phase can be obtained favor
selective reduction of a mixed oxide. In contrast, in
reactions of NiMoO, and CoMoO, with the CO result-
ing from the oxidation of carbon, the metals are formed
at comparable rates, which favors the formation of
metal solid solutions, intermetallic phases, and mixed
carbides.
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