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ABSTRACT

The reduction of V,05 by CO was studied using thermal analysis, X-ray powder diffrac-
tion, and electron and optical microscopy. It was shown that the reduction reaction passes
through the oxide phases V40;; and VO, with V,0, being the final product. The kinetics of
the reduction seems to be described by the Avrami-Erofe’ev equation with n= 4 for V,0;
powder and n=2 for the platelets. The reaction starts on the surface of the crystal and
proceeds towards the centre.

INTRODUCTION

Vanadium oxides have wide industrial applications such as the vanadium
oxide based catalysts which are used in a number of oxidation processes
[1-3]. There seem, however, to be uncertainties about the stoichiometry of
the various intermediate oxides which form during the reduction reaction of
V,0;. Stringer constructed a phase diagram of the vanadium-oxygen system
after a critical literature review of the vanadium oxides and suggested the
existence of 12 oxide phases in the composition range V,0,-V,0,; [4].
Recently, Pospisil studied the reduction of Ni-V,0, with H, and found that
various intermediate oxides are formed during the course of the reaction [5].
Bosch et al. studied the reduction of V,0; with H, using the temperature-
programmed reaction (TPR) technique and found evidence for the forma-
tion of V;O,;, VO, and V,0; [6]. They suggested that the oxide V,O,, could
form as an intermediate, but could not find evidence for its existence.
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In view of these uncertainties surrounding the various oxide phases which
form as intermediates, a study was conducted to determine the stoichiometry
of the intermediate oxides which form during the reduction of V,05 by CO
and H,. This paper describes the results obtained from a study of the
reduction of V,04 with CO.

EXPERIMENTAL

Materials

The V,0; (99.6% pure) powder used was obtained from J.T. Baker
Chemical Co. Large orange V,0s crystals were prepared by decomposition
of ammonium metavanadate in air at 700°C for 2 h, followed by slow
cooling of the V,0O5 melt in the furnace.

Thermal analysis

A Stanton Redcroft STA 780 simultaneous thermal analyser was used to
collect the dynamic and isothermal TG data. The apparatus and method of
data collection have been previously described [7,8]. DTA studies were
carried out on a Perkin-Elmer DTA 1700 differential thermal analyser
which was controlled by a System 7/4 thermal analysis controller and 3700
Data Station. A dynamic atmosphere of CO (99% pure) at a flow rate of 50
cm® min~' was used for all experiments.

Isothermal TG data for kinetic analysis were collected in the temperature
range 380-600°C. The method of calculation was as described previously

(8]
X-ray powder diffraction

XRPD analysis was used to identify the intermediate and final products
during the reduction process. A Seifert MZ IV instrument with Cu Ka
radiation was used. The ASTM Powder Diffraction Files of the JCPDS were
used as reference for the characterisation of the vanadium oxides.

Electron microscopy

A Philips P500 scanning electron microscope was used to study the partly
reduced samples.
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RESULTS AND DISCUSSION

The morphology of the different V,O; crystal types used is shown in Fig,
1. The powder consisted of agglomerates of poorly defined crystallites with a
surface area of 2.87 + 0.02 m*> g~ . The platelets consisted of well developed
crystals with the largest face corresponding to the (010) face. The average
surface areas were found to be < 0.5 m* g~ for crystals passing through a
250 pm sieve.

Dynamic thermal analysis

The TG and DTA curves for the reduction of the V,0; powder are given
in Figs. 2A and 2B respectively. At a heating rate of 5°C min~!, only a
single exothermic reaction step is visible in the temperature range 540-
720°C. The 17.0% mass loss observed is in fair agreement with the calcu-
lated value of 17.59% for the reduction of V,05 to V,0,;. X-ray powder

Fig. 1. Morphology of the different V,0Os crystal types used: a, powder sample; b, platelets.
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Fig. 2. Thermogravimetric (A) and DTA (B) curves of the reduction of V,0; powder by CO
at different heating rates: curve 1, 5°C min~!; curve 2, 10°C min~,

diffraction, see Table 1, confirmed that the final product was V,0;. At the
higher heating rate of 10°C min~!, the reaction temperature range shifted
towards higher temperatures and three overlapping exothermic reactions

TABLE 1

X-ray powder diffraction lines (d-spacings (A) with relative intensities in parentheses) as
observed for the various intermediate oxides which form during the reduction of V,0; by CO
(only the eight strongest lines are listed)

V,0,5 VO, V,0,

Obs. ASTM Obs. ASTM Obs. ASTM
5.88 (40) 5.76 (40) 3.31 (20) 3.31 (30) 3.65 (70) 3.65 (60)
4.99 (50) 4.98 (20) 322(100)  3.20(100)  2.71(90) 2.70 (80)
3.52 (90) 351(100)  2.66 (10) 2.68 (30) 2.45 (70) 2.47 (60)
333(100)  3.32(80) 2.43 (20) 2.43 (60) 2.19 (40) 2.19 (20)
2.97 (40) 2.96 (60) 2.14 (15) 2.14 (50) 1.83 (25) 1.83(25)
2.68 (30) 2.67 (80) 1.66 (25) 1.66 (20) 1.70 (100) 1.69 (100)
1.99 (60) 1.98 (60) 1.61 (15) 1.60 (30) 1.47 (20) 1.47 (25)

1.84 (70) 1.84 (30) 1.44 (10) - - 1.43 (25) 1.43 (30)
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Fig. 3. Thermogravimetric (A) and DTA (B) curves of the reduction of V,Qs platelets by CO
at different heating rates: curve 1, 5°C min~'; curve 2, 10°C min~".

became visible. X-ray analysis (Table 1) of the reaction products of each of
these steps suggested that the reduction reaction can be summarised as
follows:

Reaction (1) in the temperature range 550-670°C

3V,0, + 2CO - V{04, + 2CO, 1)
Reaction (2) in the temperature range 670-705°C

V;0,; + CO = 6VO, + CO, (2)
Reaction (3) in the temperature range 705-830°C

2V0, + CO - V,0, + CO, 3)

The TG and DTA curves for the reduction of the platelets are given in
Fig. 3 which shows that their rate of reduction is slower than that of the
powder and is completed at higher temperatures. As a result of these higher
temperatures, melting of the V,0; and V;O,; occurs. This gives rise to
complicated DTA curves consisting of overlapping melting endotherms and
reduction exotherms, see Fig. 3B. As the aim of the study was to obtain
experimental data on the reactions which occur in the solid state, it was
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therefore decided to concentrate on isothermal techniques below the melting
point of V,0s.

Isothermal thermal analysis

The isothermal TG curves for the reduction of V,05 powder are shown in
Fig. 4A and those of the platelets are in Fig. 4B. The total mass loss
obtained corresponded to the formation of V,0; which was confirmed by
X-ray powder diffraction as the final product.

In order to follow the reduction process under isothermal conditions, a
qualitative X-ray powder diffraction study was employed. The powder was
heated under a CO atmosphere in the thermobalance at 550°C and
terminated at certain stages of the reduction. A diffractogram was obtained
and the intensity of the main peak of the possible intermediate oxide which
can form was plotted as a function of the fractional mass loss. The curve is
shown in Fig. 5. The oxide phases which were identified were the same as
those formed under dynamic heating conditions. The diagram shows that
V,0; and the intermediate oxides are gradually reduced under isothermal
conditions. The observed TG curve is therefore a curve which consists of
three different overlapping reactions. An increase in the isothermal reduc-
tion temperature led to an increase in the rate of the reduction of the
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Fig. 4. Isothermal TG reduction curves for V,0Os powder (A) and platelets (B).
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Fig. 5. Formation of various vanadium oxides during the isothermal reduction process; ®,
V,0s; &, VsOy5; 0, VO,; 4, V,0,.

powder. However, as the temperature is raised, the rate of reduction of the
platelets seems to reach a maximum at 460°C. This effect is clearly
illustrated in Fig. 6 which is a plot of the time taken to reach 90% reduction
as a function of the isothermal temperature.

Kinetic analysis of the reduction reaction

The isothermal rate data collected between 407 and 575°C fitted the
Avrami—FErofe’ev nucleation and growth model, [ —In(1 ~ a)]'" = k(¢ — 1),
t, being the induction period. The value of n was determined as 4. An
apparent activation energy of 64.5 kY mol™! and an In 4 (s™?) value of 2.7
were calculated from the Arrhenius plot, Fig. 7A. It is clear from the plot
that below 450°C (1,/7T=1.38 X 107?%), a scattering of the points occurs.

The isothermal rate data which were collected between 386 and 596°C
for the platelets seems to fit the equation [—In(1 — a)]/? = k(z — ¢,). It was,

‘HMEAOURS

380 460 540 620
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Fig. 6. Reduction time versus isothermal reduction temperature of V,0O; powder (A) and
platelets (a).
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Fig. 7. Arrhenius plots for the reduction of V,0; powder (A) and platelets (B).

however, noticeable that although this model seems to describe the rate data
the best below 460 ° C, poor linear correlations were obtained. The Arrhenius
plot, Fig. 7B, shows two straight lines, one for the data above 500° C, from
which an apparent activation energy of 51.9 kI mol ! and an In 4 (s™!) of
0.26 were calculated, and one below 460°C from which were calculated
E,=642 kJ mol™" and In 4 (s™!)=6.48. This seems to suggest that a
change in the mechanism occurs as the temperature is increased. This change
in mechanism seems to change the value of the frequency factor rather than
the activation energy. This is in agreement with the observation that the
reduction rate passes through a maximum at 460° C as illustraied above.
Partly reduced crystals were investigated using optical and scanning
electron microscopy in an effort to give a better description of the geometri-
cal mechanism. Crystals which were heated between 300 and 350°C were
examined under an optical and scanning electron microscope. At this
temperature no mass loss was recorded on the thermobalance. The photo-
graphs of the crystals, Fig. 8, show that a slight darkening of the crystals has
occurred along steps, kinks and dislocations on the (010) crystal plane. SEM
studies of the (010) crystal plane indicated the presence of the structures
shown in Fig. 9. These structures represent an advanced stage of nuclei
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Fig. 8. Photograph showing the crystals heated in CO between 300 and 350°C in a
thermobalance.

formation and growth with the formation of cracks due to shear and lattice
collapse. This proves that reduction starts at temperatures below 350°C
although it is not visible on the TG curves. The induction period, as
determined from the isothermal curve, is therefore under suspicion but
should not influence the value of n or k in the Avrami-Erofe’ev equation.

The micrograph in Fig. 10 represents a cross section of a partly reduced
crystal (a=0.5) at 550°C. It shows that reduction starts om all available
surfaces, including those caused by cracking during the nucleation process,

Fig. 9. SEM photograph of crystals heated in CO between 300 and 350°C in a thermobal-
ance.
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Fig. 10. SEM photograph of partly reduced V,0; crystal.

and then moves inwards towards the centre of the crystal. It can therefore be
expected that an oxygen gradient would exist between the centre of the
crystal, the unreacted zone, and the surface where reduction had taken place.
This implies a movement of oxygen ions from the centre of the crystal
towards the surface.

It is, however, not possible at this stage to give a more detailed explana-
tion of the mechanism. More microscopy and other complementary experi-
mental data are needed before this can be done.
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