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ABSTRACT 

The reduction of V,O, by H, was studied and compared with the results obtained for the 
reaction of V,O, with CO. The reaction was found to be exothermic and various intermediate 
oxides were formed during the course of the reaction. The oxides with general composition 
V,O,, _ t with 4 I n 5 8 seem to be the intermediates formed. The rate of reduction was found 
to be faster in the H, than in the CO atmosphere. The sample morphology seems to influence 
the rate of reduction as well: the powder sample was found to react more slowly than the 
platelets at temperatures below 460 o C; above 460 o C, the platelets reacted more slowly than 
the powder samples. The Avrami-Erove’ev equation with n = 4 seems to describe the 
reduction of the powder while the reaction of the platelets is described by a first-order kinetic 
equation. 

INTRODUCTION 

The reduction of V,O, to V,O, with CO was described in Part I of this 
series [l]. It was shown that the intermediate oxides, V,O,, and VO,, are 
formed during the reduction reaction. Hydrogen gas is a reducing agent with 
important industrial applications. It was therefore important to obtain 
experimental data of the reaction with H, as reducing agent and to compare 
it with that obtained for CO. 

EXPERIMENTAL 

The experimental procedures which were followed were described in Part 
I [l]. It is important to note that the experimental conditions such as sample 
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size (20-30 mg), grain morphology of the V&I,, isothermal temperatures and 
gas flow rates were the same as those which were used in the CO reduction 
process. The only difference was that a Du Pont 990 thermal analyser with a 
951 TGA-module, instead of the Stanton Redcroft 951 thermal analyser, was 
used to collect the TG data. 

RESULTS AND DISCUSSION 

Dynamic thermal analysis 

The TG and DTA curves of the reduction of V&I5 powder by H, are 
given in Fig. 1. At a heating rate of 10 o C min-‘, only a single exotherm is 
visible in the 450-650°C temperature range. The experimental mass loss as 
observed on the thermobalance was 17.396, which is in fair agreement with 
the calculated value of 17.59% if the final product is V,O,. X-ray powder 
diffraction confirmed that V,O, was the final product. 

A 

I. 
300 0 

J 
700 

~~~~~A~“~~~ 

Fig. 1. TG (A) and DTA (B) curves for the reduction of V,O, powder by hydrogen: curve 1, 
heating rate 10°C min-‘; curve 2, heating rate 50 o C min-‘. 
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TABLE 1 

Vanadium oxide phases detected by X-ray powder diffraction during the hydrogen reduction 
of v*o, 

Temperature Ws v,o,3 vo2 VnOzn-1 v2°3 

(“Cl @utile) (4 I n I 8) 

500 S no. n.0. n.0. n.0. 
657 W S W n.0. n.0. 
682 n.0. n.0. S n.0. n.0. 
725 n.0. n.0. W W n.0. 
780 n.0. n.0. n.0. n.0. S 

Abbreviations: s, high intensity peaks; w, weak intensity peaks; n.o. = not observed. 

At a higher heating rate, 50 o C n-k-‘, two steps are clearly visible on the 
TG curve. The first step corresponds to the formation of VO, and the 
second to that of V,O,. The DTA curve, however, shows four overlapping 

TABLE 2 

Observed X-ray powder diffraction peaks for the reduction of V,O, at 725 o C 

Observed peaks Possible corresponding oxide peaks 

d (A) d (A) (Z/M 
(Z/Z,) 

vo2 v,o7 w9 w,, v7013 v,% 

3.84-3.56 3.70 3.83 3.73 3.65 

(60) (60) 
3.30 3.29 

(LOO) (100) 

(25) 
3.33-3.29 

(LOO) 
3.21-3.15 

(50) 
3.11-2.91 
(M-50) 

2.47-2.41 
(40-50) 

(40) 
3.31 3.33 

(30) (100) 
3.20 

(100) 
3.05 

(40) 
2.97 

(60) 
2.43 2.48 

(60) (60) 
2.42 

(60) 
2.35-2.33 

(25) 

2.21-2.14 2.82 

(35) (100) 

3.32 

(100) 

3.03 

(60) 

;6; 
2.42 

(60) 
2.36 

(40) 

2.12 

(40) 
2.17 

(60) 
2.16 

(40) 

(60) 
3.31 

(100) 
3.19 

(40) 
3.06 

(100) 
2.93 

(100) 
2.45 

(60) 
2.42 

(60) 
2.35 

(40) 
2.33 

(40) 
2.20 

(40) 
2.17 

(60) 
2.16 

(60) 

3.08 

(LOO) 
2.97 

(100) 

2.42 

(60) 
2.34 

(40) 
2.33 

(40) 
2.16 

(60) 
2.15 

(60) 

3.09 

(100) 
2.99 

(100) 

;z) 
2.42 

(60) 
2.35 

(40) 

2.16 

(100) 
2.16 

(60) 
2.15 

(60) 
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exotherms. The reaction was terminated at various temperatures, which 
roughly co~espond~ to valleys on the DTA curve recorded at 50 O C min-’ 
(see curve 2, Fig. 1). The sample was cooled to ambient temperature in an 
argon atmosphere and analysed using X-ray powder diffraction. The results 
are summarised in Table 1. 

The oxides with composition Vj,Oan_r (4 I n I 8) are members af a 
homologous series of oxides with a limited stability range 121. These oxides 
were not detected during the reduction with CO but their formation cannot 
be excluded. The structures of all these oxides are based on rutile. Their 
X-ray powder diffraction patterns are very similar and it was therefore very 
difficult to ~stinguish between them, especially with the low-resolution 
X-ray powder diffractometer which was available. The diffraction pattern 
consisted of broad bands which are probably the result of a number of 
overlapping peaks. Table 2 gives a summary of the &spacing intervals as 
observed for these bands together with corresponding literature (ASTM) 
values for the various oxides. A number of structures with composition VO, 
have been described in the literature [3-51. The VO, phase detected in this 
study correspands to that described by Anderson [3]. This oxide has a 
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Fig. 2. TG (A) and DTA (3) curves for the reduction of V,O, platelets by hydrogen: curve 1, 
heating rate 10DC min-‘; curve 2, heating rate 50 o C min-1. 



monoclinic structure consisting of an array of V,O, units with a 
distorted r-utile lattice. 

slightly 

The TG and DTA curves for the reduction of the platelets by H, are 
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given in Fig. 2. The reduction of the platelets, as compared to the powder, is 
completed at higher temperatures. This tendency was also observed for the 
reduction process with CO. The DTA curves indicate overlapping ex- 
othermic reactions. The same intermediates as those described for the 
reduction of the powder were detected. The endothermic peak at approxi- 
mately 670°C (heating rate 50” C mm-‘) can be assigned to the melting of 

Isothermal thermal analysis 

The total mass losses recorded on the isothermal TG reduction curves for 
the V,O, powder and platelets corresponded to the formation of V,O,. An 
increase in isothermal temperature of the powder resulted in an increase in 
reduction rate. This is illustrated in Fig. 3. The rate of reduction of the 
platelets at temperatures below 460 o C was found to be faster than that of 
the powder. This effect was also observed for the reduction reaction with 
CO and is contrary to expectation as the surface area of the platelets ( < 0.5 
m* g-l) was much smaller than that of the powder (2.87 m* g-l). The 
reduction rate of the platelets seems to level off between 450 and 460 o C but 
starts to show an increase with temperature again above 480 O C. This effect 
was not as pronounced as was observed for the CO reduction reaction. A 
similar effect was observed for the reduction of Fe,O, with CO and H,: it 
was thought to be due to the sintering of the material which produced a 
layer which impeded the diffusion of the water vapour and CO, away from 
the reaction site and thus slowed the reaction down [6]. In general, however, 
the reduction reaction was found to be much faster in an H, than in a CO 
atmosphere. This is illustrated in Fig. 4. 
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Fig. 3. Reduction time as a function of the isothermal temperature for V,O, powder (A) and 
platelets (a). 
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Fig. 4. Isothermal TG reduction curves for 
reduction by CO; curve 2, reduction by H,. 

V,O, powder (A) and platelets (B): curve 1, 

Kinetic analysis of the reduction reaction 

The expe~m~nt~ isothermal rate data which were collected between 400 
and 520” C for the powder and platelet samples were fitted to various 
kinetic models. The data for the powder sample fitted the Avrami-Erofe’ev 
equation, [ - ln(1 - CX)] ‘I4 = k( t - to). This kinetic model was also found to 
describe the reduction reaction of the powder with CO. An apparent 
activation energy of 77.4 kJ mol-’ and In A (s-l) = 3.94, cf. E, = 64.5 kJ 
mol-’ and In A (s-i) = 0.99 for CO, was calculated from an Arrhenius plot. 

The reduction of the platelets was found to be described by the first-order 
kinetic equation, [ -ln(l - cw)] = k( t - to), which is different from the 
nucleation and growth model, the Avrami-Erofe’ev equation with n = 2, 
which described the CO reduction reaction. An apparent activation energy 
of 33.2 kJ mol-’ was calculated for this reaction. It is, however, necessary to 
recognise that more complementary experimental data, such as microscopy 
data, are needed in order to understand the physical significance of these 
parameters. 
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