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a 

Figure 5.9. - Microscope photographs of V 20 5 crystals x 50 

( a) before heating, 

(b) after heating in CO or H2 to 300 - 400°C. 
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Figure 5.10. - Electron micro graphs of V 20 5 crystals x 5000 

(a) after heating to 300 - 400°C in CO or H2, 

(b) after complete reduction. 
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visible in the TG-curves. The induction periods of the isothermal TG-curves 

used for the kinetic calculations do not represent the true nucleation and 

growth period of the reaction. The exact site of nucleation could not be 

determined from these studies because by the time 

that a nucleus has developed sufficiently to be examined by low resolution 

SEM, it has entered the growth phase. Reduction could have started at a 

point defect in the (010) plane such as an oxygen vacancy, but the possibility 

also exists that a V = 0 specie in the (010) face could have been the active site. 

The same tendency was again observed for the crystals heated in CO and in 

H2. Figure 5.lO(b) shows the roughened appearance of the (010) plane after 

reduction has been completed. 

Unfortunately, no definite conclusions can be made regarding the dimensions 

of growth of the nuclei, judging from figure 5.lO(a), although it seems that 

two- or three-dimensional growth would be the most likely to result in such a 

structure. In his studies on the reduction kinetics of mixed oxides (NiO -

V 20 5) with hydrogen, Pospisil [22] found that the reduction kinetics can be 

expressed by the Erofe'ev equation, a = 1-exp[-kt0 ]. In accordance with a 

morphological examination of the partially reduced samples, he found that 

n = 2 gives evidence for two-dimensional growth of the nuclei. 

A further study of the reduction mechanism was done by terminating the 

reduction of V 20 5 platelets when a fractional mass loss of 0.5 was reached. 

The crystals were then polished to reveal a cross-section of the partly reduced 

crystals. Figures 5.ll(a) and (b) show electron micrographs of such a cross­

sectioned crystal in which a zone of reduced oxide can be seen to form from 

the surfaces of the crystal as well as from cracks through which gaseous 

products can escape and reducing gas can enter. It is also clear that reduction 

is not confined to a specific crystal face, but apparently proceeds equally from 

all the surfaces visible in the electron micrograph. Most probably the cleavage 
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Figure 5.11. - Electron micrographs, showing a cross-section of a 

partly reduced V 20 5 crystal ( o = 0.5). 
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of the crystal has occurred along the (010) plane (which is an easy cleavage 

plane), so that the reaction interface proceeding from this plane, is not visible 

from the electron micrograph. It is suspected that reduction would proceed 

faster from the (010) plane, for the following reason: Assuming that reduction 

starts at the terminal vanadyl oxygens which are located in the (010) plane, 

it can be understood that reduction would proceed faster 

from this plane. 

5.4 DISCUSSION 

5.4.1. Problems encountered and their implications on the kinetic studies 

It is clear that the kinetics of reduction is complex. It was found to change 

with temperature and is therefore probably determined by more than one 

mechanism, as was discussed in chapter 4. It was proposed that two 

mechanisms contribute towards the overall reduction process, with the extent 

of contribution of each mechanism depending on the grain morphology and 

temperature. 

Although all the reduction processes of V 20 5 can quantitatively be 

described by Avrami-Erofe'ev equations (equation 5.3), the value of the 

parameter n in the equation was found to depend on the morphology of the 

sample. For reduction of the V20 5 powder, long induction periods were 

observed (figures 4.1 and 4.6) and the value of n in equation 5.3 was found to 

be four for both reduction in CO and H2. On the other hand, shorter 

induction periods were observed for the reduction of the platelets (figures 4.2 

and 4. 7) with the parameter n = 2 for reduction by CO and n = 1 for reduction 

by H2. Various studies [38] have confirmed that the parameter n is sensitive 

to particle dimensions and shape. In addition to this, it is also shown that 

errors in t0, the delay time ( equation 5.3), exert an important control over the 
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magnitude of n. These errors arise from inaccurate measurements of the true 

induction period due to very slow processes preceding the main reaction. 

Gai [17] used a gas-reaction cell in a high voltage electron microscope to 

study the reduction of V 20 5 in H2, CO and C2H4, and observed that 

reduction already started at very low temperatures of - 80 - 100°C. This 

result gives reason to suspect that slow reduction processes have already 

started at much lower temperatures than the temperature range ( ± 380 -

580°C) covered in the present study, introducing errors into the measured 

induction periods and subsequently influencing the value of n. This 

temperature range was studied since reduction was extremely slow and did 

not proceed at a measureable rate at temperatures below ± 380°C. 

5.4.2. Reduction kinetics : CO versus Hi 

The rate of reduction by H2 was throughout this study markedly faster than 

that of reduction by CO, at the same temperature, although the same kinetic 

model apparently applies in both cases. The exact cause for the faster 

reduction rate when using H2 is still uncertain. 

A possible explanation might lie in the different mechanisms of solid-gas 

interaction of the V20 5-CO and V20 5-H2 systems, that were proposed in 

section 4.4.1. Reduction by H2 involves the dissociation of the hydrogen bond 

and the formation of V-O-H groups while reduction by CO occurs through the 

formation of V-O-C-O groups. It is possible that the hydroxyl groups that 

form on the V 20 5 surface during H2 reduction have a larger destabilizing 

effect on the V2O5 lattice than the V-O-C-O groups, and could serve as active 

adsorption sites for further chemisorption of H2. The larger destabilization of 

the V-O bonds could lead to a faster reduction rate. 
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Another possible contributing factor to the faster reduction observed with 

hydrogen concerns the H2 and CO molecules. Considering the smaller size 

and higher mobility of the Hi-molecule as compared to that of the CO­

molecule, it can be appreciated that H2 would be prone to faster and better 

diffusion than CO. The same argument would apply to the products of 

reduction, i.e. H20 and CO2. It is not known to what extent this factor could 

influence the reduction rate. 

It is also known that hydrogen gas is catalytically dissociated into atoms by 

platinum and other metals [39]. It has further been found by Batley and 

co-workers [ 40] that V 20 5 can be catalytically reduced by H2 using a 

separated platinum catalyst at temperatures above 350 °C. They postulated 

that the H2 gas is dissociated on the platinum surface after which the atomic 

hydrogen diffuses through the gas phase to the oxide surface where reduction 

occurs. 

If this is true, then the possibility exists that the H2 reduction experiments 

done in the present study could have been catalyzed by the platinum sample 

holders which were used. However, in studies performed by other workers [ 4 ], 

alumina crucibles were used and it was reported that the hydrogen reduction 

rate was still higher than CO reduction. It is possible that the reduction in the 

present study was catalyzed by the platinum sample holders to a certain 

extent, increasing the H2 reduction rate (which is higher than the CO 

reduction rate even if uncatalyzed reduction occurs), leading to a deceptively 

high reduction rate. This possibility needs further investigation. 

The results obtained from the kinetic study on the reduction of V20s seem 

disappointing in the sense that the different rates of CO and H2 reduction 

could not be successfully quantified. Neither can any definite conclusions be 

made regarding the activation energies, frequency factors and the value and 
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signifi:ance of the parameter n in equation 5.3. 

5.4.3. The mechanism of the reduction 

The Avrami-Erofe'ev kinetic model was found to give a general description of 

the mechanism of reduction, starting as a nucleation process at sites of higher 

activity in the crystal (represented by the induction period), followed by 

growth of the nuclei. Microscopy studies supported this model and showed that 

reduction starts at defects such as kinks, steps and dislocations in the (010) 

plane. 

Extensive studies have been conducted by Fiermans et al. [6] on the defect 

structure of V 20 5 and lower oxides. They concluded that the V = 0 bonds in 

the vicinity of distorted regions such as defects, are less tightly bound than 

those in the unstrained lattice due to steric hindrance which distorts the 

nature of the bond. This effect would cause the V = 0 bonds in the vicinity of 

steps, kinks and dislocations to be more easily reduced. It is stated that 

reduction of V 20 5 occurs by removal of the vanadyl oxygen species in the 

(010) plane, preferably those that are located in the vicinity of defects. 

The kinetic model further implies that after coverage of the surface, the 

reaction interface proceeds inwards to the centre of the particle, resembling a 

contracting volume mechanism. A contracting reaction interface was observed 

by SEM in a cross-sectioned, partly reduced crystal. 

The kinetic calculations were thus not totally meaningless with regard to the 

mechanism of reduction, although further studies are required to refine the 

kinetic parameters and to determine their physical and/ or empirical 

significance. 
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CHAPTER6 
IMPORTANT INDUSTRIAL PARAMETERS 

6.1. Introduction 

In the process of going from laboratory reduction experiments to larger scale 

industrial reduction of V 20 5, certain experimental conditions which exert a 

significant influence on the reduction rate change and have to be adapted 

and optimized to obtain the best possible results. Although a detailed study 

was not conducted of such parameters, some of them have emerged from the 

fundamental studies and will be discussed briefly in this chapter. 

6.2. Sample morpholo107 

It is clear from the results of the previous chapters that the reduction of V 20 5 

is a structure-sensitive process which depends largely on the morphology of 

the sample. In the experiments carried out, the two different types of V 20 5 

used showed different reduction behaviour. 

The question anses as to how the morphology of the V 20 5 flakes ( the 

product of the industrial roast-leach process) would influence the course of 

reduction. The flakes are also obtained from molten V20 5, similar to the 

V 20 5 platelets prepared in this study, with the difference that the flakes are 

prepared by quenching the V20 5 melt on a cooling wheel, while the platelets 

were formed through very slow cooling of the melt. The flakes have larger 

dimensions (in the order of centimetres) and do not consist of distinguishable 

platelike crystals. They are also darker in colour. By crushing the flakes, 

however, similar platelike crystals were obtained. These crystals were sieved 

to fall in the same ranges as the platelets, i.e. 75 - 125µm, 125 - 250µm and 

> 250µm. They were then reduced, using CO, to compare their reduction 
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patterns with that of the platelets. The results are shown in figures 6.l(a) and 

(b) at two different reduction temperatures. 

The reduction curves of the flakes, similar to those of the platelets, are s­

shaped, indicating that the same reduction mechanism applies in both cases. 

There exists, however, slight differences in the TG-curves. The induction 

periods of the flakes are shorter than those of the platelets while the decay 

periods are longer. The shorter induction periods probably indicate a faster 

nucleation and growth process while the longer decay periods are caused by a 

larger inhibiting effect of diffusion in the flakes. 

6.3.Sample purity 

It has been mentioned that the V20 5 flakes have a darker colour than the 

V 20 5 platelets. This is probably due to impurities which were present in the 

initial AMV sample and which have consequently been included in the flakes. 

Microprobe analyses indicated that traces of phosphorus, sulphur, alumina, 

silicon and iron are present in the flakes. According to Rohrmann [2], a 

typical analysis of fused vanadium pentoxide flakes is as follows : 

V205: 95.5% 

V204: 3.5% 

Na20: 0.25% 

Fe: 0.15% 

S: 0.006% 

P: 0.002% 

Colpaert and co-workers [ 41] studied the surface reaction that occurs through 

thermal induced oxygen loss in V 20 5 single crystals. They found that the 

surface reaction of impure V 20 5 crystals was faster than that of clean crystals 
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Figure 6.1. -The reduction of V2O5 flakes (curves 1, 2, and 3) 
and platelets ( curves 4, 5, and 6) by CO at 
(a) 400°C and (b) 450°C. 
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and concluded that during transition of V 20 5 to V 60 13, the surface reaction 

was greatly enhanced by the interaction of contaminating molecules at the 

surface with lattice oxygen. 

In view of these results, it is possible that the impurities which are present in 

the V 20 5 flakes are responsible for the faster surface reaction than that of 

the platelets, as indicated by the shorter induction periods in the TG-curves of 

the flakes as compared to that of the platelets (figures 6.l(a) and (b )). 

The flakes probably crystalize with a larger degree of defectivity than the 

platelets, due to the faster quenching process employed in the production 

process. The presence of these defects in the crystal structure of the flakes 

could also contribute to a higher reducibility. 

The longer decay periods of the flakes can probably be ascribed to the 

inhibition of diffusion by the impurities during the reduction. The effect of 

impurities on the reduction rate of V 20 5 requires further investigation. 

6.4. Grain size 

From figures 6.l(a) and (b) it is clear that a decrease in the size of the V20 5 

grains leads to a higher reduction rate. This can be explained by considering 

the diffusional processes that occur during reduction, i.e. the diffusion of the 

reducing gas to the reaction interface and the diffusion of product gases from 

the reaction interface to the surface. These processes would be hampered by 

larger crystal sizes, causing a decrease in reduction rate. This effect would be 

much more pronounced in industrial size flakes. The reduction rate, and 

probably also the degree of conversion of the starting material, would 

definitely benefit by a decrease in the grain size of the starting material by 

means of mechanical grinding or crushing. 
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6.5. CO versus H~ as reducin2 2as 

From the reduction experiments conducted, it is evident that a faster 

reduction rate is obtained when H2, rather than CO, is used as reducing gas, 

although complete conversion of V 20 5 to V 20 3 is possible by using either of 

these two gases. When CO is used, it is important to take into account the 

possible deposition of carbon, as was found to occur during reduction 

experiments conducted in this study (section 4.3.2). The presence of carbon in 

the V 20 3 product and in the final vanadium metal will have a significant 

effect on the properties of the steel produced, as was discussed in section 1.2. 

6.6. Gas purity 

In this study, high purity gases were used for the reduction experiments. In 

industry, however, technical grade gases with certain impurity levels are used, 

and the effects of these contained impurities on the reduction behaviour have 

to be considered in order to obtain optimum reaction conditions. 

Unfortunately, a detailed study of the effects of these reducing gas impurities 

was not conducted although some preliminary reduction experiments with 

CO/ CO2 gas mixtures were done. The isothermal TG-curves of the 

reduction of V 20 5 powder at 500°C with various CO /CO2 gas mixtures can 

be found in figure 6.2 from which it can be seen that an increase in the CO2 

content of the CO reducing gas leads to a decrease in reduction rate. With all 

the mixtures, total conversion of V 20 5 to V 203 was achieved at this 

temperature. 

When the thermodynamics of V2O5 reduction with CO/CO2 mixtures is 

considered (figures 6.3(a) to (c)), it can be seen that only at very high partial 

pressures of CO2, total conversion of V 205 to V 203 becomes unfavourable. 
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At these high partial pressures of CO2, reduction is only favourable up to the 

intermediate V 204. 

It is possible that factors such as large grain sizes could serve to inhibit the 

reduction to such an extent that total conversion to V 20 3 becomes 

unfavourable, even at partial pressures of CO2 lower than that predicted by 

thermodynamics. 

Thermodynamic calculations were also done for the reduction of V 205 by 

various H2/H20 partial pressure ratios. The results are shown in figures 

6.4( a) to ( c) which predict that an increase in the partial pressure of water in 

the reducing gas would lead to an decrease in the reduction rate. In 

agreement with these predictions, Bosch et al. [23] found that the presence of 

water had a considerable effect on their temperature programmed reduction 

(TPR) profiles, causing the reduction to be completed at higher temperatures. 

Maciejewski et al. [24] also studied the influence of a lowering of the 

hydrogen concentration on the reduction behaviour by diluting the hydrogen 

stream with nitrogen. They found that the reduction rate of the diluted system 

was considerably lower than that of the undiluted system. The onset of 

reduction was also found to be shifted to higher temperatures. 

From these findings it can be expected that the employment of technical 

grade reduction gases on an industrial scale would lead to lower reduction 

rates than those achieved with high purity gases. The extent to which these 

impurities would influence the degree of conversion requires further 

investigation. 
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6.7. Reduction temperature 

When finding the optimum reduction temperature, the melting points of the 

oxides under consideration (given in table 6.1) should be taken into account. 

Table 6.1. - Melting points of vanadium oxides. 

oxide melting point/ °C 

V205 ±680 
V6013 708 
V02 1967 
V203 1970 

Using reduction temperatures close to and higher than the melting point of 

V 20 5 would cause considerable loss of the oxide through volatilization. 

Starting at temperatures where V20 5 is still in the solid form and increasing 

the reduction temperature, would lead to an increase in the reduction rate, 

but at temperatures close to the melting point a decrease in reduction rate 

would be observed. This is due to a decrease in surface area of the solid and 

thus in the solid-gas contact area through sintering and/ or melting of the 

oxide. Raising the temperature further would cause the reduction rate to 

increase again, but considerable volatilization of the oxide would then occur, 

making these higher temperatures unsuitable for industrial application. 

Reduction of V 20 5 in the liquid state would also complicate recovery of the 

product which would be sticking to the sides of the sample holder, causing 

further losses. 

Another factor that has been mentioned [ 4] is the formation of a solid crust 

of a lower oxide (V02 or V20 3) on the molten V20 5, since these oxides have 

higher melting points (table 6.1) than V20 5. This effect would serve to inhibit 

diffusion and would consequently lead to a decrease in the reduction rate. 
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From these aspects it seems that the optimum reduction temperature would 

be ±600°C where V 20 5 is still in the solid form and no significant 

volatilization occurs. 
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CHAPTER 7 
THE REDUCTION OF 

AMMONIUM METAV ANADATE 

7.1. INTRODUCTION 

The mam reason for the interest in the reduction of ammomum 

metavanadate (AMV) was briefly outlined in chapter 1. During preliminary 

studies done at Mintek [ 4] it was found that V 20 3 is formed at much lower 

temperatures when AMY instead of V 20 5 is used as starting material for 

reduction. It was also found that CO-reduction leads to a higher degree of 

conversion of AMV to V20 3 than Hi-reduction. This finding is unexpected 

since the reverse tendency was observed when V 20 5 was used as starting 

material. 

It is known that the actual transition of AMV to V 20 3 is composed of two 

different processes. The first part does not involve a reduction process, but is 

a thermal decomposition reaction whereby AMV gives off ammonia and 

water to yield V 20 5• The second part involves reduction of the freshly formed 

V 205 to V 203 by the prevailing CO or H2 atmosphere. 

If it is true that V 20 5 is formed as an intermediate of decomposition and is 

reduced in situ, why would reduction proceed at lower temperatures than 

when V 20 5 is used as starting material? To answer this question, a 

fundamental study of the processes involved in decomposition of AMV was 

carried out. 

Several studies have been done in the past on the thermal decomposition of 

AMV [42-50], and the decomposition is well-known to proceed as follows: 

REDUCTION OF NH4VO3 86 



Digitised by the Department of Library Services in support of open access to information, University of Pretoria, 2021 

AMV : ammonium metavanadate 
AHV : ammonium hexavanadate 

{R7.1} 

{R7.2} 

There still exists uncertainties as to the number of stable intermediates which 

form during the course of decomposition of AMV to AHV (reaction 7.1). 

Nevertheless, the present study is mainly concerned with the second step 

(reaction 7.2), i.e. the transition of AHV to V2O5, as well as further reduction 

of Y2O5. 

Previous studies have also brought to light that there exists a high degree of 

structural control on the course of decomposition of AMY [ 42]. 

The structure of AMY consists of zig-zag chains of distorted tetrahedra of 

oxygen about vanadium. These tetrahedra are linked by their corners to form 

chains. The NH4 + ions of AMV are then located between these Y-0 chains 

so that each NH4 + ion is irregularly surrounded by ten O-atoms. 

The decomposition of AMV involves scission of the Y-0 chains in the AMY 

structure ( accompanied by a simultaneous evolution of gaseous ammonia and 

water) with a subsequent rearrangement and cross-linking of Y-0 units to 

form AHV. Further decomposition of AHV to Y2O5 is a similar but less 

ordered process. 

It has also been shown [43] that the surrounding atmosphere has a marked 

influence on the stoichiometry and structural order of the intermediates of 

decomposition, as well as on the final Y2O5 product [45, 46, 48]. 
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It has generally been found that decomposition in an oxidizing atmosphere led 

to a stoichiometric V2O5 product, while in the absence of oxygen (in inert 

atmospheres) a V 20s-x product with an average vanadium valence of less 

than five, was obtained. 

Taniguchi et al. [ 45] ascribed this phenomenon to catalytic decomposition of 

gaseous ammonia (evolved during decomposition) on the surface of V2O5, 

causing slight reduction. Trau [51] and Sas et al. [46] also mentioned the 

possibility of reduction of V2O5 by gaseous ammonia. Dziembaj and co­

workers [ 48] proposed that the following redox processes occur : 

2 NH4+(s) + O2·(s) = 2 NH3(g) + H2O(g) 

2 NH4+(s) + O2·(s) = N2(g) + 4 H2O(g) + 6e 

2 NH4+(s) + O2·(s) = N2O(g) + 4 H2O(g) + 8e 

2 NH4+(s) + O2·(s) = 2 NO(g) + 4 H2O(g) + lOe 

{R7.3} 

{R7.4} 

{R7.5} 

{R7.6} 

The electrons (indicated by e) in the above equations are localized at the 

vanadium atoms, causing their reduction. 

From these results and opinions of previous workers, it seems that two factors 

play an important role during the decomposition process : the surrounding 

atmosphere and structural order/ disorder. Consequently, the influence of 

these factors on the reducibility of the intermediate V 20s was studied. 

7.2. EXPERIMENTAL PROCEDURE 

7.2.1. Instrumental technigues 

The experimental techniques used in this study are TG, DTA and DSC as 

well as X-ray powder diffraction analysis. A detailed description of 
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the instrumentation used, was given m section 2.2. Heating rates of 5 

K.min-1 were used throughout since the best seperation of reaction peaks 

were obtained at this rate. 

7.2.2. Materials and sample preparation 

Commercial AMV supplied by Riedel de Haen ( analytical grade) was used as 

starting material. To obtain AHV intermediates of varying degree of 

structural order, the commercial AMV was subjected to different treatments. 

AHV 1 - very ordered structure 

A very ordered AHV intermediate was prepared from solution according to 

the method of Kelmers [52]. 

A solution of approximately 1 molar NH4 V03 was prepared and pre-heated 

to 85°C. A quantity of acid (sulphuric, hydrochloric or perchloric acid) 

equivalent to that required by the following reaction was added : 

{R7.7} 

Bright orange crystals formed slowly and the resulting slurry was stirred for 

±24h at 85°C. The precipitate was filtered, washed with water and dried at 

110°C. The X-ray powder diffraction spectrum obtained for the crystals, 

corresponded to the spectrum obtained by Kelmers and is given in appendix 

A. 

AHV 2 - less ordered structure 

During decomposition of AMV a certain degree of disorder is introduced into 
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the crystal lattice due to rearrangement of oxygen polyhedra and evolution of 

gaseous products. An intermediate ARV with a less ordered structure was 

thus obtained as intermediate during decomposition of commercial AMV. 

AHV 3 - most disordered structure 

A disordered AHV was obtained according to the method described by 

Brown et al. [43]. This method involves the reaction of V20 5 (which is a 

product of decomposition of commercial AMV in air at 400°C) with damp 

ammonia to form a "recombined" AMV according to the following reversible 

reaction: 

{R7.8} 

7.3. RESULTS 

7.3.1. The influence of atmosphere n the decomposition of AMV 

The thermal decomposition of AMV was studied in oxygen, argon, carbon 

monoxide and hydrogen atmospheres, using commercial AMV. The TG and 

OTA-traces for the various reactions are given in figures 7.1 to 7.4 

respectively. 

As was anticipated from the results of previous workers, the first part of the 

decomposition process, i.e. the decomposition of AMV to ARV (reaction 

7.1), was found to occur independently of the prevailing atmosphere. In all 

cases, the intermediate AHV was found to form with a simultaneous mass loss 

of 15.5% wich corresponds to the theoretical mass loss of 14.85% expected for 

this reaction. The plateaus in the TG-curves which represent the formation of 

ARV, are indicated in figures 7.1 to 7.4. The AHV intermediate was 
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Figure 7.1. - TG and DTA curves for the thermal decomposition of commercial 
AMY in 02. 
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Figure 7.2. -TG and OTA-curves for the decomposition of commercial AMY in an 
inert atmosphere. 
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Figure 7.3. -TG and DTA-curves for the reduction of commercial AMV in CO. 
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Figure 7.4. -TG and DTA curves for the reduction of commercial AMY by H2, 
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identified by XRPD analysis in all cases, and the XRPD-pattern obtained 

corresponded to that obtained by Kelmers et al. [52]. 

The second part of the decomposition process (reaction 7.2) was found to be 

sensitive to the surrounding atmosphere. 

7.3.1.1. Oxidizin2 atmosphere 

The total mass loss obtained for the decomposition in oxygen (figure 7.1), was 

21.8%, corresponding to the theoretical mass loss of 22% for the formation of 

V 20 5. The final product had the char~cteristic orange colour of V 20 5, and 

XRPD-analysis confirmed that the final product was V 20 5• 

From the DTA-profile, it can be seen that the decomposition of AHV to 

V 20 5 is represented by an exothermic process in the 270 - 315°C 

temperature range. 

7.3.1.2. Inert atmosphere 

In nitrogen and argon atmospheres (figure 7.2), a total mass loss of 24.5% was 

obtained which is more than the expected 22% for the decomposition of AHV 

to V205. 

XRPD-analysis indicated the presence of lines of lower oxides i.e. V 307 and 

V 60 13, together with the V 20 5 lines. The final product was also darker in 

colour than expected for V20 5• From the DTA-curve, it can be seen that the 

decomposition of AHV is represented by two peaks. An endothermic peak is 

observed in the 280 - 330°C temperature range and a smaller exotherm in the 

350 - 380°C range. The endotherm is associated with a mass loss of 22.0%, 

while the exotherm corresponds to a further mass loss of ±2.5 %. 
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To study this process in more detail, the decomposition reaction in argon was 

terminated at the stages A to D, indicated in figure 7.5, and the sample 

analysed by XRPD. In patterns A and B, lines of AHY and Y 20 5 are visible 

( the most prominent lines of Y 20 5 are indicated by numbers 1 to 4 ). In 

patterns C and D, the arrows indicate the main lines of the lower oxides, 

Y30 7 and Y60 13. On comparing patterns Band C, it can be seen that Y20 5 

lines in pattern B are shifted to lower ct-spacings. This is probably due to a 

uniform stress that exists in the Y 20 5 crystal lattice at stage B because of the 

presence of non-stoichiometric and non-crystalline material, as well as some 

occluded ammonia. The alleviation of this stress in the Y 20 5 lattice is 

coupled by the formation of Y30 7 and Y60 13, shown in patterns C and D. 

This process is exothermic, as observed in the DTA-curve, and probably 

represents the reduction of Y 20 5 and/ or the oxidation of ammonia. 

7.3.1.3. Reducin2 atmospheres 

The total mass loss observed in CO (figure 7.3) was 35.5% which corresponds 

to the theoretical value of 35.94% for the conversion of AMY to Y 20 3• 

XRPD-analysis confirmed that the final product was Y 20 3. 

The processes which are observed in the DTA-curve between 150 and 380°C 

are similar to those observed in inert atmospheres in the same temperature 

range. At higher temperatures (380 - 530°C), further reduction of Y 20 5 to 

Y 20 3 by CO occurs, accompanied by an exothermic DTA signal. It is 

important to notice that reduction to Y 20 3 is completed at ±530°C which is 

much lower than the temperature that was needed to reduce commercial 

Y20 5 to Y20 3 in figure 2.3. Y20 5 produced through the the decomposition 

of AMY in the presence of 0 2, had a similar morphology to the 

commercial Y20 5, shown in the electron micrograph in figure 2.2(a). 

Reduction of both these Y20 5 samples is complete at ±740°C. 
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Figure 7.5. - XRPD study of the decomposition of AHV in an inert atmosphere. 
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Decomposition of AMV in H2 led to complete reduction of V 20 5 to V 20 3 at 

a temperature of ±480°C (figure 7.4 ). This is a lower temperature than the 

530°C which was needed for complete reduction by CO (figure 7.3), although 

similar TG and OTA-profiles are observed. This result is contradictory to the 

results obtained by Mintek workers [ 4 ]. 

7.3.2. Influence of the de21"ee of structural order of the AHV intermediate 

The three types of AHV intermediates with varying degrees of structural 

order (prepared by the methods described in section 7.2.2) were heated in 

reducing, inert and oxidizing atmospheres at a heating rate of 5 K.min. -1. The 

degree of structural order is 3 < 2 < 1, with sample 1 the most ordered. 

7.3.2.1. Reduceability of the V~.Q~ intermediate 

From the OTA-curves (figure 7.6) it can be seen that the temperature at 

which total conversion to V 20 3 is complete, is dependent on the type of AHV 

sample used. Conversion of sample 1 is complete at a temperature of 

±600°C, while sample 2 is already converted at ±550°C. A still lower 

temperature of ±500°C is needed to convert sample 3 to V 203. 

These results indicate that a higher degree of structural disorder in the AHV 

intermediate leads to the formation of a more reducible V 20 5• 

7.3.2.2. Processes occurrin2 in the absence of O~ 

It was shown in sections 7.3.1.2 and 7.3.1.3 that the processes occurring in the 

150 - 380°C temperature range (i.e. the decomposition processes up to the 
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Figure 7.6. - DTA-curves for the reduction of AHV intermediates with varying 
degrees of structural order (1-most ordered, 3-least ordered). 
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formation of V 20 5) are similar in inert 2nd reducing atmospheres. These 

processes were studied more closely by decomposing samples 1 to 3 in an 

inert atmosphere. The DSC-curves obtained are shown in figure 7.7. The 

enthalpies of the various reactions were determined and are given in table 7.1, 

along with the corresponding mass losses obtained from the TO-experiments. 

Table 7.1. - Enthalpies of the reactions occurring during decomposition of 
AHV in an inert atmosphere 

Sample Endotherm Exotherm Total 
nr.a mass 

Enthalpy Temp. Entha1fy Temp. lossb 
kJ.mol·1 AHV oc kJ.mol· AHV oc % 

1 122.6 ± 4.4 275-325 -7.21 ± 1.4 350-380 9.1±0.2 
min:302 max:364 

2 83.1 ± 6.4 280-340 -20.5 ± 2.3 350-385 9.6±0.2 
min:314 max:368 

3 24.9 ± 0.2 305-365 -23.3 ± 0.3 390-420 11.1±0.5 
min:333 max:405 

a - Degree of structural order: 3 < 2 < 1 (1 most ordered). 
b -Theoretical mass loss for AHV to V205: 8.7% 

The endothermic process 

The fact that the transition of AHV to V 20 5 is an endothermic process which 

involves the breakage of bonds and structural rearrangements implies that a 

certain energy barrier must be surmounted. This process probably involves 

the formation of an activated complex [ 43]. It can be understood that the 

decomposition of a more disordered AHV reactant must have a smaller 

reaction enthalpy than its more ordered counterparts. This also explains the 

lower reaction temperatures observed for the more disordered reactants. 
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Figure 7. 7. - DSC-curves for the decomposition of ARV intermediates 
with varying degrees of structural order in an inert 
atmosphere (1-most ordered, 3-least ordered). 
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The exothermic process 

The exothermic processes observed during the decomposition reactions can 

probably be ascribed to the reduction of V 20 5 due to the catalytic 
' 

decomposition of ammonia by the lattice oxygen of V2O5• The varying 

reaction enthalpies of this process and the different mass losses can be 

ascribed to different degrees of reduction of samples 1 to 3, depending on its 

degree of structural order. A possible explanation for the higher degree of 

reduction of the more disordered sample is that the V =0 bonds of V 20 5 in 

the strained lattice are weakened, as was discussed in chapter 5, leading to a 

more reducible V205. 

7.3.2.3. Processes occurrin2 in the presence of 0~ 

The DTA-curves of the decomposition of AHV samples 1 to 3 in oxygen are 

shown in figure 7.8. It appears that two competing processes are taking place. 

These processes are represented by an overlapping endotherm and exotherm. 

For sample 1, the endotherm is dominant while for sample 3 the exotherm is 

dominant. It seems that on going from sample 1 to 3, the decreasing structural 

order results in a decrease in the endothermic reaction and a subsequent 

increase in the exothermic reaction. 

The endothermic process 

Judging from the temperatures at which the reaction peaks occur, it seems 

that the endotherm (figure 7.8) represents the decomposition of AHV to 

V 20 5, similar to the exothermic process observed in an inert atmosphere 

(figure 7.7). As the disorder of the AHV intermediate increases, the enthalpy 

of the endotherm decreases due to the smaller amount of energy needed for 

the reaction to proceed. 
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The exothermic process 

The exothermic process in figure 7 .8, occurs at ±340°C which is a lower 

temperature ( ±30°C lower) than the temperature at which the exothermic 

process had occured in an inert atmosphere (figure 7.7). In addition to this, no 

simultaneous mass loss, as observed in an inert atmosphere, occurs. This is an 

indication that a different process is taking place other than the reduction of 

V 20 5. Although the exact nature of this process is uncertian, it apparently is 

somehow related to the presence of oxygen in the surrounding atmosphere. It 

also represents the formation of an ordered V 20 5 product from a disordered 

AHV intermediate. 

A possible explanation could be the oxidation of ammoma and/ or the 

oxidation of the V 20 5.x system by 0 2. It also could be interpreted as energy 

that is given off by the annealing of a disordered and oxygen deficient V 20 5 

lattice formed through the decomposition process. This would explain why the 

exothermic reaction enthalpy is higher for the more-defective sample and 

almost unnoticeable for the ordered one. This is because a higher degree of 

disorder and oxygen deficiency exists in the sample 3. In sample 1, a high 

degree of structural order exists which neccessitates an energy uptake for the 

breakage of bonds and rearrangements during decomposition. 

7.4. DISCUSSION 

The V20 5 formed through the thermal decomposition of AMY in the 

absence of 0 2, was found to be reduced at lower temperatures than V2O5 

produced in the presence of 0 2. The latter type of V 20 5 is similar to the 

V 20 5 powder used in the studies on the reduction of V 205. It has a similar 

morphology to that shown in the electron micrograph. in figure 2.2( a), and 

showed the same reduction behaviour. 
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Results obtained futher indicated that the reducibility of the V20 5 formed 

as intermediate during the thermal decomposition of AMY, is influenced by 

the structural order of the preceding ARV intermediate. Reduction was 

completed at lower temperatures when a disordered, rather than an ordered 

ARV intermediate, was used. 

During the decomposition of AMY under all conditions, disorder and non­

stoichiometry is introduced into the crystal lattice at first. In the presence of 

oxygen, order is apparently restored in the last stage of the decomposition 

when V 20 5 is formed. This process is represented by an exothermic DTA­

peak at ±350°C. 

It is expected [ 43] that there will be considerable interaction between the 

V 20 5 product of decomposition and 0 2 because 0 2 is readily chemisorbed 

on a V20 5 surface (100 - 480°C) [53]. The ability of oxygen atoms in the 

V 20 5 lattice to exchange with adsorbed 0 2 is well known. 

In the absence of 0 2 (in reducing and inert atmospheres), reduction of the 

freshly-formed V20 5 occurs, probably through the catalytic decomposition of 

ammonia which is evolved during decomposition. It could also be due to the 

occurence of the red ox reactions 1.3 to 1.6 described by Dziembaj et al. [ 48]. 

The degree to which this reduction occurs, is apparently dependent on the 

structural order/ disorder which exists in the intermediates of decomposition. 

It was shown by the DSC and TG results that a more disordered ARV 

intermediate leads to a higher degree of reduction of the V 205 product ( table 

7.1). 

This effect can probably be explained by the argument of Fiermans et al. [6] 

(section 5.4.3) and is probably partly the reason for the lower reduction 
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temperatures observed in figure 7.6. By considering, once agam, results 

obtained by various workers on the nature of vanadium pentoxide catalysts, 

valuable information applicable to the present study was obtained. 

From all studies on V 20 5 catalysts, it emerged that these catalysts are non­

stoichiometric oxides having a certain degree of anion deficiency [53]. In 

V2O5 catalysts prepared from the thermal decomposition of AMV [19] the 

presence of lower oxides such as V 60 13 has been detected. The boundaries 

between these lower oxides and V 20 5 were stated to be the active part of the 

catalyst. 

According to Andersson [19] these boundaries are regions with non­

stoichiometric V 20 5 and V 60 13 phases with V =0 species adjacent to V4+ 

ions (which are always associated with oxygen vacancies) in the lattice. The 

adjacent V =0 bonds are weakened because of an increased electrostatic 

r~pulsion between the vanadium and oxygen species in the bond, according to 

the following scheme: 

0 0 
II II 

-v-o-v-
5+ 5+ 

0 
II 

-v-o-v-
4+-o- 5++0-

The implication that oxygen can be removed more easily from the boundary 

between V 20 5 and a lower oxide such as V 60 13, could explain the enhanced 

reduction rates observed for the V 20 5 formed through the decompcsition of 

AMV in the absence of 0 2. These V 20 5 intermediates contain lower oxides, 

and thus active boundaries, due to the reduction by ammonia. These active 

boundaries contribute to a more reducible structure. In V 205 samples 

produced in the presence of 0 2, these active boundaries are absent and the 

sample is consequently reduced at higher temperatures owing to a less 

reactive structure. 
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8.1. Reduction ofV~Os: 

8.1.1. Oxide transitions 

CHAPTERS 
CONCLUSIONS 

V 205 can be reduced to V 203 successfully by using CO or H2 as reducing gas. 

The sequence of intermediate vanadium oxides that was found to form 

between V 205 and V 203 during reduction, is as follows: 

There still exists some doubt as to the formation of the homologous series of 

oxides V n02n-l, but the presence of XRPD lines corresponding to those of 

these oxides, was detected in samples partly reduced by H2. 

The reduction can be viewed as occurring through the removal of vanadyl 

oxygen from the V 20 5 lattice via the chemisorption of the reducing gas onto 

these sites. Shear and collapse of the vanadium-oxygen network may then 

occur, leading to a lower vanadium oxide structure. 

8.1.2. Kinetics and mechanism of reduction 

The reduction of V20 5 was found to be a structure sensitive process, with the 

reduction rate and mechanism of solid-gas interaction being dependent on 

the morphology of the solid as well as on the temperature of reduction. The 

complexity of these reduction processes encumbers a meaningful kinetic study 

of the reduction of V 20 5 as is reflected in the unaccountability of the results 

obtained. 
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Notwithstanding these difficulties, the Avrami-Erofe'ev kinetic model was 

found to give a general description of the mechanism of reduction, describing 

a process of nucleation and growth. Optical microscopy studies indicated that 

reduction starts preferably at defects such as steps and kinks in the crystal 

surface. After coverage of the surface, the reaction interface advances 

inwards towards the centre of the crystal, resembling a contracting-volume 

mechanism. 

8.2. The reduction of AMV 

Studies conducted on the reduction of AMY have confirmed that the in situ 

reduction of Y 20 5 (formed as decomposition intermediate) requires lower 

temperatures for complete conversion to Y 20 3 than the direct reduction of 

Y 205 when used as starting material. 

The higher reducibility of the intermediate Y 20 5 can be ascribed to the 

disorder and oxygen deficiency introduced into the Y 20 5 lattice during 

decomposition in the absence of oxygen. It is possible that the catalytic 

decomposition of ammonia evolved during decomposition causes partial 

reduction of the Y 20 5, leading to the formation of lower oxides (Y 30 7 and 

Y 60 13). The boundaries between Y 20 5 and these lower oxides are subjected 

to stress which may contribute to the higher activity because the oxygen 

species in these regions can be removed more easily. 

8.3. CO versus H~ as reductin2 2as 

Throughout this study, higher reduction rates were achieved with H2 than 

with CO. This applies to the reduction of both Y 20 5 and AMY. These 

findings are contradictory to thermodynamic predictions. However, it was 

shown in figure 3.3 (section 3.2.2) that there does not exist such a substantial 
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difference in favourability between CO and H2 reduction in the temperature 

range of reduction as might at first seeem. It is possible that this existing 

thermodynamic favourability of CO over H2 might be overcome if the H2 

reaction is kinetically more favourable than the CO reaction. This possibility 

seems likely in the light of the different mechanisms proposed for the 

V2O5-CO and V2O5-H2 systems (sections 4.4.1 and 5.4.2). 

8.4. Su22estions and comments concernin2 the industrial reduction of V ~O~ 

The fact that the in situ reduction of V20 5 (formed as decomposition 

intermediate) proceeds at lower temperatures than the direct reduction of 

V 20 5, can be implemented to reduce the costs of V 20 5 reduction. 

Consider the final stages of the roast-leach process (figure 1.1). Instead of 

converting the AMV to V 20 5 flakes at 850°C, followed by reduction of the 

flakes at ± 600°C by CO or H2 to obtain V 20 3, AMV can be reduced directly 

to V 20 3 at lower temperatures. 

Alternatively, decomposition of AMV to V 20 5 at 400°C ( or any temperature 

below the melting point of V 20 5) instead of the 850°C used at present, 

would lead to a V 20 5 product with a smaller grain size and different 

morphology which will be more easily reduced since the role of diffusion will 

be minimized. 

8.4. Proposals for further study 

The hypotheses formulated concemmg the mechanisms of solid-gas 

interaction that contribute to the overall reduction mechanism and reduction 

behaviour observed (figures 4.4 and 4.8) for the V2O5-CO and V2O5-H2 

systems, require further investigation. Temperature-programmed reduction 

CONCLUSIONS 108 



Digitised by the Department of Library Services in support of open access to information, University of Pretoria, 2021 

(TPR) studies in which the "uptake" of the reducing gas can be monitored, 

may provide valuable information in this context. 

A better understanding of the mechanism and the kinetics of the reduction of 

V 20 5 could be obtained by preparing a V 20 5 single crystal and studying it as 

such. This could facilitate the interpretation of certain kinetic parameters and 

would limit the influence of factors such as changes in grain size and 

morphology. In addition to this, the influence of contaminating substances in 

the lattice on the mechanism and rate of reduction could be studied. 

The processes that occur during reduction of AMV, leading to the formation 

of a more reducible V 20 5, could be followed by a detailed infrared 

spectroscopical study. Such a study could prove invaluable to the 

understanding of the system. Especially the role of the NH4 + -ion could be 

examined in more detail. Evolved gas analysis (EGA) studies could also be 

implemented to clarify some of the aspects concerning the catalytic 

decomposition of ammonia. 

Attempts were made to study the reduction of AMV with SEM, but due to the 

small grain sizes involved, these studies were unsuccessful. 
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APPENDIX A 
XRPD-DATA 

The following main XRPD-lines were used for identification of the compounds 

in this study, obtained from the ASTM powder diffraction files of the Joint 

Commitee on powder diffraction standards, except where otherwise indicated. 

V 30 7 from [8] 

d/A I/I 1 d/A I/I 1 

5.76 40 4.069 m 
4.38 100 3.638 m 
4.09 35 3.568 vs 
3.40 90 3.042 m 
2.88 65 3.008 m 
3.40 90 2.945 m 
2.88 65 2.552 s 
2.76 35 2.455 m 
2.610 40 1. 8398 vs 
1. 919 25 1.8251 s 
1. 757 30 1. 7837 m 

d/A I/ I 1 d/A I/I 1 

5.85 40 3.31 30 
4.98 20 3.20 100 
3.51 100 2.680 30 
3.32 80 2.427 60 
2.963 60 2.268 40 
2.674 80 2 .137 50 
2.482 20 1. 657 20 
1.9920 60 1.654 30 
1.9872 60 1. 601 30 
1. 8401 80 I 
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d/A I/ I 1 d/A I/ I 1 

3.65 60 5.89 55 
2.70 80 4.90 80 
2.47 60 4 .14 100 
2 .18 20 3.769 30 
1.83 25 3 .165 85 
1.69 100 2.914 55 
1. 47 25 2. 714 18 
1. 43 30 2.629 30 
1.33 10 2.453 25 

d/A I/I 1 

7.84 vs 
5.64 s 
3.91 m 
3.55 s 
3.26 m 
3.21 m 
2.92 m 
2.90 m 
2.87 m 
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APPENDIXB 
THERMODYNAMIC DATA 

The thermodynamic data of vanadium oxides used for the calculations in 

chapter 3 were obtained from Barin and Knacke [55] except for the data for 

V6O13 which were obtained from the H0

1 H0 29s values published by Mah 

[56]. A least square, non-linear curve fitting routine developed by Stander [3] 

was used to evaluate the heat capacity polynomial coefficients for V 6013. 

Table Bl - Gibbs free energy vs. temperature for vanadium oxides 

Temp. GT 
K kcal.mol·1 

V2Os V6O13 VO2 V2O3 VO 

298 -381.63 -1088.97 -175.17 -300.01 -105.77 
300 -381.69 -1089.97 -175.19 -300.05 -105.79 
400 -385.33 -1098.54 -176.82 -302.80 -106.89 
500 -389.90 -1110.26 -178.99 -306.26 -108.30 
600 -395.25 -1123.94 -181.50 -310.31 -109.95 
700 -401.28 -1139.33 -184.31 -314.87 -111.82 
800 -405.9 -1156.29 -187.38 -319.88 -113.88 
900 -415.06 -1174.67 -190.68 -325.30 -116.11 
1000 -423.58 -194.19 -331.09 -118.50 
1100 -433.29 -197.9 -337.21 -121.03 
1200 -443.42 -201.78 -343.64 -123.70 
1300 -453.92 -205.82 -350.36 -126.49 
1400 -464.78 -210.02 -357.36 -129.39 
1500 -475.96 -214.36 -364.61 -132.42 
1600 -487.45 -218.84 -372.10 -135.55 
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APPENDIXC 
DETERMINATION OF KINETIC MODEL 

The experimental, isothermal TG-curves which were obtained for the 

reduction of V20 5 by CO and H2, were first measured by hand to obtain a set 

of 40 to 50 o: (fraction reduced) versus t(time) data pairs for each isotherm. 

These data sets (0.05~a~0.9) were then used as input for the computer 

software developed by Wagener et al. [36] in which nineteen different 

equations (listed in table Cl), representing different kinetic models, were 

fitted to these data sets. 

After the data had been processed, a print-out was obtained containing the 

following results for each f ( o:) vs. time plot: 

- the slope (k), 

- the correlation coefficient (R) and R2, 

- the standard deviation, 

- the x and y intercepts. 

After careful consideration of the correlation coefficient and the standard 

deviation, the kinetic model which best describes the experimental data set, 

was selected. The program also contains an option where a graph of the f ( o:) 

vs. t plot can be obtained, and this option was also used to select the best 

model. 
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Table Cl - equations for kinetic models 

Fl f(a) =a power law, n= 1 

F2 f(a) =a¼ power law, n=4 

F3 f(a) =a1/3 power law, n=3 

F4 f(a)=a½ power law, n=2 

FS f(a) =ai power law, n = ½ 

F6 f(a) = 1-(1-a)½ contracting area 

F7 f(a) = 1-(1-a)l/3 contracting volume 

F8 f(a) = (1-a)ln(l-a) + a two-dimensional diffusion 

F9 f(a) = (l-2/3a)-(1-a)2/3 three dimensional diffusion 

FlO f(a) = [1-(1-a)2/3]2 lander 

Fll f( a)= -ln(l-a) Avrami-Erofe'ev, n= 1 

F12 f( a)= [-ln(l-a)]2/3 Avrami-Erofe'ev, n=3/2 

F13 f(a) = [-ln(l-a)]½ Avrami-Erofe'ev, n=2 

F14 f(a) = [-ln(l-a)]l/3 Avrami-Erofe'ev, n=3 

F15 f( a)= [-ln(l-a)]¼ Avrami-Erofe'ev, n=4 

F16 f( a)= In[ a/(1-a)] Prout-Tompkins 

F17 f( a)= 1/(1-a)-1 Second order 

F18 f(a) =ln a Exponential law 

F19 f (a) = 1 / ( 1-a) ½_ 1 Third order 
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Example 

The reduction of V 20 5 platelets by CO at 490°C led to the following a vs t 

data: 

t/s a 

1600 .038 
1800 .047 
2000 .058 
2200 .068 
2400 .079 
2600 .093 
2800 .107 
3000 .121 
3200 .140 
3400 .159 
3600 .178 
3800 .201 
4000 .224 
4400 .271 
4800 .318 
5200 .369 
5600 .420 
6000 .472 
6400 .519 
6800 .568 
7200 .612 
7600 .659 
8000 .696 
8400 .734 
8800 .769 
9200 .799 
9600 .827 
10000 .855 
10400 .879 
10800 .899 
11200 .916 
11600 .932 

The results obtained after the data processing are contained in table C2. 

The functions that were considered the best candidates are indicated with *, 

and their corresponding f(a) vs t plots are given in figures Cl(a) to (f). 

After consideration of the results in table C2 as well as the f( a) vs t plots in 

figure, the Avrami-Erofe'ev (n=2) equation, F13, was selected as the kinetic 

equation that describes the experimental data the best. 
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Table C2 - results of kinetic fits 

function slope/s·1 intercept R R2 std. err. x intercept/s 

Fl 1.0lE-04 -.1534 .995 .9899 .0324 1525.9 
F2 5.46E-05 .4387 .9641 .9295 .0482 -8024.19 
F3 6.60E-05 .3139 .9707 .9422 .0523 -4753.92 
F4 8.21E-05 .1259 .9811 .9625 .0518 -1533.61 
F5 9.59E-05 -.2737 .9816 .9636 .0596 2857.49 

* F6 7.64E-05 -.1604 .9953 .9906 .0238 2099.4 
* F7 5.96E-05 -.136 .9912 .9824 .0255 2281.06 

F8 7.67E-05 -.2356 .9658 .9328 .0658 3071.52 
F9 2.08E-05 -.0657 .9557 .9133 .0205 3157.24 
FlO 3.14E-05 -.1041 .9303 .8654 .0397 3311.15 
Fl 2.53E-04 -.6639 .9745 .9496 .1865 ·2624.03 

* F12 1.81E-04 -.2876 .9952 .9905 .057 1582.81 
* F13 1.45E-04 -.0673 .9996 .9993 .0126 462.86 
* F14 1.06E-04 .1988 .9984 .9968 .0193 -1880.57 
* F15 8.35E-05 .3577 .9953 .9905 .0261 -4283.58 

F16 5.54E-04 -3.6461 .9949 .9898 .1798 6585.71 
F17 9.46E-04 -3.2365 .8555 .7319 1.8315 3422.57 
F18 3.0lE-04 -2.9822 .9386 .881 .3536 9919.57 
F19 2.31E-04 -7117 .9262 .8576 .3021 3072.02 
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Figure Cl - f( a) vs. t plots for the six functions that gave the 

best fits to the the experimental data. 
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