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ABSTRACT

The formation of volatile hydroxides of vanadium, molybdenum and tungsten has 

been investigated using the transpiration technique. It was established that the principal 

hydroxide species formed in the presence of VgO^s), M o03(s) and W 03(s) are VO(OH)3, 

M 0 2(0 H )2 and W0 2(OH)2, respectively, according to:

(1) V20 5(s) +  3 H20(g) =  2 VO(OH)3(g)

(2) M o0 3(s) +  H20(g) =  M o02(OH)2(g)

(3) W 03(Œ,j8) +  H20(g) =  W 02(0H )2(g)

The vapor pressures of these volatile hydroxides were measured as a function of 

temperature, water pressure, oxygen pressure and flowrate. The results have been used 

to determine their Gibbs free energy of reaction as a function of temperature, according 

to the above reactions:

(1) AG° = 57,938 - 14.46 T (cal/mole) 560-650 °C

AG° =  242,413 - 60.50 T (J/mole)

(2) AG° =  31,143 - 19.57 T (cal/mole) 580-702 °C

AG° =  130,302 - 81.88 T (J/mole)

iii
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(3) AG°a =  39,733 - 18.00 T (cal/mole) 699-778 °C

AG°a =  166,243 - 75.31 T (J/mole)

AG^ =  40,162 - 18.40 T (cal/mole) 778-985 °C

AG0*, =  168,038 - 76.99 T (J/mole)

The enhancement of the vapor pressure of X^C^s) in the presence of water vapor 

was also studied. For this oxide of vanadium, however, no evidence of vapor transport 

was observed.

The generated thermodynamic knowledge has been used to devise process 

conditions for the extraction and recovery of Mo, V and W in feedstocks and wastes 

through vapor transport. The results showed that for VgO^s), significant pressures of the 

volatile hydroxides are realized at temperatures at least at 1250 °C and water vapor 

pressures of 5 atm. In the case of M o03(s), on the other hand, it was determined that 

high vapor pressures of the molybdenum hydroxides are obtained at temperatures slightly 

below the melting point (795 °C) and water pressures of 1 atm. For the case of W 03(s), 

it was established that high vapor pressures of the volatile hydroxides were achieved at 

temperatures of 1150 °C and water vapor pressures of 1 atm.

Finally, in order to minimize losses of M o03(s) and W 03(s) based materials, 

when exposed to water vapor, it is recommended to operate at temperatures below 500 

°C for molybdenum, and below 700 °C for tungsten. Moreover, based on the observation 

that volatile vanadium hydroxides significantly attack silica, the use of substrates other 

than quartz is recommended, where catalysts are to be used in the presence of VgO^s)

iv
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and water vapor.

The results of this study also served to resolve the disagreements found in the 

literature for the enhanced vapor transport of V, Mo and W in the presence of water 

vapor.
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I. INTRODUCTION

The vapor transport of refractory metals from feedstocks and wastes does not 

appear to be a feasible extraction method based on the data available in the JANAF 

tables2 and the USBM bulletin # 6721. However, unusual vapor transport of transition 

metals have been observed by some investigators12,14,15,16,47, in the presence of water 

vapor. They suggest that, although the hydrates of transition metals usually decompose 

when heated above 300 °C, the metals can form bonds with gaseous water molecules 

strong enough to dislodge the oxides from their crystal lattices45.

The findings of these investigators are interesting, and suggest the possibility of 

exploring the formation of volatile hydroxides as a means of selectively extracting 

refractory metals and their oxides from feedstocks and wastes. However, their results still 

remain inconclusive due to the discrepancies in the reported molecularity of the volatile 

hydroxides formed, as well as in the magnitudes of the observed apparent vapor 

pressures. In the patent by Chambers17, for example, a high recovery of vanadium is 

reported (56 wt. % in 2 hrs at 745 °C), while other investigators observed significantly 

more modest vapor pressures, under similar conditions.

Given the inconclusive results on the formation of volatile hydroxides and the 

exciting possibility of devising new extractive processes based on the enhancement of the 

volatility of refractory metals, a systematic study on the formation of volatile hydroxides 

was undertaken with two objectives, in mind. The first objective was to generate accurate
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and conclusive fundamental thermodynamic data on the enhancement of the volatility of 

at least three refractory metals, known to form volatile hydroxides. The second objective 

was to devise new vapor transport schemes for the recovery and extraction of refractory 

metals.

Four refractory metal oxides were chosen for this study: VgO^s), X^C^s), 

M o0 3(s) and W 03(s). These metals oxides were chosen because they are frequently 

found in wastes from metallurgical process such as slags, and because they are 

extensively used as catalysts in petrochemical processes under atmospheres containing 

water vapor.

The transpiration technique was selected for this study because it allows the 

measurement of vapor pressures under precisely controlled atmospheres. Thus, by 

specifying an adequate oxygen potential throughout the experiments, the integrity of the 

condensed phases can be maintained. For each of the chosen metal oxides, experiments 

were first conducted in the absence of water vapor. The purpose of these experiments 

was to measure the contribution of the volatile oxides to the total vapor pressure. This 

was an important consideration because in the transpiration technique only total vapor 

pressures can be measured. Consequently, in order to quantify the vapor pressures of the 

volatile hydroxides from the total measured vapor pressure, the contribution of any 

volatile oxides had to be taken into account. Thus, after the baseline vapor chemistry for 

each oxide was established, the study of the enhancement of the volatility of the chosen 

metal oxides in the presence of water vapor was undertaken.
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As a result of this investigation, the vapor transport chemistries of V205 (s), 

VgOgfs), M o0 3(s) ,  and W 03(s) in the presence of water vapor have finally been resolved. 

Also, based on the fundamental thermodynamic data generated in the present 

investigation, new vapor transport chemistries for the extraction, recovery, and 

conservation of vanadium, molybdenum, and tungsten, are proposed.
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II. LITERATURE REVIEW

A comprehensive literature review was conducted to identify and review the 

available data necessary to characterize and quantify the vapor transport chemistries of 

V205 (s), V20 3(s), M o0 3(s) , and W 03(s). From this review, the stability ranges of these 

oxides were first established in order to determine the experimental conditions that would 

assure their integrity throughout the experiments. If  conditions too reducing were used, 

the condensed phase would disproportionate into a lower oxide and oxygen. Thus the 

measured vapor pressures would be of a compound other than the one of interest. On the 

other hand, if  the sample was not in its highest oxidation state and conditions too 

oxidizing were imposed, it would oxidize to a different compound. Such is the case of 

V20 3(s), which requires a reducing atmosphere to maintain its integrity.

Once the stability ranges of the condensed phases had been established, the next 

step was to review the proposed vapor transport chemistries in the absence of water 

vapor (baseline vapor chemistries) to determine the contribution of the predominant 

volatile oxides to the total vapor pressure at the temperatures ranges of interest in this 

study. To account for these contributions was important because in the experimental 

technique utilized in this investigation (the transpiration technique), only the total vapor 

pressure can be measured. Thus, in order to obtain the vapor pressure of any of the 

formed hydroxides, the vapor pressures of the volatile oxides had to be subtracted from 

the total vapor pressure.
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Finally, once the baseline vapor chemistries had been characterized, the third step 

was to review the available literature on the formation of volatile hydroxides with 

V205 (s), VgOgfs), M o0 3( s) , and W 03(s). The results of this literature review, for each 

of the above mentioned oxides, are presented in the following sections of this chapter.

2.1 Vanadium Pentoxide

The first objective in this literature review was to establish the stability range of 

the condensed phases of the vanadium-oxygen system. The thermodynamic data reported 

in USBM bulletin # 6721 and the JANAF tables2 list V(s), VO(s), V20 3(s), V20 4(s), and 

V20 5(s) as the only stable solid condensed phases. However, the vanadium-oxygen 

system is far more complicated and a large number of oxide phases have been reported. 

Matsui and Naito3 carried out an extensive literature review and reported an updated 

phase diagram for the V -0  system (see Figure 2.1). As can be appreciated, a wide range 

of stable phases exist between V(s) and V20 5(s). The complexity of this system is not 

surprising because vanadium, being a transition metal with an atomic radius 

approximately 1.89 times larger than that of oxygen, is highly susceptible to oxygen 

interstitial dissolution4.

The thermodynamic properties of the V20 5.x system (0 <  x <  1) are thus very 

complicated and depend on the temperature, oxygen pressure, and composition of the 

system. At x <  0.43 and around 600 °C, for example, the phases that coexist are V20 5 

and V 60 13. Cooling the system, however, results in the formation of V30 75. Vanadium
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2000
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1500
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2.0 2.50.5
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Figure 2.1 Phase diagram for the V -0  system3.

pentoxide is the highest oxide in the V-O system and is a red-yellowish acidic compound 

with a rhombohedral structure6. The O/V homogeneity range for vanadium pentoxide, 

as reported by Dziembaj and Piwowarczyk, is between 2.49 and 2.57. In their study, 

they suggested that at the vicinity of 600 °C, the equilibrium reaction for the 

decomposition of VgO^s) in the presence of oxygen is:

V20 5(s) = V60 13(s)+ 0 2(g) (2.1)

From their measurements, assuming ACp°=0 in the temperature range of 575 to 615 °C, 

they estimated the values for AH° and AS° as:

AH° =  -63.50 ±  0.46 (kcal/mole of O j 

AS° =  -44.84 +  0.55 (cal/mole of O j 

Using this data and assuming ACpo=0 (in the absence of additional data) in the
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range of 550 to 660 °C, equilibrium partial pressures for the decomposition of V205(s) 

were calculated and theoretical experimental limits estimated. In this temperature range 

the calculated decomposition pressures are in the order of 10‘8 to 10'5 atm. These 

pressures are significantly lower than the pressures used in this investigation (0.10  <  P02 

< 1 atm) for the same temperature range. Therefore, no difficulties were encountered 

in preventing the decomposition of X^C^s).

2.1.1 Baseline Vapor Chemistry of VnO/s.fi

In order to study the vapor transport chemistry of VgO^s) in the presence of water 

vapor, it was first necessary to identify the principal vapor species formed in the absence 

of water vapor and determine their contribution to the total vapor pressure. Thus, the 

baseline vapor chemistry of X^C (̂s) was first investigated.

Available references were reviewed concerning the vaporization of VgO^s,!). The 

earliest experiments date back to 1946 with the work of Polyakov8 who concluded that 

V205 (l) vaporized congruently as X^O^g) when subjected to a 1 atm oxygen pressure for 

the temperature range of 700 to 1200 °C. Their results were summarized as:

V20 5(1)= V20 5(g) (2.2)

AG " =  32,266.9 - 12.8 T (cal/mole of V20,(g))

Berkowitz, Chupka and Inghram9 qualitatively studied X^C (̂s) employing a mass 

spectrometer and found no evidence of V2O5"1" ions. They observed initial peaks
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corresponding to VAoCg) and V40 8(g) with subsequent formation of V60 14(g), V20 12(g), 

and V20 4(g). The appearance of the latter three molecules was attributed to the 

decomposition of the V20 5(s). Due to their inability to maintain a constant composition 

of the condensed phase (an indication that V20 5(s) did not vaporize congruently), they 

were unable to make quantitative determinations. Their observation that V20 5(s) did not 

vaporize congruently is in agreement, however, with the observations of Frantseva and 

Semenov10 that V20 3(s) is the only vanadium oxide that vaporizes congruently.

Farber, Uyy, and Srivastava11 also studied the vapor transport chemistry of 

V20 5(s) with an effusion-mass spectrometer in the temperature range of 730 to 932 °C. 

They observed the same behavior as Berkowitz et al. and in order to obtain quantitative 

data, they ran several experiments for only a few minutes each (until the vapor pressures 

of V4O10(g) and V40 8(g) became unstable). Farber et al.’s results were summarized as:

2V,0,(s) = V,0,<,(g) (2.3)

AG° = 23,439.53 +  4.07 T (cal/mole of V4O10(g))

2V,0,(s) = V,0,(g)+ O^g) (2.4)

AG° = 110,348.17 - 39.86 T (cal/mole of V40 8(g))

The AG° equations shown above were derived based on the reported free energy 

function (gef) data. The calculated values of AG° were correlated with temperature by 

the method of least square linear regression. Although it would have been preferred to 

correlate the Sigma function (see page 73) with temperature, heat capacity data could not 

be located for V4O10(g) and V40 8(g).
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Yannopoulos12 studied the vapor transport chemistry of V205(s,l) using a 

transpiration apparatus at a temperature range of 639 to 899 °C. He did not observe, 

within his detection limits, any volatilization.

Semenov et al.13, also using a transpiration apparatus with oxygen as the carrier 

gas, measured the volatilization of X^O^l) in the temperature range of 942 to 1257 °C. 

They proposed congruent volatilization according to:

Suito and Gaskell14 studied the volatilization above liquid mixtures of V2Oj and V20 4 

over the temperature range of 900 to 1099 °C using a transpiration apparatus. They 

observed congruent volatilization of the melt, as well as a dépendance of the gaseous 

species on the oxygen potential and melt composition. From their experimental work they 

proposed two simultaneous reactions for the vaporization of V20 5(s):

2V20 3(1) = V4O10(g) (2.5)

AG” =  27,021.64 +  1.65 T (cal/mole of V A o )

V 0 2(s)= V 0 2(g)

AG - =  32,930 - 1.55 T (cal/mole of V 0 2(g))

(2.6)

V0 25(1) + l o 2(g) = V0 3(g) (2.7)

AG° =  39,610 - 7.7 T (cal/mole V 0 3(g))

Also, they proposed the following reaction for the gas phase:



T-4504 10

VO,(g) + l o 2(g) = VO,(g) (2.8)

AG° =  -2,210 - 2.33 T (cal/mole V 0 3(g))

The JANAF tables2 and USBM bulletin 6721 report the existence of two gaseous 

vanadium oxides, VO(g) and V 0 2(g). The calculated total vapor pressure for these 

gaseous species above V205(s) at 600 °C and 1 atmosphere of 0 2, is in the order of 1020 

atm. These remarkably low vapor pressures suggest a practically null volatilization of 

vanadium pentoxide at the conditions studied in this investigation.

A table presenting the apparent vapor pressures at selected temperatures by the 

different investigators was constructed for comparison purposes (see Table 2.1). It was 

observed from this comparison that, except for the work of Polyakov (extremely high 

vapor pressure) and the calculated pressures from USBM bulletin 672 and JANAF tables 

(extremely low vapor pressure), the reported apparent vapor pressures from the different 

researchers were comparable in magnitude.

Since the purpose of this investigation was to study the vapor transport chemistry 

of solid V20 5 (mp. 677 °C), the working temperatures used were around 600°C. As seen 

from Table 2.1, when the work of the different investigators was extrapolated to 600 °C, 

the calculated vapor pressures, except for the work of Polyakov, were in the range of 

10"8 6 to 10"6 8. These pressures are extremely low and would be difficult to detect in the 

transpiration apparatus used in this study, whose sensitivity limit was 10"66 atm. Such 

was the case of Yannopoulos who, as mentioned earlier, was not able to detect any 

volatilization of V20 5(s,l) using the transpiration technique.
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Table 2.1 Comparison of the Vapor Pressures Reported by the Different 
Investigators for V2O5, Pressures in Atmospheres

Investigators T °C Pœ PApparat Main Reactions Proposed

Polyakov8 600 -5.64"' V A (s ) =  v,0,(g)
700 -4.35

900 -3.39

1000 -2.75

1100 -2.29

1200 -1.93

Berkowitz et al.8 8 not reported 2 V20 3(s) =  V4Ol0(g)

Farber et al." 600 not -6.76"' 2 V2Oj(s) = V4O10(g)

730 controlled -6.01

907 -5.25

932 -5.14

Yannopoulos12 639-839 0.06 - 0.25 below detection

Semenov et al.13 600 -7.74"' 2 V20,(s) =  V4O10(g)

942 -5.22

1100 -4.66

1257 -4.22

Suito and Gaskell14 600 0.21 -8.56"' V 02 i(l) +  1/4 0 2(g) =  V 0 3(g)

900 0.21 -5.68

1025 0.21 -5.05

1099 0.21 -4.70

USBM bulletin 672' 
and JANAF tables2

600 1 -19.79 V20,(s) = 2 V 0 2(g) +  1/2 0 2(g)<2'

(1) Extrapolated values using AG° of fusion for V20 5 when applicable.
(2) Proposed reaction based on species reported.
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This conclusion was important since it allowed the direct measurement of the 

partial pressures of the hydroxide species formed above VgO^s) in the presence of water 

vapor with no interference from the volatile oxides. However, to provide a final check 

on the contribution of these gaseous oxides to the measured vapor pressure in the absence 

of H20(g), baseline vapor pressure measurements with V20 5(s) were made.

2.1.2 Enhancement of the Volatility of VoO^s.l) in the Presence of Water Vapor

Increased volatility of V20 5(s) using water vapor was studied by Glemser and 

Muller15. Using a transpiration apparatus in the temperature range of 500 to 650 °C and 

using 0 2 as the carrier gas, they concluded that the enhancement in vapor pressure was 

due to the formation of V20 3(0 H)4(g) according to:

V20 5(s) + 2H20(g) = V20 3(0H )4(g) (2.9)

AG° =  21,321 +  14.83 T (cal/mole of V 20 5(s))

Since all their reported data was for a single carrier gas flow rate, no evidence 

was given that they worked in a flowrate independent regime. Thus, it is not clear as to 

whether or not the measurements were made under equilibrium conditions.

Yannopoulos12 conducted experiments using both V20 5(s) and V20 5(1) as his 

condensed phases. He used a transpiration apparatus with mixtures of 0 2 and H20  as 

carrier gas in the temperature range of 639 to 899 °C. He concluded that the
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enhancement of the vapor transport was due to the formation of VO(OH)3(g) according 

to:

It is important to note that although Yannopoulos conducted experiments with both 

V205(s) and VgCMl), his measurements were made primarily above liquid V2O5. 

Moreover his measurements above solid V2O5 were carried out at only one temperature. 

Thus it is questionable, from a statistical point of view, as to whether or not the reported 

Gibbs free energy equation reflects the actual trends in the solid phase.

Yannopoulos’ work was later criticized by Suito and Gaskell14 for his use of silica 

boats. They argued that his melts were silica saturated and that consequently, he was 

unable to detect any difference in volatilization due to oxygen variation.

Taniguchi and Ooue16 conducted experiments with solid V2O5 in the temperature 

range of 465 to 620 °C, also using a transpiration apparatus. In agreement with 

Yannopoulos, they also concluded that VO(OH)3 was the molecularity of the gaseous 

species formed according to:

V20 5(s,l) + 3 H20(g) = 2VO(OH)3(g) (2.10)

AG° = 44,010 +  1.03 T (cal/mole of VgO^s,!))

V20 5(s,l) + 3H2O(g) = 2VO(OH)3(g) (2.11)

AG° =  41,643 +  1.45 T (cal/mole of V20 5(s))
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The formation of volatile vanadium hydroxides was also investigated by Suito and 

Gaskell14. Using a transpiration apparatus in the temperature range of 900 to 1099 °C, 

they concluded that the main volatile hydroxides formed above V 0 2 and VO2.5 melts were 

VO(OH)2 and V 0 2(0H )2 according to:

VOj(s) + HjOfe) -  VO(OH)j(g) (2.12)

AG° =  50,150 -14.77 T (cal/mole of V 0 2(g))

V20 5(1) + 2H20(g) + l o 2(g) = 2V02(0H)2(g) (2.13)

AG° = 43,250 +  7.06 T (cal/mole of V20 5(1))

In comparing their work with that of the other investigators, Suito and Gaskell 

emphasized their observations of congruent volatilization and oxygen dépendance of the 

melt composition. The other previously mentioned authors reported no oxygen 

dépendance and only one gaseous hydroxide species formed above V20 5(1).

A graphical comparison of the work reported by the different investigators is 

presented in Figure 2.2. The reported equations for the proposed Gibbs free energies of 

the predominant reactions were plotted as a function of temperature within the working 

temperature range of each investigator.

Although the investigators worked at different temperature ranges, it was evident 

that where their ranges overlapped, except for the work of Taniguchi et al. and that of 

Yannopoulos, there was no agreement on the molecularity of the predominant volatile 

hydroxide. Moreover, even when they agreed in the molecularity, the values of the AG°
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of reaction and, consequently , the vapor pressures, differed considerably.

Other interesting observations on the volatilization of vanadium pentoxide in the 

presence of water vapor were appreciated in the patent by Chambers17. He suggested that 

vanadium can be transpired from slags and other vanadium bearing materials at 

temperatures as low as 600 °C. He attributed the high volatility to the formation of 

volatile hydroxides. Although he did not report a specific molecularity for the vapor 

species formed nor any mechanisms of vaporization, he observed a dépendance on the 

oxygen potential and a linear relationship with the water vapor pressure. He also reported 

extractions of around 56 wt.% of the original V2O5 in 2 hrs at 745 °C. This suggested 

remarkably high vapor pressures of the gaseous species formed, compared to the work 

reported by the previously mentioned investigators.

It was evident from the literature review, as well from the pilot plant data 

obtained by McNulty18, that the known vapor chemistries on vanadium were not complete 

and that the reported experimental investigations, due to the disagreements between the 

different researchers, were inconclusive.

It was the objective of the present investigation to sort out the molecularity of the 

predominant gaseous hydroxides formed above VgO^s) in the presence of water vapor. 

Moreover, in view of the large discrepancies among the Gibbs free energy values 

reported by the different investigators, independent measurements of the Gibbs free 

energy for the transport reaction at different temperatures were conducted.
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2.2 Vanadium Trioxide

Vanadium trioxide is a black solid compound with an structure similar to that of 

a-corundum and is considered to be basic19. Its range of homogeneity, as reported by 

Stringer,6 goes from V 0 144 to VO, 65 depending on the temperature; actually, the range 

narrows with decreasing temperature20.

Oxygen dissociation pressures for the VO, 5 and VO, 67 system were measured by 

Anderson21 by varying the oxygen partial pressure at a number of relatively high 

temperatures (1173 to 1423 °K). The proposed oxidation reaction is shown in the 

following equation:

The measured vapor pressures for the lower and higher limits of the temperature 

range were Log P02 (atm) =  -12.1 and Log P02 (atm) =  -8.49 respectively.

Masakata and Katsura20 also studied the thermodynamic properties of V2O3 but 

at higher temperatures (1400 to 1700 °K). They reported Gibbs free energies of oxidation 

for V203(s) according to:

^V20,(s) + - l o 2(g) = l v 305(s) (2.14)

1/2V20 3(s) + l/1202(g) = 1/3V30 5(s) (2.15)

d(logK)
d(l/T )

= (1.85 ±  0.05) x 103 (cal/0.5 mole of V20 3(s)) (2.16)
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An extrapolation of this work to compare it with the work of Anderson resulted 

in a dissociation pressure of Log P02 (atm) = -11.8 at 1173 °K. It was appreciated that, 

given the uncertainty of the extrapolation, the agreement between the two investigations 

was good (Log P02 (atm) =  -11.8 versus -12.1).

Since no information for the oxidation of X^C^s) was found at lower temperatures 

(600 to 900 °C), and given the proximity of the extrapolation to the values reported by 

Anderson at lower temperatures, Masataka and Katsura’s equation was used to estimate 

the oxygen partial pressures for the oxidation of X^C^s) in the present work. For the 

above temperature range, the calculated equilibrium oxygen pressures were:

600 °C : Log P02 (atm) =  -18.33 

900 °C : Log P02 (atm) = -11.83

These values were used to define the upper P02 limit for the transpiration experiments 

on V203 (s).

For the vanadium rich boundary of the homogeneity region of V20 3(s), no 

categorical information was found. In their review of the literature, Matsui and Naito3 

suggested that above 1000 °K the condensed phases in equilibrium are VO(s) and 

V 203 (s); whereas at lower temperatures, the phases in equilibrium are, according to 

Figure 2.1, V 0 127(s) and V20 3(s). Since no thermodynamic data were located for the 

latter equilibrium, the equilibrium VO(s) and X^Ogfs) was taken as the vanadium rich 

boundary of V20 3(s) and the decomposition oxygen pressures calculated from the data
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reported in the JANAF tables. In the temperature range of 600 to 900 °C, the calculated 

decomposition pressures for the low and high limits of the temperature range studied 

were:

600 °C: Log P02 (atm) =  -34.0 

900 °C: Log P02 (atm) =  -23.2

These values were used to define the lower P02 limit for the transpiration 

experiments on X^C^s). These partial pressures are five to ten orders of magnitude lower 

than the working oxygen pressures used in this investigation. Due to the low magnitude 

of the oxygen pressures needed for this experiments, an equilibrated mixture of CO(g) 

and C 02(g) was used as the carrier gas to accurately control the oxygen potential 

throughout the experiments according to:

CO(g) + l o 2(g) = C0 2(g) (2.17)

L o g ^  = LogK + lLogP 0i (2-18)
*co ^
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The equilibrium PcWPco ratios for the upper and lower limits of the stability 

range of X̂ Ĉ Cs) are presented in Table 2.2.

Table 2.2 Equilibrium PcWPco Ratios for the Upper and Lower Limits of the 
Stability Range of VgOgfs)

Temperature (°C) PC02/Pco

VO / V20 3 V2O3 / V3O,

600 -4.63 3.21

900 -3.56 2.15

2.2.1 Baseline Vapor Chemistry of V?Ch(s)

As in the case of vanadium pentoxide, in order to study the vapor chemistry of 

V203 (s) in the presence of water vapor, it was first necessary to identify the principal 

vapor species formed in the absence of water and determine their contribution to the total 

vapor pressure.

All the thermodynamic studies on the volatilization of V203 (s) found in the 

literature were carried out through high temperature mass spectrometric methods, in the 

range of 1000 to 2000 °K.

Frantseva and Semenov10 studied the evaporation above V 0 15(s) and V 0 152(s) in 

the temperature range of 1400 to 2000 °K, and determined the gas composition and the 

partial pressures of the components. They found that, at these temperatures, V20 3(s) 

volatilizes congruently as VO(g) and V 0 2(g), with equal distributions, as the condensed
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phase composition approaches stoichiometry. Although they detected significant V + 

intensities, they attributed them to VO+ and V 02+ fragmentation due to the high 

ionization energies used (70 eV); V + did not appear at ionization energies of 12 eV. 

The derived relationship for the partial pressure of either VO(g) or V 0 2(g) as a function 

of temperature above stoichiometric V20 3(s) was presented as:

LogPj (atm) = 2y QQ + 8.46 (2.19)

Although PVo was equal to PVo2 when in equilibrium with V 0 15, slight differences 

in the distribution of VO(g) and V 0 2(g) were observed above V 0 152(s). The proposed 

equations for the partial pressures of each component were:

LogPVo2 (atm) = — + 8.34 (2.20)

LogPvo (atm) = ~ 2^ ’730 + 8.86  (2.21)

Frantseva and Semenov also compared their work with that of Killingbeck22. 

They found that the effective pressures of the two works were similar. However, the 

gaseous species proposed by Killingbeck was V20 3(g).

Farber, Uy, and Srivastava11 determined the heats of formation at 298 °K for 

VO(g) and V 0 2(g) above V20 3(s) and reported their free energy functions at 2200 and 

2300 °K. Using this information, along with complementary thermodynamic data from 

the JANAF2 tables, and making Frantseva and Semenov’s assumption of equal gaseous
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distribution above V 0 15(s), the total effective pressures above X̂ OgCs) were calculated 

for comparative purposes. The calculated effective pressures at 2200 and 2300 °K were 

1.7 E-5 and 5.62 E-5 atm respectively. In their work, Farber et al. confirmed Frantseva 

and Semenov’s observations of the congruent volatilization of VgCMs).

Banchomdhevakul, Matsui, and Naito3 also studied the vaporization of V203(s) 

through mass spectrometric methods, but at low ionizing energies at a temperature range 

of 1914 to 2182 °K. In their experiments, they used an O/V ratio of 1.501 and observed 

3 gaseous species: VO, V 0 2, and V, in decreasing order. They reported the following 

relationships of partial pressure as a function of temperature:

LogPvo (atm) = 2^.’440 + 7.7 (2.22)

LogPVOi (atm) = " 2^ 32Q + 8.7 (2.23)

No vapor pressure equation for V(g) is reported due to the large scattering in their

results.Therefore, they did not take it into consideration in their thermodynamic studies.

They suggested that the stoichiometric condensed phase vaporizes congruently in the form 

of VO and V 0 2. Different from Frantseva and Semenov, they did not find the 

distribution of the two gaseous compounds to be equal; VO(g) was reported to have a 

higher partial pressure than V 0 2(g). They also noticed that their measured pressures were 

lower than those of Frantseva and Semenov.
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A table presenting the total apparent pressures reported by the different 

investigators was constructed for comparative purposes (see Table 2.3). The two 

temperatures selected facilitated the construction of the table (thermodynamic relations 

from some investigators were not very explicit) but posed some uncertainty on the data 

due to their extrapolation. Notwithstanding these limitations, the table provided a good 

indication of the order of magnitude of the vapor pressures as well as the agreement of 

the data reported by the different investigators.

It was appreciated from Table 2.3 that, although not all the investigators agreed 

in the molecularity of the volatile hydroxides formed, their agreement in the magnitude 

of the total vapor pressures above ^C^(s) was remarkable. It was also evident, from this 

literature review, that the vapor pressures of the vanadium species above V^C^s) were 

relatively low even at high temperatures. Furthermore, when the vapor pressures were 

extrapolated to a lower temperature range (600 to 900 °C), the expected vapor pressures 

were in the range of 1024 to 1015 atm. These orders of magnitude were in agreement 

with the magnitudes obtained when calculating the vapor pressures of both VO(g) and 

V 0 2(g) above V^C^s) from the data reported in the JANAF2 tables at this lower 

temperature range (1 0 23 to 10"15 atm).

These calculations suggested that the contribution of the volatile oxides above 

V203 (s) to the total vapor pressure, at the experimental conditions used in this 

investigation (600 to 900 °C), were practically null. Therefore, they would not interfere 

in the measurements of the vapor pressures in the presence of water vapor. However, as 

in the case of the vanadium pentoxide measurements, baseline experiments were
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Table 2.3 Comparison of the Vapor Pressures Reported by the Different 
Investigators for V203(s), Pressures in Atmospheres

Investigators T °K Log Main Reaction Proposed

Frantseva and Semenov10 2200 -3.92(1) V20 3(s)= VO(g)+ V 0 2(g)

2300 -3.37(1)

Kilingbeck22 2200 -4.38(1) V203(s)=V 20 3(g)

2300 -3.71(1)

Farber et al.11 2200 -4.77 V20 3(s)= V O(g)+ V 0 2(g)

2300 -4.25

Banchomdhevakul 2200 -4 .15(1) V20 3(s) =  V O(g)+ V 0 2(g)

2300 -3.61(1)

JANAF Tables2 2200 -3.79 V20 3(s)= V O(g)+ V 0 2(g)

2300 -3.27

(1) Extrapolated value.
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conducted to provide a final check on the contribution of the volatile oxides to the 

measured vapor pressure.

2.2.2 Enhancement of the Volatility of VnO,fs  ̂ in the Presence of Water Vapor

No information was found in the literature on the enhancement of the volatility 

of vanadium trioxide in the presence of water vapor. Thus, another objective of the 

present study was to determine if volatile hydroxides could formed with X^C^s). The 

study attempted to determine the molecularity and the AG° of formation of any volatile 

hydroxides formed.

2.3 Molybdenum Trioxide

The oxides that have been reported in the molybdenum-oxygen system are listed 

in Table 2.4. Not all of these substances, however, have been proven to be stable. In 

fact, some of them were produced, in a metastable state, by heating stoichiometric 

mixtures of oxides and metals, followed by rapid quenching23.

In studying the stability of molybdenum oxides, Magnéli24,25 originally observed 

three stable compounds between Mo02(s) and M o03(s) in the temperature range of 650 

to 750 °C: Mo40 11(s), MOgO^s), and MOgC^Cs). Later, two additional phases were 

observed by Kihlborg and Magnéli26: Mo170 47(s) (at temp. <  560 °C) and Mo50 14(s) (at 

temp. <  530 °C). Of these two species, Mo50 14(s) is probably metastable27.
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Table 2.4 Molybdenum Oxides Reported in the Literature23

CAS Form ula Crystal
Nam e Registry No. Em pirical Molecular structu re Color

trioxide [ 1313- 27- 5 ] M 0O3 M0O3 rhombic w hite
f-oxide [ 12136- 82 - 0 ] M 0O2.89 M018O52 triclinic blue black
/S'-oxide [12163- 89- 2 ] M 0O2.89 M 09O26 monoclinic violet
/3-oxide [ 12058- 34- 3 ] M 0O2.84 M ogOa monoclinic violet
0-oxide [12438- 84- 5 ] M 0O2.80 M 05O14 tetragonal blue violet
x-oxide [12777- 01- 4 ] M 0O2.78 M 017O47 orthorhom bic red  blue
%-oxide [ 12033- 38- 4 ] M 0O2.75 M 04O 11 monoclinic wine red
7 -oxide M 0O2.75 M 04O11 orthorhom bic wine red
dioxide [ 18868- 43- 4 ] M 0O2 M 0O2 tetragonal brown black
sesquioxide [ 1313- 29- 7] M 0O1.5 M 02O3 amorphous black

[ 12136- 80- 0 ] M 0O0.33 M03O cubic m etallic

Another study on the stability of oxides in the Mo-O system was conducted by 

Chang and Phillips28,29. They were able to obtain, as single phases, M o02(s), MOjO^s), 

a low temperature Mo9026(s), and a high temperature Mo90 26(s). They reported that the 

X-ray diffraction patterns for the low temperature Mo90 26(s) matched the patterns 

reported by Magnéli; whereas the high temperature form did not. They mentioned, 

however, that some of the front diffraction lines of the high temperature Mo90 26(s) 

corresponded to those of MogO^s), as reported by Magnéli. In order to confirm the 

stability of MogO^s), they conducted additional experiments using a mixture of Mo90 26 

and M 04O11 with a composition equivalent to that of Mo80 23 at 700 °C. They were only 

able to produce an equilibrated mixture of Mo90 26(s) and Mo^O^s). This inability to 

maintain Mog023(s), suggested that there was still some uncertainty with respect to the 

stability of Mog023(s).
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In the case of the compounds with lower oxygen content than M o02(s), shown in 

Table 2.4, these have not yet been obtained in a pure state and are poorly described26. 

Attempts by Kihlborg26 to produce Mo30(s) from M o03(s) were unsuccessful. Thus, he 

concluded that the existence of these lower oxides was still questionable.

The phase diagram by Brewer and Lamoreax30 reported five oxide phases as being 

stable: MoC^Cs), M ounts), Mog023(s), Mo90 26(s), and M o03(s) (see Figure 2.3). 

Calculations (using the JANAF tables2) to determine the oxygen equilibrium pressures 

for the stability boundaries of these phases, however, gave inconsistent results with the 

Mo40 11-Mo8023 and Mo80 23-Mo90 26 equilibria. The equilibrium Mo4On-Mo90 26, on the 

other hand, gave consistent results and was in agreement with the findings Chang and 

Phillips29.

Based on the phases reported by Brewer (excluding Mo80 23) and the 

thermodynamic data from JANAF, the molybdenum rich stability limit for M o03(s) was 

determined. For the temperature range of interest in this study (550 to 750 °C), the 

oxygen equilibrium pressures for the coexistence of M o03(s) with Mo90 26(s) are 

presented in Table 2.5.

It was clear from Table 2.5 that if 0 2 pressures higher than 10'7 atm were used, 

M o0 3( s) would not be reduced in the temperature range of 550 to 750 °C. In the present 

study, oxygen pressures of the order of 101 atm were used. Thus no problems were 

encountered in maintaining the integrity of M o03(s).
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Figure 2.3 Equilibrium phase diagram for the molybdenum-oxygen system30.

Table 2.5 Equilibrium Oxygen Pressures for the Lower Limit of Stability of 
M o0 3(s)

T °C P02 (atm) Log P02

550 8.32 X 1012 -11.08

650 6.03 X 1010 -9.22

700 3.63 X lO"09 -8.44

750 1.82 X  lO"08 -7.74

2.3.1 Baseline Vapor Chemistry of MoO,(s.D

Once the stability ranges of the M o-0 system had been established, the next step 

was to determine the contribution of the volatile oxides to the total vapor pressure. As 

mentioned earlier, to account for these contributions was important because the vapor
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pressures of the volatile oxides have to be subtracted form the total vapor pressure to 

obtain the vapor pressure of any hydroxide formed .

Stability diagrams at three selected temperatures, within the temperature range of 

interest (550 to 750 °C), were constructed utilizing the stability ranges for the condensed 

phases obtained in the previous section. To these ranges, lines representing the vapor 

pressures of the principal volatile oxides have been superimposed. The data were 

obtained from the JANAF tables2 with the exception of the data corresponding to 

(MogOpXg). For this species, as will be discussed in the following paragraphs, no 

categorical data could be obtained. The measurements by Glemser and Haeseler31 were 

chosen mainly because they represented an average of the reported data, and because 

these investigators also were interested in studying the formation of volatile hydroxides 

(see Figures 2.4 to 2.6).

It was appreciated from these figures, that at 650 °C the partial pressure of M 03O9 

was in the order of 10-4 atm, and at 750 °C, it was as high as 10'3 atm. Since these 

magnitudes were easily detectable in the transpiration technique, it was evident that an 

accurate determination of the vapor pressure of MogO^g) was necessary in order to be 

able to measure the vapor pressure of any volatile hydroxides formed above M o03(s). 

A summary of the available literature on the vaporization of M o03(s) is presented in the 

following paragraphs.

The sublimation of M o03(s) has been studied by several investigators by different 

experimental methods. Feiser32 made indirect determinations of the volatilization of 

M o03(s,1) in the temperature range of 883 to 1428 °K. Having measured the boiling point
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of M o03 (1428 °K), he proceeded to estimate the vapor pressure below the boiling point 

by using the simple relation:

He also attempted to calculate the vapor pressure of M o03(s) by comparing its 

sublimation/time with the vaporization/time of another oxide of known vapor pressure, 

under his experimental conditions. He assumed that this technique would give him the 

vapor pressure of M o03(s). However, the results obtained by this technique were in 

serious disagreement with his previous calculated vapor pressures. He concluded that 

these discrepancies could be explained if the vapor species were in the polymeric form.

The first mass spectrometric studies were conducted by Berkowitz, Inghram, and 

Chupka33, who detected the presence of three polymeric species: (M o03)3, (M o03)4, and 

(M o0 3)5. From these, (M o03)3 was determined to be the predominant species in their 

studied temperature range of 810 to 1000 °K. They estimated a ±  4 kcal error in the free 

energy equation due to temperature variations (±  10 °C) and uncontrolled leakages from 

the cell. Their reported vaporization reactions were:

Vapor pressure at T = Wt. loss/time at T (2 .2 4 )
760 mm Wt. loss/time at bp

3 M o0 3(s) = Mo30 9(g) (2.25)

AG° =  80,500 - 65.6 T (cal/mole of gas)
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4 M o0 3( s) = M o 40 12(g) (2.26)

AG° = 93,600 - 78.1 T (cal/mole of gas)

Ikeda et al.34 also conducted experiments using a mass spectrometer in the 

temperature range of 850 to 940 °K. They detected the presence of the same polymeric 

species as Berkowitz et al. and also reported M 03O9 as being the predominant species. 

Their calculated vapor pressures, however, were slightly lower than those of Berkowitz 

et al.. Ikeda et al., also compared their work with that of Kazenas and Tsuvetkov35 and 

Aleshko-Ozhevskaya et al.36, who also conducted mass spectrometric studies. Ikeda and 

co-workers concluded that, although they agreed with the polymeric species reported by 

these investigators, they did not agree with the magnitude of the vapor pressures. They 

also found some differences in the temperature dépendance of the pressure of the 

polymeric gaseous species. Their reported equations for both the trimer and tetramer 

species were:

AG° =  80,995 - 64.73 T (cal/mole of gas)

Blackburn et al.37 measured the volatilization of M o03(s) in the temperature range 

of 808 to 958 °K, using the Knudsen effusion method. Based on the paper by Berkowitz 

et al.33, they assumed that the predominant volatile species was MogO^g) and calculated

3 M o0 3(s) = Mo30 9(g)

AG° =  69,556 - 52.81 T (cal/mole of gas)

(2.27)

4 M o0 3( s) = Mo40 12(g) (2.28)
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their vapor pressures accordingly. Applying the Clausius-Clapeyron equation to their 

calculated vapor pressures, they obtained an equation for the vapor pressure as a function 

of temperature. By manipulating this equation, the free energy equation for the 

sublimation reaction was derived as:

3Mo03(s) = Mo30,(g) (2.29)

AG° =  79,741 - 67.81 T (cal/mole of gas)

Ueno et al.38 also measured the vapor pressure of M 03O9 by measuring the weight 

loss in a Knudsen effusion cell suspended from a quartz fiber balance. As in the case of 

Blackburn et a l., they computed the heat of sublimation from the slope of a Clausius- 

Clapeyron plot in the temperature range of 908 to 948 °K. They reported the following 

free energy equation:

3Mo03(s) = Mo3Og(g) (2.30)

AG° = 63,700 - 46.5 T (cal/mole of gas)

Gulbransen et al.39 also studied the vaporization of M o03(s) using the Knudsen 

effusion method in the temperature range of 873 to 973 °K. Based on the work of 

Berkowitz et al., they also considered M 03O9 as the main volatile oxide of M o03(s) with 

small contributions to the total vapor pressure from M 04O12 and Mo^O^. In order to 

calculate their vapor pressures, they used an average molecular weight of the gaseous 

species as calculated by Horbe, Knacke, and Prescher40. Horbe et al. based their 

calculations on the distributions of Berkowitz . Gulbransen et al. extrapolated the data
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of Selikman et al.41, who studied the vaporization of liquid M o03, to the melting point 

and used this value in the Clausius-Clapeyron regression of their data. In this way they 

adjusted their equation to agree with Selikman’s equation at the melting point. Their 

obtained equation was :

nMo03(s)= (M o03)5(g) (2.31)

AG° = 75,400 - 62.3 T (cal/mole of gas)

Gulbransen et al. also combined their calculated AH° of vaporization for the solid 

phase with the AH° of vaporization of the liquid phase of 35.2 kcal/mole calculated by 

Horbe et al 40, to obtain a AH° of fusion of 12.4 kcal/mole. It is important to note that 

Horbe et al.’s work was conducted with solid Mo03 using an average molecular weight 

of the vapor species based on Berkowitz et al.’s mass spectrometric study, and that the 

calculated AH° of vaporization over the liquid phase was based on their review of the 

works of Feiser32 and Selikman41.

Ackermann et al.42 conducted experiments to measure the vaporization of M o03(s) 

in the temperature range of 980 to 1060 °K using the transpiration technique. Based on 

the work of Berkowitz, they calculated an average molecular weight of the vapor species 

and reported the sublimation of Mo03 as:

nMo03(s) = (Mo03)5(g) (2.32)

AG° =  87,800 (±  1000) - 73 (±  1) T (cal/mole of gas)
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In comparing their results with other researches, they argued that the assumption 

made by some investigators that M 03O9 is the sole predominant species was not 

satisfactory; and that both MogOgfg) and Mo^^Cg) were important. They indicated that, 

although Berkowitz et al. reported that M 03O9 was approximately three times more 

abundant than Mo^^Cg) at 850 °K, if their reported equations were used to estimate 

abundance ratios at higher temperatures, Mo^^Cg) became more significant. 

Consequently, it should be taken into account at higher temperatures calculations.

In an attempt to explain the discrepancies in the literature, they proceeded to 

recalculate the enthalpies and entropies of sublimation reported by other investigators, 

assuming average molecular weights based on the relative gaseous distributions of 

Berkowitz. They concluded, however, that the recalculated enthalpies and entropies of 

sublimation did not change significantly and thus, the large differences could not be 

attributed to the assumption that M 03O9 was the sole predominant species.

Ariya et al.43 conducted their measurements in the temperature range of 941 to 

987 °K using the transpiration technique . Assuming that M 03O9 was the main volatile 

species of M o03(s), they obtained the following equation for the sublimation of 

molybdenum trioxide:

3 M o0 3( s) = Mo30 9(g) (2 .3 3 )

AG° = 68,100 - 56.9 T (cal/mole of gas)
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Selikman et al.41 measured the sublimation of liquid molybdenum trioxides in the 

temperature range of 1178 to 1373 °K using the transpiration technique. They concluded 

that M 03O9 was the predominant volatile species and reported the sublimation of M o03(l) 

as:

When Ackermann et al.42,43 reviewed the work of Selikman, they noted that their 

measurements yielded an average molecular weight of 3.2 times the monomer whereas 

the measurements of Berkowitz et al.33, yielded an extrapolated value of 3.6. It is the 

writer’s opinion that this may be an indication that the tetramer abundance actually 

decreases with increasing temperature. This observation was consistent with Brewer and 

Elliot’s44 observations that at 1200 °C the vapor phase average formula was less than 

(M 0O3V 5; although, as observed by Berkowitz, they might have supersaturated the gas.

Glemser and Haeseler31, conducted experiments on the sublimation of M o03(s) 

using the transpiration technique. They assumed that Mo30 9(g) was the predominant 

gaseous species in the temperature range of 908 to 1028 °K based on the studies of 

Berkowitz. They obtained the following free energy equation:

3Mo03(1) = Mo30 9(g)

AG° =  35,200 - 24.6 T (cal/mole of gas)

(2.34)

3 M o0 3(s) = Mo30 9(g)

AG° =  83,237 - 69.56 T (cal/mole of gas)

(2.35)
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This work was of special importance to the present investigation because Glemser 

and Haeseler31 also studied the formation of volatile hydroxides with M o03(s). Since with 

the transportation technique only total apparent pressures can be measured, they had to 

determine the contribution of the volatile oxides first. Only then, they could study the 

formation of volatile hydroxides.

A graphical comparison of the work reported by the different investigators is 

presented in Figure 2.7. In this figure, three sets of data were identified in the solid 

phase. These were a lower set comprising the work of Gulbransen, Blackburn, and 

Ariya; a higher set consisting of the work of Berkowitz, Ikeda, Ueno, and Ackermann; 

and finally, a middle line corresponding to the work of Glemser. In the liquid phase, 

only the results of the work of Selikman were available.

It was evident, from this literature review, that there were still considerable 

discrepancies among the reported vapor pressures of the oxides in equilibrium with solid 

M o03. It was also clear that these discrepancies had to be resolved before the study on 

the formation of volatile hydroxides could be undertaken.

Thus, measurements of the vaporization of Mo03(s) in the absence of water vapor 

were incorporated in the present investigation to accurately account for the vapor 

transport due to the formation of volatile oxides.
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2.3.2 Enhancement of the Volatility of MoCXfs.ll in the Presence of Water Vapor

Increased volatility of M o03(s) was first observed by Millner and Neugebauei45 

in the temperature range of 600 to 700 °C. Later, Brewer and Elliot44 conducted 

experiments in the presence of water vapor at 560 °C. In their experiments, they 

measured how much M o03 was vaporized in a sealed silica tube when exposed to water 

vapor. They concluded that M o03 reacted with water to form Mo0 2(OH)2(g) according 

to:

M o0 3(s)  + H20(g) = M o02(OH)2(g) (2.36)

Ten years later, Glemser and Haeseler31 investigated the formation of volatile 

hydroxides above M o03(s) in the temperature range of 873 to 963 °K. Since they used 

the transpiration technique, they first had to measure the vapor pressure of the volatile 

oxides in the absence of water vapor in order to be able to subtract this value from the 

total measured vapor pressure in the presence of steam. In agreement with Brewer and 

Elliot, they also reported Mo0 2(OH)2(g) as being the predominant gaseous hydroxide 

formed, according to:

MoOj(s) + H20(g) = Mo02(OH)2(g) (2.37)

AG" =  35,378 - 24.94 T (cal/mole)

Wendlant and Glemser46 studied the formation of volatile hydroxides at elevated 

pressures and at 500 °C. They concluded, in agreement with previous investigators, that
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there was a linear dépendance of the vapor pressure of the hydroxide to the water 

pressure.

Belton and Jordan47 were also interested in the formation of volatile hydroxides 

of molybdenum. Using the transpiration technique in the temperature range of 1473 to 

1773 °K, they studied the enhancement of the volatility of Mo metal in the presence of 

water vapor. In order to prevent the oxidation of the metal, they used hydrogen-water 

vapor-argon mixtures at reducing conditions.They cleverly accounted for the 

contributions of the volatile oxides to the total vapor pressures by fixing the water to 

hydrogen ratio (oxygen potential) and varying the water potential at a fixed temperature. 

In this manner, any contribution that was independent of the water potential was 

attributed to the volatile oxides. Thus, the intercept of a plot of apparent vapor pressure 

as a function of water pressure should have given them the vapor pressure of the volatile 

oxides. The results of Belton and Jordan were summarized as:

M(s) + 4H20(g) = Mo02(OH)2(g) + 3H2(g) (2.38)

AG" =  40,410 - 7.10 T (±  450 cal/mole M(s))

They also reported a probable value for the entropy of formation of the hydroxide 

as 137.9 ±  0.55 eu at 1600 °K.

A graphical comparison of the available results from the different investigators 

is shown in Figure 2.8. Since Belton and Jordan worked with molybdenum metal, their 

reported equation was appropriately combined with the free energies of formation of 

water and molybdenum trioxide, to facilitate the comparison with the work of Glemser
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and Haeseler.

It was evident, from this comparison, that although the different investigators 

agreed in the molecularity of the hydroxide species formed, they disagreed in the 

magnitude of its vapor pressure. Therefore, it was the objective of the present 

investigation to conduct experiments to study the formation of volatile hydroxides with 

M o03(s) and definitively resolve the discrepancies found in the literature.

2.4 Tungsten Trioxide

The main oxides of tungsten reported in the literature were W 02(s) and W 03(s). 

Between these oxides three other phases were reported in the JANAF tables2: W C ^fs), 

W0 2.9(s), and W 02 96(s). An attempt to calculate the oxygen pressures for the equilibria 

between the different phases, using the JANAF tables, was unsuccessful due to the 

inconsistencies in the data. The oxygen pressure for the equilibrium between W 02 9 and 

W 02 96 (1016 atm) at 1100 °K, for example, was lower than that for W 02 72 and WO2 90 

(1013 atm) at the same temperature. The only sequence that was consistent with the 

oxygen equilibrium pressures, using the available data, was W 02-W 02 72-W 02 96-W 03. 

The phase diagram reported by Phillips, Chang and Scroger48, however, does not show 

the W 02 96(s) phase (see Figure 2.9). Given these inconsistencies, it was clear that the 

W -0 system was not yet properly defined.

For the purposes of the present study, the tungsten rich boundary of stability of 

W 03(s) was taken as that of W 02 96(s) and W 03(s). This boundary provided a higher (and
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Figure 2.9 Equilibrium phase diagram for the tungsten-oxygen system48.

therefore safer) theoretical 0 2 pressure to maintain the integrity of W 03(s) than the 

pressures corresponding to the boundary with any of the other lower oxides. For the 

temperature range of interest in the present investigation, the oxygen equilibrium 

pressures for the equilibrium of these phases are shown in Table 2.6

Table 2.6 Equilibrium Oxygen Pressures for the Lower Limit of Stability of 
W 03(s)

T °K P02 (atm) Log P02 (atm)

1000 1.00 X 1013 -13.00

1300 1.78 X IQ 9 -8.75
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Since these oxygen pressures were several orders of magnitude lower than the 

working oxygen pressures of 0.10  to 0.82 atm used in this investigation, no problems 

were encountered in maintaining the integrity of the condensed sample.

2.4.1. Baseline Vapor Chemistry Above WCh(Y)

Once the stability ranges of the W -0 system had been established, the next step 

was to determine the contribution of the volatile oxides to the total vapor pressure.

Stability diagrams at three selected temperatures within the temperature range of 

interest (727 to 1027 °C) were constructed utilizing the stability ranges for the condensed 

phases obtained in the previous section. To these ranges, lines representing the vapor 

pressures of the principal volatile oxides were superimposed. The data for the 

construction of these diagrams was obtained from the JANAF tables2, (see Figures 2.10 

to 2 . 12).

It was observed that, at all three temperatures, the main volatile oxide above 

W 03(s) was W3Og(g). I was also observed that the vapor pressure of this gaseous oxide 

was lower than 1 X 102 atm. Since these magnitudes of vapor pressure were below the 

detection limit of the transpiration technique (2.5 X 10'7 atm.), their contribution to the 

total measured vapor pressure was practically null.

This conclusion was important since it allowed the direct measurement of the 

partial pressures of the hydroxides formed above W 03(s) in the presence of water vapor 

with no interference of volatile oxides. However, to provide a final check on the 

contribution of these gaseous species to the measured vapor pressure in the absence of
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H20(g), baseline vapor pressure measurements were conducted.

2.4.2 Enhancement of the Volatility Above WChfs) in the Presence of Water Vapor

Increased volatility above W 03(s) was first observed by Millner and Neugebauer45 

at 1 atm and 1000 °C. They proposed that water, in the gaseous phase, can form bonds 

strong enough to remove the oxides from the crystal lattice of W 03(s).

Although they did not report a possible molecularity for the formed hydroxides, 

Grossweiner and Seifert49, using Millner and Neugebauer’s data, suggested that 

W0 2(OH)2(g) might be the gaseous hydroxide formed.

Glemser and Volz50 studied the formation of volatile hydroxides using the 

transpiration technique in the temperature range of 1100 to 1200 °C. Using nitrogen- 

water mixtures as the carrier gas, they reported the formation of W0 2(0 H)2(g) according 

to:

A few years later, Glemser and Haeseler31 studied the formation of volatile 

hydroxides in the temperature range of 900 to 1000 °C. Using oxygen-water vapor 

mixtures as the carrier gas, they reported the same molecularity as Glemser and Volz, 

but different thermodynamic parameters. Their work was summarized as:

W 03(s) + H20(g) = W 02(0H )2(g) 

AG° = 38,100 - 16.7 T (cal/mole)

(2.39)

W 03(s) + H2G(g) = W 02(0H )2(g) 

AG° =  39,900 - 18.8 T (cal/mole)

(2.40)
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Meyer et al.51 also conducted experiments with W 03(s) to investigate the 

formation of volatile hydroxides of tungsten. Using the transpiration technique in the 

temperature range of 1120 to 1250 °C, they reported the formation of W0 2(OH)2(g) as:

W 03(s) + H20(g) = W 02(0H )2(g) (2.41)

AG° =  25,800 - 8.4 T (cal/mole)

Belton and McCarron52 also studied the formation of volatile hydroxides of 

tungsten. Using the transpiration technique in the temperature range of 1200 to 1500 °C, 

they investigate the enhancement of the volatility of W metal in the presence of water 

vapor. In order to prevent the oxidation of the metal they used reducing argon-hydrogen- 

water vapor mixtures. Their results were summarized as:

W(s) + 4H20(g) = W 02(OH)2(g) + 3H2(g) (2.42)

AG° =  26,700 - 5.56 T (cal/mole)

Belton and McCarron also combined their results over tungsten metal with the 

appropriate data from JANAF2 and NBS53, to obtain an equation for the enhancement of 

the volatility of W 03(s) :

W 03(s) + H20(g) = W 02(0H )2(g) (2.43)

AG° =  42,260 - 21.18 T cal/mole

They also reported a possible value for the entropy of the hydroxides as 136.7 ±

1.05 eu at 1600 °K.
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A graphical comparison of the available results from the different investigators 

is shown in Figure 2.13. It is evident, from this comparison, that although the different 

investigators agreed in the molecularity of the hydroxide formed, they disagreed in the 

magnitude of its vapor pressure. Therefore, it was a final objective of the present 

investigation to conduct experiments to study the formation of volatile hydroxides with 

W 03(s) and definitively resolve the discrepancies found in the literature.
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III. EXPERIMENTAL TECHNIQUE

In this chapter, several aspects of the experimental technique used in the present 

investigation are discussed. The chapter is organized into six sections. The first three and 

the last two sections are pertinent to the experimental method and its sources of error. 

Section 3.4, describes the data analysis necessary to obtain the molecularity, the vapor 

pressures, and the thermodynamic parameters necessary to characterize the formation of 

volatile hydroxides in equilibrium with their condensed phases.

For each condensed phase (V2O5, V2O3, M 0O3 and W 03), the first series of 

experiments were conducted in the absence of water vapor. The purpose of these 

experiments was to measure the contribution of the volatile oxide species to the total 

vapor pressure. In the second series of experiments, water was added to the carrier gas 

and the formation of volatile hydroxides was investigated.

3.1 Principles of the Transpiration Technique

The transpiration method was selected for this investigation because of the 

importance of maintaining an adequate oxygen potential throughout the 

experiments,which assured the integrity of the condensed phases.

In the transpiration method, a condensed phase is equilibrated with a carrier gas 

under a controlled atmosphere. The carrier gas mixture, which may contain inert or



T-4504 55

reactive gases at pre-specified ratios, is passed over the condensed sample at a rate 

sufficient for equilibrium to be established between the gas and the condensed phase. The 

saturated gas carries the volatile species to the condenser system where they are collected 

and quantified. The vapor pressures of these volatile species can be calculated either from 

their weight loss of the condensed sample or from the amount of material transported to 

the condenser system. For such calculations it is necessary to know the following 

parameters:

1) moles of material transported

2) carrier gas flowrate

3) duration of the run

4) reaction temperature and pressure

5) ambient temperature and pressure

Moreover, a mole or mass balance of the atomic species involved in the reactions is 

necessary in order to calculate the number of moles of each species in the equilibrated 

gas mixture.

A very important consideration for these calculations is the saturation of the 

carrier gas. This equilibrium saturation depends mainly on the rate of vaporization of the 

sample, the exposed surface area, the diffusivity of the vaporized molecules, and the flow 

regime, composition, and volumetric flow rate of the carrier gas. As noted by Alcock 

and Hooper54, plug flow is the ideal flow regime for the transpiration technique. The 

attainment of saturation of the carrier gas is confirmed when, by controlling the flow 

rate, an equilibrium plateau is obtained when plotting the apparent vapor pressure versus
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the carrier gas flow rate. A typical curve of the apparent vapor pressure as a function of 

flow rate is depicted in Figure 3.1.

UJ

DIFFUSION
SIGNIFICANT

EQUILIBRIUM PLATEAU

FAILURE TO 
SATURATE GAS 
STREAM

GAS FLOWRATE

Figure 3.1 Typical curve shape of PApparcnt as a function of carrier gas
flow rate.

At low flow rates, the apparent vapor pressures are higher than expected from 

equilibrium saturation because of diffusive flow of the vapor molecules out of the 

reaction zone. At high flow rates, on the other hand, the apparent vapor pressures tend 

to be lower because there is not enough time for saturation to be attained. The attainment 

of equilibrium is thus confirmed, when the measured equilibrium constants are 

independent of the flowrates used.
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The main limitation of the transpiration technique is that one must have a priori 

knowledge or idea of the vapor species present. For this reason a meticulous and 

comprehensive literature review is necessary to characterize, as best as possible, the 

vapor chemistry of the substances to be studied.

3.2 Transpiration Apparatus

3.2.1 Reactor System

Two electric furnaces in series were used to supply heat to the reactor. These 

furnaces had multiple electrical taps to allow for the control of the temperature profile 

along the length of the reactor. These taps were connected in a parallel configuration to 

the heating elements, and the current that passed through them was adjusted using 

variable resistors. In this way, a flat temperature profile was obtained in the reaction 

zone. An electronic controller was used in the Proportional-Integral-Derivative mode 

(PID) to control the temperature of each furnace to ±  1 °C.

A schematic of the transpiration system used for the Me-O-H vapor transport 

studies is given in Figure 3.2 . The reactor tube and the sample carrier tube were made 

of quartz. One slot of 16.5 cm was provided in the carrier tube to hold 3 alumina 

sample boats (5 cm in length each). The annular area between the carrier tube and the 

reactor tube was minimized to prevent back diffusion of the carrier gas during the run 

(all calculations were based on the assumption of plug flow of the gases through the 

reaction chamber). The sample carrier tube was inserted into the reactor by means of
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a magnetic coupling device.

The temperature profile along the reactor was determined using a calibrated type 

"K" thermocouple assembly. The calibration of the thermocouple was measured against 

the melting point of A1 and Ag. Dry deoxidized argon was continuously passed above the 

melt to provide an inert atmosphere during the calibration. The temperature measuring 

assembly was inserted into the reactor tube and was allowed to equilibrate for 

approximately 10 to 12 hrs before the temperature profile was determined.

3.2.2 Gas Train

A schematic diagram of the gas train system used for this investigation is shown 

in Figure 3.3. High purity gases were used as received from the supplier. Individual 

flowrates were measured by precision capillary flowmeters located downstream from the 

gas regulators. Constant head tanks, placed between the flowmeters and the gas 

regulators, were used to eliminate variations in the flow due to oscillations in the 

regulator outputs. The delivery pressures, and consequently, the flowrates, were varied 

by adjusting the depth of the " T V  inside the constant head tanks . The glass " T V  were 

connected to both the flowmeters and the regulators with polyethylene tubing. The gases 

were dried, before entering the flowmeters, in drying columns (in series) using a 

mixture of silica gel and magnesium perchlorate as the desiccant. In the case of argon, 

deoxidation was achieved by passing the argon through a deoxidation column, packed 

with Cu strips. The temperature of the column was kept at 450 °C.
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The gases, when passing through the capillary tubes, caused a displacement in the 

flowmeter proportional to the flowrate according to Poiseuille’s equation:

= xgp.D4 (3 . 1)
128#igL

where,

h : displacement of the liquid inside the meter 

p, : density of the liquid being displaced 

D : diameter of capillary 

L : length of capillary 

pg : viscosity of the gas 

Q : flowrate

This equation was used to estimate the size of the capillary tubes required for a 

desired "h" at a given flowrate. It was desirable to maximize the displacement in order 

to minimize the reading errors.

The calibration of the flowmeters was performed using the rising bubble method 

as described by Annamalai55.

3.2.3 Water Injection System

The water injection system consisted of a 100 ml burette maintained under a 

helium atmosphere, a peristaltic pump with a ten rollers head, and a specially designed
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boiler (see Figure 3.3). The water used in all experiments was distilled in one stage, and 

deaerated by bubbling helium through it for two hours in batches of 200 ml.

The purpose of the distillation and deareation was twofold. First, it was necessary 

to remove impurities and dissolved gases to minimize the possibility of mineral scale and 

unwanted side reactions. Chlorine for example, is known to form stable gaseous 

compounds when in contact with metals at high temperatures. The second purpose was 

to minimize gas dissolution from the water while it was being pumped; when the roller 

head of a peristallic pump compresses the tubing, it tends to induce a vacuum which 

could promote gas dissolution.

In order to prevent reaeration of the water, as well as evaporation, the top of the 

burette was subjected to an atmosphere of moist helium. No significant loss due to 

vaporization was observed when the water was left standing under these conditions for 

24 hrs

The water was loaded into a 100 ml burette and pumped into the boiler using a 

Gilson 2 Plus peristaltic pump.

The peristaltic water pump was calibrated by measuring the quantity of water 

pumped per unit time at a given setting. A calibration curve was constructed and utilized 

as a means of estimating the water flowrates needed for the various experimental runs. 

The actual water injected was directly measured from the burette, and compared to the 

water collected in the condenser assembly.
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The boiler was constructed of stainless steel and during operation was maintained 

at 450 °C with an electric heating element. A schematic diagram of the boiler is shown 

in Figure 3.4.

LIQUID
WATER

CARRIER GAS

i, SUPERHEATED STEAM + CARRIER GAS 

Figure 3.4 Schematic diagram of the boiler assembly.

The liquid water was metered from the burette into the boiler where it was 

vaporized and mixed with the carrier gas, and then transported into the reacting chamber. 

All lines downstream of the boiler were heated using heating tape and insulated to 

prevent water condensation. After the gas stream equilibrated with the solid oxide, it 

passed through a condenser assembly and water trap where both the transported material 

and condensed water were collected and quantified. Mass closures for water of up to 

97% recovery in the condenser assembly were realized in most of the experiments.
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3.3 Experimental Procedure

The experimental procedure followed to investigate the formation of volatile 

hydroxides of Mo, W, and V is presented in the following paragraphs.

1) The temperature measuring assembly was inserted into the reactor and was 

allowed to reach thermal equilibrium, for at least 12 hrs, with the 

atmosphere inside the reactor. This atmosphere consisted of flowing argon 

at 90 cc/min.

2) The temperature profile was then taken along the length of the reacting zone 

(13 cm). If  the temperature was not flat within ±  1 °K in the reacting zone, 

the appropriate rheostats were adjusted, and after 4 hrs, the temperature 

profile was taken again. This procedure was repeated until a flat 

temperature profile was obtained.

3) Samples of high purity V2O5, V2O3, M o03, and W 03 were loaded into high 

purity alumina boats and weighted on a 5-decimal place analytical balance; 

the sample purities were 95, 99.995, 99.9995, and 99.9994%, respectively, 

and that of the alumina boats was 99.8%.

4) The boats were placed into the carrier tube and the system sealed and 

evacuated for 5 minutes.

5) The desired flowrate and composition of the carrier gas was established : 

A r-02 mixtures for the baseline experiments with VgO^s), M o03(s), and 

W 03(s); and C 0-C 02 mixtures for the baseline experiments with V20 3(s).
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For the experiments in the presence of water vapor , Ar-C^-F^O mixtures 

were used for VgOjfs), Mo03(s), and W 03(s); and C 0-C 02 -H2 -H20  

mixtures for V20 3(s).

6) The system was backfilled and flushed with the carrier gas before the 

sample carrier tube was inserted into the reactor under the flow of the 

carrier gas. The samples boats were inserted at a rate of 10 cm/min by 

means of a magnetic coupling device. In the cases where water addition was 

required, although most of the carrier gas was directed into the boiler and 

mixed with the water vapor, enough gas was deviated to the entrance of the 

furnace to prevent possible water back diffusion.

7) During the run, the ambient temperature, the ambient pressure, the reactor 

pressure, and the flowrates were monitored at regular intervals. Run times 

varied from 3.5 to 48 hrs depending of the oxide being studied. For all the 

baseline experiments the run started the moment the insertion of the boats 

started, and ended, the moment they were completely withdrawn. In the 

cases where water vapor was added, except for the case of molybdenum, the 

runs started, with the boats in the reacting zone, the moment the water was 

turned on. The runs ended the moment the water was turned off (with the 

boats still in the reacting zone). In the case of molybdenum trioxide, due to 

its high volatilization even in the absence of water, the run started when the 

water was turned on (immediately before inserting the boats), and ended
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when the water was turned off (immediately after the boats were 

withdrawn).

8) After a pre-specified equilibration time, the samples were withdrawn at the 

same rate they were inserted. Once totally withdrawn, the sample boats 

were allowed to cool down for 20 min under an atmosphere of A r-02 

mixtures for the case of ^O^(s), Mo0 3(s), and W 03(s); and CO-C02 

mixture for the case of V20 3(s).

9) The sample boats were then transferred to a desiccator and allow to 

thermally equilibrate with the room temperature for approximately 2 hrs. 

Then they were reweighed and the weight recorded.

10) The condenser sheath was removed and chemically stripped with H2S04 1.8 

N for V20 5(s); NaOH IN  for M o03(s); NaOH IN  (hot) for W 03(s); and 

H N 03 conc. for V20 3(s). Also, in the cases where water was added, the 

collected water was quantified in a graduated cylinder.

3.4 Data Analysis

3.4.1 Vanadium Pentoxide

As noted in the literature review, the contribution of volatile oxides of vanadium 

to the total vapor pressure of V20 3(s), in the temperature range of interest (560 to 660 

°C), was below the detection limits of the experimental technique. Thus, the vapor
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pressure of the volatile hydroxides could be determine directly from the total measured 

vapor pressures.

The proposed reactions for the formation of volatile hydroxides above V205(s)

were:

V20 5(s) + 3H20(g) = 2VO(OH)3(g) (3.2)

PvO(OH), “ "2 + "2 ^

V20 5(s) + 2H20(g) = V20 3(OH)4(g) (3.4)

Log Pv2o,(oh)4 “ ^Log Pĵ o + Log K

V20 5(s) + 2H20(g) + l o 2(g) = 2V 02(0H )2(g) (3.6)

>̂vo2(oh)2 “ P^o + ^2  + ^  LogK

The above linearization of the equilibrium constant for each reaction was useful 

in establishing the stoichiometry of the principal volatile hydroxides formed. When the 

logarithm of the apparent vapor pressure was plotted as a function of the logarithm of 

either the partial pressure of water or oxygen, a straight line was obtained and its slope 

determined the major gaseous hydroxide species formed. Table 3.1 summarizes the 

theoretical slopes for each reaction.
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The calculation of the partial pressure of the volatile hydroxide species formed, 

according to reaction (3.2), was described in the following paragraphs, assuming a 

carrier gas mixture or Ar, 0 2, and H20 . The equilibrium vapor pressures considering the 

other two proposed species can be calculated in a similar fashion.

The partial pressure for the volatile hydroxide was expressed as:

where,

n  VO(OH)3

n’T

/

VO(OH),
VO(OH),

moles of VO(OH)3 in the equilibrated gas mixture 

total number of moles in the equilibrated gas mixture 

total pressure in atmospheres

(3.8)

The moles of VO(OH)3 in the equilibrated gas mixture were obtained from a mole 

balance for atomic vanadium as:

Table 3.1 Slopes for the Linearized Equilibrium Constant Expressions for 
Reactions (2), (4), and (6)

Species Slope

Log P(H20) Log P(02)

VO(OH)3 1.5 0.00

V20 3(OH)4 2.0 0 .00

V 0 2(0H )2 1.0 0.25
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n'voto», -  2 n \ 0, ■ 2 (3-9)
1IiW V2Os

where,

n°v205 : moles of VgO^s) transported as determined by the weight loss

mw^os : molecular weight of V205(s)

On the other hand, if the moles of vanadium collected at the condenser were

measured, the moles of VO(OH)3 were also directly calculated as:

n'vcxoro, = n v (3 .1 0 )

where,

nv : moles of vanadium collected at the condenser 

Using the expression:

nzT = £ <  = n \o  + nz0i + n 'Ar + (3.11)

the total number of moles of the gaseous species in the equilibrated gas mixture was 

calculated from the obtained value of n’Vo(OH)3 mid the moles of H20 , 0 2, and Ar in the 

equilibrated gas mixture. The moles of H20 , 0 2, and Ar were obtained from elemental 

mole balances for H, O, and Ar.

1. Mole balance for atomic H:
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n H , 0  " 2  n  V O (O H )j
(3.12)

2. Mole balance for atomic O:

n V O (O H )s
(3.13)

3. Mole balance for atomic Ar:

n A r A r
(3.14)

where,

n’fco : moles of H20  in the equilibrated gas mixture 

n’02 : moles of 0 2 in the equilibrated gas mixture

n’Ar : moles of Ar in the equilibrated gas mixture

n°H2o : moles of H20  introduced into the carrier gas 

n002 : moles of 0 2 introduced into the carrier gas

n°Ar : moles of Ar introduced into the carrier gas

Equations (3.9), (3.11), (3.12), (3.13), and (3.14) were arranged to yield:

n T - n 0 2 +  n Ar  +  n H 20 ~  "211 V O (O H ), (3.15)

Once the above calculations were completed, the partial pressure of VO(OH)3(g) was 

calculated from equation (3.8).

The partial pressures of the remaining species were calculated using:
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(3.16)

where,

n’j : moles of species "i" in the equilibrated gas mixture

P; : partial pressure of species "i" in the equilibrated gas mixture

After calculating the partial pressures of the species, the equilibrium constants for 

the reactions were computed. In the case of reaction (3.2) the equilibrium constant was 

calculated as follows:

Once the equilibrium constant was determined, the standard Gibbs free energy change 

for the reaction was calculated as:

In order to calculate the AG° of the reaction with temperature, the Second Law 

Method (Sigma-Plot method) was used. The application of the Second law method to 

rigorously correlate AG° with temperature is describe in the following paragraphs.

VO(OH), (3.17)

AG° = -  RT In K (3.18)

dT
(3.19)

where,
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ACP0 (the heat capacity change of the reaction) is expressed as:

ACp° = A a + AbT  + a c T ' 2 (3.20)

Substituting equation (3.20) into equation (3.19) and integrating, equation (3.21) is 

obtained:

AH° = AH + a aT + A È l!  + acT 1 (3.21)

where: AH0 is a constant of integration.

The Gibbs-Helmholtz equation is:

j zAG<\
d ”T "  _ -A H ° (3.22)

dT T 2

Substituting equation (3.21) into equation (3.22) and integrating, equation (3.23) is 

obtained

A G ” = AH + IT  -  a  aT In T -  A Ë Z ! -  a cT ' (3.23)
2 2

where I =  constant of integration.

Expressing AG°, in equation (3.23), as -RT Ln K and dividing both sides by T,
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AH (3.24)- I t  In  K  =
T

Rearranging equation (3.24) and defining E as :

(3.25)

the following expression for E is obtained:

E =
A H .

+ I (3.26)
T

When E from equation (3.26) is plotted as a function of the inverse of the 

temperature, a straight line is generated and the values of the constants AH° ad I are 

readily obtained. These values, in turn, can be substituted in equation (3.23) to obtain 

an expression for the AG° of reaction as a function of temperature.

It is evident from equation (3.23) that if ACP0 is equal to zero, then AH0 =  AH0 

and I  =  -AS°. Thus, equation (3.23) may be expressed as:

The results obtained by the Second Law method could be further checked using 

the Third Law method of analysis, which utilizes the free energy functions (fefi) 

of both the reactants and products.

AG° = A H 0 -  TAS° (3.27)
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(3.28)
T

Since the fe f functions of each individual substance are related to the AG° of 

reaction, then the following expression is obtained:

From equation (3.29), an expression for AH0298 can be derived from the measured 

equilibrium constant at any temperature:

The usefulness of this method is that it allows for an independent check of each 

measurement and, consequently, for the reliability of the obtained data. Both the Second 

and Third Law methods of analysis are usually conducted for these purposes.

3.4.2 Vanadium Trioxide

Baseline experiments were conducted in the absence of water vapor to corroborate 

the null contribution of volatile oxide species to the total vapor pressure suggested in the 

literature in the temperature range of 600 to 900 °C. The same experimental system and 

technique as in the case of \^C^(s) was used. In this experiments, however, the oxygen 

potential was controlled by using a mixture of CO and C 02 gas.

(3.29)
T

AH°298 = T ( -R  In K A fef') (3.30)
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Once the baseline experiments were completed, H2(g) and H20(g) were added to 

the carrier gas to provide for controlled Vco2 : PCo and P H 2 0  : P H 2 ratios. The carrier gas 

composition was pre-adjusted taking into account the gas shift reaction:

CO(g) + H20(g) = C 02(g) + H2(g) (3.31)

in order to assure the desired composition in the reaction chamber. The purpose of these 

experiments was to identify and quantify the volatile hydroxide of vanadium in 

equilibrium with V20 3(s). However, no evidence was found of the formation of volatile 

hydroxides with V20 3(s).

3.4.3 Molybdenum Trioxide

It was evident from the literature review, that the contribution of volatile oxides 

to the total vapor pressure of M o03(s) was significant. Thus, baseline experiments with 

M o0 3( s) were conducted.

The experimental procedure used was the same as for the case of V20 5(s). The 

data analysis, however was different because of the mentioned contribution of volatile 

oxides of molybdenum to the total vapor pressure.
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3.4.3.1 Baseline Data Analysis. It was found, from the literature review, that 

the main volatile oxide above M o03(s), at temperatures around 850 °K, could be assumed 

to be MogOgCg). Actually, it was based on this assumption, that most of the investigators 

interpreted their results on the sublimation of Mo03(s). However, it was also found that 

some authors disagreed with this assumption and argued that, if the mass-spectrometric 

results were extrapolated to higher temperatures, the contribution of Mo40 12(g) became 

more significant. Thus a more rigorous interpretation at temperatures above 850 °K 

would have to include both species. In order to do this, however, the exact gas 

distribution of Mo30 9 and Mo4Oi2 would have to be known. Since these investigators did 

not know these distributions, they assumed that the relative proportions given by 

Berkowitz et al.33 were correct, and, accordingly, calculated an average molecular weight 

for the gaseous species. In this way, the sublimation of M o03(s) was proposed as:

The average stoichiometric coefficient (n) was calculated as follows.

Let A be equal to the relative proportion of P(Mo30 9) to P(Mo4 012), derived from 

the mass-spectrometric studies, based on the following reactions:

nMo03(s) = (Mo03)5(g) (3 .3 2 )

3Mo03(s) = (Mo03)3(g) (3 .3 3 )

4 M o0 3( s) = ( M o 0 3)4(g) (3 .3 4 )

thus,
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-  AG”(3.33)
A = e = P(Mo0 3)3

-^(3.34) P(M003)4
e

The total apparent vapor pressure above M o03(s) is:

P  +  P  =  P(MoO,), (MoOj)4 Apparent

Simultaneously solving equations (3.35) and (3.36):

P  _  Apparent
(MoO  ̂ A  + X

The average molecular weight (mw) was calculated as:

mw = m w ^  + mW(Mo0>)j
Apparent Apparent

Substituting eq. (3.37) and (3.38) into (3.39) and simplifying:

i™  = X T T  [mw(Mool)4 + A  m w ^ J

77

(3.35)

(3.36)

(3.37)

(3.38)

(3.39)

(3.40)

Dividing eq. (3.40) by the molecular weight of Mo03:
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” = 143,94(A + 1) [mW^ .  + A mW^ , ] (3'41)

The pressure of (M o03)5, according to reaction (3.32) is:

W  ■ ^  Pr = K (3-42)
n T

where,

n’(Moo3)n : moles of (Mo03)fi in the equilibrated gas

n’T : total number of moles in the equilibrated gas mixture

PT : total pressure in atmospheres

A mole balance for atomic molybdenum yields:

n °MoO,(s) 1 z W t.lOSS= 1  ( wul0bb) (3.43)

where,

n°Moo3 : moles of Mo03(s) transported as determined by the weight loss

mwMo03 : molecular weight of M o03(s)

The total number of moles in the equilibrated gas mixture is given by:

n  T  =  " ' ( M r f y .  +  " ' a ,  +  n ' o ,  (3-44)

where,
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n’Ar : moles of Ar in the equilibrated gas mixture

n’02 : moles of 0 2 in the equilibrated gas mixture

Since, according to reaction (3.32), Ar and 0 2 do not participate in the reaction, 

n’Ar and n’02 are equal to n°Ar and n°02, respectively. n°Ar and n°02 are the initial number 

of moles for these species.

Thus, equation (3.44) can be written as:

“ ' t  =  " '(M oO A  + n °A. +  n °0, ( 3 -4 5 )

Substituting eq. (3.45) and (3.43) into (3.42), the vapor pressure of (M o03)5 and 

the equilibrium constant for reaction (3.32) was calculated at each experimental 

temperature.

Subsequently, the standard Gibbs free energy change for the reaction is:

AG° =  - RT In K

It is important to note that if MojOgtg) were assumed to be the sole predominant 

species, then h would be directly substituted by a "3" in the above calculation.

3.4.3.2 Data Analysis in the Presence of Water Vapor. It was found in the 

literature review, that M o02(OH)2(g) was the predominant hydroxide species in 

equilibrium with M o03(s) according to:
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M o0 3(s) + H20(g) = Mo02(OH)2(g) (3 .4 6 )

>̂m oo2(o h )2 + ^ (3 .4 7 )

It can be appreciated that if the above reactions apply, then the slope of a plot of 

Log Pmoo2(oh)2 versus Log P^o should be 1.

Assuming the molecularity proposed in reaction (3.32), and taking into 

consideration the contribution of the volatile oxides, the vapor pressure of the hydroxide 

was calculated as follows; using argon-oxygen-water mixtures as carrier gas:

nMo03(s) = (Mo03)5(g) (3 .4 8 )

M o0 3(s) + K f i  = Mo02(OH)2(g) (3 .4 9 )

n Mo02(OH)2 p (3 .5 0 )P,Mo02(OH)2

where

n’Moo2(OH)2 : moles of Mo0 2(OH)2 in the equilibrated gas mixture

n’T : total number of moles in the equilibrated gas mixture

A mole balance on atomic Molybdenum yields:

(Mocg, (3 .5 1 )

n Mo02(OH)2 n n (MoOj)b (3.52)

where,
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n : is calculated as shown in section (3.4.3.1)

A mole balance on molecular H2 yields:

n  H.O n  Ĥ O n Mo02(OH)2 (3.53)

The total number of moles in the equilibrated gas mixture is

n  T ”  n  (MoOj)b +  n  Mo02(OH)2 +  n  HjO +  n  Ar +  n  02 (3.54)

where,

n’j : denotes the number of moles of each species in the equilibrated gas

mixture.

The number of moles of the oxide was calculated by:

» W  = (355)
T

where Koxide is the equilibrium constant for the sublimation of M o03(s). This equilibrium 

constant was calculated as described in section (3.4.3.1)

Since Ar and 0 2 do not participate in the reaction, n’Ar and n’0 2 are equal to the 

number of initial moles of Ar and 0 2. Thus, substituting equation (3.53) in (3.54),

n 't = n ',M o o A  +  n°H,o + n ° A ,  + n°o, <3-56)
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The vapor pressure of the hydroxide was calculated by substituting equation (3.56) and

(3.52) into equation (3.50).

Also, the partial pressure of water was calculated by:

V  -  ÿ  PT (3-57>
n t

Combining equation (3.50) and (3.57), the equilibrium constant for reaction (3.49) at the 

experimental temperature was calculated as:

K = Pmo0(oh>- (3.58)
P

H20

Subsequently, the standard Gibbs free energy change for the reaction (3.49) was 

calculated as:

AG" = -  RT In K (3-59>

Furthermore, AG° of the reaction was correlated with temperature by applying the 

Second Law (Sigma-Plot method) as described in section (3.4.1).

It is important to note that if Mo^O^g) were considered as the sole predominant 

gaseous oxide above M o03(s), then h would be directly substituted by a "3" in the above 

calculations.



T-4504 83

3.4.4 Tungsten Trioxide.

As noted in the literature review, the contribution of volatile oxides of tungsten 

to the total vapor pressure of W 03(s), in the temperature range of interest (1000 to 1300 

°K), was below the detection limits of the experimental technique. Thus, the vapor 

pressure of the volatile hydroxides were determine directly from the total measured vapor 

pressures.

The proposed reaction for the formation of volatile hydroxides above W 03(s) was:

W 03(s) + H20(g) = W 02(0H )2(g) (3-60)

P(WO,(OH),) ” (̂H.0) + ^  (3.61)

The above linearization of the equilibrium constant was useful in corroborating 

the stoichiometry of the proposed hydroxide. When the logarithm of the apparent vapor 

pressure is plotted as a function of the logarithm of the water vapor, a straight line, with 

a slope of 1 should be obtained. A slope significantly different than 1 would indicate that 

different or additional species are responsible for the measured vapor pressure.

Assuming that reaction (3.60) describes the formation of volatile hydroxides above 

W 03(s), one can determine the vapor pressure of the gaseous species as follows:

_  n  w o , ( o h ) ,  1 3 . 6 2 )
r W 0 2( 0 H ) 2 —,

11 T

where,

n’wo2(OH)2 : moles of W0 2(0 H)2 in the equilibrated gas mixture
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n’T : total number of moles in the equilibrated gas mixture

PT : total pressure in atmospheres

A mole balance for atomic tungsten yields:

wt.lossn  /  =  n °  =  w ia u 2 > 2 >  ( ' X
11 WOz(OH)2 n  w o } —  ------- ( 3 . 6 3 )

m w W O j

where,

n°W03 : moles of W 03(s) transported as determine by the weight loss

mwW03 : molecular weight of W 03(s)

A mole balance on molecular H2 yields:

11 H jO  “  11 _  11 W 0 2( 0 H )2 (3.64)

where,

n’œo : moles of water in the equilibrated gas mixture

n^o : initial moles of water
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Finally, assuming that the carrier gas mixture is composed of argon, oxygen and water, 

the total number of moles in the equilibrated gas mixture was calculated as:

n  T  ~  n  11,0 +  n  W O ,(O H ), +  n  A r  +  n  O , (3.65)

where,

n’Ar : moles of Ar in the equilibrated gas mixture

n’02 : moles of 0 2 in the equilibrated gas mixture

Since Ar and 0 2 do not participate in the reaction n’Ar and n’02 are equal to the 

initial moles of Ar and 0 2, respectively.

Thus, substituting equations (3.64) in (3.65), and simplifying:

n ' T = n °H,o + n ° A r  + n°o, (3.66)

Substituting equation (3.66) and (3.63) in equation (3.62), the vapor pressure of 

W 02(OH)2 was calculated.

In a similar fashion, the partial pressure of water can be calculated by:

IV »  -  ÿ  Pt 0 .67)
II T

Combining equations (3.67) and (3.62), the equilibrium constant for reaction 

(3.60) was calculated as:
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(3.68)

Subsequently, the standard Gibbs free energy for the reaction was calculated as:

Furthermore, AG° was correlated with temperature by applying the Second Law 

method as described in section (3.4.1).

In section 3.4, a systematic method was described to delineate the molecularity 

of the hydroxide species based on the linearization of the equilibrium constants of the 

proposed reactions. It was mentioned that, by plotting the logarithm of the apparent 

vapor pressure as a function of the logarithm of the water or the oxygen pressures, a 

straight line is obtained and its slope used to determine the molecularity of the gaseous 

hydroxide formed. However, due to the small differences among the values of the slopes 

of the three equations proposed for ^G^(s) (see Table 3.1.1 on page 68), a statistical 

analysis was desirable to determine the 95% confidence interval for the slopes obtained. 

Moreover, it was important to statistically compare the experimentally obtained slopes 

with the theoretical slopes of the different equations to determine whether or not they 

were statistically different .

The confidence interval for a slope obtained using linear regression of the type:

AG° = -  RT In K (3.69)

3.5 Pertinent Statistical Analysis
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y =  a +  bx

is given by:

Confidence Interval =  b ±  s(b)

where,

b : slope obtained through linear regression

s(b) : standard error of the slope

t«/2 : t - test statistical parameters evaluated at the significance level a,
divided by 2 (obtained from statistical tables)

s(b) =

Ex'
(Ex,):

(3.70)

where,

y, : actual measured value of the dependent variable 

ÿ : predicted value of the dependent variable 

x, : value of the independent variable 

n : number of observations

In order to determine if one slope is statistically different from another, the 

calculated "t" parameter has to be compared with the tabulated t at the significance level 

of interest. I f  the calculated t value at the required significance level is greater than the 

tabulated "t" value, at the required a, then the alternative hypothesis that the slopes are
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statistically different, is accepted. The t - test parameters for a null hypothesis that the 

two slopes are equal is calculated as:

t = - ___-  (3.71)
s(b)

where B is the slope against which the obtained slope is to be compared.

In order to calculate the confidence range of the regression for any estimated 

value of the dependent variable the following expression was used:

Confidence range =  Y; ±  t^  S(YJ

where,

S(Yj) = [S2(y) (1 + 1  + (X " X')2)]'
n E'xj

2zax _ ^ (y rÿ i)S (ÿ ) = E
n -2

It is clear that the confidence range for any estimated value of the regression 

depends on the value of the independent variable. Thus, it should be expressed as a 

function of the independent variable, rather than as single interval. In the present
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investigation however, the confidence ranges for the regressions of AG° as a function of 

temperature, were expressed as the maximum variation of AG° in the temperature ranges 

studied. The purpose of expressing the confidence ranges in this manner was to facilitate 

the comparison with similar correlations reported by other investigators, who only 

reported a single value for the variation of the estimated free energies.

Several variables were measured during the course of the transpiration runs. In 

the following paragraphs, the errors involved in measuring these variables is discussed. 

Moreover, the effects of these errors are estimated for the Gibbs free energies of the 

following reactions:

3.6 Sources of Error

V20 5(s) + 3 H20(g) = VO(OH)3(g) (3 .7 5 )

3 M o0 3(s) = Mo30 9(g) (3 .7 6 )

M o0 3(s) + H2Q(g) = Mo02(OH)2(g) (3 .7 7 )

W 03(s) + H20(g) = W 02(0H )2(g) (3 .7 8 )
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3.6.1 Reactor Temperature

The temperature of the reaction zone was measured with a calibrated type "K" 

thermocouple. The calibration was conducted against the melting point of A1 (660.1 °C)56 

and Ag (960.8 °C)56 under an atmosphere of deoxidized argon. In both cases the 

temperature was increased 40 °C above the melting point. The temperature was then 

slowly decreased and plots of measured temperature versus time were constructed. The 

temperature decreased steadily until the melting point was reached. At the melting point 

the measured temperature remained constant for 10 to 12 minutes before it decreased 

again. This temperature plateau was taken to be the melting point as determined from the 

thermocouple being calibrated. The agreement between the measured melting point and 

the established melting point of the metals was within ±  1 °K.

The reactor’s electronic controller was able to maintain the temperature of the 

reaction zone to within ±  1 °K of the set temperature during each run.

The temperature profile along the length of the reacting zone (13 cm) had a ±  

1 °K variation.

The results of the above observations indicated that the temperature measurements 

were accurate to within +  3 °K. A variation of this magnitude resulted in the following 

uncertainties in the Gibbs free energies:

Reaction (3.75) 

Reaction (3.76) 

Reaction (3.77) 

Reaction (3.78)

± 1 6 4  cal/mol 

±  67 cal/mol 

±  49 cal/mol 

±  47 cal/mol
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3.6.2 Weight Loss Determination

The balance used in this investigation was a Mettler H-20 with a five decimal 

place analog read out. It was placed on top of a marble table in an isolated area to 

minimize disturbances due to air currents and drastic temperatures changes. It was 

calibrated yearly by a professional technician from the Mettler Co. By weighing a variety 

of standards weights several times, the precision of the balance was determined as ±  

.05 mg for the weight ranges used in this investigation. A weighing error of this 

magnitude resulted in the following uncertainties in the Gibbs free energies:

3.6.3 Carrier Gas Flowrates

The capillary flowmeters were calibrated using the rising bubble method. Plots 

of flowrate as a function of liquid displacement in the flowmeter were constructed for all 

the gases (0 2, H2, Ar, CO and C02).

Straight lines were obtained in all cases. Linear regression analysis, constraining 

the "y" intercept through zero, were performed for all the calibration lines. The standard 

errors for both, the "y” estimate and the "x" coefficient of each regression are presented 

in Table 3.2.

Reaction (3.75) 

Reaction (3.76) 

Reaction (3.77) 

Reaction (3.78)

±  450 cal/mol 

±  14 cal/mol 

±  0 cal/mol 

±  2 cal/mol
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The flowmeter displacement was read to 0.1 cm. The displacement varied during 

the run by +  2 mm. Based on these variations, the estimated error for a given gas 

mixture was determined by estimating the error for each gas and adding the contributions 

of the different gases (see Table 3.3). The error for each gas was calculated by 

multiplying 2 mm times the slope for the corresponding calibration lines, and adding this 

product to the standard error of the estimate. Sample calculations showed that the 

uncertainty in measuring the flowrates results in the following error in the Gibbs free

Table 3.2 Standard Error for the Slope and "y" Estimate of the Flowrate 
Calibration Curves

Gases Standard 
error 

"y" estimate

Standard 
error of the 

slope

Range
(mil/min)

Slope

H20 0.63
(ml/min)

0.013 8 - 85 2.49

o2 0.42
(ml/min)

0.004 13 - 65 1.09

Ar (1) 0.16
(ml/min)

0.001 10-50 0.67

A r(2 ) 0.64 0.009 50-80 0.68

CO 0.32
(ml/min)

0.004 3 -94 1.47

c o 2 0.57
(ml/min)

0.005 5 -75 1.24

energies:
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Reaction (3.75) 

Reaction (3.76) 

Reaction (3.77) 

Reaction (3.78)

±  5 cal/mol 

±  9 cal/mol 

±  1 cal/mol 

±  0 cal/mol

Table 3.3 Estimated Errors in the Measurement of the Carrier Gas Flowrate, 
Depending on the Specified Gas Mixture

Gas Mixture Error (ml / mm)

H2 - CO - c o 2 2.56

0 2 - Ar (1) 0.92

p I 2r 9 1.41

CO - c o 2 1.43

3.6.4 Water Injection

The total amount of water that was injected in the system was directly read from 

the burette. The burette was read to an accuracy of ±  0.5 ml. An error of this magnitude 

resulted in the following uncertainties of the Gibbs free energies:

Reaction (3.75) ±  23 cal/mol

Reaction (3.76) no water injected

Reaction (3.77) ±  68 cal/mol

Reaction (3.78) ±  64 cal/mol
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3.6.5 Run Duration

For the baseline experiments, the runs started the moment the boats were inserted, 

and ended, the moment they were completely withdrawn. It was rationalized that if the 

boats were inserted and withdrawn at the same rate, the time that the boats were not at 

the reaction temperature during insertion, was compensated by the time it took for them 

to cool down while withdrawing.

In the case where water was added, except for the experiments on molybdenum, 

the runs started (with the boats placed in the reacting zone) the moment the water was 

turned on. The runs ended the moment the water was turned off (with the boats still in 

the reacting zone). In the experiments with molybdenum trioxide in the presence of water 

vapor, the same procedure was used as in the baseline experiments. In this case, 

however, the run started when the water was turned on (immediately before inserting the 

boats), and ended when the water was turned off (immediately after the boats were 

withdrawn).

The time it took to either insert the boats or to withdraw them was approximately 

8 minutes. If  8 minutes were taken as the uncertainty in the time of the run, the resulting 

uncertainties of the Gibbs free energies are:

Reaction (3.75) 

Reaction (3.76) 

Reaction (3.77) 

Reaction (3.78)

± 1 8  cal/mol 

± 1 4  cal/mol 

±  43 cal/mol 

±  2 cal/mol
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3.6.6 Ambient Pressure

In order to convert the volumetric flowrate to molar flowrate, the pressure at 

which the gases were measured was needed. The pressure was measured with a mercury 

barometer. The expected error in reading the barometer was ±  0.5 mm of Hg. Errors 

of this magnitude did not affect the Gibbs free energies of the reactions more than ±  1 

cal/mol.

3.6.7 Ambient Temperature

A standard mercury thermometer was used to measured the ambient temperature, 

which could be read to ±  0.5 °K. Errors of this magnitude did not affect the Gibbs free 

energies of the reactions more than ±  1 cal/mol.

3.6.8 Summary of the Error Analysis

The errors calculated in the previous paragraphs represent estimated errors in 

"worst case" scenarios in the experimental conditions. Consequently, they reflect the 

maximum errors that would be incurred due to the uncertainty in the measurements by 

the instruments utilized.

In general, with the exception of the experiments with V205 (s), it is apparent that 

the determination of the Gibbs free energies for the established reactions is dependent on 

two variables: temperature and water flowrate. In addition, for the case of V20 5(s), it is 

also sensitive to the variability of the weighing instrument. This is mainly due to the 

small weight losses associated with the low vapor pressure of VO(OH)3. Because of this
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sensitivity of the Gibbs free energy of reaction (3.75) on page 89) to errors in the weight 

loss measurements, the duration of the runs for these experiments was from 12 to 48 hrs, 

depending on the temperature under investigation. Also, higher flowrates were utilized 

(160 cc/min as opposed to 90 cc/min) to increase the weight loss during an experiment. 

In this way, the effects of the variability of the balance on the measured Gibbs free 

energy was minimized.

An estimate of the maximum total error, attributed to the measuring instruments, 

for the measured Gibbs free energies for the established reactions was obtained by adding 

the estimated error for the individual terms discussed in the previous paragraphs:

It was evident from this analysis that the magnitude of the error is similar for the 

last three reactions. For the first reaction, however, the error is approximately six times 

greater. This is due, as explained earlier, to the higher sensitivity of the Gibbs free 

energy for this reaction to the weight loss measurement, particularly at low temperatures, 

where the vapor pressure of VO(OH)3 is very small.

Reaction (3.75) 

Reaction (3.76) 

Reaction (3.77) 

Reaction (3.78)

±  662 cal/mol 

±  106 cal/mol 

± 1 6 3  cal/mol 

±  117 cal/mol
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IV . RESULTS AND DISCUSSION

The results obtained in the present investigation for V20 5(s), V20 3(s), M o03(s), 

and W 03(s) are described in this section. For each of the compounds the baseline results 

from the experiments without water are presented first; followed by the results for the 

enhancement of the volatility in the presence of water. Finally, process conditions for 

extraction of these metals from feedstocks and wastes are discussed.

In most of these experiments, the samples used were reutilized from previous 

experiments. However, when fresh samples were used, these were conditioned in the 

absence of water vapor before the actual experiments were conducted. The purpose of 

this conditioning was to eliminate any volatile impurities in the sample. For the 

condensed phases above which no significant vaporization was expected (V20 5(s), 

V20 3(s), and W 03(s)), samples were conditioned several times until no weight change 

was observed. In the case of Mo03(s), where significant volatilization was expected, 

consecutive runs under the same conditions were conducted, until no significant 

difference in the measured vapor pressure was observed.
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4.1 Vanadium Pentoxide

4.1.1 Baseline Vapor Pressures for VoO^s)

No volatilization was detected in the experiments conducted in the absence of 

water vapor. A summary of the experimental conditions, after conditioning the sample, 

is presented in Table 4.1.

Table 4.1 Experimental Conditions for the Baseline Experiment Above VgO^s)

Condensed Amb. Amb T P02 Pat Run Time Wt.Loss
Phase P (atm) T °C °C (atm) (atm) (hrs) (gr)

V A (s) 0.82 21 646 0.17 0.85 24 0.00000

As appreciated from the results of this experiment, the fact that no weight loss 

was realized after 24 hrs of equilibration, corroborates the data reported in the literature 

that the contribution of volatile oxides to the total vapor pressure was practically null. 

As mentioned earlier, this was an important consideration because it allowed the direct 

determination of the vapor pressure of the volatile hydroxides from the total measured 

vapor pressures.

4.1.2 Measurements on VnOdY) in the Presence of Vapor

In order to determine the molecularity of the gaseous hydroxide species formed 

above V205 (s), a systematic series of experiments were conducted based on the proposed 

species found in the literature.
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Reactions (4.1) to (4.6) suggest that the vapor pressure of two of the possible 

volatile hydroxide species reported, depended only on water vapor, while the third,

depended on both the water and oxygen potentials.

V2Os(s) + 3H20(g) = 2VO(OH)3(g) (4.1)

L o g p v o (oH ,3 = ^Log pHp + ^Log K (4.2)

V20 5(s) + 2H20(g) = V20 3(0H)4(g) (4.3)

Log -  2 Log PHp + Log K (4.4)

V20 5(s) + 2H20(g) + l o 2(g) = 2V 02(OH)2(g) (4.5)

Logpvô oH,2 = Log Php + |L o g  Po2 + ^LogK (4.6)

The first series of experiments were focused on determining the dépendance of 

the apparent vapor pressure on the oxygen potential according to reaction 4.5). Thus, the 

water potential was fixed and the oxygen potential was varied. The vapor pressure was 

calculated considering the V 0 2(0H)2(g) as the main volatile species. The results of these 

experiments are presented in Figure 4.1. Since no oxygen dépendance was observed, the 

species V 0 2(0H)2(g) was eliminated as the principal volatile hydroxide above V20 5(s).
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The two remaining reactions, (4.1) and (4.3), generated species for which the 

vapor pressures were solely dependent on the water potential at constant temperature. 

Experiments were therefore carried out at constant temperature, but varying the water 

vapor pressure.

The species VgOgfOH^g), from reaction (4.3), was the next hydroxide selected 

for the study. The results of this analysis are presented in Figure 4.2. Given that the 

obtained experimental slope of 1.48 differed from the expected theoretical slope of 2, the 

hypothesis that X^CMOH^ was the main gaseous hydroxide above ^G^(s) was also 

eliminated.

Finally, the species VO(OH)3(g) was considered, and the partial pressures 

recalculated on that basis. As shown in Figure 4.3, the experimental slope of 1.49 is in 

good agreement with the theoretical slope of 1.5, thus suggesting that VO(OH)3 is the 

principal volatile hydroxide above N^C^s). It is worth noting that varying the oxygen 

potential had no effect on the results and confirmed the oxygen independence of the 

vapor pressure of VO(OH)3.

Once the molecularity of the volatile hydroxide formed above solid vanadium 

pentoxide at 646 °C was established, it was necessary to determined if it prevailed over 

the temperature range of interest in the experimental plan. Thus, experiments were 

conducted at two additional temperatures.

As shown in Figure 4.4, the fact that the slopes at all three temperatures were 

very close to the theoretical slope of 1.5, indicated that the stoichiometry VO(OH)3 is 

maintained throughout the working temperature range.
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It is important to note the good agreement between the vapor pressures calculated 

on the basis of the moles transported by the weight loss measurements and the moles 

obtained from the condenser analysis. This verification of mass closure not only validated 

the results of these experiments, but was essential in the interpretation of the results 

obtained at the lowest working temperature. At this temperature, the weight loss 

measurements at the lower water vapor pressures became unreliable due to their 

proximity to the sensitivity limits of the gravimetric method. The condensed material, on 

the other hand, was chemically analyzed by inductively coupled plasma atomic emission 

spectrometry (ICP-AES) with a detection limit of 0.01 mg/1, thus providing for the 

reliable measurement of the vapor pressures at very low levels.

In order to unbiasedly check if the experimental slopes were indeed equal to 1.5 

and significantly different from 1 or 2, statistical comparisons were conducted. Table 4.2 

and 4.3 summarize the results of this comparison at a significance level (a) of 0.05.

It was clear from Table 4.3, that the experimental slopes obtained were indeed 

statistically equal to 1.5 and significantly different from 1 and 2. Thus corroborating that 

VO(OH)3 was the predominant volatile hydroxide in equilibrium with VgO^s).

As mentioned earlier, when conducting transpiration experiments, it is always 

necessary to demonstrate that equilibrium has been attained. In this study, the logarithm 

of the equilibrium constants were plotted as a function of both the total flowrate and the 

water vapor pressure. The choice of using the equilibrium constant, instead of the usual 

vapor pressure, was based on the fact that its calculation includes the possible 

experimental errors incurred when measuring the flowrates of each individual species in
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Table 4.2 Calculated 95% Confidence Intervals for the Slopes Obtained in Figures 
4.2, 4.3, and 4.4

Species f  of
Observ.

Degrees of 
Freedom

Slope Std. Error 
of Slope

L/2 Confidence
Interval

v 2o 3(OH)4
at 646 °C

1 0 8 1.476 0.091 2.306 ± 0 . 2 1 0

VO(OH)3 
at 646 °C

1 0 8 1.486 0.093 2.306 ± 0.215

VO(OH)3 
at 605 °C

8 6 1.475 0.187 2.447 ± 0.458

VO(OH)3 
at 561 °C

14 1 2 1.550 0.096 2.179 ± 0.209

the carrier gas. Since the equilibrium constant is dependent only on temperature, the 

resulting graphs should reflect its independence from the flowrate and the water potential. 

Figures 4.5 and 4.6 demonstrate that equilibrium was attained throughout the series of 

transpiration experiments.

Figures 4.5 and 4.6 not only confirmed that equilibrium was established, but were 

also useful in obtaining an average value of the equilibrium constant at each temperature 

for the subsequent calculation of the Gibbs free energy change for the transport reaction.

As mentioned in the section on data analysis (section 3.4), the AG° can be 

correlated with temperature by applying the Second Law method of data analysis to the 

measured equilibrium constants at the different working temperatures. Unfortunately, 

since an expression for the Cp° for the volatile hydroxide formed was not available, a 

rigorous correlation using ACp° for the transport reaction is not possible. However, by 

allowing ACP° to be equal to zero (a reasonable assumption given that the temperature
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Table 4.3 Statistical Comparison between the Slopes Obtained in Figures 4.2, 4.3, 
and 4.4

Species Slope t (a /2) Null
Hypothesis

t
calc.

Accept/Reject
Null

Hypothesis

V20 3(0H )4 
at 646 °C

1.476 ±  2.306 slope =  1 -5.23 rejected

slope =  1.5 0.22 accepted

slope = 2 5.71 rejected

VO(OH)3 
at 646 °C

1.486 ±  2.306 slope = 1 -5.22 rejected

slope =  1.5 0.11 accepted

slope =  2 5.48 rejected

VO(OH)3 
at 605 °C

1.475 ±  2.447 slope =  1 -2.54 rejected

slope =  1.5 0.16 accepted

slope =  2 2.83 rejected

VO(OH)3 
at 561 °C

1.55 ±  2.179 slope =  1 -5.74 rejected

slope = 1 .5 0.52 accepted

slope = 2 4.69 rejected

differences were less than 90 °C), the Second Law method, assuming AH° and AS° to be

constant, was used for the correlation. Thus, the calculated values of AG° as a function

of temperature have been plotted in Figure 4.7. The Gibbs free energy for the formation 

of volatile hydroxides above V2O5 (s) was:

V2Os(s) + 3H20(g) = 2VO(OH)3(g) (4.7)

AG° =  57,938 - 14.46 T (±  240 cal/mole)

AG° =  242,413 - 60.50 T (+  1004 J/mole)
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where the stated error is the 95% confidence range of the regression evaluated at the 

temperature where the error was the largest within the temperature range studied.

The obtained results seemed reasonable considering the positive signs for 

both AH° and AS°. Since X̂ OsCs) was being sublimed into a complex hydroxide species, 

a heat input and an increase in entropy would be expected.

Combining the equation for the free energy of fusion reported in USBM bulletin 

# 6721 with equation (4.7), the following equation was derived:

V20 5(1) + 3H20(g) = 2VO(OH)3(g) (4.8)

AG° =  48,482 +  11.435 T Ln T - 0.004844 T2 +  286,850/T - 78.625 T (cal/mole)

Moreover, equation (4.7) was combined with the Gibbs free energies of formation 

for both H20(g) and VgO^s), as reported in USBM bulletin #6721 to obtain the Gibbs 

free energy of formation of VO(OH)3(g):

V(s) + l H 2(g) + 2 0 2(g) = VO(OH)3(g) (4.9)

AG°f =  -243,464.45 +  1.88 T L n T - 0.001838 T2 +  100,450/T +  50.911 T (cal/mole) 

AG°f =  -1,018,655.2 +  7.87 T Ln T -0.007790 T2 +  420,283/T +  213.011 T (J/mole)

4.1.3 Discussion of Results

A graphical comparison of the results obtained in the present study and the work 

of the other investigators is presented in Figure 4.8. The reported equations for the Gibbs 

free energy of the reactions (see reactions (4.1), (4.3), and (4.5), for the suggested
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species, were plotted as a function of temperature within the working temperature range 

of each investigator (solid lines). Moreover, these curves were extrapolated using the 

AG° of fusion reported by the USBM bulletin # 6721 to facilitate the comparison (dashed 

lines).

The most striking observation was the discrepancy in the sign of the slopes 

(entropy change) of the curves when the volatile hydroxides formed above solid V2O5.

The work of Glemser and Muller15, which shows the most negative entropy 

change, has been widely criticized1214 for not having demonstrated the attainment of 

equilibrium. Moreover, their chosen stoichiometry was not consistent with the findings 

of the present investigation.

Although Yannopoulos’ measurements were made mainly above N^C^l), he 

conducted several experiments above VgO^s) (at a single temperature of 639 °C) and 

concluded that the formation of VO(OH)3(g) from either solid or liquid V2O5 

could be described by the same equation. This conclusion, however, was based on a 

single temperature below the melting point and thus, cannot reflect, with any degree of 

confidence, the trends above the solid phase. Nonetheless, it is worth noting that his 

experimental values above V20 5(s) are in very close agreement with the values obtained 

in the present investigation. Also, his experimental results above the liquid phase are in 

good proximity with the extrapolated values of the present work (less than 500 cal/g-mole 

difference). This difference might be attributed to Yannopoulos’ probable experimental 

difficulty in maintaining unit activity X^C^s) of in the liquid phase. This possibility was 

pointed out by Suito and Gaskell14 who argued that oxygen dissolves in the melt and the
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activity of V2O5 decreases. In order for the above argument to be consistent with both 

theoretical hypothesis and experimental evidence, the following analysis was pertinent. 

I f  the activity of V2O5O) in Yannopoulos’ experiments were indeed less than one, the 

expected partial pressure of the volatile hydroxide would have been smaller than that 

predicted considering unit activity of the liquid phase. If  one compares the extrapolated 

curve from the present work with that of Yannopoulos, one can ascertain, given the 

higher AG° from the work of Yannopoulos, that, indeed, the partial pressures obtained 

by the latter author were smaller than the predicted values obtained from the results of 

the present investigation; thus suggesting that the activity of V20 5(1) in Yannopoulos’ 

experiments might have been less than one.

Even though Yannopoulos only reports one equation for both solid and liquid 

V2O5, it is interesting to note that if his equation is combined with the AG° of fusion, the 

entropy of the reaction (not shown in the graph) changes from negative to positive above 

the solid phase. This change in slope was consistent with the results of the present work.

Taniguchi and Ooue16 reported the formation of the same volatile hydroxide above 

V20 5(s) as in the present work. However, the reported vapor pressures are considerably 

higher than the ones obtained in both this investigation and the work of Yannopoulos. 

Moveover, the negative entropy change reported by Taniguchi and Ooue for reaction 

(4.1) was inconsistent with the results reported in this study and that of Yannopoulos.

Suito and Gaskell14 made all of their measurements above VgO^l). They 

considered the oxygen solubility in the liquid melt and proposed the formation of two 

volatile hydroxides above the system V02-V 0 2.5(l) according to:
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V 0 2(s) + H20(g) = VO(OH)2(g) (4.10)

V 0 25(1) + H20 (g) + l o 2(g) = V0 2(0 H)2(g) (4.11)

where reaction (4.11) was the main reaction contributing to the apparent vapor pressure. 

Using this equation and combining it with the AG° of fusion, an extrapolation into the 

solid phase was made. It is interesting to note that the slope changes and a positive 

entropy change was obtained. This species, however, depends on the oxygen potential 

and in the present study (Figure 4.1), there was no evidence of this dépendance above 

VgOjfs).

Although it was difficult to predict the change in entropy for the sublimation of 

a condensed phase into a complex gaseous species, it was reasonable to infer, given the 

above analysis, that the change in entropy for the formation of the volatile hydroxide 

species in this case was positive when considering the solid phase; and negative when 

considering the liquid phase.

In the literature review, the patent by Chambers17 was mentioned. Although the 

mechanisms for the formation of a volatile hydroxide in the presence of water vapor were 

not clear, he reported unusually high recoveries of vanadium (56 wt. % in 2 hrs at 745 

°C) from a slag containing 0.57 wt. % V2O5. He also mentioned an optimum temperature 

range (700 to 900 °C) and that extractions were improved under pressurized conditions. 

The limitation on the temperature was due to the volatilization of other metals besides
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vanadium at higher temperatures. Chamber’s suggested high vapor pressures, however, 

were not realized in the present study, nor in the work of other investigators.

Given the above discussion, it was concluded that with the results of the present 

study, the discrepancies in the vapor chemistry of vanadium pentoxide in the presence 

of water vapor, have finally been resolved.

4.1.4 Industrial Applications of the Generated Knowledge

The results of this investigation can be used to determine process conditions for 

the extraction of vanadium from vanadium bearing feedstocks and wastes. Table 4.4 

shows the calculated vapor pressures of VO(OH)3 under different processing conditions 

above X^OsCl).

Table 4.4 Calculated Vapor Pressures of VO(OH)3 Above VgO^l) Under Different
Processing Conditions

Temperature
(°C)

900 1100 1300

Ph2o (atm) 1 10 1 10 1 10

f*vo(OH)3 (Ton*) 0.05 1.64 0 .19 6 .07 0.51 16.24

As shown in the table above, the vapor pressures of VO(OH)3, under a water 

pressure of 1 atm, are smaller than 1 Torr at the three proposed temperatures. However, 

when the water vapor pressure is increased to 10 atm, the resulting vapor pressures of 

the volatile hydroxide become greater than 1 Torr in all three cases; going as high as
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16.24 Torr at 1300 °C. Thus, in order to achieve high vapor pressures of VO(OH)3 for 

industrial applications, it is recommended to operate at temperatures at least at 1250 °C 

with a water vapor pressure of at least 5 atm.

Finally, an interesting observation in this study was the fact that volatile vanadium 

hydroxides significantly attack quartz, and, to a lesser extent, alumina. This finding, may 

be of considerable interest to the industry, if its processes involve, for example, the use 

of silica or alumina supported catalysts in the presence of VgO^s) and water vapor. The 

source of vanadium may be from the catalyst itself or from impurities in the raw 

materials. When this vanadium containing catalysts are exposed to water vapor, not only 

will the vanadium react with water to form VO(OH)3(g), but also, the formed hydroxide 

will attack the silica, diminishing the service life of the catalysts. Since alumina is 

attacked to a lesser extent than silica, alumina substrates are recommended when the 

presence of X^C^s) and water vapor is expected in the process.

4.2 Vanadium Trioxide

4.2.1 Baseline Vapor Pressures for VoQqfs)

No volatilization was detected in the experiments conducted in the absence of 

water vapor. A summary of the experimental conditions, after having conditioned the 

sample, is presented in Table 4.5. As appreciated from the results of these experiments, 

no appreciable weight loss was realized. Moreover, no evidence of vapor transport of 

vanadium was found in the condenser system. The weight changes reported are attributed
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Table 4.5 Experimental Conditions for the Baseline Experiments Above X̂ OgCs)

Condensed
Phase

Amb.
Press.
(atm)

Amb.
Temp
(°C)

Boats
Temp
c o

P c 0 2  / P C O Run Time 
(hrs)

Wt. Change 
(gm)

V A (s ) 0.82 21 603 0.32 6 .6 -0.00003

V A fs ) 0.82 23 603 2 7.0 +0.00005

VzC^s) 0.82 22 743 0.32 7.5 + 0.00000

V20 3(s) 0.82 26 900 1 6.0 +0.00004

V203(s) 0.82 24 900 1 17.6 -0.00009

to the variability of the balance at the fifth decimal place. These results, corroborated the 

data obtained from the literature that the contribution of volatile oxides to the total vapor 

pressure was practically null.

4.2.2 Measurements on VoO^sl in the Presence of HoO

Several experiments were conducted to investigate the formation of volatile 

hydroxides with X̂ Ĉ Cs). The experimental conditions are summarized in Table 4.6

It can be appreciated, that in the cases presented, the sample tended to gain some 

weight. This weight gain, especially in the case of the first and the third experiments 

shown in Table 4.6, could not be attributed solely to weighing errors. Given that the 

weight gains were approximately the same at run times of 17.9 and 4 hrs, it was believed 

that some oxygen pick up occurred while withdrawing and cooling the sample. It was 

also probable that the gas mixture did not fully equilibrate in the sections near the 

entrance of the reactor where the temperature was below 300 °C. The same sample used
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in the first experiment was used in the second experiment. In the latter case, the boats 

were withdrawn considerably faster to allow for faster cooling. The sample lost 

approximately the same amount that it gained in the previous experiment; thus supporting 

the hypothesis of oxygen pick up during cooling. This rapid quenching, however, caused 

some practical problems. The heat dissipated by the hot sample boats and carrier tube

Table 4.6 Experimental Conditions for the Experiments Above V203(s) in the
Presence of Water Vapor

Condensed
Phase

Amb.
P

(atm)

Amb.
Temp
(°C)

Boats
Temp
(°C)

P C02 /P  CO P H2q/P  H2 Run
Time
(hrs)

Wt.
Change

(gm)

V 20 3(s) 0.81 21 910 1 1.3 4.0 +0.00082

V20 3(s) 0.82 25 910 1 1.3 5.1 -0.00083

V20 3(s) 0.83 26 900 1 1.2 17.9
+0.00090

V 20 3(s) 0.82 25 778 1 0.8 20.8
+0.00051

V20 3(s) 0.82 25 970 1 1.5 16.4
+0.00006

partially burned the rubber stoppers and other hardware used to center the reactor tube 

and hold the carrier tube sheath. Thus, the withdrawing rate was reduced to a more 

acceptable level. Furthermore, no evidence of vanadium transport was evident in the 

condenser system.
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Since no weight loss was observed in these experiments, it was concluded that 

V 203(s) does not form volatile hydroxides detectable with the transpiration technique in 

the temperature range studied.

4.3 Molybdenum Trioxide

4.3.1 Baseline Vapor Pressures for MoCUs)

4.3.1.1 Results. It was found, in the literature review, that the contribution 

of the volatile oxides to the total vapor pressure was sufficiently high to be detected in 

the transpiration technique. There was some controversy, however, as to how this 

sublimation should be interpreted. Some authors33,31,43,37,38 assumed, based on the results 

of Berkowitz that M 03O9 was the predominant species at 577 °C, that MogO^g) was the 

sole predominant gaseous species in the temperature range of 580 to 800 °C, and that the 

sublimation process could be described as:

3Mo0 3(s) = Mo30 9(g) (4.12)

Other investigators42,43,34,39, however, argued that this assumption was not satisfactory 

because, if  the results of Berkowitz were extrapolated to higher temperatures, the 

contribution of MO4O12 became significant. Thus, both Mo309(g) and Mo^O^Cg) should 

be considered. However, in order to consider these two species, their relative 

contributions to the total vapor pressure have to be known. Since the only information
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available was the mass spectrometric study of Berkowitz et al., they extrapolated the 

proposed relative proportions and calculate an average molecular weight as a function of 

temperature. In this way, they were able to express the sublimation process as:

nMo03(s) = (Mo03)_(g) (4.13)

Although this approach was more rigorous than the one described by equation 

(4.12), a considerable uncertainty was introduced when calculating the vapor pressures 

of (M o03)fi based on extrapolated gas relative proportions of the gases. This is due to the 

extreme difficulty in calculating accurate vapor pressures using the mass spectrometric 

technique. This difficulty arises from the number of assumptions that have to be made 

to back calculate the vapor pressure from ionic intensities. This uncertainty increases 

considerably when estimations are done through extrapolation. The recent work of Ikeda 

et al.34, serves as an illustration of the errors involved in calculating the relative 

proportions of the gaseous species through mass spectrometry. The abundance ratio of 

MO3O9 to MO4O9 based Ikeda’s work was approximately a factor of 2 lower than the ratio 

calculated based on Berkowitz’s work.

In the present investigation, the experimental results were interpreted first using 

equation (4.12). Then for comparative purposes, they were interpreted according to 

equation (4.13), using the relative distributions for gaseous species reported in the 

literature. The results of the comparison are shown in Table 4.7.

It was appreciated that there was no significant difference between the obtained 

free energies using equation (4.12) and (4.13) at the temperature range of interest.
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Table 4.7 Comparison of Results Interpreted According to Reaction (4.12) and (4.13)

T (° K)
AG°(cal/mole)

M 03O9 (M o03)n (1) (M o03)n ®

921 20,997 21,177 21,250

947 19,222 19,403 19,478

975 17,167 17,400 17,477

1012 14,837 15,124 15,184

1068 (3) 10,985 11,294 11,370

(1) Calculated M 03O9 / M 04O12 ratios based on Berkowitz’s33 work.
(2) Calculated M 03O9 / M 04O12 ratios based on Ikeda’s34 work.
(3) Extrapolation to the melting point.

Based on the above comparison, the author preferred to account for the vapor 

transport of molybdenum solely as Mo309(g), rather than introducing additional 

uncertainties to the measurements by using questionable abundance distributions of 

M 03O9 and M 04O12. By so doing, the author acknowledge that some uncertainty in the 

measurements was introduce but believed, based on the above discussion, that this 

uncertainty was not significant.

It is important to note that as long as all the moles of molybdenum transported 

were accounted for, no error would be introduced when calculating the vapor pressures 

of the volatile hydroxides. This would be true whether reaction (4.12) or (4.13) were 

used to describe the sublimation of M o03(s).

The first series of experiments on the sublimation of M o03(s) was aimed at 

establishing a working range of flowrates where equilibrium would be assured. Thus, 

experiments were conducted at different flowrates and the vapor pressures calculated



T-4504 123

O
00

3
CD

O
CO

O

c/)
COo

O
2
00

oo
00
3

i l l
Xt O LD 
(N  T f T j-
O O O  

CN CM CN
O  O  O
EL O. EL

□

O
CN

O
O

O
O)

c

E
7 3

0 )
co

œ :

o

[ ] o
00

CNI ooI T mI <9 r -I ooI

o

(une) (60 e0|/M)d 6o-|

Fig
ur

e 
4.9

 
Pr

es
su

re 
of 

Mo
gO

gC
g) 

as 
a 

fu
nc

tio
n 

of 
the

 
flo

wr
at

e 
at 

thr
ee

 
di

ffe
re

nt
 o

xy
ge

n 
po

te
nt

ia
ls

.



T-4504 124

based on reaction (4.12). The results of these experiments are presented in Figure 4.9.

It was appreciated, from Figure 4.9 , that the vapor pressure was independent 

from the flowrate in the range of 80 to 120 ml/min. Moreover, it was observed that, as 

expected from reaction (4.12), the pressure of M o ^ (g ) was independent of the oxygen 

potential.

Once the working flowrate range had been established, the next step was to 

conduct experiments at different temperatures with the objective of correlating the Gibbs 

free energy for the reaction with the temperature. A summary of the results obtained is 

presented in Figure 4.10.

The free energy equation obtained, using the Second Law method as the basis for 

the regression was:

AG° = 83,684 -  68.07 T (±  506 cal/mol) (4-14)

AG° =  350,134 - 284.80 T (±  2117 J/mole)

where the stated error is the 95% confidence range of the regression evaluated at the 

temperature where the error was the largest within the temperature range studied.

For the above regression ACP0 was considered to be equal to zero because Cp0 

values for Mo^G^(g) were not available. This assumption was considered reasonable, 

given that the temperature differences were less than 150 °K.

In order to obtain an equation for the AG° of sublimation of liquid M o03, the 

equations for CP°(T) for solid and liquid molybdenum trioxide, reported by Cosgrove and 

Snyder57, were used. The enthalpy and entropy of fusion as a function of temperature
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were obtained by integrating the following equations:

M o0 3(s) = M o0 3(1) (4.15)

A H ”., = |  ACps.,dt + AH0 (4.16)

AS,-, -  f ACPs-'d t + I  (4.17)

The integration constants were evaluated using values of AH° fusion and AS° 

fusion at the melting point of M o03 (1068.36 °C) reported by Cosgrove and Snyder. 

The obtained integrated equations were:

AS0s.,=  -239.784 In T + 0.28968T -  S.SxlO' 5! 2 (4.18)

3.68 x 10s / 2 T 2 +  1414.27 (cal/mole-°K)

A H 0 .= -240.414T + 0.14484 T 2 -  7x10 (4.19)s-i 3

- 3.68 x 105 / T +  132,867.28 (cal/mole)

From equation (4.18) and (4.19), the AG° of fusion as a function of temperature 

was derived as:

M o0 3(s) =  M o0 3(1)

A G °,.i= 132,867.287 -  1654.6847 -  0.14484 7 2 (4.20)

+  1.16667 x IQ'5 7 3 - 5.52 x 105 / 7  +  239.784 7  In 7  (cal/mole)
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Combining equation (4.20) with equation (4.14), the equation of the Gibbs free 

energy of sublimation of liquid M o03 was obtained as:

3Mo03(1) =  Mo30 9(g)

AG°= -49183.28T + 1586.61 T + 0.14484T2 -  1.16667xl0'5T 3 (4-21) 

+  5.52 x 105 / T - 239.784 T In T  (cal/mole)

The AG°f of M o03(s), calculated based on Cosgrove and Snyder’s57 Cp° function 

for M o03(s) as well as the AH0f(298 k) for MoG3(s), S",,* for 0 2, and S°29s for Mo(s) 

reported in the USBM # 672' , was:

Mo(s) +  3/2 0 2(g) =  M o03(s)

AG°,= -  180,820.69 -  4.848TinT -  1.011xl0"3T 2 (4.22)

+  1.7970 x 105 / T +  96.873 T (cal/mole)

Finally, combining equation (4.22) with equation (4.14), the free energy of 

formation of Mo30 9(g) was derived as:

3Mo(s) +  9/2 0 2(g) =  Mo30 9(g)

A G ”, = -488,778.07 + 14.544 T inT -  3.O33xlO 3T 2 (4.23)

+  5.391 x 105 / T +  222.549 T  (cal/mole)

AG°f - -2,045,047.4 +  60.852 T L n T -  12.690 x 103 T2 

+  22.556 x 10s / T +  931.145 T (J/mole)
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4.3.1.2 Discussion of Results. A graphical comparison of the results of this 

work with those other investigators is presented in Figure 4.11. As mentioned in the 

literature review, three different sets of data for the sublimation of M o03(s) were 

identified in this comparison. A lower set consisting of the data reported by Blackburn37, 

Gulbransen39, and Ariya43; a higher set comprising the work of Berkowitz33, Ikeda34, 

Ueno38, and Ackermann42-43; and finally, a middle set corresponding to the work of 

Glemser31. The results of the present study fall in the higher set.

It was appreciated, from Figure 4.11, that the free energy values obtained in the 

present work were in good agreement with those reported by Ueno and Ikeda at the 

lower limit of the temperature range studied. Moreover, it was observed that the line 

representing the present investigation was in fairly good agreement with the work 

reported by Berkowitz and Ackermann within their quoted experimental errors; ±  4 kcal 

and ±  2 kcal, respectively. Also, the magnitude of the slope of the line was in fair 

agreement with the slopes reported by most of the other investigators.

An interesting observation above the lower set of data, was that, except for the 

work of Ariya, the studies were conducted using a Knudsen effusion cell. In these 

studies, the M o03(s) sample was heated under vacuum and the vapor pressures calculated 

based on weight loss. The reported experimental pressure was in the order of 10'6 mm 

Hg (1.32 x 109 atm). However, the stability diagrams for M o03(s) above 650 °C 

indicated that, at these pressures, M o03(s) tended to be reduced to Mo^G^(s), (see 

Figures 2.4 to 2.6 on pages 30 through 32 . So, there was a high probability that some 

of the measured weight loss was attributed to oxygen losses, rather than evaporation of
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the condensed sample. If  this were the case, the calculated vapor pressures would be 

higher than the actual vapor pressures in equilibrium with M o03(s). This may explain the 

higher vapor pressures obtained by Blackburn and Gulbransen.

The differences between the present work and that from Ariya43 and Glemser et 

al31., could not be explained.

The work of Glemser et al., however, was of the special interest to the present 

investigation because they also studied the formation of volatile hydroxides above 

M o0 3(s). Therefore, the difference in the measured vapor pressure of Mo30 9(g) between 

their work and the results obtained in the present study, were reflected in the vapor 

pressure measurements in the presence of water vapor, as will be discussed.

When the results of the present study were extended into the liquid phase using 

equation (4.20), and evaluated at the boiling point of M o03(s) (1428 °K), the obtained 

AG° was very close to the expected value of zero. The calculated value using equation 

(4.20) was -37 cal/mole. This was an excellent agreement given the uncertainties 

involved in making such a large extrapolation. Also, it was appreciated that there was 

a very good agreement with the work of Selikman, especially at the higher end of his 

studied temperature range.
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4.3.2 Measurements on MoO^sVin the Presence of Water Vapor

4.3.2.1 Results. It was found in the literature, that Mo03(s) reacts with water 

according to the reaction:

M o0 3( s) + H20(g) =  M o02(OH)2(g)

It was also found that, although the different investigators agreed on the 

molecularity of the species formed, they did not agree on the vapor pressures of the 

volatile hydroxides. Therefore, an study on the enhancement of the volatility of M o03(s) 

in the presence of water vapor was undertaken to resolve these discrepancies.

If  the equilibrium constant for the above reaction were linearized, the Log 

Pmqo2(oh)2 would be a function only of Log Ph2o with a slope of 1. A plot of Log 

PMo02(OH>2 vs. Log PH2Q was constructed at two different 0 2 potentials (see Figure 4.12). 

From this Figure, it was determined that the experimental slope of 1.09 agreed very well 

with the theoretical slope of 1; thus corroborating the molecularity reported in the 

literature. Moreover, it was appreciated that, as expected from the proposed reaction, 

the pressure of the volatile hydroxide was not affected by the 0 2 pressure.

In Figures 4.13 and 4.14, the attainment of equilibrium was demonstrated by 

showing the independence of the equilibrium constant from the water potential and the 

flowrate, respectively. These type of graphs not only confirmed that equilibrium was 

being reached, but were also useful in obtaining an average value of the equilibrium 

constant (1.97 x 10'3) at the shown temperature (702 °C).

Another way of analyzing the data and checking its consistency, was to plot
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Pmo2(oh)2 vs. Pieo and force the regression line through zero. Given the dependence of 

Pmo02(oh)2 to the water pressure to the first power, the slope of this line should directly 

give the equilibrium constant for the reaction. This analysis is represented in Figure 

4.15. The slope obtained of 1.99 X 10"3 was in excellent agreement with the average 

value of 1.94 X 103 previously obtained in Figure 4.12.

Once the molecularity of the volatile hydroxide had been established, 

measurements at additional temperatures were conducted. A summary of the experimental 

results is presented in Figure 4.16. The free energy equation obtained, using the Second 

Law method as the basis for the regression, was:

M o0 3(s)  + H20(g) = Mo02(OH)2(g) (4 .2 4 )

AG” = 31,143 - 19.57 T ( ±  40 cal/mole)

AG° =  130,302 - 81 .88  T ( ±  167 J/mole)

where the stated error is the 95% confidence range of the regression, evaluated at the 

temperature where the error is the largest within the temperature range studied.

For the above regression ACP° was considered equal to zero because Cp° values 

for Mo0 2(OH)2(g) were not available. Again, this assumption was considered reasonable, 

given that the temperatures ranges were less than 170 °K.

Equation (4.24) was combined with the Gibbs free energy of fusion to obtain an 

expression for the formation of volatile hydroxides above liquid M o03 according to :
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M o0 3(1) + H20(g) = Mo02(OH)2(g) (4.25)

AG°,_,= -101,724.28 + 1635.11T + 0.14484 T 2 (4.26)

- 1.16667 x 10 ' T3 +  5.52 x 105 / T - 239.784 T In T (cal/mole)

Equation (4.24) was also combined with the Gibbs free energy of formation for M o03(s) 

(see equation (4.22)) and the Gibbs free energy of formation of water vapor (as reported 

in USBM # 6721), to obtain the Gibbs free energy of formation for MoC^OH^g):

Mo(s) + 202(g) + H2(g) = M o02(OH)2(g) (4.27)

AG°f = -206,493.69 - 1.6720 T Ln T - 1.782 x 10 3 T2

+  1.6465 x 105 / T +  66.925 T (cal/mole)

AG°f - -863,969.59 - 6.9956 T Ln T - 7.456 x 10'3 T2

+  6.8890 x 105 / T +  280.014 T (J/mole)

4.3.2.2 Discussion of Results. A comparison of the results of the present 

investigation with the work of other researchers is presented in Figure 4.17. For the 

construction of this figure, the work of Belton and Jordan, who conducted their 

experiments with Mo metal, was recalculated (using USBM data) to M o03(l) to facilitate 

the comparison. When the work of the present investigation was extrapolated, using 

equation (4.26), to the temperature range of Belton and Jordan, an excellent agreement 

between the two works was obtained. The work of Glemser and Haeseler, on the other 

hand, followed a lower path with a different slope. The differences of the present work 

with that of Glemser and Haeseler were attributed, in part, to the differences in the 

measured vapor pressure of Mo30 9(g).
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It is worth noting, that the agreement between Belton and Jordan’s work and the 

present work, further corroborates the accuracy of the sublimation measurements 

conducted in the present investigation.

Given the above discussion, it was believed that with the results of the present 

study, the discrepancies in the vapor chemistry of M o03(s) in the absence and presence 

of water vapor, have been finally resolved .

4.3.3 Industrial Applications of the Generated Knowledge

The results of the present investigation can be used to determine process 

conditions for the extraction of molybdenum, from molybdenum containing waste. Table 

4.8 shows the calculated vapor pressures of both M 03O9 and Mo0 2(OH)2 under different 

process conditions.

It is clear, from Table 4.8, that the vapor pressures at temperatures below 700 

°C, are not significant from an industrial stand point, even at high water pressures. At 

temperatures close to the melting point (795 °C), however, and with water vapor 

pressures of 1 atm, the total apparent vapor pressure (7.4 Torr) becomes more attractive 

for industrial application. Moreover, this pressure can be increased by augmenting the 

pressure of the water vapor. As shown in Table 4.8, for the case of P^o =  5 atm, the 

apparent vapor pressures increases to 24.76 Torrs.

In the case of the process conditions above liquid M o03, it can be appreciated that 

the calculated vapor pressures at 900 °C, are significantly higher than those at 

temperatures just slightly below the melting point. Furthermore, it is important to note
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Table 4.8 Calculated Vapor Pressures of M 03O9 and Mo2(OH)2 Above M o03(s,l) 
Under Different Process Conditions

Temp
CO

Ph20
(atm)

P  Mo309
(Torr)

P mo02(OH)2
(Torr)

P-*• apparent
(Torr)

600 0.5 6.5 x 10A 0.12 0.12

1.0 6.5 x W4 0.23 0.23

5.0 6.5 x lO"4 1.15 1.15

700 0.5 0.09 0.73 0.82

1.0 0.09 1.46 1.55

5.0 0.09 7.29 7.38

780 0.5 2.46 2.48 4.94

1.0 2.46 4.95 7.41

5.0 2.46 24.76 27.23

900 0.5 87.80 6.84 94.64

1.0 87.80 13.68 101.48

5.0 87.80 68.40 156.20
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that at these high temperatures most of the vapor transport is attributed to MogOgfg). This 

suggests that, above the melting point, the formation of volatile hydroxides plays a minor 

role in the extraction of Mo03, unless water vapor pressures higher than 1 atmosphere 

are employed.

An economic evaluation would have to be conducted to determine the cost benefit 

of operating above or below the melting point of M 0O3. From a practical stand point, 

in the view of the author, it is probably preferable to work with the solid phase at water 

pressures of 1 atm. At these conditions, not only would the energy requirements be 

reduced but the handling of the materials greatly simplified. Moreover, in the liquid 

phase, the effects of other liquid impurities on the activity of M o03 would have to be 

considered to accurately predict the volatilization behavior.

Thus the conditions recommended for the extraction of molybdenum from 

feestocks and wastes are:

T =  780 °C 

Pmo = 1 atm

The temperature of 780 °C is 15 °C below the melting point. This value was 

selected in order to prevent the melting of the condensed phase due to the temperature 

variations in the reaction chamber. The pressure of 1 atm was chosen because it would 

not require a special pressurized reactor and thus facilitate the design of a continuous 

process. Again, thorough economic evaluation would be required to assess the 

economical feasibility of operating at higher pressures.
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It is important to note that the results of this investigation not only suggest the 

technical feasibility of a recovery process for waste materials. But also suggests that if 

molybdenum trioxide based materials, such as catalysts, were used in the presence of 

water vapor, losses to the vapor phase would occur. The magnitude of these losses would 

depend on the temperature and water pressures inside the reactor. In order to minimize 

these losses, it is recommended that the working temperature not exceed 500 °C. At this 

temperature and with a water vapor pressure of 1 atm, the volatilization of M o03 is 0.02 

Torr.

4.4 Tungsten Trioxide

4.4.1 Baseline Vapor Pressures of WCUsl

No volatilization was detected in the experiments conducted in the absence of 

water vapor. A summary of the experimental conditions, after conditioning the sample, 

are presented in Table 4.9.

Table 4.9 Experimental Conditions for the Baseline Experiments Above W 03(s)

Condensed Amb. Amb. Boats 0̂2 Run Time Wt.
Phase Press. Temp Temp (atm) (hrs) Change

(atm) CO CO (gm)

W 03(s) 0.82 22 902 0.26 14.5 +0.00002
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It is clear from Table 4.9 that no appreciable weight loss occurred in a run of 14.5 hrs. 

Moreover, no evidence of vapor transport of tungsten was found in the condenser 

system. These results corroborate the data reported in the literature that the contribution 

of volatile oxides to the total vapor pressure is insignificant. As in the case of the studies 

on V205 (s), this null contribution allowed for the direct measurements of the volatile 

hydroxides from the measured vapor pressures.

4.4.2 Measurements on WCXfs) in the Presence of Water Vapor

It was found in the literature, that W 03(s) reacts with water according to the 

reaction:

W 03(s) + H20(g) = Wo2(OH)2(g) (4.29)

As in the case of molybdenum trioxide, although the different investigators 

mentioned in the literature agreed on the molecularity of the species, they did not agree 

in the vapor pressures of the volatile hydroxides formed. Again, a thorough investigation 

on this system was undertaken to resolve these discrepancies.

I f  the equilibrium constant for the above reaction were linearized and graphed, 

in a similar fashion as in the case of MoC^OH^g), the Log PWo2(oh)2 would be a linear 

function of Log P^o with a theoretical slope of 1. A plot of Log PWo2(oh)2 v s . Log P^o 

was constructed at two different 0 2 potentials (see Figure 4.18). From this figure, it was 

determined that the experimental slope of 1.05 agreed extremely well with the theoretical
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slope of 1. Also, it was appreciated that, as expected, there was no dependence on the 

0 2 potential.

In Figures 4.19 and 4.20, the attainment of equilibrium was demonstrated by 

showing the independence of the equilibrium constant from both the water pressure and 

the carrier gas flowrate. Also, these figures were utilized to obtain an average value of 

the equilibrium constant, at 902 °C, of 3.49 X 104.

As in the case of the molybdenum studies, a check of the consistency of the data 

was obtained by plotting PWo2(oh)2 v s . P^o and forcing the linear regression through zero 

(see Figure 4.21). Again, the slope should give the equilibrium constant for the reaction. 

From Figure 4.21, it was observed that the slope of 3.52 X 10"4 agreed very well with 

the average value of 3.49 x 104 obtained in Figures 4.19 and 4.20.

Once the molecularity of the volatile hydroxide had been established, 

measurements at different temperatures were conducted. A summary of the experimental 

results on the formation of W0 2(0 H)2(g) is presented in Figure 4.22.

It can be seen that W 03(s) was studied in both the alpha and the beta regions. The 

free energy equations, obtained through separate linear regressions at each phase were:

Wo3(a ,0) + H20(g) = W 02(0H )2(g)

AG° = 39,733 -  18.00 T (±  239 cal/mol) (4-31)

AG0o - 166,243 - 75.31 T (±  1000 J/mole)

AG; = 40,162 -  18.40 T (±  315 cal/mol) (4.32)

AG", . 168,038 - 76.99 T (±  1318 J/mole)
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where the stated errors are the 95 % confidence range of the regressions evaluated at the 

temperature where the error was the largest within the temperature ranges studied.

As in the cases of VgO^s) and M o03(s) studies, the ACp°’s for these reactions 

were considered equal to zero because Cp0 values for W0 2(0 H)2(g) were not available.

It is important to note that although measurements at only two temperatures in the 

alpha phase were conducted, a third point, at the transition temperature, was calculated 

using the equation for the beta phase. Using these three points, the regression in the 

alpha phase was obtained. Although it is true that measurements at only two temperatures 

cannot describe the trends in the alpha phase from a statistical point of view, the 

accuracy of the measurements was evaluated by subtracting the AH° obtained in the alpha 

phase from the AH° in the beta phase. The difference should give the AH° of transition 

for W 03(s). The obtained experimental value for the AH° of transition was 430 cal/mole. 

This value agreed very well with the value reported in the literature1 of 410 cal/mole, 

thus validating the accuracy of the measurements.

Equation (4.32) was combined with the Gibbs free energy of formation of W 03 

(j8) reported in USBM # 6721 to obtain the free energy of formation of W 0 2(0 H )2 :

W(/?) + 202(g) + H2(g) = Wo2(OH)2(g) (4.33)

AG°f - -220,120 - 1.755 T Ln T - 0.812 x 10'3 T2 +  1.617 x 105 / T (4.34)
+  69.060 T (cal/mole)

AG°f - -920,982 - 7.343 T Ln T - 3.397 x 10"3 T2 +  6.766 x 10s / T
+  288.947 T (cal/mole)
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Equation (4.32) was used for the above derivation because, since more 

measurements were conducted with W 03(i8), this equation was more accurate.

4.4.3 Discussion of the Results

A comparison of the results of this investigation with the work of other 

investigators is presented in Figure 4.23. As in the case of the molybdenum studies, the 

work of Belton and McCarron, who worked with W metal as the condensed phase, was 

recalculated to W 03(s) using data from USBM bulletin # 672.

When the present work was extrapolated to the temperature range of the other 

investigators, it was observed that the obtained free energy equation fell between the two 

energy equations reported by Glemser. Also, when the present work was further 

extrapolated to the recalculated values of Belton and McCarron, there was a difference 

of 721 cal/mole at 1500 °K which was within the experimental and extrapolating error 

mentioned by Belton and McCarron.

Given the analysis of the results presented above, especially the excellent 

agreement of the obtained AH° of transition with that reported in the literature, it was 

believed that the discrepancies in the vapor chemistry of W 03(s) in the presence of water 

vapor were finally resolved.
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4.4.4 Industrial Applications of the Generated Knowledge

The results of the present investigation were used to determine process conditions 

for the extraction of tungsten from tungsten containing wastes. Table 4.10 shows the 

calculated vapor pressures for W0 2(0 H)2 under different processing conditions.

It can be concluded from Table 4.10, that the extraction of W 03 by vapor 

transport, through the formation of volatile hydroxides, is not viable at temperatures 

below 1100 °C and for water vapor pressures of 1 atm . More significant extractions, 

however are realized at higher temperatures. At 1200 °C and 1 atm of water vapor for 

example, the vapor pressure of the volatile hydroxide is almost 9 Torr. This pressure 

increases linearly with water pressure by a factor of one. Significantly higher vapor 

pressures are obtained if the operating temperature is increased to 1300 °C. At this 

temperature and a water potential of 1 atm, the vapor pressure of the volatile hydroxide 

is 21 Torr. Again, the pressure increases linearly with the pressure of water by a factor 

of one.

Similar to the case of the extraction of molybdenum, a thorough cost-benefit 

analysis must be conducted in order to assess the optimal operating conditions for the 

recovery of tungsten by vapor transport. It is the preference of the author, however, to 

work under atmospheric pressures to facilitate the design of a continuous process.

In order to minimize losses of W 03(s) containing materials, such as catalysts, it 

is recommended to operate at temperature below 700 °C. At this temperature and at a 

water vapor pressures of 1 atm, the vapor pressure of the volatile hydroxide is 0.01 Torr.
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Table 4.10 Calculated Vapor Pressures for WC^OH^ Above W 03(a,j8) Under 
Different Process Conditions

Temperature °C ? i Pwo2(oh)2 (Torr)

900 0.5 0.13

1 0.26

5 1.31

10 2.63

1100 0.5 1.62

1 3.23

5 16.17

10 32.33

1200 0.5 4.39

1 8.78

5 43.91

10 87.82

1300 0.5 10.50

1 21.01

5 105.03

10 210.07
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4.5 Mass Closures and X-Rav Analysis

As mentioned in the section of the data analysis, the vapor pressures can be 

calculated based on the weight loss or on the moles of material transported to the 

condenser system.

In the present investigation, excellent agreement between the weight loss and the 

moles reported at the condenser was obtained in the vanadium pentoxide and 

molybdenum trioxide experiments. In these cases the mass closures were between 95 to 

105%; thus demonstrating that within the experimental error, either method could be 

used to calculate the resulting vapor pressures. In the case of the studies of tungsten 

trioxide, however, the recovery was only good up to 93 %. This was probably due to the 

difficulty in dissolving the transported material. The condenser tubes had to be stripped 

with a warm solution of NaOH IN  for at least 12 hours until no visible left material was 

observed. Increasing the temperature to accelerate the dissolution did not seem to 

improve the dissolution rate significantly. Moreover, the handling of the condenser sheath 

was more involved due to the necessity of keeping it hot. It is believed that the 

recoveries were not complete, mainly for the inability of properly dissolving the sample, 

rather than experimental errors in weighing or analyzing the samples.

A summary of the stripping conditions for X̂ OsCs), VgOgfs), M o03(s), and W 03(s) 

is presented in Table 4.11.

Another important consideration in the transpiration technique is the integrity of 

the condensed phase. The x-ray diffraction patterns taken before and after the
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Table 4.11 Summary of the Stripping Conditions for VgO^s), VgOgfs), M o03(s),
and W 03.

Sample Stripping Solutions Recoveries

V A (s ) H2SO4 1.8 N 95 - 105%

V A (s ) h n o 3 conc. no vanadium was detected

M o0 3( s) NaOH 1 N 95 - 105%

W 03(s) NaOH 1 N 81 - 93%

experiments indicated that no phase change of the condensed sample had occurred. Thus, 

no weight losses could be attributed to disproportionation (reduction) of the sample.

Based on the good mass closures obtained and the fact that the integrity of the 

condensed phases was maintained throughout the experiments, it was concluded that the 

experimental technique employed was reliable in measuring the vapor pressures of the 

volatile hydroxides in equilibrium with ^C^(s), M o03(s), and W 03(s).
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V. SUMMARY AND CONCLUSIONS

5.1 Vanadium Pentoxide

The results of the present investigation confirmed the formation of volatile 

hydroxide of vanadium above VgOsfs) in the presence of water vapor. The molecularity 

of the species was determined to be VO(OH)3(g), according to:

V20 5(s) + 3H20(g) = 2VO(OH)3(g)

AG° = 57,938 -  14.46 T (±  328 cal/mol)

AG° = 242,413 - 60.50 T (±  1004 J/mole)

Combining the AG° of fusion reported in USBM bulletin # 672 with this equation, 

the Gibbs free energy equation, considering liquid vanadium pentoxide as the standard 

state, was calculated:

V20 5(1) + 3H2G(g) = 2VO(OH)3(g)

AG° = 48,482 + 11.435 TlnT -  0.004844 T 2 + 286’850
T

- 78.625 T (cal/mole)

The equation for the Gibbs free energy change considering solid vanadium 

pentoxide obtained in the present study was also combined with the Gibbs free energies
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of formation for both H20(g) and V2Oj(s) to obtain the expression for the AG° of

V(s) + 2 H 2fg) + 2 0 2(g) = VO(OH)3(g) 

formation of the established volatile hydroxide:

AG°f = -243,300.50 + 1.88 TlnT -  0.001838T2 + 100’450 f T

+ 50.911 T (cal/mole)

AG°f = - 1,018,655.2 +  7.866 T Ln T - 0.007790 T2 +  420,283 / T

+  213.011 T (J/mole)

For the investigated temperature range the vapor pressures were determined to be 

too low for commercial extractive applications. However, at higher temperatures (1250 

°C) and under pressurized conditions (5 atm of H20 ), significnat vapor transport is 

achieved through the formation of volatile hydroxides.

Finally, another important finding, concerning industrial applications, was the fact 

that the vanadium hydroxide formed in equilibrium with V20 5(s) significantly attacks 

silica and, to a lesser extent, alumina. So, if these materials are used, as catalysts for 

example, in the presence of vanadium and water vapor, the hydroxide formed will 

deteriorate the silica substrate; reducing the service life of the catalyst. Thus, silica 

substrates are not recommended when V20 5 and water vapor are both expected to be 

present in a given catalytic process.
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5.2 Vanadium Trioxide 

In the present investigation no evidence of enhanced volatility of X^C^s) in the 

presence of water vapor was observed. Thus it was concluded that X̂ OgCs) does not form 

volatile hydroxides detectable with the transpiration technique in the temperature range 

of 600 to 950 °C at atmospheric pressures.

5.3 Molybdenum Trioxide 

The results of the present investigation confirm the high volatility of M o03(s). 

This volatilization was primarily attributed to the formation of the polymeric species 

Mo3Og(g) according to:

3 M o0 3( s) = M o 30 9(g)

AG° = 83,684 -  68.07 T (±  673 cal/mol)

AG° = 350,134 - 284.80 T (±  2117 J/mole)

Combining the above equation with the AG° of fusion, derived from the Cp° values 

for M o0 3(s) and M o 0 3( l)  reported by Cosgrove and Snyder57, the Gibbs free energy 

equation, considering liquid molybdenum trioxide as the standard state, was calculated:

3 M o0 3(1) = M o 30 9(g)

AG° = -49,183.28 + 1586.615 T + 0.14484T2 -  1.16667xl0“5T 3 

+  5.52 x 105 / T - 239.784 T l n T  (cal/mole)
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Finally, the Gibbs free energy of formation of the established hydroxide was 

established using the Cp° data for M o03(s) reported by Cosgrove and Snyder, and the Cp° 

data for 0 2 and Mo(s) reported in USBM bulletin # 672:

3M(s) + | o 2 = Mo30 9(g)

AG”, = -488,778.07 + 14.544 TlnT -  3.033x10 "3T 2 + 5.391xl05 /  T

+  222.549 T  (cal/mole)

AG°f - - 2,045,047.4 +  60.852 T  Ln T - 12.690 x 10"3 T2 +  22.556 x 10s /  T

+  931,145 T (J/mole)

The results of the present study also confirmed the formation of volatile 

hydroxides above M o03(s). The molecularity of the species was determined to be 

Mo0 2(OH)2(g) according to:

M o0 3(s)  + H20(g) = M o02(OH)2(g)

AG° = 31,143 -  19.57 T (±  61 cal/mol)

AG° =  130,302 - 81.88 T (±  167 J/mole)

Combining the above equation with the AG° of fusion based on the work of 

Cosgrove and Snyder57, the Gibbs free energy, considering liquid M o03 as the standard 

state, was calculated:
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Mo03(1) + H20(g) = M o02(OH)2(g)

AG° = -101,724.28 + 1635.11 T + 0.14484T 2 -  1.16667xl0"5T 3 

+  5.52 x 105 / T - 239.784 T In T (cal/mole)

In a similar fashion as in the case of the free energy of formation of MogOgfg), 

the free energy of formation of Mo02(OH)2(g) was calculated to be:

AG°f = -206,493.69 -  1.6720TlnT -  1.782x10'3T 2 

+  1.6465 x 105 / T +  66.925 T (cal/mole)

AG°f =  - 863,969.59 - 6.9956 T Ln T - 7.456 x 103 T2 

+  6.8890 x 105 / T +  280.014 T (J/mole)

It was determined that extraction processes, based on the formation of volatile 

hydroxides of molybdenum, are important at temperature below the melting point. 

Specifically around 780 °C. The recommended conditions for the extraction of 

molybdenum in the presence of water vapor were:

T =  780 °C

P h2o =  1 atm

PMo02(OH)2 ~  7.41 Ton*

Higher vapor pressures could be obtained by increasing the water pressure.
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At temperatures above the melting point, the vapor pressure of MogOgCg) is 

significantly higher than that of Mo0 2(OH)2. Thus the role of volatilization enhancement 

with water vapor is less important at these temperatures.

Finally, in order to minimize losses of molybdenum trioxide based materials in 

the presence of water vapor, it was recommended that the temperature did not exceed 

500 °C. At this temperature, and at a water vapor pressure of 1 atm, the total apparent 

vapor pressure is 0.02 Torr.

5.4 Tungsten Trioxide

The results of the present investigation also confirmed the formation of volatile 

hydroxides above W 03(s). The molecularity of the species was determined to be 

W0 2(0 H)2(g) according to:

WO3(a,0) + HjOfe) = W 02(0H)2(g)

AG°a = 39,733 -  18.00 T (±  321 cal/mol)

AG°a =  166,243 - 75.31 T (±  1000 J/mole)

AG°0 = 40,163 -  18.40 T (±  400 cal/mol)

AG°0 =  168,038 - 76.99 T (±  1318 J/mole)

The calculated AH0a„y was 430 cal/mole which was in excellent agreement with 

the value reported in the literature of 410 cal/mole.
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The calculated Gibbs free energy of formation for W0 2(0 H)2, using the Gibbs 

free energy equation for the phase and the Gibbs free energy of formation for W 03(j8) 

reported in USBM bulletin # 672 was:

W08) + 2 0 2(g) + H2(g) = W 02(OH)2(g)

AG°f = -220,120 -  1.755 TlnT + 0.812x10 ~3T 2

+  1.617 x 105 / T +  69.060 T (cal/mole)

AG°f =  - 920,982 - 7.343 T Ln T - 3.397 x 10"3 T2

+  6.766 x 105 / T +  288.947 T (J/mole)

It was determined that viable extraction processes, based on the formation of 

volatile hydroxides, are attractive for industrial applications at temperatures at least at 

1150 °C and at water vapor pressures of 1 atm.

Finally, in order to minimize losses of tungsten trioxide based materials in the 

presence of water vapor, it was recommended that operating temperatures did not exceed 

700 °C. At this temperature and a water pressure of 1 atm, the vapor pressure of the 

volatile hydroxide is 0.01 Torr.
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APENDIX I

(SUMMARY OF EXPERIMENTAL CONDITIONS FOR V20 5(S))
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APENDIX II

(SUMMARY OF EXPERIMENTAL CONDITIONS FOR M o03(S))
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APENDIX III

(SUMMARY OF EXPERIMENTAL CONDITIONS FOR W 03(S))
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