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CHAPTER I 

INTRODUCTORY CHAPTER 

1.1. GENERAL INTRODUCTION 

Although the element uranium was discovered in 1789 by Klaproth [l], a 
comprehensive study of its chemical properties was initiated in 1939, 
by the discovery of nuclear fission [2,3]. The knowledge of its chemi
cal properties became important in various technological aspects of 
nuclear energy production, such as: 
- ore prospecting, handling, and processing; 
- isotope separation; 
- fuel performance; 
- safety; 
- reprocessing; 
- waste handling and storage. 
These subjects are still continuously under investigation with various 
degrees of intensity. 
Parallel to this, systematical research was done to obtain general 
information on uranium compounds. The work described in the present 
thesis has been undertaken to extend the knowledge of the chemistry of 
uranyl compounds with the main group V elements. Uranyl compounds are 
compounds which contain hexavalent uranium as the almost linear U02 -
Ion [Aj. The oxygen atoms are strongly hound to the uranium as, for 
instance, can be concluded from the relative short U-0 distance. 
In this field previous work has been concentrated on uranyl nitrates, 
being compounds of interest in nuclear technology. The investigations 
described in this thesis deal with the stability of the uranyl phos
phates and arsenates. 

Anhydrous uranyl phosphates and/or arsenates do not occur in nature; 
only hydrated compounds are known as minerals. This so called 
Torbernite group, or uranium mica's, may be seen as to be derived from 
the compounds UO2HPO4.XH2O or U02HAs04.уН20 (х and у are variables), in 
which the acidic hydrogen has been replaced by monovalent or divalent 
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metal ions as: Li, Na, K, Mg, Ca, Sr, Ba and Cu [5,6]. It has been 
observed that the corresponding phosphates and arsenates are often 
isostructural [7]. Examples of some Torbernite minerals are given 
below: 

Compound X = P X = As 

KU02XOu.4H20 
NaiK^xo^.Ah^o 
Mg(U02X04)2.8H20 

са(ио 2 хОц)2.8-12н 2 о 
Ba(U02X0w)2 .8H20 

Cu(U02X04)2.8--12H20 

Ре(и0 2 Х0 4 ) 2 .8Н 2 0 

(U0 2 ) 3 (X0 4 ) 2 . 6 -12H 2 0 

Ankoleite 
Sodium autunite 
Saleite 
Autunite 
Uranocircite 
Torbernite 
Bassetite 
Phosphoruranylite 

Abernathyite 
Sodium uranosphinir.e 
Novacekite 
Uranospinite 
Heinrichite 
Zeunerite 
Xahlerite 
Trö'gerite 

The similarity in the formulas is clearly demonstrated. This is not 
unexpected as phosphates and arsenates generally have similar proper
ties . 

The uranyl phosphates have been studied more extensively than the arse
nates. These studies mostly deal with the dehydration properties of 
their hydrates. Only little information is found on the formation and 
stability of the anhydrous compounds [8-11j. In general, the investiga
tors have carried out their studies under dynamic condities; they did 
not handle the pure anhydrous compounds at ambient temperatures outside 
the equipment. An exception is the work on U02(P03)2 of which the X-ray 
diagram and hydrolytic properties have been published [ll]. 
It is the aim of this study to extend the knowledge of the chemistry of 
the anhydrous uranyl phosphates and arsenates, and to come to a quanti
tative description of their stability. 

1.2. OUTLINE OF THE FOLLOWING CHAPTERS 

To survey the field of interest, phase studies have been carried out of 
the anhydrous uranyl phosphates and -arsenates (Fig. 1.1). The results, 
presented in the chapters II and III respectively, deal with compound 
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formation and characterization, coexisting phases, and limiting 

physical or chemical properties. These chapters form the basis for the 

quantitative approach in Lhe next chapters. 

Fig. 1.1. Picture of the applied argon-filled dry box. 

The uranyl phosphates evolve oxygen at higher temperatures, and the 

arsenates lose arsenic oxide vapour. These phenomena give the possibil

ity to describe their thermodynamic stabilities. Thus oxygen pressures 

of uranyl phosphates have been measured, using a static, non-isothermal 

method. The results are given in chapter IV. In this way, numerical 

relatione of uranyl phosphates are obtained which, for instance, can be 

applied to calculate the phase diagram obtained in chapter II. Arsenic 

oxide pressures of uranyl arsenates have been measured by use of the 

transportation method [l2] under variable oxygen pressures. The complex 

results made it necessary to study the vapour pressure of AS2O5 as 

well. The results are described and interpreted in chapter V, and the 

high-temperature thermodynamics of the gasphase involved are derived. 

In turn, these will be used to interpret the results of the pressure 

measurements in chapter VI, to obtain interrelations of the uranyl 

arsenates. 

Having made available the pure anhydrous compounds in the course of 

this investigation, molar thermodynamic quantities have been measured 

as well. These Include standard enthalpies of formation from solution 

calorimetry, and high-temperature heat-capacity functions derived from 
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enthalpy increments measured. 
In chapter VII, attention is given to compounds with uranium in valen
cies lower than six which have been met during the investigation. 
In the final chapter VIII, an evaluation will be made of the thermody
namics of the compounds studied, to result in tabulized high-tempera
ture thermodynamic functions. Relative stabilities within the systems 
are discussed, and comparisons of the uranyl phosphates and the arse
nates are made. 
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CHAPTER II 

THE FORMATION AND STABILITY OF HYDRATED AND ANHYDROUS URANYL PHOSPHATES* 

11.1. INTRODUCTION 

Extensive studies have been published on the conditions of formation 
[l-З] ar.d the thermal stabilities [3-15] of the hydrated uranyl phos
phates, but conflicting decomposition paths still remain. The anhydrous 
materials have been obtained, but their nature has not been investigat
ed. Only the polymerization of the phosphate groups in U02(P03)2 has 
been studied [lO], whereas interest was more concentrated on the reduc
tion of uranium at higher temperatures [10-12,16]. 
As part of a study on the uranyl phosphates and arsenates, the dehydra
tion of the hydrates, as well as the formation and stability of the 
anhydrous compounds in the system иОз-и02(РОз)2 have been investigated. 
Compositions between U02(P0j)2 and P2°5 have not been studied because a 
low-temperature (~ 400 °C) reduction In that region has been reported 
[17]. 

11.2. EXPERIMENTAL 

II.2.1. Materials 

The starting materials were the hydrated uranyl phosphates 
(U02)3(P04)2«4H20 and Ш 2НР0 ц .4H20, prepared as described by Schaekers 
[11] and Schreyer [18], and UO2(H2PO4)2.3H20 prepared according to Kamo 
and Ohashi [lO]. To evaporate all traces of acetone, which had been 
used to wash the precipitates, the compounds were left under continuous 
suction in a desiccator containing a saturated NaCl solution for 8 h. 
Thereafter, they were left in the desiccator for at least one week to 
reach equilibrium. In this way, well-crystallized samples were 
obtained. 

* This chapter has been published as an article with the same title in 
Thermochimica Acta, 40 (1980) 357, by H. Barten and E.H.P. Cordfunke. 
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In contradiction to earlier observations [A J, compound Н11(ио2)2(РОц)5 
could not be prepared. It seems doubtful whether the compound exists, 
because its preparation conditions and crystallographic data are rather 
simular to those of U02(H2P04)2.3H20 [2]. 
The anhydrous uranyl phosphates (U02)3(P04)2, (U02)2P2°7» a n d ио2(роз)2 
were prepared from their hydrates» It was assumed that the uranium to 
phosphorus ratio was not altered during the drying process. 

11.2.2. Chemical analysis 

The hydrates were characterized by chemical analysis. Uranium was 
determined by means of a computerized potentiometric titration [l9,20] 
and phosphorus by means of an acid-base titration after separation of 
the uranium from the solution using a cation exchanger. The water con
tent was determined thermogravimetrically. The results are given in 
Table II.1. 

11.2.3. Physical measurements 

The differential thermal analysis (DTA) and thermogravimetric analysis 
(TGA) were carried out with a Netzsch, type STA-429, apparatus. The 
effluent gas was analyzed (EGA) with a water- and an oxygen-sensitive 
probe using a Panametric hygrometer model 1000 and a Teledyne analyser 
model 311, respectively. About 150 mg samples in alundum cups were 
heated at a heating rate of 2.5 °C min-1 in a stream of dry nitrogen, 
air, or oxygen, up to 1500 °C. The uncertainty in the observed tempera
tures was within 20 "C. 
The high-temperature X-ray (HTX) exposures were taken with a Nonius-
Guinier III camera (CuK -radiation, X * 1.5418 A). The samples were 
heated at 1.5 eC mln-1 in air up to 1000 °C. 

11.2.4. Static experiments 

For further characterization, the hydrates found by TGA, were prepared 
by means of isothermal heating. The temperatures were taken from the 
TGA. After the sample had stabilized to the expected weight, its X-ray 
pattern was recorded with a Guinier-de Wolff camera. 
Anhydrous samples of various compositions were brought into a dry box 



Table I I . 1 . 

Chemical analysis of the uranyl phosphate hydrates 

Sample Uranium (wt. %) Phosphorus (wt. %) Water (wt. %) 

Found Calcd. Found Caled. Found Calcd 

(UOj) 3 (PO«)} 4 HjO 66.14 + 0.05 66.61 5.78 + 0.01 5.78 6.71 ± 0.03 6.72 
UOjHPCU 4 H j O 54.30 + 0.01 54.34 7.08 + 0.01 7.07 18.50 + 0.09 18 51 
UOj (HiP0 4 ) 2 • 3 H , 0 45.85 + 0.09 45.95 12.00 + 0.02 11.96 17.18 ± 0.06 17 38 
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after isothermal heating (each 100 °C from 300 to 1000 °C) in air 

during about 15 h. Thereafter, X-ray diagrams of the samples were taken 

while they were protected from moisture with polythene foil (0.05 mm). 

II.3. RESULTS AND DISCUSSION 

II.3.1. Hydrates 

Tll£E??i_aüêiy s * s 

The results of the the "rial analyses are shown in Fig. II. 1. The evolu

tion of water, but not of oxygen, was detected during the dehydrations. 

This proves that no reduction of the compounds occurs during these 

heatings. Thus, the anhydrous compounds formed are phosphates in which 

uranium is hexavalent. The DTA only indicates the thermal effects due 

to the dehydrations involved. Disagreement with the literature over the 

decomposition temperatures are possibly caused by differences in the 

experimental conditions, such as equipment, heating rate, and sample 

size. It seems more interesting to compare the presently observed 

decomposition steps with previous publications. 

The observed decomposition of (и02)3(Р0ц)2-4Н20 via its monohydrate is 
in agreement with the findings of Schaekers [ll] and Welgel and Hoffman 
[l4]; the tetrahemi- or dl-hydrates, which have been reported previous
ly by Karpov and Ambartsumyan [5], and Domine-Berges [З], respectively, 
have not been found. 
The decomposition path of ио2НРОц.4Н20 leads via its monohydrate and 
ио2НРОц to (U02)2P207 and will be discussed in combination with the 
results of the static experiments. 
ио2(Н2РОц)2.ЗН20 decomposes via its monohydrate and U02H2P207 to 
U02(P03)2. This is in agreement with the observations by Kamo and 
Ohashi [lO]. 

Static experiments 

Most intermediate and final compounds described above have been prepar
ed and crystallized at temperatures obtained from the thermal analyses. 
Their formation is in agreement with the changes of mass involved 
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Table II.2. Interplanar spacings of the strongest intensities of uranyl 
phosphates. The d values are uncorrected and the intensi
ties are visually estimated. 

Compound d 100 1/I 
о (A) 

(U02)3(POl4)2. 4.80 3.49 2.82 1.915 2.19 100 95 70 70 70 
1 H20 

(U02)3(P04)2. 4.20 5.22 3.26 3.02 3.53 100 80 80 80 60 
~ 0.5 H20 

Y-(U02)3(P04)2 

е-(ио2)3(Роц)2 
а-(1ГО2)3(Р0ц)2 
(750 °C) 

1ГО2НР0Ц.2Н20* 
ио2нроцлн2о 
(ÜO2)2P2O7 

(ио2)3Рцо13* 
ио2(н2Роц)2. 

1 Н20 
U O 2 H 2 P 2 O 7 

Y-U02(P03)2 

е-ио2(ро3)2 

(650 °С) 
o-U02(P03)2 

(780 °С) 

4.80 
3.50 
4.80 

2.99 
5.22 
3.55 
4.80 
6.22 

5.70 
4.42 
4.05 

4.10 

2.75 
3.25 
2.75 

3.55 
4.20 
4.27 
3.50 
4.42 

6.75 
7.90 
3.47 

3.50 

6.40 
2.75 
7.05 

5.75 
3.54 
5.20 
7.15 
3.32 

3.00 
5.90 
4.25 

4.30 

3.55 
4.78 
3.50 

4.90 
4.25 
11.9 
2.75 
4.32 

3.48 
3.69 
5.45 

5.58 

1.770 
1.775 
3.57 

4.57 
2.98 
5.40 
4.02 
2.82 

4.72 
3.43 
6.05 

6.10 

100 
100 
100 

100 
100 
100 
100 
100 

100 
100 
100 

100 

100 
100 
70 

70 
100 
95 
80 
90 

50 
80 
90 

95 

80 
90 
60 

60 
80 
80 
60 
70 

50 
80 
70 

95 

80 
60 
40 

60 
70 
70 
60 
70 

40 
80 
40 

50 

70 
60 
40 

50 
60 
70 
50 
70 

30 
80 
40 

50 

* Poorly crystalline samples 

during these isothermal experiments. Only U02UP0l+ does not become crys
talline. The five strongest reflections of the new compounds are given 
in Table II.2. 
In contradiction to the observations during the thermal analysis of 
ио2НР0ц.4Н2О, a dihydrate of this compound is formed. It can be pre-
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Fig. I I . 1. Thermograms of uranyl phosphate hydrates in air and nitro
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pared either by passing dry nitrogen at ambient temperature over 
the tetrahydrate or by rehydration of the monohydrate. 
Several authors have published observations on the thermal decomposi
tion of the tetrahydrate. Some of them reported the formation of a 
dihydrate [l4,15] and some did not [9,12,13]. From the present observa
tions, it becomes clear that the dihydrate does exist, but that the 
experimental conditions determine if it can be observed. 
The very hygroscopic (иО_)3(РОц)2 probably forms a hemihydrate after a 
short exposure to humid air. This compound also has not been observed 
by thermal analysis. 

Table II.3. Comparison of the decomposition temperatures of uranium 
phosphates in air 

Reaction Temperature range (°C) 

This work 

1090-1120 
1260-1300 
790-885 
>1280? 
845-965 

Other workers 
[ref.] 

1060-1090 [12] 
1200-1282 [12] 
800-880 [16] 
1200-1340 [16] 
900-1000 [lO] 

3(ио2)3(Роц)2 + u3o8 + 3 U 2 O 3 P 2 O 7 + 2o2t 
u3o8 + зи2ОзР2о7 * зи3о5Р2о7 + o2t 
(uo2)2P2o7 : U 2 O 3 P 2 O 7 + I o2t 
U2°3P2°7 X (UO)2P207 + j 02+* 
U O 2 ( P O 3 ) 2 * U P 2 O 7 + o2t 

* Not observed in air; the figures given are in nitrogen 

11.3.2. Anhydrous compounds 

Therraalanalysis 

Our results obtained by the thermal analyses (Fig. II.1) are quite 
similar to the results published by Schaekers [11,12,16] and Kamo and 
Ohashi [lO]. The observed mass losses and the oxygen evolution are in 
agreement with the decomposition reactions previously found; only minor 
differences in the temperatures have been observed. The decomposition 
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reactions and the presently found temperatures are given in Table II.3. 
At lower oxygen pressures, all decompositions occur at lower tempera
tures. This has previously been reported by Schaekers [ll,12] for 
(U02)3(P04)2 and (U02)2P207. We have obtained similar results for 
1102(РОз)2 and agree with his conclusion that, although the reaction 
products do not reoxidise noticeably, the reactions are nevertheless 
reversible. The X-ray diagrams obtained from the residues after thermal 
analysis (1500 °C) indicate a shift to compounds with less phosphorus. 
This indicates the evolution of phosphorus oxide, with which Schaekers 
[12,16] explained the weight loss at 1300-1400 °C. In contradiction to 
his findings, we do not unequivocally observe the decomposition in 
nitrogen of U203P207 into (U0)2P20? which has been reported to take 
place at about 1200-1340 °C. This reaction might occur simultaneously 
with the evolution of phosphorus oxide, which starts at 1280 °C, but no 
final conclusions can be drawn presently. 
In addition, the mixtures of the uranyl phosphates and amorphous U0, in 
the compositions 87.7, 70.5, 53.9, 45.5 and 40.0 at X U* have been 
thermally analyzed. They appear to decompose like the constituent com
pounds . 

Static experiments 

All samples on isothermal heating (the same compositions as mentioned 
previously) appear to decompose prior to melting. This is in contradic
tion to the findings of Kamo and Ohashi [l0], who have reported that 
иО2(Р0з)2 melts at about 650 °C during the thermal analysis. Because we 
found that precrystallized samples (at 650 °C) do not melt, we suggest 
that the high heating rate they used (12 °C min'1) does not permit a 
full dehydration, and that the samples have dissolved in their water of 
hydration. 
Primarily, three crystalline anhydrous uranyl phosphates, ortho-, pyro-
and meta-phosphates, have been observed. The glassy mass obtained in 
the composition range between (U02)2P207 and U02(PC3)2 crystallizes 
after prolonged heating (1 week between 600 and 700 eC). The still 
poorly crystalline sample shows a distinct X-ray pattern. From experi-

* Throughout this paper, at.? U - 100 U/(U+P). 
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ments with additional mixtures at 37.0, 39.2, 41.2, 43.6, 44.6 and 47.8 
at Л U, it has been concluded that the composition of the compound 
is close to (U02)3Pi»013. This new compound has not been investigated. 
Its strongest X-ray reflections are given in Table II.2. 
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Fig. II.2. Tentative pseudo-binary phase diagram UO (x = 3 to 2)-
U02(PO3)2 at 21.7 IcPa (0.214 atm) oxygen pressure. 
* =• Phase transitions; P+ - evolution of phosphorus oxide; 
? - probably (U02)3P4013. 

The compounds у-(1К>2)3(Р0ц)2, (UO2)2P20? and Y-U02(P03)2 have been 
prepared from their hydrates after heating at, respectively, 500, 820 
and 650 eC in 1 atm oxygen for 15 h. As indicated by the prefix y, two 
more high-temperature phases (8 and o) have been observed on the HTX 
exposures. The transition temperatures can be read from the phase dia
gram given in Fig. II.2, in which the present conclusions are summa
rized. In this figure, the decomposition temperature of у-Ю3 has been 
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calculated from the oxygen pressure measurements by Cordfunke and Aling 

[2l], whereas the decomposition of UjOg has been neglected. The accura

cy of the temperatures given is about 20 °C. 

For characterization purposes, the strongest reflections of the anhy

drous uranyl phosphates have also been given in Table 11.2. 
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CHAPTER III 

THE FORMATION AND STABILITY OF HYDRATED AND ANHYDROUS URANYL ARSENATES* 

111.1. INTRODUCTION 

Phosphates and arsenates generally have similar chemical properties. 
Having recently studied the uranyl phosphates [l], we were interested 
in comparing them with the uranyl arsenates. So far, very little infor
mation is available about the latter compounds. 
Three uranyl arsenate hydrates are known: (U02)3(As0lt)2.10-12H20, which 
is the mineral troegerite, U02HAs04.AH20 or "hydrogen spinit" and 
UOjCHjAsO^j.SH^O. The dehydration properties of the second compound 
have been studied previously by Weiss et al. [2] and Weigel et al. 
[3]. 
To the present, (U02)2As207

 i s t n e оп1у anhydrous uranyl arsenate which 
has been reported. Puller [4] prepared the compound by heating 
Ш^ИНцАэОц.х^О. The formation of the pyro-arsenate was later confirmed 
by Yoshida [5] and by Korenev et al. [б]. 
This paper present, the results of a systematic investigation of the 
formation and thermal stability of compounds in the system U03-As205, 
including its hydrates. The results have been obtained by both differ
ential thermal analysis (DTA) and thermogravimetric analysis (TGA), by 
high-temperature X-ray diffraction and by isothermal experiments. The 
chemical properties of the uranyl phosphates and arsenates are com
pared . 

111.2. EXPERIMENTAL 

III.2.1. Samples 

(и02)з(АвОц)2'11Н20 was prepared by adding a solution of U02(N03)2 in 

* This chapter has been published as an article with the same title In 
Thermochimica Acta, 40_ (1980), 367-375, by H. Barten and 
E.H.P. Cordfunke. 



- 28 -

an excess of 5% *"o a solution of H3As04. The very insoluble, pale yel
low precipitate was repeatedly washed with large volumes of water and 
filtered. In contact with water, the compound has an X-ray pattern 
which differs from that of the undecahydrate. There is probably an 
uranyl arsenate with a higher water content. 
U02HAs04.4H20 was made by the method described by Weiss et al. [2]. 

U02(N03>2'6H20 was used as the uranium source instead of и02(С2Нз02)2« 
Attempts to prepare the arsenic compound analogous to U02(H2P0.)2.3H20 
[l,7,8] were unsuccessful, although Werther [9] reported its prepara
tion in 1848. Instead, we were able to prepare a monohydrate, not pre
viously described, by adding 1 mole of amorphous U03 (from U04.2H20 at 
400 °C in air for 90 min.) to a solution of 7.5 mole HjAsO^ in 30 moles 
of water. The slurry was heated at 80 °C for 20 b and then the amount 
of water that had evaporated was added. The precipitate was recovered 
after a period of 24 h at ambient temperature with the help of a glass 
filter (filter paper was attacked by the solution). The washing proce
dure could not be carried out thoroughly because the compound easily 
dissolves in water or water-acetone mixtures. It is hygroscopic at 
ambient temperature (± 60% relative humidity). Under these circum
stances we expected the trihydrate to be formed, but instead the mono
hydrate dissolved. Furthermore, only the monohydrate was present in the 
slurry under the preparation conditions described. These findings deny 
the existence of the trihydrate. 
The anhydrous uranyl arsenates were prepared by dehydration of the 
hydrates by heating in oxygen. 
The As205 was made from As205.-r- H20 after a heat treatment at 600 °C in 
a stream of dry oxygen. The As203 context was 0.34±0.01 wt.% (as deter
mined iodometrically). The anhydrous compounds were stored and handled 
in an argon-filled dry box. 

III.2.2. Chemical analysis 

The analytical procedure was essentially the same as described for the 
uranyl phosphates [l]. Arsenic could be determined in the same way as 
phosphorus, namely by acid-base titration. The results are shown in 
Table III.1. 
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Table I I I . l . Chemical analys is of the uranyl arsenates 

Uranium (wt.Z) Arsenic (wt.%) Water (wt.Z) 
Found Calcd. Found Calcd. Found Calcd. 

(U02)3(AsO l4)2. 55.42±0.09 55.52 11.8U0.06 11.65 15.31+0.08 15.41 

11H20 

U02HAs04. 4H20 49.20+0.10 49.38 15.44±0.04 15.54 16.81+0.09 16.82 

U02(H2As04)2. 40.58±0.13 41.50 26.55±0.03 26.13 10.09±0.05 10.05 

1.2H20* 

* Contains some extra water which i s ea s i l y driven off a t 50 °C 

111.2.3 . Physical measurements 

The thermal stability of the samples was studied in dry nitrogen, air, 

and oxygen up to 1500 °C. The Netzsch, STA-429, equipment was used 

under conditions identical to those described previously [l]. 

A Nonius-Guinier III camera (CuK -radiation, X • 1.5418 A) was used to 

study phase changes and decomposition of the compounds up to 1000 °C. 

111.2.4. Static experiments 

In addition, samples of various compositions were isothermally heated 

in air for 15 h and identified by X-ray diffraction (Guinier-de Wolff 

camera). To prevent hydration during the exposure, the samples were 

wrapped in polythene foil (0.05 mm). 

The new compounds found by TGA were prepared under isothermal condi

tions in order to characterize them. 

The melting phenomena in the system U03-As205 were also studied by 

means of static experiments. After short heating periods (1-10 min.)» 

the samples were visually inspected. The weight change gave Information 

about the degree of decomposition. The melting temperatures were also 

studied with a Leitz type 1750 hot-stage microscope. The atmosphere was 

dried oxygen. 
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1II.3. RESULTS AND DISCUSSION 

III.3.1. Hydrates 

Thermal analysis 

Since no oxygen is evolved during the dehydration, the thermal effects 
observed are due to dehydration only. 
As can be seen from Fig. 1, the decomposition of (и02)3(А50ц)2.11Н20 
leads via the hexa-, tetra- and mono-hydrates to the anhydrous com
pound. The last step, leading to the anhydrous compound, is in the same 
temperature range (< 180-350 °C) as the phosphate. 
The decomposition of UOjHAsO^.AHjO via its monohydrate [2,3] and 
UC^HAsO^ [з] has been reported before. Our results agree with these 
findings and, in addition, reveal that the dehydration to (U02)2As207 

takes place at 260-350 °C. This temperature range is considerably lower 
than that of the corresponding phosphate (440-600 °C). 

500 

Fig. II1.1. Dehydration of uranyl arsenate hydrates. 
1. (U02)3(As04)2.11H20 or 3UO3.As2O5.HH2O; 

2 . и02НАв0ц.4Н20 or U 0 3 . 0 . 5 A s 2 0 5 . 4 . 5 H 2 0 ; 

3 . U02(H2As04)2.1H20 or UO3.As2O5.3H2O 

http://3UO3.As2O5.HH2O
http://UO3.As2O5.3H2O
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It has been concluded before [lO.ll] that during the thermal decomposi
tion of U02HP04.4H20, competition occurs between the dehydration via an 
ortho- and pyro-compound, as shown by the reaction 

2 Ш2НРОц + (U02)2P207.H20 

proposed by Schaekers [lo]. The corresponding arsenate, however, does 
not show this phenomenon. 
From the thermogram of U02(H2As04)2.lH20 (Fig. III.l), a decomposition 
via UO2(H2As04)2 and U02H2As207 to UO2(As03)2 has been found. The pres
ence of U02(H2POI()2 has not been observed in the phosphate system. 
Previously, Kamo and Ohashi [в] proved that и02(Н2РОц)2.1Н20 directly 
forms pyrophosphate groups on heating. 
Dehydration to U02(As03)2 is completed at 400 eC. Because U02(P03)2 is 
formed at 600 °C, it can be concluded that polymerization to the meta-
arsenate is more easily accomplished than polymerization to the meta-
phosphate. 

Staticexjjeriments 

With the exception of 1Ю2(Н2АзОц)2 and U02H2As207, all the compounds 
mentioned above were prepared in crystalline form. The strongest X-ray 
reflections are given in Table III.2. 
The hygroscopic (U02)3(As04)2 probably forms a hemihydrate when it is 
exposed to humid air for a short time. This has been observed before 
with the phosphate [l]. 
Only the tetrahydrates of U02HAsO^ and U02HP0^ (already known from the 
literature [2,12]), and the monohydrates of и02(Н2АвОц)2 and 
UO^l^PO,^ have similar X-ray patterns. This indicates that these 
compounds are isostructural.* 

III.3.2. Anhydrous compounds 

Thermal analysis 

The results of TGA in air are shown in Fig. III.2. For comparison, the 

* The X-ray patterns of the last two compounds have been indexed later 
[l3] and give almost identical raonoclinic unit cells. 
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Table III.2. Strongest interplanar spacings of uranyl arsenates 
The d values are uncorrected and the intensities are visu
ally estimated. 

Compound d (A) 100 I/I 
max 

(U02)3(As04)2 3.46 4.20 4.73 6.48 13.0 100 80 80 80 60 
(Aq) 

(и02)3(Аз0ц)2. 
11 H20 

(U02)3(AsOl>)2. 
6H20 

(ио2)3(А80ц)2 3.58 3.07 5.80 5.95 5.40 100 70 30 30 30 

3.52 11.6 5.77 3.1,7 4.63 100 80 80 70 50 

3.50 3.07 3.59 5.80 5.95 100 70 70 50 40 

4H20 
(U02)3(As0„)2. 

1H20* 
(U02)3(As04)2. 

4.90 3.55 3.05 3.37 2.90 100 100 60 30 30 

3.58 2.80 4.90 7.50 5.00 100 80 80 60 40 
~ 0.5H20 

6-(1Ю2)3(АзОц)2 4.95 3.55 
а-(и02)3(АзОц)2 4.85 7.05 
U02HAs04.lH20 5.82 10.2 
U02HAs04* 5.75 1.965 6.70 
(U02)2As207 3.47 6.40 8.60 
и02(Н2А80ц)2. 4.48 6.35 3.35 

1H20 
6-U02(As03)2 4.08 4.13 
a-ÜO2(As03)2 3.58 4.43 

7.20 2.81 3.61 100 90 90 70 50 

5.60 4.27 2.85 100 90 90 80 60 

4.40 2.62 3.05 100 60 60 50 40 

3.55 3.60 100 30 30 10 5 

5.90 3.60 100 90 60 50 30 

4.35 2.85 100 90 80 60 60 

3.17 7.00 3.66 100 100 50 30 30 

4.07 4.23 3.03 100 100 95 85 60 

* Poorly crystalline samples 
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observed changes of mass are expressed as the percentage by which they 
exceed U308, which is the final product of the three uranyl arsenates 
when heated to 1500 *C in air. Large decomposition ranges are found, 
which implies that the reaction steps are not fully separated. Never
theless, it seems that at least the presently known uranyl arsenates 
were found. In nitrogen, the decompositions occur at lower tempera
tures, whereas U02 was obtained at 1500 °C. 

100 

90 -

- U02(As03)2 
80 -

70 -

W/O 
EXCESS 6 0 

TO 
U3°8 

50 

40 
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20 

10 
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T T 

- (U02>2AS207 

„ (U02)3(As04)2-

500 T/°C 1000 1500 

Fig. I I I . 2 . Thermogravimetric analyses of uranyl arsenates in a i r 

(2.5 °C min"1) . Changes of mass are referred to UjOg. 
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Static experiments 

<U02)3(A«04)2 

Anhydrous (U02)3(AsO,t)2 can be prepared from the hydrate by heating it 
to 500 °C in a stream of dry oxygen. Characteristic X-ray data of this 
6-phase are given in Table 111-2. 
On the HTX-pattern, it is shown that a slow transition to a-(U02)3 

(As04)2 occurs at 750 °C (Table III.2.). This phase can be obtained at 
ambient temperature by heating a sample at 850 °C in oxygen and subse
quently cooling. Only the diagram of U308 is visible beyond 880 °C The 
results are summarized in the phase diagram (Fig. III.3). 

(U02)2AB207 

Crystalline anhydrous (U02)?As207 has been prepared by heating 
U02HAs04.4H20 at 550 °C for two days in a stream of dry oxygen. 
(U02)2As207 is very hygroscopic and forms orthoarsenate hydrates on 
exposure to humid air, although at first an unknown X-ray pattern was 
observed (a pyro-arsenate hydrate?). 
A crystalline sample of (UC2)2As207 could be brought from the dry box 
into the high-temperature X-ray camera, whilst the sample holder plus 
sample were protected from moisture with polythene toil (0.05 mm). It 
is seen on the pattern that (U02)2As207 decomposes into a-
(ио2)3(А80ц)2 at 745 °C. From 870-eC, gradually more U308 is present, 
and above 940 °C only U308 is found. This is in accordance with the 
findings obtained by TGA (Fig. III.2). In nitrogen, increasingly crys
talline U02 is observed ь* these temperatures. 
Earlier publications report that (U02)2As207 was formed from 
U02NH4AsOw.xH20 at temperatures ranging from 620 to 680 "C [5] and 
above 590 °C [б]. These temperatures are somewhat higher than the ones 
we found for the formation of (U02)2As207 from U02HAs04.4H20 (namely 
< 260-350 °C). The decomposition temperature that we found for 
(U02)2As207 is distinctly lower than the temperature of 900 JC reported 
previously [б]. It must be concluded that these investigators did not 
study (U02)2As207 but (U02)3(AsOu)2, because the latter is stable up to 
that temperature. Arsenic oxide is probably lost during the heating 
process. 
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W> 2(A.O 3) 

Isothermal heating of UO2(H2As0„)2.lH20 at 525 *C in oxygen leads to 

the formation of crystalline 3-U02(AsO3)2 (Table 1II.2). This compound 

is hygroscopic 

HTX-patterns show a phase transition to a-U02(AsO3)2 at 670 °C (Table 

III.2). The transition is slow and irreversible (the ct-phase can be 

prepared isothermally at 550 "C!). At 760 eC, the pattern changes into 

that of a-(U02)3(AsO^)2. From 880 to 925
 eC, tie pattern of an unknown 

compound is present, together with an increasing amount of U30g. Above 

925 "C only U308 is found. 

By thermal analysis, it i« found that U02(AsO3)2 decomposes in air at 

680 °C. The results from the HTX-experiments confirm the previously 

suggested decomposition path via the pyro- and ortho-arsenate to U30g. 

A separate TGA run in hydrogen indicates the direct decomposition of 

U02(As03) into U02 above 420 °C. 

Seductions 

Reductions of the solid arsenates have not been observed prior to the 

loss of arsenic oxide and melting. This contrasts with the findings for 

the uranyl phosphates [l,9,10,14,15]. 

Melting phenomena 

It was difficult f study melting phenomena in this system because the 

compounds lose considerable amounts of arsenic oxide at the tempera

tures of interest. We were unable to use OTA because the evolution of 

arsenic oxide also causes enthalpy changes of the same order. By iso

thermal heating, the partial melting of the samples can be recognized 

in hot samples because the colour of the melt differs from that of the 

yellow compounds. It is pale yellow near As205 and orange at 

(U02)2As207 to black near U308. The results are shown in Pig. III.3. 

Only the initial melting can be seen with the hot-stage microscope. The 

observed temperatures agree within 30 °C with the values shown. From 

the HTX-patterns, 755 °C is found to be the melting point for 

(U02)2As207. 

A»205 and U03 

It has been reported that As20s decomposes "at red heat" prior to 

melting [16,17J. This qualification is used as a temperature indication in 
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the old literature. From our isothermal heatings, it can be concluded 
that solid As205 evaporates quickly at temperatures higher than 
730 *C. 
The temperature at which Y-U03 decomposes into U308 in air has been 
calculated from ref. [18]. In Fig. III.2, the transition to 0-U3O8 and 
the further loss of oxygen at elevated temperatures have been neglect
ed. 

REFERENCES 

H. Barten and E.H.P. Cordfunke, Thermochim. Acta, 4Ю (1980), 
357. 

A. Weiss, K. Hard and U. Hofmann, Z. Naturforsch., Teil В, _I2̂  
(1957), 669. 

F. Weigel and G. Hoffmann, J. Less Common Met., 44_ (1976), 99. 

R.E.O. Puller, Z. Anal. Chem., 10 (1871), 72. 

Y. Yoshida, J. Chem. Soc. Jpn., 60 (1940), 915. 

M.A. Korenev, B.V. Nevskii, Z.P. Zorina, Ts.L. Ambartsumyan and 
N.G. Nazarenko, Sov. At. Energy, (1965), 819. 

J.M. Schreyer and C.F. Baes, J. Am. Chem. Soc, 76_ (1954), 354. 

M. Kamo and S. Ohashi, Bull. Chem. Soc. Jpn., 43̂  (1970), 84. 

G. Werther, J. Prakt. Chem., 43 (1848), 323. 

J.N. Schaekers, J. Therm. Anal., 6 (1974), 14'. 10 

11 

12 

13 

L.V. Kobets, T.A. Kolevich, D.S. Umreiko and V.N. Yaglov, Russ. J. 
Inorg. Chem., 22 (1977), 23. 

H.W. Dunn, 0RNL Rep. 2092 (1958). 

H. Barten, J. Appl. CrySt., 15 (1982), 119. 



- 38 -

[l4] J.H. Schaekers, Thermal Analysis, Vol. 2, Proc. 3rd IСТА, Davos, 
1971, p. 119. 

[15] J.M. Schaekers, J. Therm. Anal-, 6̂  (1974), 543. 

[16] E. Kopp, Ann. Chia. Phys., 48 (1856), 106. 

[17] V. Auger, Compt. Rend., U 4 (1902), 1059. 

[18] E.H.P. Cordfunke and P. Aling, Trans. Faraday Soc, 61̂  (1965), 50. 



- 39 -

CHAPTER IV 

A STOOT ON THE THERMAL STABILITY OF URANYL PHOSPHATES (Ш>2)3(РОц)2, 
(U02)2P207 AND UO2(P03)2 USING A STATIC NON-ISOTHERMAL METHOD* 

IV.1. INTRODUCTION 

Investigations on the thermal stability of the anhydrous uranyl phos
phates have been reported by Schaekers [1—4 J for (U02)з(Р04)2 and 
(U02)2P207, and by Kamo and Ohashi [5] concerning U02(P03)2. These 
compounds are formed on drying uranyl phosphate hydrates and appear to 
decompose at elevated temperatures depending on the oxygen pressure 
used. These observations have been confirmed, and the compounds formed 
have been characterized by means of X-ray diffraction [б]. 
In order to obtain quantitative information on the reactions involved, 
the oxygen pressures have been measured of which the results are pre
sented here. 

IV.2. EXPERIMENTAL 

IV.2.1. Samples 

Starting samples are hydrated uranyl phosphates of which the prepara
tion will be published elsewhere [б]. 
The uranium content of the samples was determined by means of a com
puterized potentiometric titration [7]. Phosphorous was determined by 
means of an acid-base titration after separation of the uranium from 
the solution with the use of a cation exchanger. Water was determined 
by means of thermo gravimetric analysis; it was proved that oxygen was 
not evoluted during the drying process [б]. The results are shown in 
Table IV.1. 

* This chapter has been published as an article with the same title In 
the Journal of Inorganic and Nuclear Chemistry A2_ (1980), 75-78, by 
H. Barten and E.H.P. Cordfunke. 
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Table IV.1. Chemical analysis of the uranyl phosphate hydrates 

uranium w/o phosphorus w/o H20 w/o 
Sample = - :— 

exp. calc. exp. calc exp. calc. 

(U02)3(P04).4H20 66.14*0.05 66.61 5.78±0.01 5.78 6.71±0.03 6.72 

и02НР0ц.4Н20 54.30*0.01 54.34 7.08±0.01 7.07 18.50±0.09 18.51 

UO2(H2PO4)2.3H20 45.85±0.09 45.95 12.00+0.02 11.96 17.18±0.06 17.38 

IV.2.2. Vapour pressure measurements: gradient experiments 

The oxygen vapour pressures cf the uranyl phosphates were determined 
using a static method which is based on the change of colour accompa
nied by the reduction of the uranium in the compound. Since the applied 
oxygen partial pressure determines the decomposition temperature, it 
was considered to measure these temperatures under static circumstances 
by exposing samples to a temperature gradient using a fixed oxygen 
pressure. This would enable us to obtain the relationship between oxy
gen partial pressure and decomposition temperature in an easy way. 

IV.2.3. Apparatus and procedure 

Two sample holders, identical halves of an alundum tube (30 cm length, 
0 1.7 cm, thickness 0.24 cm) are brought adjacent to each other in a 
quartz tube which in turn is placed in a tube furnace. Its maximum 
operating temperature is approximately 1300 K. The temperature is con
trolled using a voltage stabilized variable transformer. A sample is 
spread in the longitudinal direction on one sample holder. On the other 
one a calibrated (± 0.3 K) Pt/Pt 10 Rh thermocouple can be manipulated 
to measure the temperature gradient. The maximum temperature is contin
uously registred. The oxygen pressure is fixed by passing over a stream 
(50-100 ml/min) of an oxygen-nitrogen mixture which is dried with 
molsieve 5A. The oxygen content was determined gaschromatographically 
(accuracy ± 5%). Additional oxygen pressures have been obtained after 
mixing these gases with pure nitrogen, and subsequent analysis. 
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The procedure is as follows: after inserting the sample and adjusting 
the atmosphere, the furnace is heated just above the expected reduction 
temperature which is estimated before in preliminary experiments. After 
one day, the temperature gradient over the empcy sample holder is mea
sured by moving the thermocouple with 2.5 cm intervals in the axial 
direction. Since the reduced products are not reoxidized on cooling, 
the position of the colour change can be read when the furnace is still 
hot, as well as after cooling to ambient temperature. The latter is 
done for reasons of convenience. The resulting error in the observed 
temperature will be caused mainly by the fluctuation in the temperature 
(± 2 K) and the determination of the position of the colour change 
(depending on the temperature gradient ± 2 K). After bringing the sam
ple holder into an argon filled dry box, samples are taken to record 
their X-ray diagrams by means of a Guinier-de Wolff camera (Cu K -radi
ation; X = 1.5418 A). These diagrams are compared with the X-ray dif
fraction data of uranium phosphates [б,8]. 

IV.3. RESULTS 

The results of the measurements and the calculations of thermodynamic 
data therefrom are given below. 

(U02)3(POi,)2 
From the thermal analysis of this compound and chemical analysis of the 
reaction products as previously described [1-3,6], it has been found 
that (и02)з(Р04)2 decomposes into a mixture of Uj08 and U203P207, 
according to the reaction 

(1Ю2)3(Р0Ц)2(8) * i U308(s) + U203P207(s) + | 02(g) (l) 

The colour of the yellow starting material then changes into green-
black. The decomposition temperatures found visually have been tabulat
ed in Table IV.2. 
Below ± 1300 К no reduction is observed In pure oxygen and in air. 
Because a linear relationship is observed (Fig. IV.L), the oxygen 
pressures as function of reciprocal temperature have been calculated 
by least squares to be 
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log p02/atm = (-18480 + 400)/T + (13.11 ± 0.33) 

Assuming no solid solution behaviour, the resulting free energy change 
of the reaction (1), AG., in the temperature range from 1089 to 1280 K, 
is described by 

UG°/kJ » (235.9 ± 5.1) - (167.3 ± 4.2).10~3.T 

(U02)2P207 
This yellow compound decomposes into green U203P207 [4,б] according to 
the reaction: 

(U02)2P207(s) • U203P207(s) + J 02(g) (2) 

Table IV.2. Decomposition temperatures of uranyl phosphates 

partial oxygen pressure* decomposition temperatures, T/K 
p02/atm (U02)3(P01()2 (U02)2P207 U02(P03)2 

cryst. amorph 

1.000(50) 1130+3 1118+2 
0.214(10) 1093+14 1093±3 
0.0432(20)** 1280+3 1074+2 1061+3 
0.0251(25) 1255±3 
0.00780(40)** 1211+3 1042+3 1025+4 1025+4 
0.000196(10) 963+5 
0.000172(9) 979+3 
0.000134(7) 1Э89+3 

* Uncertainty in parentheses 
** Gasmixtures prepared by: L'air liquide Beige 

It should be noted that, on drying UOjHPO^.4H.0 below 1050 К an amor
phous product is obtained with the bruto composition of (U02)2P2Ü7 [б]. 
This material, as shown in Table IV.2. is decomposed at somewhat lower 
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Fig. IV.1. Logarithm of the oxygen pressure as a function of the re
ciprocal temperature 

temperatures than the crystalline compound (U02)2P207 which has been 
prepared by preheating the amorphous material at 1093 К in one atmo
sphere oxygen during 15 h. Here also a linear relationship is found 
(Fig. IV.1), and the oxygen pressure is given by: 

log p02/atm = (-27460 ± 540)/T + (24.26 + 0.51) 

which leads to the free energy function of the reaction (2) from 979 to 
ИЗО К giving: 

AG2/kJ - (262.9 • 5.2) - (232.2 ± 4.9).10"3.T 
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ТО2(Р03)2 
The decomposition reaction is [5,б]: 

U02(P03) * UP207(s) + j 02(g) (3) 

X-ray diagrams of the yellow and grey to grey-brown solid reaction 
component are consistent with this reaction. Besides the observed col
our changes of the reaction involved, a slightly greenish-yellow col
oured area is noticed at 870-970 K. After cooling down, the X-ray dia
gram of the still greenish-yellow material indicates the presence of 
only ^-и02(РОз)2 [б]. Then, in some hours, the colour turns yellow. 
This is probably due to the presence of traces of water because, if a 
hydrated sample is heated quickly to these temperatures, partial melt
ing occurs, and a greenish-yellow X-ray amorphous material is obtained 
after cooling to ambient temperature. At elevated temperature the par
tially melted samples yield a very crystalline UP20?. 
To prevent melting, the hydrated samples are heated slowly before the 
measurements. The results are shown in Table IV.2 and Fig. IV. 1. 
The oxygen pressure function is 

log p02/atra - (-25320 ± 680)/T + (22.58 ± 0.66) 

so the free energy change of reaction (3) from 963 to 1118 К is given 
by 

AG°/kJ - (242.4 ± 6.5) - (216.1 ± 6.3).10_3.T. 

IV.4. DISCUSSION 

The measurements described here, illustrate the application of the 
method over nearly four decades of pressure. In this way the error 
introduced in the free energy functions, caused by the errors of deter
mination of the decomposition temperature and the oxygen pressure, is 
reduced. 
An extension of the range of measurement can easily be achieved by 
lowering the oxygen pressure, for instance, using H20/H2 or CO/CO2 gas 
mixtures to study reactions like: 
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U203P207(s) > (UO)2P207(s) + j 02(g) (4) 

j ü308(s) + U203P207(s) • ü305P207(s) + j 02(g) (5) 

The method is also applicable for oxygen pressures larger than over one 

atmosphere, but this would require a more complicated equipment. 

Stability of (U02)3(P04)2 

The free energy change of the reaction: 

(U02)3(PO„)2(s) * (U02)2P207(s) + Y - U 0 3 ( S ) (6) 

can be calculated with use of the present results (reactions (1) and 

(2)), and the earlier published oxygen pressures of Y~U03 [9]. The 

oxygen pressure of the reaction: 

Y-U03(s) l j U308(s) + \ 02(g) (7) 

is given by: 

log p02/atm =» (-12338 ± 210)/T + (13.311 ± 0.270) 

to result: 

AG°/kJ - (39.37 ± 0.67) - (42.47 ± 0.86).10_3.T. 

With these (extrapolated) functions, the free energy of reaction (6) 

has been calculated: 

AG°/kJ - (-66.4 ± 7.3) + (107.3 t 5.0).10_3.T. 

The r e su l t s indicate that (и0 2 ) 3 (Р0ц ) 2 i s metastable towards d i sp ro -

port ionat ion to (U02)2P207 and Y-U03 below 618 ± 52 K. Further i t i s 

found that the react ion: 

(U02)3(P0 i 4)2(s) • (U02)2P207(s) + - U308(s) + - 02(g) (8) 

is only of importance at oxygen pressures below 2.2.10"7 atm. Using the 
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present results, a part of the phase diagram proposed earlier [б] can 
be calculated at any oxygen pressure. The diagram at 0.21 atmosphere 
oxygen pressure is given in Fig. IV.2. 

T/°C 

1000 

500 

0 

ЧА» 

ЧА * 

609 ±15 

+ "2°3P2°7 
1067 ± 5 . 

(uo^ipq,^ 

I ' U O j + (UQjtyPO^j 

У u ° 3 

1 .. 1 

<ио2уро4>2 

W 2 ° 7 

(uq^tPO^ 

345 ± 52 

+ <UO 2 > 2 P 2 O 7 

l__ . 1 . 1 _ 

4AV» 
•f 

U P 2 O 7 

828 ± 3 

8 1 6 * 3 

(UQjljRjO,! ? 

+ ! + 

7 I UOjtPOgJj 

? 

1 

у U03 90 80 70 
U/U+P At. % 

60 (UO2)2Rj07 40 U0 2 (P0 3 ) 2 

Fig. IV.2. Calculated phase diagram at 0.21 atra oxygen pressure. 
The dotted line refers to an uncharacterized compound 
((1Ю2)3Р4013?) in that region. 
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CHAPTER V 

THERMODYNAMIC PROPERTIES OF Dl-ARSENIC PENTOXIDE AND ITS VAPOUR 

V.l. INTRODUCTION 

In chapter III, it was shown that all uranyl arsenates evolve arsenic 
oxide vapour at higher temperatures. This enables us to describe their 
relative stabilities. However, preliminary experiments showed that the 
arsenic oxide vapour had other properties than expected from the known 
As^Og-gas. For this reason we also investigated the vapour pressure 
over solid AS2O5. These measurements will be discussed in this chapter. 
The results are required to evaluate the thermochemical stability of 
the uranyl arsenates. 

V.2. THE VAPOUR PRESSURE OF DI-ARSENIC PENTOXIDE (As205)* 

V.2.I. Introduction 

It is generally assumed that As205 evaporates according to: 

2 As205(s) • As406(g) + 2 02(g) (l) 

Already Biltz [l] showed in 1898 that the classical "furnace fumes", 
obtained from evaporation of As203, consisted of Азц06 molecules. In 
addition, it has been found that oxygen is evolved during evaporation 
of As205 [2]. Based on these facts, it has been concluded that reaction 
(1) takes place. 
During our work on the high-temperature stability of the uranyl arse
nates, it turned out that the evaporation of arsenic oxide from these 
compounds, and from solid As205 as well, is more complicated than pre
viously assumed. This is also shown in a recent mass spectrometric 

* This section has been published as an article with the same title in 
Thermochiraica Acta 80_ (1984), 221-229, by H. Barten and 
E.H.P. Cordfunke. 
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study L3J of the evaporation of As205, in which volatile species As40fe 
up to AS^OJQ have been found. 
In connection to our work on the stability of the uranyl arsenates, we 
here report a study in which the vapour pressure of As205 above solid 
As205 has been measured using the transportation method. 

V.2.2. Experimental 

V.2.2.1. Sample characterization 

The starting material was As.O .5/3 H20 (Merck p.a. quality: 99 (mass) 
X purity, 0.05% As203, 0.01% total impurities) which was heated in a 
silica boat in air at 873 K, to prepare the anhydrous compound. Flame 
emission spectroscopy indicated no substantial increase of impurities 
after this treatment. The As203 content (0.3%) was determined iodomet-
rically. The X-ray pattern, obtained with a Guinier-de Wolff II camera 
(Си К -radiation, A » 1.5418 A), showed the presence of orthorhombic 
As205 only [4]. 

V.2.2.2. Mass spectroscopic measurements 

Some preliminary mass spectroscopic experiments were carried out to 
obtain information on the gaseous species present. The mass spectrome
ter was a AEI, type MS 902, ionisation energy 70 eV at 8 kV accelera
tion potential. 

V.2.2.3. vapour pressure measurements 

The arsenic oxide pressures were measured using a transportation tech
nique. Jellinek and Rosner [5] described this method in 1929, whereas 
Platteeuw [б] reported on the theoretical background and an improved 
experimental procedure in 1953. The principle is that the saturated 
vapour of the sample is condensed and determined after transportation 
with a carrier gas. A special advantage: of the method is the possibil
ity of varying the partial oxygen pressure of the carrier gas. This 
enables us to study an equilibrium as in reaction (1). 

The transportation apparatus consists of a reaction tube, sample hold
er, thermocouple pocket, and a condensor tube, all made of silica, and 
"f llie necessary external tubes. The temperature of the furnace is 
controlled to within 1 К by means of a Shinko type MIC-P proportional 
temperature controller. To e/tend the region of homogeneous temperature 
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in the centre of the furnace, a cylindrical steel plate is fixed around 

the reaction tube. 

The total amount of the dried carrier gas is measured by replacing 

water from a calibrated (water, 293 K) bottle. Corrections must be made 

for atmospheric pressure, over pressure in the system, the water vapour 

pressure, and the liberated "permanent" gas of the samples. 

After reversion of the gas stream and cooling of the furnace, a chemi

cal analysis of the condensate in the condensor tube is done. To do so, 

the condensed arsenic oxide was dissolved in 2 - 3 ml of a 1 molar 

solution of sodium hydroxide (NaOH, Merck p.a) and collected in 30 ml 

of water in polythene bottles. The arsenic trioxlde was determined 

iodometrically (1Z relative accuracy), and the arsenic pentoxide by 

means of ion chromatography (Dionex system 10, 5£ relative accuracy). 

These methods were checked with As-,0. (NBS standard material) =ind А«-Г>_ 
(Merck, p.a., 99.7Z As205 by mass). 
To study the experimental conditions, runs with different gas flows 
were carried out. Saturation of the carrier gas was found in the region 
from 20 to 60 ml min-1. After some experiments the As205 surface tends 
to become vitreous, and then the "plateau curve" is shifted to somewhat 
lower gas velocities. The experiments were carried out with nitrogen 
gas, containing oxygen in the compositions: 0.8 and 4Z by volume, and 
with pure oxygen, in a temperature range varying from 865 to 1009 K. 
This range is limited by the detection limit of the analytical method 
used and the melting of As205, respectively. 

The oxygen pressure* was measured with a static method, as previously 
used by Guérin and Boulitrop [2]. About 0.2 to 0.5 g of As205 was en

capsulated in evacuated silica ampoules (volume about 4 cm3). These 

were heated for 120 h in a furnace with a temperature control to within 

1 K. The temperature was measured with a Pt - Pt,l0Z Rh thermocouple. 

After the heating period, the ampoules were quenched in ice-water. 

The ampoules were then opened in an evacuated compartment. Using helium 

as a carrier gas, the liberated gas is brought on molsieve 5A, which is 

kept at liquid nitrogen temperature. The collected gas was thermally 
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desorbed and the oxygen was determined, using gas chromatography. The 
sensitivity of the apparatus was experimentally determined using stan
dard mixtures and pure oxygen. The accuracy of the method is ЪХ rela
tive. Some ampoules with As205 have been heated at 880 К for various 
periods of time to find the necessary equilibration time. The results 
are shown in Fig. V.l. 
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Fig. V.l. The evolution of oxygen from As205 as a function of time at 
880 K. 

From this figure it is evident that the oxygen pressure is built up 
slowly and reaches the equilibrium pressure asymptotically. We decided 
to take 120 h heating time for the measurements. 

V.2.3. Results 

V.2.3.1. Arsenic oxide pressure 

Preliminary mass spectrometry experiments carried out at 553 К reveal
ed the species: Азц06

+, As407
+, and Азц08

+ in the vapour, and we assume 
that the gaseous species up to Авц01() can exist. This has been confirm
ed recently by Plies and Jansen [з]. An analogous series is known 
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for the gaseous phosphorus oxides. We also observed high intensities of 
species which are probably fragments such as As305

+, and As304
+. 

X-ray analysis of the condensate in the condensor tube not only reveals 
As20j, but higher oxides as well. Three distinct areas can be recog
nized in the condensor tube which appear to consist of As205, As204*), 
and of As203, respectively, at decreasing temperatures. 
The results of the transportation experiments are listed in Table V.l 
and shown in Fig. V.2. The pressures have been calculated from Table 
V.l, taking Ast»0 as the gaseous species (x being an average value, not 
yet specified). From Fig. V.2, it is clear that the pressures are inde
pendent of the oxygen pressures in the transportation gas. 
A linear pressure function is calculated with least squares to be: 
log(p As„0 /atm) [865-1009 к] - - (15741 ± 410)/T + (13.87 ± 0.42). 
This function is also plotted. 

V.2.3.2. Oxygen pressures 

The results of the measurements of the equilibrium oxygen pressures are 
given in Table V.2. From these values the pressure to temperature func
tion has been calculated with least squares to give: 

log(p02/atm) [880-952 K] - - (13940 ± 930)/T + (14.53 ± 1.01). 

This function is shown in Fig. V.3, together with our individual 
results, and, for comparison, with the data of Guérin and Boulitrop 
[2]. It is evident that the latter data do not agree with our observa

tions. However, we are not able to recalculate these measurements, 

because the authors gave insufficient details of their experiments. 

*) The X-ray pattern of this fraction does not agree with the known 

As.O [7]; its As203 content varies from 45 to 55 mass % (46.3% for 

А&20ц by formula). 
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* The collected carrier gas has the mean temperature of the laboratory and the replaced water. 
ь The sample decomposed and melted. 
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Pig. V.2. The arsenic oxide pressure of Ae205 measured at various oxy
gen pressures. A 0.8%; О 4.0%; 0 100% 0г. 
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Table V.2. The oxygen pressures of As205 as a function of temperature. 
For comparison, the results of Guerin and Boulitrop [2] have 
been given. 

Temperature oxygen pressure authors 
К atm 

880.1 

902.5 

923.7 

940.0 

952.4 

831 

866 

5 . 1 4 . 1 0 - 2 

1 .23 .10" 1 

2 . 3 6 . 1 0 " 1 

5 . 6 6 . 1 0 - 1 

7 . 8 6 . 1 0 " 1 

7 . 5 0 . 1 0 - 2 

1 .35 .10 _ 1 

t h i s work 

t h i s work 

t h i s work 

t h i s work 

t h i s work 

G 6> В 

G & В 

V.2.4. Discussion 

Apparently, the various results obtained for the vapour pressure mea
surements are in contradiction. If it is accepted that the species 
As40g up to As401Q exist [з], then a general reaction for their coexis
tence can be described by: 

2 As205(s) + A*40(10_v)(g) + У/2 02(g) (2) 

(y being integers 0 to 4). This implies an oxygen dependency when у 
equals 1 to 4. The average value of у has been calculated from the 
composition of the condensate; the value 2.4 ± 0.3 is obtained. How
ever, the necessary oxygen dependency has not been observed during our 
transportation experiments, as is evident from the experiments shown in 
Fig. V.2. From the oxygen pressure measurements we know that oxygen 
is evolved slowly. Obviously, reactions in the gas phase like: 

As-°(io-y)(8): ^ V y ) ^ + 1 / 2 ° 2 ( 8 ) ' (3 ) 

are too slow to interfere with the evaporation from the As20^(s) sur
face. We raust conclude therefore that the stationary arsenic oxide 
pressure measured Is the equilibrium pressure of the non-dissoclatlve 
evaporation: 

2 As205(s) • ЬвцО10(ё) (4) 
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This means that the value for у in the Aŝ O,... --pressure function is 
0, and that the 0/As ratio in the oxide changes via reactions (3) dur
ing the transportation experiments. 

From the vapour pressure equation obtained for As.01Q(g), the free 
energy change of the sublimation reaction (4) can be derived to be: 

AGsubl / k J- m o l _ 1 " < 3 0 1' 4 * 7*8) " < 2 6 5' 5 * 8-°>-10"3-T(865-1009K) 

Plies and Jansen [з] also found indications for gaseous species up to 
Asi^o' From their measurements they derived at 900 К for the enthalpy 
of formation of As^O.gCg), the value - 1618.8 kJ.mol-1, and for the 
enthalpy of sublimation + 256.5 ± 10.0 kJ.mol-1. They then calculated 
the enthalpy of formation of As~05(s) at 298.15 К using a not specified 
Cp-function, and obtained the value - 1007.9 kJ.mol-1. This value does 
not agree at all with the value ДН = - 918.4 ± 4.2 kJ.mol-1, given by 
NBS [8]. When we combine the experimental data of Plies and Jansen, as 
given above, with our experimental values for the enthalpy increment of 
As205(s) [9\: 

HT"H298/j,mol~1 = 138.307.T + 24.086.10-3.T2 + 32.130.105.T_l - 54154 

we obtain for the enthalpy of formation of As205(s) the value - 880.6 
kJ.raol-1. This value is not only too positive compared with the NBS-
value, but also differs from that of Plies and Jansen mainly by an 
error in their calculations. Since the other values, derived by Plies 
and Jansen, also differ from ours, we doubt whether they have payed 
fully attention to the consequences of the fragmentations, which dis
turb a proper calculation of the mutual stabilities. Besides the As,0c+ 

and As304
+ ions, mentioned in the present paper, we recently found the 

fragments As^O^ up to As40g+, and metastable ions [lO]. This will in
fluence the quantitative interpretation of the mass spectrometric mea
surements considerably. Our conclusion is that further mass spectro
scopic measurements are necessary. 
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V.3. HIGH-TEMPERATURE HEAT CAPACITY FUNC1 ON OF SOLID As205 

V.3.1. Introduction 

The results in the previous section give a key to the thermodynamic 

description of arsenates via vapour pressure measurements. One of the 

missing data to derive the thermodynamics of As4010(g) Is the heat 

capacity function of As205(s) at high temperatures. This function has 

been measured in our laboratory, and the results of these measurements 

will be given here. 

V.3.2. Experimental 

The As205 used was of the same batch as used in the vapour pressure 
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measurements of the previous section. For details of preparation and 
chemical analysis, see the section V.2. 
The drop calorimeter used is a diphenyl ether calorimeter of which the 
construction and procedure have been published by Cordfunke et al. [l]. 
The samples were packed in spherical vitreous silica ampoules. The 
diameters of the ampoules were generally 20 mm and they weighed about 
1.0 g empty. The filled ampoules were heated in the tube furnace whilst 
the temperature was measured to within 0.1 К with a Pt,Pt/10% Rh 
thermocouple. Heat from the sample and ampoule, when they were dropped 
into the calorimeter, melted solid diphenyl ether in equilibrium with 
its liquid. The resulting volume increase could be measured by weighing 
the displaced mercury. The energy equivalent of the calorimeter was 
determined by means of calibrations with spherical pieces of a-quartz. 
In this way, the value: 79.977*0.063 J.g-1 of mercury was obtained. 

The heat contributions of vitreous silica were determined separately. 

V.3.3. Results 

The measured enthalpy increments of As205 in the temperature range 
434.0 up to 864.5 К are given in table V.3. These results have been 
used to calculate the polynomial expression of the form 

H°(T)-H°(298.15 K) = AT + ВТ2 + CT_1 + D, 

of which the coefficients have been obtained by least squares. 
The polynomial has been constrained to apply to 298.15 K, thus to the 
conditions H2 - U?no , = 0 and с (T) = с (298.15) at T = 298.15 K. T i9H.13 p p 
cp of As205 applied is 116.52 J.K"l.mol_1, which is the literature 
value from low-temperature measurements [2 J. 
In this way, we have obtained for As205(s) the expression: 

(Н°(Т) - H°(298.15 K)}/J.raol_1 - 138.307(T/K) + 24.086.10_3(T/K)2 

+ 32.130.105(T/K)-"1 - 54154 (298.15 to 864.5 K) 

Enthalpy increments calculated from this function reproduce the experi
mental values within 0.21%. 
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Table V.3. Enthalpy Increments of As-Oc 

T H°(T) - H°(298.15 K) 
J.mol-1 

measured calculated 

100 6 

"measured 

434.0 

464.6 

517.7 

566.9 

587.6 

617.1 

668.3 

716.4 

766.4 

822.3 

864.5 

17790 

22251 

30087 

37505 

40966 

45748 

53844 

61731 

70099 

79801 

87149 

17811 

22218 

30109 

37660 

40899 

45574 

53842 

61775 

70184 

79769 

87130 

.118 

.150 

.070 

.413 

.163 

.384 

.008 

.068 

.119 

.042 

.024 

REFERENCES 

[l] E.H.P. Cordfunke, R.P. Muls and G.J. Prlns, J. Chem. Thermodynamics 

jl (1979), 819. 

[2] C.T. Anderson, J. Am. Chem. Soc. 5£ (1930), 2296. 

V.4. ESTIMATION OF HIGH-TEMPERATURE THERMODYNAMIC FUNCTIONS OF 

V.4.1. Introduction 

As can be expected for a newly discovered species, Its high temperature 

heat capacity function Is not known. Knowledge of this function would 

enable ue to derive the standard entropy of this compound from the 

experimental vapour pressures and to give its thermodynamic functions. 

We therefore estimated the с -function in order to complete the evalua-
P 

tion of the high-temperature thermodynamics of AelfO10(g). 
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V.4.2. Structural considerations on AS^OJQ (g) 

Up till now, only one compound, P40,Q (g) is known to have the same 
molecular formula. This species has a P406 cage: four P-atoms in a 
tetrahedral arrangement, interconnected by six O-atoms on the edges-
The additional four O-atoms are attached on the P-atoms and pointed 
outward. These are the apical O-atoms. Details on bond distances and 
angles are given in table V.4. 
The dimensions of AS^OJQ have been estimated using the structural data 
of Pi+Og and Aŝ Ofc, also given in table V.4. The apical oxygen bond 
distance has been taken .20 A smaller than the single bond. The result 
of the estimation is also given in this table and the structure is 
shown in figure V.4. 

Figure V.4. Proposed structure of As40.Q(g), • « arsenic, о Я oxygen 
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Table V.4. Structural details of the P4O10, P^06 and As^Og gaseous 
molecules and results of the estimation concerning 
As„O10(g) 

molecule bond distance/A bond angles/A Reference 
X-0 X O X-O-X O-X-0 0-X=0 

P4O10 (g) l.60±.01 1.40+.03 124.5U.O 101+1 U7±l [l] 
Рц06 (g) 1.65±.02 127.5+1.0 99±l [l] 
As406 (g) 1.80±.02 126±3 100+1.5 [2] 

Estimated 
As4°10 (8) 1 ' 8 С ± Л 1.60+.1 126+5 100+3 118±3 this work 

V.4.3. Estimation of с (As4010,g,T) 

The basis for the estimation is the structual similarity of the gaseous 
arsenic and phosphorus oxides. The difference between the с -values of 
АвцО,0 and As^Og may be described as the contribution due to the four 
apical oxygen atoms added. It can be expected that this contribution is 
close to the contribution for the four apical oxygen atoms attached on 
Рц06 to form Рц010. 
Since the heat capacity functions of As^O^g), P406(g), and P^O^g) 
are known, this enables us to derive the с -function of As4O10(g) using 
the expression: 

cp(As4O10,g,T) - cp(As„06,g,T) + {cp(PltO10,g,T) - cp(P406,g,T)} 

The functions applied are given In table V.5. The function of Aslt06(g) 
has been calculated from tabulized values [3j, whereas the functions 
for P^O^g) and P^OjQCg) have been taken from ref. [4]. 
The estimated function for As^OjgCg) has been given in table V.5, as 
well. It is expected that this function gives heat capacity values with 
an accuracy better than 10%. 
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Table V.5. Heat capacity functions of some gaseous phosphorus and 
arsenic oxides. The general description applied is: 
с (T)/J.mol_1 = a + Ь.10-3Т + c.l05T~2 + d.l08T-3 + e.lO~6T2 P 

Compound a b с d e Reference 

As 4 0 6 (g ) 

P-0 6 (g) 

Гц<>10<8> 

213.74 

196.17 

326.76 

17.56 

40.72 

2 .79 

- 40.34 

- 57.40 

-274.63 

[3] 
-11.91 [4] 

45.158 [4] 

Estimated 

As401()(g) 344.33 -20.37 -257.56 45.158 11.91 this work* 

* A simplified function may be used for the region 298 - 1000 K: 
с = 271.97 + 48.46.10~3T - 61.12.105T~2. 
P 

Independently, Drowart [5] has carried out estimations based on simi
larities In spectroscopic properties of the arsenates and phosphates. 
He estimated с -values slightly higher than ours from the structural 
data as given in table V.4 and with additional data from the bonding 
energy of the apical oxygen of P4010(g). The mean deviations are 1.5Z 
relative to the с -values as computed with the parameters given In 

P 
table V.5. 
The results of both methods agree nicely. We use th.«» five term function 
(table V.5) In the calculations to follow. 

V.4.4. Estimation of the standard entropy of As401Q(g) 

The standard entropy of As4O10 may be estimated analogous to the proce
dures used In the preceding section. 
Thus, one approach is to add the entropy difference between P40fe(g) and 
Pi(0[o(g) Co the entropy of As406(g). Using the respective values: 
345.60 [4], 403.76 [4] and 409.24 [з] J.К-1.mol"1, such calculation 
gives: 
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S°(As„O10,g) - 467.4 Л.К_1.то1_1 

The second way is the integration of the low-temperature specific heat 
capacity function, estimated from the spectroscopic considerations. 
In this way, the value: 

S°(As4O10,g) = 446.4 J.K-l.mol_l 

has been obtained [5]. 

As it is expected that both results have uncertainties of the same 
magnitude (± 4Z), the mean value 

SO(AsH010,g) = 456.9 ± 10 J.K-^mol-1 

is taken. 

REFERENCES 

[l] JANAF Thermochemical Tables, second edition (1971), N.B.S. publica
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V.5. EVALUATION OF HIGH-TEMPERATURE THERMODYNAMICS OF As401Q(g) 

V.5.1. Introduction 

In this section, the calculations are carried out which enables us to 
describe the high-temperature thermodynamics of Asi,0io(g)« It is done 
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in this stage of the thes.->, in order to be able to derive thermodynam
ic data of uranyl arsenates from the vapour pressure measurements 
later. 

V.5.2. Derivation of the standard enthalpy of formation of As^O^g) 

A "second-law" treatment of the vapour pressures, obtained in section 
V.2, gives for the sublimation enthalpy of the reaction: 

2As205(s) > As4O10(g) (4) 

the value: AH° .,(937 K) = 301.4+7.8 kJ.mol-1. subl 
Having available the standard enthalpy of formation of As205(s) [l], 
and the heat capacity functions of As205(s) and As40,0(g) (sections 
V.3 and V.4), the standard enthalpy of formation of As4010(g) can be 
derived using the relation 

ДН° ^ ^ „ ^ , 2 9 8 . 1 5 K) = AH°(reaction (4),937 K) + 

2 AH°(As205,s,298.15 K) + ƒ [2cp(As205,s,T) - ср(А8ц010,8,Т)|dT 

In t h i s way, the standard enthalpy of formation: 

AH°(As 4 ,O l 0 ,g ,298.15 K) = -1514 ± 12 .0 kJ.raol - 1 

has been obta ined . 

As i s known, a "third-law" treatment g i v e s a more r e l i a b l e va lue , t h i s 

may be carried out by applying the estimated entropy value of 

A s ^ O ^ g ) . 

As the free energy of reaction can be expressed as: 

AG°(r,Ti) - ДН°(г,298.15 К) + /лс (T^dT - T1AS°(r,298.15 К) + 

Ti / - V - d T 

(subscription 1 denotes the individual pressure measurements at T 
given in section V.2), which equals: 
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A G V . T J ) - - R T i l n p i , 

the standard enthalpy of formation of As 4O 1 0 (g) can be expressed as 

AH°(As 4 0 1 0 ,g ,298 .15 К) - 2AH°(As 2 0 5 , s ,298.15 К) - Uc (T^dT + 

I o / A c P ( V I T^AS ( r , 2 9 8 . 1 5 K) + J f dt | - RT^np 

This express ion i s used in the c a l c u l a t i o n s , in which the i n t e g r a t i o n s 

of the cp-containing funct ions have been combined t o : 

aT( l - inT) - ^ T2 - J T"1 - i T"2 - \ T3 + f - g.T. 

The results are given in table V.6. 

In this way the average value obtained is 

AH°(As4010,g,298.15 K) = -1565.0 ± 16 kJ.mol"1 

This value, which differs from the "second-law" value, is preferred. 

V.5.3. Thermodynamic data of As^OjgCg) 

The present results facilitate the calculation of the high-temperature 
thermodynamic values of As^010(g). This has been the aim of the work in 
this chapter. In table V.7 thermodynamic values of As401Q(g) are list
ed. 

REFERENCE 

[l] Private communication by V.B. Parker, N.B.S. Washington, U.S.; 
AH°(As205,s,298.15 K) = -918.A ± 4.2 fcJ.mol"1. 
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Table V.6. The calculation of the standard enthalpy of formation of 
Asi,0io(8) a t 298.15 К from individual vapour pressures mea
sured in section V.2. 

Exp.nr. p /atm Temp./K ДН°(А8цО10,§,298.15 К)/ 
kj.mol"1 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 
14 

2 . 4 6 3 . К Г 3 

1 .674 .10 - 3 

3 . 6 9 3 . 1 0 - 4 

4 . 0 2 1 . 1 0 - 5 

4 .534 . К Г 4 

1 . 5 9 5 . Ю - 3 

ъ.ъь8ло-ц 

5 . 1 4 3 . 1 0 - ц 

4 .671 .НГ Ц 

2.721.10-1 1 

9 . 5 8 1 . Ю - 5 

8 . 9 4 6 . 1 0 - ц 

5 . 9 9 2 . 1 0 - 3 

1.676.10" 2 

956.0 

94Г.9 

911.1 

865.5 

917.5 

947.9 

915.9 

914.5 

912.5 

896.5 

881.9 

930.7 

974.5 

1008.6 

-1566 .33 

-1565.65 

-1563 .68 

-1560 .45 

-1563.46 

-1565 .01 

-1565 .19 

-1565 .25 

-1565.07 

-1565.46 

-1561.92 

-1565 .08 

-1568 .72 

-1568 .80 

value: 
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Table V.7. High-temperature thermodynamic data of As^O.-Cg) from 
298.15 up to 1000 K* 

T 
к 
298.15 
300 
400 
500 
600 
700 
800 
883 

883 
900 
1000 

о 
с 
p J.К-1.mol-1 

220.0 
220.4 
247.7 
270.2 
285.8 
296.5 
304.2 
309.2 

309.2 
310.0 
314.6 

S° 
J.К-1.mol-1 

456.9 
458.3 
525.3 
583.2 
633.9 
678.8 
718.9 
749.2 

749.2 
755.1 
788.0 

H°(T)-H°(298.i5 

kJ.mol-1 

0 
0.41 
23.79 
49.75 
77.60 
106.74 
136.80 
162.26 

162.26 
167.53 
198.77 

К) ЛН° 

kJ.mol-1 

-1565.0 
-1565.1 
-1566.8 
-1566.8 
-1565.5 
-1563.7 
-1561.6 
-1559.8 

-1699.4 
-1698.4 
-1692.2 

л<=° 
kJ.mol-1 

-1353.6 
-1352.4 
-1281.2 
-1209.7 
-1138.3 
-1067.3 
- 996.6 
- 937.8 

- 937.8 
- 922.9 
- 837.0 

* Up to 883 К the formation reaction Is relative to As(s), from 883-
1000 К this is relative to As^g), being the most stable arsenic form 
at these temperatures. 
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CHAPTER VI 

THE ARSENIC OXIDE PRESSURES OF URANYL ARSENATE" 

VI.1. INTRODUCTION 

In this chapter the high-temperature stability of uranyl arsenates will 
be described. For this purpose, arsenic oxide pressures have been mea
sured using the transportation method as described in the previous 
chapter. Additionally, enthalpies of formation have been determined by 
solution calo-imetry. The results will be used in chapter VIII to de
scribe the high-temperature stabilities by their standard molar thermo
dynamic data. 

VI.2. MEASUREMENTS OF THE ARSENIC OXIDE PRESSURE OF URANYL ARSENATES* 

VI.2.1. Introduction 

A study of the chemistry of uranyl arsenates [l] has revealed three 
anhydrous compounds: (U02)3(As04)2, (U02)2As207, a n d U02(As03)2. Their 
stabilities have been studied by thermal analysis and static experi
ments. In addition, the enthalpies of solution of these compounds have 
been measured, from which the standard enthalpies of formation have 
been derived [2]. 

In order to describe the high-temperature stability of the uranyl arse
nates, we have measured the vapour pressure of As^O^Cg) in equilibrium 
with the solid arsenates using a transportation method. This method 
has been used recently to study the vapour pressure of А820?(з) [з]. 
The present paper gives the results of similar measurements on the 
uranyl arsenates. 

* This section lias been published In Thermochimica Acta 90_ (1985), 177 
by H. Barten and E.H.P. Cordfunke. 
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VI.2.2. Experimental 

Materials 
The crystalline anhydrous uranyl arsenates have been made by dehydra
tion of the hydrates; the preparation and analytical details have been 
published elsewhere [l]. The crystallinity after the drying procedure 
has been investigated by X-ray diffraction. During the exposures 
(Guinier-De Wolff camera, Си К -radiation, X = 1.5418 X), 

a 
polythene foil (0.05 mm) was used to protect the very hygroscopic sam
ples from moisture. The patterns were compared with the diagrams of the 
uranyl arsenates [l ] and uranium oxides. The U6+ and и**+ content has 
been determined [4] of the initial materials and of some samples In the 
course of the measurements. 

Measurements and analytical procedure 
The transportation apparatus and experimental conditions were described 
before [з]. Because of the relatively low pressures met, it was neces
sary to use large volumes of transport gas (usually about 20 1) and to 
determine the arsenic more sensitively by atomic absorption. The accu
racy of the results depends on the amount of arsenic collected, and 
varied from 1 to 5% relatively. In some samples with a high arsenic 
content, the As 3 + fraction was determined iodometrically. 

VI.2.3. Results and discussion 

Uranyl ortho-arsenate 
The evolution of arsenic oxide vapour causes a change in composition of 
the solid phase. This change does, however, not result in arsenic oxide 
pressures which deviate from the initial pressures. After the vapour 
pressure measurements a mixture of ortho-arsenate and U 30 8 is found on 
the X-ray diagrams in agreement with our previous results [l]. 
The arsenic oxlae pressures appear to depend on the oxygen pressures, 
as is shown in Fig. VI.1. From the pressures, given in Table VI. 1, the 
parameters A and В of the function: 
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0.9 1.0 
103К-Т"1 

Fig. VI.1. The vapour pressure of (U02)3(АзОц)2 at various oxygen pres
sures; o - l atm, A - 4.32 . \r>~2, • = 7.8 . 10"3 and 
Д - 1.9 . 10_l* atra. The experimental ( ) and the calcu
lated (- - -) functions are shown for comparison. 
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Table VI.1. Uranyl arsenates: individual arsenic oxide pressures as 
measured at the temperatures and oxygen pressures stated. 
The A and В values are the parameters of the pressure func
tion given in the text. 
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log (pAs^Ox/atm ) = А/Т + В 

(x being an average, not yet specified value) have been calculated 
using least squares. The results are given in Table VI. 1. as well. 

It can be expected, based on our previous work on the vapour pressure 
of As205(s) [3], that the vaporization occurs via the reaction: 

(и02)3(А50ц)2 + U308(s) + I 02(g) + j As401Q(g) (I) 

However, since reactions in the gas phase: 

As-O10(g) j As„O(10_y)(g) + \ у 02(g) (2) 

(in which у » integers 1 to 4) also takes place, the general vaporiza
tion reaction: 

1+2У ! 
(и02)3(А80ц)2(з) * U308(s) + — — 02(g) + - А5ц0(10_у)(8) (3) 

must be considered. 
It can be seen from this reaction that the arsenic oxide to oxygen 
pressure dependency will give information on the value of y, since 

log Kp = — = - log pO,(g) + j log РАвцО(10_у)и) 

has a constant value at a constant temperature. 

To discuss the results of the experiments, log p02 is plotted against 
log pAsuO in Fig. VI.2 at 1100 K. It is shown that the slope 
tends to -1 at higher oxygen pressures. At 1 atra oxygen, the value of 
the tangent T is in between -1.05 and -1.00. 
The conclusion is that the vaporization reaction at 1 atm oxygen can be 
presented by reaction (1), and consequently, as In the case of solid 
AS205 [3], gaseous АвцОю molecules evaporate from the surface of the 
solii. 
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-2 -1 
log p02/atm 

Fig. VI.2. The relation between the log p02 and pAs^O at 1100 K, as 

calculated with the use of the parameters of table VI. 1. The 

tangents, T » -1 and -2, are shown as well. 
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The free energy function of reaction (1) can now be calculated via the 
relation: 

AG°(T) = -RT In К r P 

to give: 

&G°/kJ.mol-1 = (239.7 ± 7.7) - (144.7 ± 6.5).10~3.T ( 9 6 3_ 1 2 7 3 R ) 

It should be noted that the stoichiometry of UgOg is influenced by the 
oxygen pressure at elevated temperatures. However, deviations can be 
neglected at 1 atm oxygen and the temperatures given [5]. 
The present results at 1 atm oxygen have been used to calculate the 
As^O ̂ -pressures at the oxygen pressures at which the other measure
ments have been carried out. The results have been given in Fig. VI.1 
as the striped lines. It appears that the difference between the mea
sured and calculated pressures increases at lower oxygen pressures, in 
agreement with the preceeding discussion and as demonstrated in the 
Fig. VI.2. 

By analogy to AsJ), [3] the arsenic oxide condensate contains As203 as 
well. The As 3 + content of the condensate varies from 77 to 96% at 1 to 
1.9.10"1* atm oxygen in the transportation gas, respectively. We have 
the Impression that the composition of the condensate depends on the 
duration of the experiment. These kinetic aspects do not interfere at 1 
atm oxygen, as has been shown previously for As205. 

Uranyl pyro-arsenate 
The results of the vapour pressure measurements have been given in 
Table VI. 1, and are depicted in Fig. VI.3. The pressures appear to 
depend on the oxygen pressure. X-ray diagrams indicate that after the 
measurements at 1 atm oxygen the solid consists of a mixture of the 
pyro- and the ortho-arsenate. This is in agreement with the results 
from previous work [l]. 
The evaporation reaction at 1 atm oxygen may thus assumed to be: 

3 (U02)2As207(s) * 2 (U02)3(AsOl4)2(s) + у As4°io(g) ( 4 ) 
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Fig. VI.3. The vapour pressure of (U02)2As207 at various oxygen pres

sures. Markers have the same legends as Fig. VI.1, and 

x » 5.08.10"1;D ' 2.14.10-1 atm oxygen. 
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However, from additional thermogravimetri~al analyses at various oxygen 
pressures (Fig. VI.4) it appears that in nitrogen the pyro-arsenate 
decomposes directly into U308> probably according to the reaction: 

3 (U02)2As207(s) * 2 U308(s) + 02(g) + Ij- As„O10(g) (5) 

In air or 1 atm oxygen, the ortho-arsenate is formed in accordance with 
reaction (4). Apparently, both reactions (4) and (5) must be considered 
to interpret the vapour pressure measurements. 

30 

8 2 0 
о 
со 
со 
CO 

E 
10 

u 3 o 8 — 

nitrogen oxygen 

( U O O U A S O J P — 

500 1000 
temperature /°C 

1500 

Pig. VI.4. Thermograviraetrical analysis (Netzsch, STA-429) of uranyl 
pyro-arsenate under various atmospheres. The expected mass 
losses to (и02)3(Аз0ц)2 and to U308 are indicated. 

The free energy functions of both reactions (4) and (5) can be calcu
lated using present results to give: 

AG^/kJ.mol-1 - (234.5 ± 17.2)-(195.34 ± 18.2).1(Г3 Т (900-1027 K) 
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and (at pO2 - 1 atm): 

uG5 /kJ.mol_ 1 » (713 .9 ± 3 2 . 6 ) - ( 4 8 4 . 7 ± 3 1 . 2 ) . 1 0 _ 3 . T (963-1027) 

From these relations it is evident th-t (at P =» 1 atm) reaction (5) °2 is (up to 1630 K) metastable with respect to reaction (4). Below about 
10-6 atm oxygen the руго-arsenate decomposes directly into IKOg 
(reaction (3)). This conclusion is in agreement with the results of 
the thermogravimetrical analyses. 

Uranyl aeta-arsenate 
From X-ray diffraction it is found that this compound decomposes into 
(U02)2As207, i n accordance with previous results [l]. The vapour pres
sures measured are given in Table VI.1 and are shown in Fig. VI.3. An 
oxygen dependency is found which tends to decrease at higher oxygen 
pressures. 

If it Is accepted that the pressure function at 1 atm oxygen Is valid 
for the reaction: 

2 U02(As03)2(s) + (U02)2As207(s) + у As401()(g) (6) 

then, using the parameters of Table VI.1, the free energy function of 
this reaction can be described by: 

uGg/kJ.mol"1=(162.92 ± 3.35)-(125.68 ± 3.54).10_3.T (892-985 К 

It appears that the pyro-arsenate Is just more stable than the meta-
arsenate. 
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1.0 1.1 1.2 
103KT"1 

Fig. VI.5. The vapour pressure of U02(As03)2 at various oxygen pres

sures. The melting temperature of the compound is 988 K. 

Markers have the same legends as Fig. VI.1. 
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Flg. VI.6. The Авц0,0 pressure of the uranyl arsenates and of As205 [з] 
as function of temperature at 1 atm oxygen. The regions of 
stability of these compounds have been indicated. 
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VI.2.4. Conclusions 

To overview the results, Fig. VI.6 is given, in which the AS^OJQ pres
sures of the uranyl arsenates and As205 [3J at 1 atm oxygen are given 
as a function of temperature. In this way the regions of stability are 
shown for the compounds considered. As will be shown in further detail 
in Chapter VIII it appears that the pyro-arsenate is just more stable 
than the meta-arsenate. 
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VI.3. STANDARD ENTHALPIES OF FORMATION OF URANYL ARSENATES* 

VI.3.1. Introduction 

In {xU03+(l-x)As205} three arsenates have been found recently: 

* This section has been published as an article in J. Chem. Thermody
namics 14̂  (1982), 883-886 by E.H.P. Cordfunke, W. Ouweltjes, and 
H. Barten. 



- 84 -

(и02)3(АвОц)2, (U02)2As2°7» a n d U02(As03)2- The preparation and thermal 
stability of these compounds have been described [l]. In this paper we 
present the results of a calorimetric study from which the enthalpies 
of formation have been derived. 

VI.3.2. Experimental 

The preparation of the anhydrous uranyl arsenates by dehydration of the 
hydrates has been described in detail elsewhere [l]. All compounds are 
very hygroscopic and should be handled in a dry box. As205.-=- H20 
(Merck, p.a.) was dried over a saturated solution of LiCl at 293 К 
overnight. The compounds were characterized by x-ray diffraction and by 
chemical analysis. The uranium content was determined by an automatic 
potentiometric titration, according to the procedure described by 
Slanina et al. [2]. The arsenic content was determined, after removing 
uranium by ion exchange with 0.1 mol.dm-3 aqueous HN03, titrimetrically 
with 0.1 mol.dm-3 aqueous NaOH. For the calculations the H2As03~ to 
HAsO2- step was used. The results of the chemical analyses are given In 

3 
Table VI.2. 
The enthalpies of solution were measured in a calorimeter which has 
been previously described together with the calorimetric procedure 
and the calibration method [3]. The H^SO^ solution was prepared from 
reagent-grade acid and analyzed by titration with standard aqueous NaOH 
solution. It is assumed that the enthalpy of solution of H20 in 
1.505 raol.dm-3 aqueous H2S04 is unchanged when a small amount of и02Б0ц 

or НзАэОц is present. 

Table VI.2. Analytical results; molar mass M and mass fraction w 

V/ I 0 : n ( ' \ s | 1 0 ' n l l ' i | ( > ; « М ' 4 , | | 0 ; » | Н , , О | 

( ' i i tnpou iu l ^ mol ' "hs t. i lc nhs i. i lc. dbs оЬч ta lc 

l( 0 . | , l ' W > 4 > . 10X7'ОТ. 141М-1МИ I» 77 6 5 6 X M I 0 4 65.64 ' 0 0 5 
I I ( ) , | . A s . ( ) SOI X>>< IK .5X -0 .0h IX M S4 5 1 . 0 ( 0 54 17 ' ( M M 
i ( ) , i \ s O , i . s i ч «л? ;ч . (К ) . (»п :<м)5 46 i4 «007 46 14 - n o : 
As.O, ',ll,<> :>'>X66 I I 57 .(MX. 1155 

http://IK.5X-0.0h
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VI.3.3. Results 

Details of the measurements are given ii table VI.3. where m denotes 
the mass of the sample dissolved, e the energy equivalent of the calo
rimeter, Л0 the temperature change, ЛН the molar enthalpy of sclution; 
0 is an arbitrary unit of temperature. 

Table VI.3. Enthalpy of solution of a mass m of a specified solute in 
200 cm3 of a specified aqueous solvent containing concen
trations с at 298.15 K. 

mtsolute) g 

l.i) As.O, U l .O 

о 1x217 
0 1X149 
о i x ( ) i : 
(1 1X757 

(hi As.O, Ui O 
0.17425 
0 1X097 
0.1ЧХ54 
020.Ш 

|c| | l IO ; ) , |As0 4 b 

071024 
0 70254 
0 7I59X 

( d i | l ! ( ) , | , A s , 0 -

0X1004 
0.77701 
0.77217 

( c l U ( ) , ( A s O , | ; 

0.9ХХ70 
0.9X97" 
! 00451 

d / J 

95554 
91201 
91 250 
91 I4X 

9.1.517 
91061 
91 47Х 
91.XOft 

91 129 
91.116 
92.709 

91.059 
94.167 
9.1 405 

92.75X 
91510 
92X00 

solvent 

solvent: 

solvent 

solvent 

solvent 

M> l> 

H O 

0 1241 
0 1240 
0 129») 
0 1 290 

< |Н . .Ю 4 1 

0 0415 
0 0410 
0.04X0 
0.05 IX 

< | H , S 0 4 I 

1.2295 
1 2204 
1,2450 

. | H . S 0 4 I 

1 4241 
1.1515 
1 1461 

t l H , S ( ) 4 l 

1 9141 
1 X905 
1 9442 

Л /HJ g ' I 

65 11 
61 62 
6156 
64.06 

average 6V59 + 1 47 

I 505 in. 1 dm ' 

2 U 5 
22.11 
2260 
21.19 

average. 22X6 H I 6 1 

1.505 mol dm ' 

161 56 
161 75 
161 21 

average 161 51 - 0 . 1 2 

1 505 mol dm ' 

16161 
164.01 
I 6 2 X I 

average. 161.49 » 0 72 

1.505 mo l dm ' 

179 60 
1 7X65 
1 79 61 

average: 179 29 * 0.64 

Enthalpy of formation of (Ш)2)з(АвО|,)2 
The reaction scheme to derive ДН {U02)3(AsO^)2} is given in Table VI.A. 
For the specific enthalpy of solution of (U02)3(АэОц)2 in sulphuric 
acid solution, as given in table VI.3(c), the va" ie -(161.51 ± 0.32) 
j.g-1 has been found. Since impurity corrections are not necessary, 
this value corresponds with -(175.71 ± 0.35) kJ.mol"1. 
To calculate the enthalpy of formation of (ио2)3(АзОц)2(з) the enthalpy 
of solution has to be combined with the enthalpy of solution of 
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Table VI.4. Reaction scheme for the enthalpy of formation of 

(и02)з(Аз0ц)2: AH 9 = -ДН 1+ДН 2+АН 3+ДН 1 4-ДН 5+АН 6-ДН 7-ДН 8 

(soln) tefers to 1.505 mol.dm - 3 H 2S0 4(aq). 

Reaction \// ( U mol ' I 

i ii о.|,1-ы)4>_.ы* 4i_.so.,iNoini ;.ч o . s o 4 1 :n,\so I:tM>ini r ^ i - o v s 
: ' t O,I- . I • ui.so4iM'ini ;ч o , s o 4 . ' i i .o:isoini :5:ы>*об< 
' .M isi • 'ions» v/-i (),isi ! f . ~ i ^ - : . s i 
4 .\s_.o. ; н . о ы , ;ii()iM.ini :и,\ч()4|чо1щ 5 ч м и б 
* \ ч . о . ',н.,()|ч1. .M.-oiii :ii,.-W)4i.i4i i t . ^ - o i s 
(' ^-\-.lsl . 4( )_.«L:) • <II.(i;) - ;Н,Лч()4|.|Ц| IWW l(i • 0.X4 
" 'H.-ipi •.!<).ij!i ' H . o i i i *>~4ч - o. i ;h 
N ,»M>lll .H.Oisoln) ШГ1 НГ 

" ч 1-' * : \ S I M ^o . t .m и о , ) , | .ы> 4 | .1 - | 4hS44v;?s 

Table VI.5. Reaction scheme for the enthalpy of formation of 

(U0 2)As 207: Ан 9 = -ДН 1+ЛН 2+ДН 3+ДН 4-ЛН 5+ДН 6-ДН 7-ДН 8; 
(soln) refers to 1.505 mol.dm - 3 Н 2Б0 Ц (aq). 

Kc.iclion Ml ( П mol ' | 

i и <).I, .-\S.()-IM • : :n s<>4. H.oiboim ;:i ( ) . so 4 • :n,A^).,:tM>ini I M . I O - O S S 
: : . ' - io . i s i ' . : i i ,so4bóini ; : г о л о л , : H , O : I M > I I H I M + I M U : 
' : i is i - .u) , i j ! i " :y-ro , is i : 4 4 ? M - i w 
4 A s . O , ; H . ( ' ) I M t ; м . О | « | | п | - Н . Л ' . О . п - о Ы ) 5.1>4*О.Н. 
5 As . . ' ) . ; i l . O l 4 t ,М"<)|1| : i l , A s < ) 4 l . i q l I h J J ' O . W 
(i : лмч .4<i ij;i. III.'((!> :н,'\ч(),(.1Ц| iHiwK. . i i s4 
" 'll.liü • 'O..IIII Ш OH I MŜ 4l> • II l > 
S ,ll.()|ll Wl'.ONilr.i OlPo • IHHP 

') :i M . :\Msi. '.'o.mi ii O,).-\S.().IM ц:б(»1' :ол 

Table VI.6. Reaction scheme for the enthalpy of formation of 

U0 2 ( A s 0 3 ) 2 : ДН 9 = -ДН 1+ДН 2+ДН 3+ДН 1 +-ДН 5+ДН 6-ДН 7-ДН 8; 
(soln) refers to 1.505 mol.dm-3 H 2 S 0 4 (aq) 

KcKlion \ll ikJ mol ' i 

i i o.iAsO.bisi • :и.s<>, • :ii.():i4oi»i ;i o . s o , i : n , \ s o l i-oim ч м ч н ш 
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Y~U03(s) [4], and wlwh the enthalpies of solution of As205.-r- H20(s) in 
water and in 1.505 mol.dm-3 H2S04(aq). The latter values are, according 
to Table VI.3(a): in H20 -(63.59 ± 1.47) J.g-1, which corresponds to 
-(16.52 ± 0.38) kj.mol"1, and in 1.505 mol.dm-3 H2S01+(aq) (Table 
VI.3(b)), -(22.86 ± 0.63) J.g-1, which corresponds to -(5.94 ± 0.16) 
kj.mol-1. 
According to the reaction scheme in Table VI.4 the enthalpies of forma
tion of -y-UO, [3], and H3As0.(aq) are required to calculate the enthal
py of formation of (U02)3(As04)2. The value ЛН ( ( ^ ^ ( A s O ^ . s , 
298.15 K} = -(4710.1 ± 5.7) kj.mol"1 has been found [5]*. 

Enthalpy of formation of (U02)2As2°7 
For the enthalpy of solution of (U02)2As207 in 1.505 mol.dm-3 H2S04(aq) 
the value -(163.49 ± 0.721) J.g-1 has been found. Again, impurity cor
rections need not be applied, and the corresponding value -(131.10 ± 
0.58) kj.mol-1 was used for the calculation of the enthalpy of forma
tion of (U02)2As207

 according to the reaction scheme given in table 
VI.5. Using the same auxiliary values as in the previous calculations, 
we obtain AH°{(U02)2As207,s,298.15 к} = -(3446.7 ± 4.8) kJ.raol-1 [5]*. 

Enthalpy of formation of U02(Ae03)2 

The enthalpy of solution of U02(As03)2 is, according to table VI.3(e), 
-(179.29 ± 0.64) J.g-1, which corresponds to the value -(92.49 ± 0.33) 
kJ.mol-1. 
When we take the same auxiliary values, as given before, we obtain, / 

following the reaction scheme given in table VI.6, ДН {U02(As03)2,s, 
298.15 K} = -(2177.3 ± 4.6) kJ.mol-1 [5]*. 

VI.3.4. Discussion 

Values for the enthalpies of formation of the anhydrous uranyl arse
nates have not been published before. From the eqi'̂ cions (5) and (6) in 
the reaction schemes (tables VI.4, VI.5 апо.Л1'.6), the enthalpy of 
formation of As205.— H20(s) can be.calculated as ДН (s,298.15 К) = 

* As resu1w of new calorimetric data on the dissolution enthalpy of 
As,0c.— H 0 [5], corrected values for the enthalpies of formation of 
uranyl arsenates are given. 
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-(1411.5 ± 1.0) kj.raol-1. This value differs somewhat from the value 
-1416.1 kJ.mol-1, given by Wagman et al [б]. We here prefer the enthal
py of formation of H3As04 (aq) as the auxiliary datum for the calcula
tions as given in the reaction schemes. 
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VI.4. DERIVATION OF THE ENTROPIES OF THE URANYL ARSENATES* 

VI.4.1. Introduction 

The preceeding sections of this chapter give results which are thermo-
chemically interconnected. The present aim is to derive the entropies 
of uranyl arsenates from the data obtained. To do so, use is made of 
the enthalpy content functions given in Table VI.7, which have been 
determined in the course of the present study [l]. Differentiation of 
these functions gives the heat capacity functions, which have been 
summarized in Appendix A of this thesis. The functions have to be used 
outside the temperature regions given in some cases, but this is 
expected not to give substantial errors In the calculated values. 

* This section will be published in Thermochlmlca Acta (1986) by 
H. Barten and E.H.P. Cordfunke. 
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Table VI.7. Uranyl arsenates. Parameters of the enthalpy content func
tions; {Н°(Т) - He(298.15)} = AT + ВТ2 + CT_1 + D, measured 
by Cordfunke and coworkers [l] in the given temperature 
regions. The values are in J.K-1.mol-1. Heat capacity 
functions have been obtained by differentiation and are 
given in Appendix A, in which the relevant thermodynamic 
data are summarized. 

Compound B.103 CIO" 5 Temperature 
region (K) 

(и02)з(Аз04)з 
(U02)2As207 

U02(As03)2 

331.151 
307.411 
208.461 

105.680 
52.907 
44.455 

26.818 -117121.7 375.7 - 867.1 
58.513 -115983.0 397.8 - 868.2 
30.346 - 76282.5 377.8 - 781.3 

VI.4.2. Results 

(U02)3(As04)2 

The entropy of this compound can be estimated by using the method of 
Latimer [2]. On the basis of the known entropies of Са3(Ав0ц)2 and 
Sr3(ksOlt)2, which are 225.94 and 255.22 J.K-1.raol_1 [3], and taking 
87.86 for S°(U02 ) [2], we obtain: 

1.mni-1 S298 K(ü02)3(As04>2 ш 372 * 20 J-* -*ol 

The vapour pressures, as measured in section VI.2, can serve as a 
source of a more reliaole value, since these pressures could be related 
to the reaction: 

(и02)3(А90ц)2(8) • U308(s) + у 02(g) + i As4O10(g) (1) 

in which the thermodynamic data of all components except the entropy of 
the ortho-arsenate are known. Thus, using the relation: 

AG° = -RT In К = ДН° _ - TUS°, r p r,T T 

in which: 
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Д Нг,Т = Л Н г , 2 9 8 К + / Л У Т ) dT 

and 

Дс (Т) 

/ 

the value of S K(UO2)3(As04)2 can be derived from individual pres
sures by a reversed "third law" procedure expressed by the rela
tion: 

S298 K ( U ° 2 ) 3 ( A S ° 4 ) 3 = " T | R T ln Kp + Л,°,298 К " T S298 KU3°8 + 

1 1 о I /Лс ̂  I 
+ 2 S298 K°2 + 2 S298 К*8-0" + / Л с

р ( Т ) d T " ^)^Y~ dTJ 

The results of the calculations are given in table VI.8. 

Table VI.8. Calculations of the standard entropy of uranyl ortho-arse-
nate from the arsenic oxide pressures at 1 atm oxygen given 
in Table VI.7. Thermodynamic data are taken from ref. [з] 
to [8]. 

Exp. ?± Temperature/K S° (U02)3(AsOlf)2/J.K-1.mol_1 
nr. 

370.83 
370.39 
371.72 
370.55 
367.22 
367.11 
364.32 
365.12 
363.A3 
361.01 
360.89 

average value: 366.6 ± 3.0 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 

3.18 . 
1.32 
9.84 . 
4.81 , 
3.22 . 
1.98 . 
7.32 . 
1.17 . 
6.79 . 
5.15 . 
6.78 . 

. 10"5 

. 10"5 

, 10"6 

. 10"6 

, 10"6 

. 10"6 

, io-7 

. io-7 

. Ю-8 

, io-8 

, 10-^ 

1273.0 
1252.1 
1252.7 
1235.1 
1209.0 
1199.3 
1169.1 
1141.1 
1125.6 
1111.9 
1080-7 
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In this table it is shown that the resulting entropy values slightly 
vary with temperature. No further discussion is given on this 
phenomenon because the deviations are relatively small, whilst a rather 
extended temperature range has been studied. 
The average value is: 

S298 K^U02)3(As0-)2 = 3 6 6' 6 ± 3-° J-K_1-niol-l 

Uncertainties in the thermodynamic data used lower the reliability of 
this value to about 8.0 J.K-1.mol-1. 
Both the experimental and the estimated values support each other nice
ly. Of course the experimental value and its uncertainty will be adopt
ed. 

(U02)2As207 

In section VI.2, the vaporization reaction of this compound has been 
discussed extensively. As a result, we can use the individual pressures 
measured at 1 atm oxygen for the derivation of the entropy of the pyro-
arsenate. Under these circumstances the vaporization reaction is: 

3 (U02)2As207(s) > 2 (U02)3(AsOl+)2(s) + j As„O10(g) (4) 

Using an identical procedure as the ortho-arsenate, the standard entro
py of the pyro-arsenate can be derived using the relation: 

S298 ^ i h ^ l b - " ЗТ I RT ln Kp + AHr,298 К 
Ac (T) 

_T(2S298 к ^ г Ь ^ О - Ь Ч S298 кА3цО10)+|ucp(T)dT -T j - ^ T \ 

In which only the As 0.Q pressure and the temperature measured must be 
applied to give the entropy wanted. The results of such calculations 
are given in table VI.9. 

The average value obtained is: 

S° . ,XU0,)9As707 = 286.5 t 1.7 J.K-1.mol-1• 298 К t. с t i 
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Table VI.9. The standard entropy of uranyl pyro-arsenate 

Exp. 
nr. 

L 

2 

3 

4 

5 

6 

7 

8 

9 

P 

2.91 

6.89 

5.34 

4 .50 

3.68 

2 .98 

1.26 

3.73 

1.41 

i 

m 

. 

. 

• 

. 

. 

. 

• 
щ 

Ю--

10" 5 

ю-5 

ю-5 

10~5 

10-5 

Ю- 5 

10~6 

ю-7 

Temperature/K S° (U02)2As207/J.K_1.mol-1 

1026.7 285.07 
989.1 285.44 
986.9 285.70 
983.1 285.77 
978.3 285.84 
996.5 286.94 

965.6 286.70 

951.7 287.75 

899.8 289.66 

average value: 286.5 ± 1.7 

The uncertainty of this value rises to about 8.0 as a result of the 
uncertainties in the thermodynamic data used in the calculations. 

002(As03)2 

The similar treatment can be carried out for the meta-arsenate. The 
reaction considered is: 

2 U02(As03)2(s) * (U02)2As207(s) + у As4010(g) (6) 

Calculations are performed In which the entropy is obtained from a 
relation essentially the same as for the pyro-arsenate in the previous 
part. 
Thf results of such calculations are given In table VI.10; the 
value: 

S° U02(As03)2 = 211.3 ± 1.7 J.K-^mol"1 
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is obtained. 
Also in this case the uncertainty will increase to abcut 9.0 
J.K-*.mol-1 because of the uncertainties in the constituent thermody
namic data. 

Table VI.10. Calculations of the standard entropy of uranyl meta-arse-
nate from the arsenic oxide pressures at 1 atm. oxygen 

Exp. 

nr . 

1 

2 

3 

4 

5 

6 

7 

8 

9 

P 
i 

7.06 . 

4 .01 . 

4.05 . 

3 .49 . 

2 .70 . 

1.Q9 . 

1.05 . 

2.77 . 

9.87 . 

1 0 - 5 

io - 5 

10-5 

10-5 

I C 5 

10-5 

I C 5 

10" 6 

io - 7 

Temperature/K 

985.3 

970.2 

971.6 

969.9 

960.9 

954.5 

939.4 

907.4 

892.0 

ave 

s° 
298 К 

uo2 

rage value: 

, ( A s 0 3 ) 2 / J . K _ 1 . m o l _ 1 

210.45 

210.71 

210.76 

210.98 

210.94 

211.17 

211.53 

212.09 

213.12 

211.3 ± 1.7 
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CHAPTER VII 

CHEMICAL PROPERTIES OP SOME PHOSPHATES AND ARSENATES OF URANIUM 
WITH A VALENCY LOWER THAN SIX 

VII.1. INTRODUCTION 

In the course of the study on the uranyl phosphates various compounds 
have been met In which the uranium has a lower valency than six [l]. 
The compounds UP20?, U203P20?, (UO)2P2Oy and U305P20? are formed when 
oxygen is evolved as a result of thermal decomposition. 
In contrast to this behaviour, the uranyl arsenates [2,3] evolve 
arsenic oxide vapour at elevated temperatures, to form uranyl arsenates 
containing less As205, or U30„. No reduced uranium arsenates have been 
found in which uranium has a lower valency than six under the 
experimental conditions. 
Nevertheless, it can be expected that this kind of arsenates, 
comparable to the phosphates, exists. Selected experiments have been 
performed to prepare arsenates containing uranium with lower valencies. 
Some of these compounds have been studied in more detail, their 
enthalpies of formation were measured, and the X-ray diffraction 
pattern of one of them was indexed. 

VII.2. EXPERIMENTAL* 

To prepare uranium arsenates with lower uranium valencies, mixtures of 
UO2, U3O8, AS2O5 and/or AS2O3 were heated in evacuated silica ampoules 
at 873 К for 48 h. To exclude water and gaseous oxygen the powders were 
kept in an ar^on-filled drybox. X-ray diffraction patterns of the 
samples were recorded (Nonius-Guinier camera, Cu K -radiation), and 
compared with each other and relevant known patterns. 
The results of the preparations are depicted in the diagram, Figure 
VII.1. The initial compositions (marked Д) consist of mixtures of the 
compounds indicated on top and on the right side of the diagram. In 
this respect, it must be noted that in this diagram the oxygen 
pressure is not defined. 

* This section will be published as a note in Thermochimica Acta (1986) 
by H. Barten. 
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One of the observed products is AS2O3, which is shown on the diagram 

as As^OgCg) because of its gaseous state at 873 K. From the X-ray 

diagrams, three new compounds (marked in Figure VII.1) have been 

found, probably having the ocmposition: 

U3As2012 

UAs05 

" 3 ^ 1 8 
It is remarkable that tetravalent uranium arsenates have not been found 

although an extended series of tetravalent uranium phosphates is known. 

Instead, compositions of UO2 and AS2O5 give AS2O3 and mixtures of 

compounds along the indicated dashed line in figure VII.1. 

Of the three new compounds the first and third compounds have not been 

investigated. The formation of the second compound, the green coloured 

UAsOc, has been confirmed after more detailed study. 

Initially it was formed from mixtures of U02 and As205 according to the 

reaction: 

2 U02(s) + l| As205(s) • UAs05(s) + j As406(g) (l) 

Further evidence is found from the fact that this compound Is also 

formed, free of As203, from the one to one molar mixture of U02 and the 

meta arsenate; U02(As03)2» under the cited conditions. 

The formation reaction in this case is: 

U02(s) + U02(As03)2(s) + 2 UAs05(s) (2) 

In this way, well crystallized As203~free samples have been obtained. 

These appeared suitable for an X-ray diffraction study, which is 

described In section VII.5. 
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02(9) 

As406(9) 

UO3 
"зОв 

uo, 

50 
As ф 

-д л Л Л Л Л А Д Л- 50 
Ч и 

Fig. VII.1. Composition diagran indicating initial compositions (Д) and 
the proposed new compounds (o, see text). 
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VII.3. ENTHALPIES OF FORMATION 

Some of the previously mentioned compounds have been subjected to 
solution calorimetry. Cordfunke et al. [l] have published some of the 
results, which give the following enthalpies of formation; 
AHj(298.15 K)/kJ.mol_1: 

UP207 - -2852.0 ± 4.3 (After correction [2]) 
UP05 - -2064.3 ± 2.0 (UP05 being 1/2 U2°3P2°7) 

UAs05 - -1678.6 ± 2.7 (Reference [3]) 

REFERENCES 

[l] E.H.P. Cordfunke and W. Ouweltjes. Thermochimica Acta, 80 (1984), 
221. 

[2] E.H.P. Cordfunne and G. Prins, Thermochimica Acta, to be 
published. 

[З] E.H.P. Cordfunke, Personal communication (1985). 

VII.4. CRYSTAL DATA FOR TRI-URANIÜMPENTOXIDE PYROSPHOSPHATE, l^OjP^* 

VII.4.1. Introduction 

In connection to a study on uranyl phosphates [l] we prepared U305P2O7. 

Its X-ray diagram differed partially from that given by Schaekers & 

Greybe [2]. 

VII.4.2. Origin of the specimen and characterisation 

The U305P207 has been prepared from (1ГО2)3(РОц)2.4Н20 by heating at 
1573 К in an argon atmosphere for -r h. A black, crystalline solid is 
obtained. Chemical analysis yields: 

U total - 73.25 ± 0.08 w/o (calc. 73.77 w/o) 
U6"4" - 24.58 ± 0.04 w/o (calc. 24.59 w/o), and 
P - 6.40 ± 0.01 w/o (calc. 6.40 w/o). 

* An abstract of this section has beer published in J. Appl. Cryst. Г7 
(1984), 363 referring to the deposited full text and to its JCPDS 
file no. 34-1984. 
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VII.4.3. Powder data 

The powder patterns were obtained at ambient temperature with a Nonius-
Guinier camera using Си К radiation (X « 1.5418 A). Admixed or-quartz 
was used as an internal standard (a « 4.923, с » 5.404 A). 
The data were indexed with the program of Visser [з]. Interplanar 
spacings and estimated intensities are given in table VII.1. 

VII.4.4. Unit cell data 

Least squares refinement yielded an orthorhombic unit cell with 
a - 7.018(2), b » 9.057(1) and с - 16.009(3)A, V - 1017.5 A3 and Z - 4 
giving D * 6.318 g.cm3. Systematic absences (hkl: h+k*2n, Okl : k*2n, 
hOl: l*2n h*2n, hkO: h+2n кФ2п, h00: h*2n, OkO: k*2n and 001: 1Ф2п) 
indicate spacegroup Cmca or C2cb (=• Aba2) [4]. The figure of merit 
(Visser) was 30. 

VII.4.5. Comparison with previous data 

The pattern as given by Schaekers & Greybe [2] is partially different 
from present data. We concluded that their sample was either из05Р207 

in a different modification or the sample consisted of more phases. 
It is pointed out that there is a striking similarity between the X-ray 
pattern for U305P207 and that given by Burdese & Borlera [5] for 
(иО)3(РОц)2« We suggest that their sample was likewise U305P207. 

REFERENCES 

[l] H. Barten and E.H.P. Cordfunke (1980). Thermochimica Acta 4£, 357. 

[2] J.M. Schaekers and W.G. Greybe (1973). J. Appl. Cryst. 6_, 249. 

[З] J.W. Visser. (1969), J. Appl. Cryst. 2_, 89. 

[4] N.F.M. Henry and K. Lonsdale. (1952). International tables for X-
ray Crystallography, Vol. 1. Birmingham; Kynoch Press. 

[5] A. Burdese and M.L. Borlera (1963). Ann. Chim. 5_3_, 344. 
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Table VII .I . Powder diffraction data for U305P207 

a 0<
A> 

7.962 
5.232 
A.555 
4.523 
4.354 
4.003 
3.940 
3.844 
3.508 
3.454 
3.247 
3.217 
3.002 
2.774 
2.734 
2.641 
2.621 
2.462 
2.407 
2.281 
2.242 
2.179 
2.114 
2.100 
2.083 
2.041 
2.000 
1.970 
1.922 
1.889 
1.882 
1.848 
1.837 
1.830 

dc (A) 

8.005 
5.242 
4.560 
4.529 
4.358 
4.002 
3.941 
3.846 
3.509 
3.453 
3.246 
3.214 
2.999 
2.774 
2.733 
2.639 
2.621 
2.461 
2.405 
2.280 
2.242 
2.179 
2.114 
2.096 
2.084 
2.041 
2.001 
1.971 
1.923 
1.889 
1.882 
1.849 
1.837 
1.830 

hkl 

002 
111 
112 
020 
021 
004 
022 
113 
200 
023 
114 
202 
024 

220,115 
221,131 
204 

222,132 
223,133 
116 

224,134 
311,041 
312,042 
117 

225,135 
043,313 
027 
008 

314,044 
226,136 
241 
118 

315,045 
331 
028 

Mo 

75 
10 
10 
25 
25 
10 
25 
50 
50 
10 
5 
5 
2 

100 
10 
2 
75 
50 
5 
10 
10 
25 
10 
5 
25 
5 
5 
10 
10 
5 
5 
25 
5 
5 
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VII.5. CRYSTAL DATA FOR URANIUMPHOSPHORUSPENTOXIDE, UPO.;, AND URANIUM-
ARSENICPENTOXIDE, UAsOs* 

VII.5.1. Introduction 

The compound, UP05 has been described previously as U2O3P207 by 
Schaekers [l]. Unindexed X-ray reflections of this compound were 
published by Dunn [2]. 
The UASO5 has recently been discovered in the course of our study on 
the uranyl arsenates [З]. 
The X-ray diffraction patterns of both powders have been indexed and 
compared subsequently. 

VII.5.2. Preparation and characterization of the specimens 

The green UP05 has been prepared from (U02)2P207
 by heating in air at 

950*C for 4 h. This condition has been derived from our vapour pressure 
measurements on uranyl phosphates [4]. The total uranium content of the 
product was 68.15 ± 0.02 wtZ (calc. 68.20 wtZ) and P - 8.89 ± 0.01 wtZ 
(cal.. 8.88 wtZ). 
The UAsOc can be prepared by heating a mixture of U02 and the uranyl 
meta-arsenate; ио2(АвОз)2 at 600*C for 48 h in an evacuated silica 
ampoule. Chemical analysis of this green compound is U * 60.06 ± 0.04 
wtZ (calc. 60.58 wtZ) and As - 19.7 ± 0.1 wtZ (calc. 19.1 wtZ). 
The hygroscopic compound is handled in a dry box, whereas the samples 
were wrapped in polythene foil (0.05 mm) during the X-ray exposures to 
prevent hydration. 

VII.5.3. Powder data 

The powder X-ray patterns were obtained with a Guinier-De Wolff camera, 
using Си К .-radiation (X - 1.5406 A). The internal standard used was 
a-quartz. The pattern was indexed using the coaputer program of Visser 
[5]* The experimental d values and intensities (wie micro densitometer 
readings were collected by J.W. Visser of TPD, Delft) are given in 
tables VII.2 and 3, together with the indexing results. 

* This section has been submitted for publication in J. Appl Cryst. 
(1986). 



- 102 -

VII.5.4. Unit-cell data for UP05 

A triclinic unit cell has been obtained. Least-squares refinement 
yields: a =• 5.472(2), b - 5.646(2) and с = 7.027(1) A, and 
a = 87.39(2), g - 93.39(2) and Y = 106.51(1)". The calculated cell 
volume V is 207.7 A3. The figure of merit (Visser) for this result is 
55. 
The density of the powder has been determined pycnometrically using 
xylene to give D • 5.40 g/cm3. Therefore, Z is taken 2 and thus exp ° 
D - 5.58 g/cm3. x 

VII.5.5. Comparison with previous data 

Present and previous pattern [2 J have most lnterplanar spacings and 
intensities in common and confirm that the same compound is studied. 
Minor shifts in the d values given by Dunn [2j may have prevented 
indexing at that time. Furthermore, Dunn lists a reflection, I/I * 10 
at d • 4.91 A which we also observed for some of our samples: 
d - ~ 4.89 A, I/I » 3. This line could not be indexed and must be о 
considered as an unknown impurity. 

VII.5.6. Unit cell data for UAs05 

Least-squares refinement of the monoclinic cell leads to a • 8.833(2), 
b - 6.858(1) and с » 7.151(1) A, and 8 - 96.88(1)°, so that 
V - 430.1 A3. The figure of merit (Visser) was 28. Systematic absences 
indicate spacegroup P2j/c. Por UAs05 Z • 4, which gives 
D « 6.07 g/cm3. x 

VII.5.7. Discussion 

Comparison of both indexing results do not show isomorphy at first 
sight. However, a strong triclinic C-eubceH could be recognized in the 
monoclinic UAs05. The data show the presence of a strong subcell for 
h+k»2n, with dimensions: a - 5.591(1), b - 5.591(1) and 
с * 7.151(1) A, and a - 84.57(1), 0 - 95.43(1) and Y - 104.35(1)°. 
Thi3 cell, of half the volume of the monoclinic representation, 
resembles the UP05 cell very closely, which suggests that both 
compounds are structurally related. 
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Table VII.2. Guinler pattern of UP05 (B » Broad) 

d0 (A) dc (A) hkl I/I0 

5.415 5.410 
5.240 5.240 
4.441 4.443 
4.346 4.347 
4.300 4.298 
4.225 4.223 
4.106 4.104 
3.644 3.646 
3.508 3.506 
3.324 3.324 
3.017 3.018 
2.988(B) 2.990 
2.903 2.903 
2.844 2.844 
2.739 2.740 
2.705 2.705 
2.669 2.669 
2.621 2.620 
2.601 2.601 
2.551 2.552 
2.500 (B) 2.499 
2.446 2.446 
2.426 2.427 
2.415 2.417 
2.397 2.398 
2.221 2.221 
2.194 2.194 
2.170 (B) 2.169 
2.135 2.134 
2.126 2.127 
2.097 2.097 
2.073 2.073 
2.027 2.026 
1.936 1.935 
1.923 1.923 
1.901 1.901 
1.846 (B) 1.847 

010 
100 
1-10 
Oil 
10-1 
0-11 
101 
1-11 
002 
110 
11-1 
111(012,10-2) 
0-12 
1-1-2 
1-20 
020 
1-12,2-10 
200 
1-2-1 
2-1-1,021 
0-21(1-21,20-1) 
2-11 
11-2 
201 
112 
2-20,1-2-2 
2-1-2 
013,120 
210 
1-1-3 
103 
121 
211 
2-2-2 
11-3 
113 
122,21-2 

40 
28 
100 
28 
25 
40 
48 
2 
91 
10 
47 
56 
5 
35 
6 
3 
32 
2 
12 
26 
42 
8 
2 
11 
2 
21 
2 
36 
13 
11 
10 
4 
3 
5 
28 
14 
22 
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Table VII.3. Guinler pattern of UAs05 (В - Broad) 

d0 (A) 
5.410 
4.923 
4.460 
4.390 
4.158 
3.545 
3.433 
3.158 (B) 
3.089 
3.072 
2.961 
2.937 
2.870 
2.700 
2.268 
2.237 
2.230 
2.211 
2.191 
2.129 
2.092 
2.069 
1.973 
1.943 (B) 
1.921 
1.903 
1.881 
1.863 
1.848 
1.833 
1.801 
1.778 
1.772 
1.741 
1.714 

dc (A) 
5.402 
4.933 
4.461 
4.385 
4.154 
3.550 
3.429 
3.161 
3.088 
3.072 
2.961 
2.936 
2.871 
2.699 
2.267 
2.237 
2.230 
2.212 
2.192 
2.130 
2.091 
2.070 
1.974 
1.943 
1.921 
1.903 
1.882 
1.863 
1.849 
1.833 
1.801 
1.777 
1.773 
1.745 
1.716 

hkl 

110 
Oil 
-111 
200 
111 
002 

020,-102 
102,012,211 
021 
-112 
-121 
-202 
112,121 
220,-212 
-312 
013 

-222,-113 
130 
400 
-131 
-213 
321,-411 
-402 
411,-123,023 
032,231 
-132 
-313 
123 

-223,420 
-421 
330 

-331 
402 
421(?) 

412,331,040 

I/IQ 
58 
4 
40 
100 
23 
71 
22 
17 
100 
1 
2 
28 
10 
5 
1 
7 
7 
14 
8 
13 
9 
4 
5 
30 
1 
6 
1 
6 
13 
6 
9 
14 
6 
3 
19 
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CHAPTER VIII 

HIGH-TEMPERATURE THERMODYNAMICS OF URANYL PHOSPHATES AND ARSENATES 

VIII.1. INTRODUCTION 

In this final chapter, the results of previous chapters will be 
combined to evaluate molar thermodynamic data of the compounds under 
study. Use will be made of additional data on uranyl phosphates which 
came available only recently. High-temperature thermodynamics of the 
uranyl phosphates and arsenates will be derived and a comparison will 
be made of both systems. The final numerical results are summarized in 
tables in the appendix to this chapter. 

VIII.2. THERMOCHEMISTRY OF URANYL PHOSPHATES* 

VIII.2.1. Overview of additonal data 

Recently, Cordfunke et al. [l] determined the standard enthalpies of 
formation of uranyl/uranium phosphates by means of solution 
calorimetry. The results are summarized in Table VIII.1. It should be 
noted that the value for the metaphosphate has not been experimentally 
determined, because the compound did not dissolve in any solvent. In 
this case an estimated value is given [1], which has been obtained by 
extrapolation after comparison of the enthalpies of solution of the 
uranyl phosphates with the arsenates [2]. 

Table VIII.I. Enthalpies of formation of uranyl/uranium phosphates [l] 

ДН° (s.298.15 K)/kJ.mol~l 

-(5491.3 ± 3.5) 
-(4232.6 t 2.8) 
-(2973.0 ± 3.0) (estimated) 
-(2064.3 t 2.0) 
-(2852.0 ± 4.3) (recalculated [з]) 

* This section will be published in Thermochimica Acta (1986) by 
H. Berten and E.H.P. Cordfunke. 

Compound 

(ио2)3(Ро„)2 
(UO 2) 2P 2O 7 

U O 2 ( P O 3 ) 2 

UP05 

UP 2O 7 
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Additionally, enthalpy increments have been measured of these compounds 
by drop-calorimetry [4j. The measurements did not reveal enthalpy 
effects resulting from polymorphy in this system [5]. Table VIII.2 
gives the resulting parameters of the enthalpy content functions. From 
these, the parameters of the heat capacity functions have been obtained 
by differentiation (Appendix A). 
These additional data are used in the next paragraph to derive the 
entropies of the urany1/uranium phosphates, so that their molar 
thermochemical stabilities can be calculated. 

Table VIII.2. Uranyl/uranium phosphates [4]. Parameters of enthalpy 
content functions; H° - Hoao ,. « AT + ВТ2 + CT-1 + D 
(J.mol-1). 

Compound 
<UO 2) 3(PO 4) 2 

(UO 2) 2P 2O 7 

U O 2 ( P O 3 ) 2 

UPO 5 

UP 2O 7 

A 
326.375 
250.669 
184.304 
110.427 
198.531 

В x 103 

98.219 
77.149 
60.644 
42.614 
30.362 

С x 10"5 
40.840 
34.003 
38.540 
10.379 
29.011 

D 
-119737.5 
- 92999.7 
- 73267.5 
- 40193.0 
- 71621.2 

Temperature/K 
298 - 771 
298 - 883 
298 - 900 
298 - 726 
298 - 882 

For these derivations auxiliary data have been taken from Appendix A, 
which not only gives data from literature, but also data obtained as 
result of the present study. It therefore includes thermodynamic data 
on gaseous Авц010 and the uranyl/uranium phosphates and arsenates, of 
which some values will be obtained in this chapter. 

VIII.2.2. Derivation of the entropies of uranyl/uranium phosphates 

The entropies of the compounds under study are not known. Measurements 
of low-temperature enthalpy functions, which could have revealed the 
standard entropies of the uranyl and uranium phosphates, have not been 
carried out. Since these are necessary to express the molar 
thermodynamic functions it was decided to derive the standard entropy 
values from experimentally determined reaction energies, enthalpies of 
formation and heat capacity functions, in a similar way as in section 
VI.4. In this case the interrelations are obtained from the oxygen 
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pressures measured ([б], Chapter IV). 
In contradiction to the uranyl arsenates, the calculations with the 
decomposition reactions of the uranyl phosphates always involve two 
unknown standard entropies. As a consequence, the entropies cannot be 
expressed for single compounds from these relations only; the entropy 
differences of the two interrelated compounds always being found. 
Thus additonal reference values must be estimated in order to derive 
the molar entropy values. 

Estimation of the standard entropies of (002)3(РОЦ)2 and U02(F03)2 

The entropy of (U02)3(PO^)2 can be estimated using the method of 
Latimer [7], in a similar way as done in chapter VI for the 
(и02)3(АаОц)2. The Se(U02

2+) and the S^PO^3-) parameters have been 
taken 87.86 and 71.13 J.K-1.mol_1, respectively, from the cited source. 
In this way we obtain for (U02)3(POl|)2: 

S*(298.15 K) - 405.8 ± 20.0 J.IT1.mol"1. 

No S°(P03~) parameter for bivalent cations is given by Latimer [7]. It 
is, however, necessary to estimate the entropy of U02(P03)2. Derivation 
of the parameter value requires entropy values of as many as possible 
related metaphosphates. Unfortunately, measured entropies of 
metaphosphates are very scarce; not only at the time that Latimer 
formulated the estimation values, but also at present. As a result, the 
parameter mentioned can be derived only from the entropy of the 
metaphosphate; Ca(P03)2, being 146.65 J.K^.mol'1 [в], which gives: 
S*(P03") - 53.87 J.K^.mol"1. 
A comparison can be made using the entropy of KP03: 108.49 J.K-1.mol_1 

[8]. /rom this, we calculate for Se(P03~) (monovalent cation ! ) : 
70.00 J.K"1.mol"1. If we take into consideration the usually Involved 
correction for the conversion of the monovalent Into the bivalent 
cation parameter, being about 20.9 J.K"1.mol"1, then we would get for 
Se(P03") (bivalent cations): 49.1 J.K"1.mol"1. This value supports the 
value initially found, but since this second value is expected to be 
less accurate, the first value found will be adopted for the 
estimation. Consequently we find for U02(P03)2: 

S*(298.15 K) - 195.6 ± 9.0 J.K^.mol"1. 
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Entropy difference of (U02)3(P0%)2 *nd UP05 

It can be seen from reaction (1): 

(ио2)3(РОц)2(з) • j U308(s) + 2 UP05 + j 02(g) (l) 

that the Gibbs energy of reaction: AG (T), can be derived from the 
oxygen pressures measured [б]. Use will be made of the relation: 

AG° (T) = -nRT In p02, 

which makes it possible to derive the difference in entropies of 
(U02) 3(^)2 - 2 UP05 by combining the Gibbs energies of reaction 
measured and the auxiliary literature data of Appendix A. The 
individual results of these calculations are given in Tabel VIII.3. 

Table VIII.3. Derivation of the entropy difference of S°{(и02)3(РОц)2}-
2 Se(UP05) at 298.15 K. 

Temperature Pressure Entropy difference 
К 

1280 

1255 

1211 

1089 

p02 /atm 

4.32 x 10"2 

2.51 x lO"2 

7.80 x Ю - 3 

1.34 x IQ'4 

J.К"1 .mol"1 

133.76 

133.75 

134.63 

139.40 

It is noted that a shift takes place in the above given individual 
results, which is, however, negligible in respect to the mean value; 
135.4 ± 2.7 J.K^.mol"1 for the entropy difference: Se{(U02)3(P04)2}-
2 S°(UP05) at 298.15 K. Using this result and the estimated entropy of 
(U02)3(P04)2 we obtain for UP05: 

Se(298.15 K) - 135.2 ± 10.0 J.К'1.mol-1. 

This result demonstrates the propagation of the uncertainty from the 
estimated entropy value of the orthophosphate, as well as the decimals 
maintained in this derived entropy. Next entropy values will be 
Influenced in a similar way. 

Entropy difference of (U02)2P207 «ad 2 UP0s Q 
The oxygen pressures measured [б] also give the AG (T) for the 
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reaction: 

(U02)2P207(s) * 2 l'P05(s) + j-02(g) (2) 

From this reaction, the entropy difference of (U02)2P207 and 2 UP05 can 
be derived in a similar way as previously. Individual results of the 
calculations are given in table VIII.4. 

Table VIII.4. Derivation of the entropy difference of S°{(U02)2P207}-
2 Se(UP05) at 298.15 K. 

Temperature Pressure Entropy difference 
К 

изо 
1074 

1042 

979 

p02 /atm 

1.00 x 1О+0 

4.32 x 10"2 

7.80 x 10" 3 

1.72 x 10"* 

J .К - 1 .mol" 1 

11.00 

19.20 

23 .31 

32.69 

It is shown in this table that the shift in the derived values of the 
indicated entropy difference is rather high. This is also demonstrated 
in the uncertainty of the mean value: 21.55 ± 9.02 J.K"1.mol*1. 

The background for the observed shift is not clear; many reasons may be 
indicated. The deviations could be the result of errors introduced by 
extrapolating the heat capacity functions; such as the neglection of 
phase transitions, and/or deviations from the indicated reaction caused 
by nonstoichiometry. Since further observations fall in this respect, 
it is decided to take the foregoing derived mean value as the presently 
best value for the indicated entropy difference. In this way we obtain 
for the entropy of (U02)2P207: 

S" (298.15 K) - 292.0 ± 21.0 J.K"1.mol"1. 

For comparison, the entropy of the pyrophosphate has also been 
estimated. To do so, use is made of the known standard entropies of 
Ca2P207 and Mg2P207; being 189.24 and 154.89 J.K"1.mol"1, respectively 
[в], and of the appropriate estimation parameters of Latimer [l\ for 
the cations. Of these, the value for Mg has not been mentioned in this 
chapter yet; being 31.80 J.K"1.mol"1* 
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Exchange of the uranyl parameter for the Ca or Mg parameters results in 
the mean estimated entropy value for (U02)2P207: 

Se(298.15 K) - 277.0 ± 15.0 J.К"1.mol-1. 

This value is somewhat lower than the mean experimental value, but both 
values agree reasonably within the given uncertainties. Since both 
uncertainties are of about the same magnitude, the mean value of both 
results has been chosen as presently best value, the entropy of 
(U02)2P207 thus being: 

Se(298.15 K) - 284.0 ± 13.0 J.K-1.mol_1. 

Entropy difference of D02(P03)2 and UP2<>7 
In a similar way, the reaction: 

U02(P03)2(s) + UP207(s) + \ 02(g) (3) 

is considered. Table VIII.5. gives the results of calculations in which 
we us3 relevant thermodynamic data given in Tables VIII.1. and 2, and 
the oxygen pressures measured [б]. 

Table VIII.5. Derivation of the entropy difference of S°{U02(P03)2}-
S°(UP207) 

Temperature ?£§55ÜEÊ §2£E2EY._*Ü££2EÊS£? 

К 

1118 
1093 
1052 
963 

p02/atm 

1.00 x 1О+0 

2.14 x Ю - 1 

7.80 x 10"3 

1.96 x 10_,t 

J, .K-^mol"1 

3.47 
- 0.61 
- 7.39 
-15.35 

The values of the entropy difference appear to shift to more positive 
values at higher temperatures. Since no specific cause can be mentioned 
for this phenomena, it is expected that the reason for the observed 
shift is essentially the same as in the case of the reduction of the 
pyrophosphate, thus resulting from the extrapolation of the heat 
capacity functions and/or from nonstoichiometry. If the last value in 
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the table is rejected as an excessive value, than the mean value 
obtained is -1.5 ± 7.8 J-R^mo!-1 for the entropy difference. 
Consequently, the entropy of the pyrophosphate can be derived using the 
estimated entropy of the uranyl metaphosphate, to give for UP20?: 

Se(298.15 K) « 197.1 ± 11.9 J-K-^mol-1. 

VIII.2.3. General remarks on the thermodynamics of the uranyl/uranium 
phosphates 

The main problem in the above given evaluation appears the derivation 
of the standard entropies. Since these entropies appeared not to be 
available, tie have to use the theroochemical interrelations of the 
reduction reactions 3tudied. These reactions are, however, not always 
suitable for such derivations. It was found that the individually 
derived entropy values agreed quite closely in case of the uranyl 
ortho-phosphate. This applies to a lesser extent for the pyro and meta-
phosphates. It must be kept in mind that the selected entropy values 
have been taken as to fit the experimental oxygen pressures at high 
temperatures. Deviation(s) from the applied model, e.g. the reaction, 
stoichiometry, and extrapolation of the с -functions, result in a 
contribution to the apparent standard entropy values. A consequence of 
this is that, in these cases, the derived entropies deviate from the 
standard entropies. These deviations are expected to be within the 
Indicated uncertainties. 

Using the present data, the high-temperature thermodynamic functions 
for uranyl/uranium phosphates have been calculated which are given in 
Tables Bl to В5 of Appendix B. 

VIII.3. THERMOCHEMISTRY OF URANYL/URANIUM ARSENATES* 

VIII.3.1. Overview of the data 

In chapter VI, the thermodynamic data of uranyl arsenates have been 
evaluated. Use has been made from the enthalpies of formations, which 
have been determined by solution calorimetry [9]. The values arp given 
in Table VIII.6, after a recalculation for the revised value for the 
enthalpy of formation of As205.j H20 [lO]. 

* This ëection will be published In Thermochlmica Acta (1986) by 

H. Barten and E.H.P. Cordfunke. 
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Table VIII.6. Enthalpies of formation of uranyl/uranium arsenates 

Compound AH°(s,298.15 K)/kJ.mol-1 

(U02)3(As04)2 -(4710.1 ± 5.7) 
(U02)2As207 -(3446.7 ± 4.8) 
U02(As03)2 -(2177.3 ± 4.6) 
UAs05 -(1678.6 ± 2.7) 

Using the enthalpy content functions of Table VI.7, and the AS^OJQ 
pressures measured, the entropies of these compounds have been derived. 
These are summarized in Table VIII.7 together with the entropies of the 
compounds in the phosphate system. It was found in chapter VI that the 
derived entropy values of the arsenates determined well from the 
arsenic oxide pressures determined at different temperatures. This 
implicates a numerical confirmation of the indicated reactions. In 
Table VIII.7, the entropy of UAs05, 136.4 ± 6.5 J.K~lmol_1, has been 
given as well. Its value is obtained by comparison with the phosphates, 
by making the assumption that the entropy differences of (U02)2X207 and 
2 UX05 are equal for X * P or As. Furthermore, the enthalpy content 
function of UAsO. has recently been obtained using drop calorimetry 
[ll], to give: A - 130.701, В » 32.129 x 10"3, and С =• 10.542 x 10~5, 
thus D being -45360.4 (usual function description, see Table VIII.2) 
The с -function is derived and given in Appendix A. 

Table VIII.7. Standard entropies at 298.15 К of the uranyl/uranium 
phosphates and arsenates 

Compound Entropies / Л.К_1.то1_1 

(U02)3(XO„)2 
(uo2)2x2o7 
uo2(xo3)2 
uxo5 
ux2o7 

X - P 
405.8 ± 20.0 
284.0 ± 13.0 
195.6 ± 9.0 
135.2 ± 10.0 
197.1 ± 11.9 

X * As 
366.6 ± 8.0 
286.5 ± 8.0 
211.3 ± 9.0 
136.4 ± 6.5 
not observed 

As result of these derivations, molar thermodynamic functions of the 
uranyl/uranium arsenates can be calculated, which have been given in 
Tables B6 to B9 of Appendix B. 
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VIII.4. COMPARISON OF THE THERMOCHEMISTRY OF URANYL/URANIUM PHOSPHATES 
AND ARSENATES 

The stabilities of the uranyl/uranium phosphates and arsenates have 
been expressed in various ways in this thesis. The aim of this final 
section is to compare thermochemical stabilities of the uranyl/uranium 
phosphates and arsenates as calculated from the obtained thermodynamic 
data given in Appendix A. These data allow the calculation of 
stabilities in terms of both the pressures of oxygen and phosphorus 
oxide or arsenic oxide (РцО10 or As^O10, respectively). 

Uranyl phosphates 

The Figures VIII.1 and 2 show the stability diagrams of the 
uranyl/uranium phosphates as function of log p02 and log pP4O10, at 900 
and 1100 K. 

-40 -30 -20 -10 0 
log pP4O10/atm 

10 -50 -40 -30 -20 -10 
log pP4O10/atm 

T 
0 

Figures VIII.2 and 3. Calculated stability diagrams of uranyl/uranium 
phosphates at 900 and 1100 K. 
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It should be noted that no (U02)2P207
 i s indicated in both figures! 

This suggests a metastable state for this compound. Furthermore the 
tendency is illustrated in these figures that UP0s becomes relatively 
less stable at increasing temperatures. 
Additional calculations have been performed to find out the effects of 
uncertainties in the thermodynamic data on tudse findings; however, it 
is found that the above given findings do not change even in case of 
relative high uncertainties in the entropy values in some cases. Thus 
the conslusion must be that (U02)2P20y is metastable. 

Uranyl arsenates 

Similarly, the stabilities of the uranyl/uranium arsenates have been 
calculated as function of log p02 and log pAs^O^. As result, Figures 
VIII.3 and 4 have been constructed, which give the stabilities of the 
uranyl/uranium arsenates at 850 and 950 K. 
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Figures VIII.3 and 4. Calculated stability diagrams of uranyl/uranium 
arsenates at 850 and 950 K. 
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These diagrams indicate that the three uranyl arsenates are stable, 
whereas the UAs05 is present at lower oxygen pressures. This appears 
to be the general picture at other temperatures. 
Remarkable differences in the phosphate and arsenate systems are: the 
metastable state of the pyrophosphate, this in contradiction to the 
stable state of the pyro arsenate, and the absence of tetravalent 
uranium arsenates; which is in contradiction to the uranium phosphate 
system. 

Extension of the diagram* of the uranyl/uranium phosphate* and 
arsenates 

The above given diagrams do not depict all known uranium phosphates and 
arsenates. It would be of particular interest to extent the present 
study to the thermochemistry of the lacking compounds, in order to 
complete the description of the thermochemistry of both systems. 
To be of use for possible future studies, it was decided to indicate 
these compounds of assumed stability in two additional diagrams as 
well. The relevant phosphates and arsenates are given in table VIII.7. 

Table VIII.7. Tabulation of the uranium phosphates and arsenates 
containing uranium with a valency lower than six. The 
compounds: (UO)3(P04)2 and и3(РО^)ц [l2] have not been 
included as these have been rejected later [13, 14]. 

Phosphate Arsenate [15] 

U 2O 5P 2O 7 (U 3P 2O 1 2) 
- unknown -
UP05 (- 1/2 U203P207) 
U(P03)4 [12] 
up2o7 

U3Ai >2°i2 (possibly) 
U3As4018 (possibly) 
UAs05 
not 
not 
not 

observed 
observed 
observed (UO)2P20? [12] 

Of these compounds, three phosphates and two arsenates could not be 
taken into account in the previous calculation of the stability 
diagrams; neither thermodynamic data nor useful estimation parameters 
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were available to calculate their theraochemical data. 
If it is however accepted that these compounds exist then, on 
considerations of their formation and decomposition, their possible 
places in the stability diagrams can be indicated. The actual 
proportion of the indicated area has to be found from an additional 
thermochemical study. 
The results of these considerations are projected in previously given 
diagrams to give the hypothetic stability diagrams, Figures VIII.5 and 
6. 
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Figures VIII.5 and 6. Extended stability diagrams of uranyl/uranium 
phosphates and arsenates. Uranium phosphates 
(Fig. 5) and arsenates (Fig. 6) of assumed 
stabilities have been projected (dashed lines) in 
previously given calculated diagrams. 
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It is interesting to notice in Figure VIII.5 that, even at oxygen 
pressures sufficient for the uranyl metaphosphate, still the 
tetravalent uranium metaphosphate is more stable when more phosphorus 
oxide is adsorbed. This finding agrees with the observations of Baskin 
[lb], who prepared the U(P03)4 by solid state reactions in air, 
regardless from the original oxidation state of the uranium oxides and 
an excess of P205(s). 
This phenomenon may be of importance if uranyl phosphates are prepared 
by a solid state reaction, in which one of the components is P205. 
Since local reduction may occur, and generally the reoxidation 
kinetics are poor, then the product may contain an amount of uranium 
with a lower valency. 
The figure also indicates well the observed thermal decompositions 
under inert conditions of и(Р03)ц via UP207 into (U0)2P207 and finally 
into U02 [12, 13, 16]. 

The uranyl/uranium arsenate system is extended by only two compounds of 
which no further experimental data are available. Nevertheless, it 
appears clearly that this system does not contain the series of 
tetravalent uranium arsenates. 
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APPENDICES A and В 



APPENDIX A. Auxiliary thermodynamic data: 02, tha elaaant U, and coapounda of 0 and U. 
Та - malting teaparatura, Tb • boiling taaparatura (contlnuad naxt paga). 

С -impound 

02(g) 

a-U(e) 

B-U(e) 

Y-U(a) 

U02(s) 

u„o9 

U3°8 

Y-U03(s) 

ЛН°298К 

kJ.ao1"1 

0 

0 

— 

-1084.91 

-4510.4 

-3574.81 

-1223.82 

S*298K 
J.lTl.aol-l 

205.039 

50.208 

— 

77.027 

334.13 

282.587 

96.106 

Cp(T) -
a 

29.957 

26.920 

42.928 

38.284 

80.333 

356.268 

282.420 

92.425 

а + И + cT-2 

b 

10-3T-1 

4.184 

- 2.502 

— 

6.778 

35.438 

36.945 

10.627 

+ dT-3 • eT2/J.K-1.Bol"1 T/K 
с d AHtr 

, i 

— and/or 
105T2 e kJ.mol-1 

- 1.674 298-3000 

- 0.770 26.556xl0-6T2 298-942 
о-в-2.79 
kJ.mol"1 
942-1049 
8-Y-4.76 
kJ.mol"1 
1049-1408 

-16.569 — 298-1500 

-66.400 — 298-900 

-49.94 — 298-900 

-12,426 — 298-900 

REFERENCES 

[1.2] 

[3] 

[3] 

[3] 

[•.2] 

[4,5] 

[•.2] 

[6,4,2] 



APPENDIX A; continued. The element P and compound! of 0 and P (continued next page). 

Compound 

white 

red 

P ( D 

P„(g> 

V>6(s> 

Р ц 0 6 ( 8 ) 

P 4 O 1 0 ( s ) 

V>io<8> 

ДН°298К 

k J . e o l " 1 

0 

- 17 .45 

-1640 .13 

-2214 .09 

-3009 .89 

-2904 .03 

S°298K 
J . K - l . » 0 l - l 

41.087 

22 .803 

42.882 

279.868 

345.598 

228.78 

403 .76 

Cp(T) -

а 

19.121 

16.949 

26.326 

81.847 

196.17 

149.754 

326.76 

а + ЬТ + cT" 
b 

1 0 - 3 T - i 

15.816 

14.891 

— 

0.678 

40.72 

324.762 

2 .79 

' 2 + dT"3 + e T 2 / J . IT 1 .mol" 1 T/K 
с d UHtr 

j , 

10 5T 2 e k J . m o l - 1 

— — 298-317 .3 

H a - t - 0 . 6 5 9 m 
— — 298-870 

H e -58 .91 
V 
317 .3 -550 

- 1 3 . 4 4 3 — 298-2000 

- 5 7 . 4 0 - 1 1 . 9 1 x l 0 _ 6 T 2 448-2000 

Tb - 448 
-31 .062 — 298-631 

Tm - 843 
Tb - 631 

- 2 7 4 . 6 +45 .158x l0 8 T" 3 298-2000 

REFERENCES 

[ 5 , 7 , 1 ] 

[ 5 , 7 , 1 ] 

[ 5 , 7 , 1 ] 

[ 5 . 7 , 1 ] 

[8] 

[5] 

[5] 

[5] 

* The a-P has been adopted the reference state for P, although P , is more stable. 



ЛЧ?£(ГС1Х A; continued. The element As and compounds of 0 and As (continued next page). 

Compound 

a-As(s) 

As^Cg) 

As2(g) 

As203(s) 
arsenolit 

As^O^g) 

As205(s) 

Аз„О10(8) 

AH°298K 

кJ.mol-* 

0 

+156.231 

+190.539 

-656.972 
e 

-1196.247 

- 918.4 

-1565.0 

S°298K 
J.K_1.mol-l 

35.706 

328.402 

239.283 

107.403 

409.24 

105.437 

456.9 

CP(T) -
a 

5.504 

82.939 

37.200 

35.020 

213.74 

138.306 

344.33 

a + bT + cT" 
b 

Ю-Зх-1 

1.373 

0.130 

0.151 

203.342 

17.56 

48.171 

-20.37 

•2 + dT-3 + eT2/J.K-1.mol_l T/K 
с d AHtr 

j , 

and/or 
105T2 e kJ.mol-1 

298-876 
Tm-1080 
Tb- 876 

- 5.130 — 298-1200 
H°-153.30 v 

- 2.021 — 298-1200 
H°-221.00 v 
298-548 
Tm- 548 

-40.34 — 298-1000 

-32.130 — 298->865 

-257.56 +45.158xl08T-3 298-1000 
+11.91xlO_6T2 

REFERENCES 

[5] 

[5] 

[5] 

[8] 

[8] 
Cp(T)calc.from [в] 

[9,10,11] 

["] 



_ . ДН°298К Compound f 
kJ.mol"1 J. 

(U02)3(P04)2 -5491.3 

(U02)2P207 -4232.6 

U02(P03)2 -2973.0 

UP05 -2064.3 

ÜP207 -2852.0 

(U02)3(As04)2 -4710.1 

(U02)2As207 -3446.7 

U02(As03)2 -2177.3 

UAs05 -1678.6 

Se298K 

K_l.mol-l 

405.8 

284.0 

195.6 

135.2 

197.1 

366.6 

286.5 

211.3 

136.4 

Cp(T) - a 

a 

326.375 

250.669 

184.304 

110.427 

198.531 

331.151 

307.412 

208.461 

130.701 

+ ЬТ + cT"2 

Ъ 

IO- 3T _ 1 

196.438 

154.299 

121.287 

85.228 

60.724 

211.360 

105.818 

88.910 

64.258 

+ dT~3 + 
с 

105Т2 

-40.840 

-34.003 

-38.540 

-10.379 

-29.011 

-26.818 

-58.513 

-30.346 

-10.542 

eT2/J.K_l.mol" 
d 

and/or 
e 

— 

— 

— 

— 

— 

— 

— 

— 

— 

'l T/K 
UHtr 

kJ.mol-1 

298-771 

298-883 

298-900 

298-726 

298-882 

298-867 

398-868 

298-781 

298-800 

REFERENCES 

[12,13,14] 

[12,13,14] 

[12,13,14] 

[12,13,14] 

[12,13,14,15] 

[16,17,18,14] 

[16,17,18,14] 

[16,17,18,14] 

[19,13,19] 
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APPENDIX В. Thermodynamic functions of uranyl/uranium phosphates 
(Tables Bl to B5) and arsenates (Tables B6 to B9). 

Symbols refer to standard states at indicated temperatures and molar 
values. 

Cp(T) Heat capacity 

S*(T) Entropy 

-GEF {G°(T) - He(298.15 K)}/T - -Se + {нв(Т) - H"(298.15 K)}/T 

HC(T) - H°(298.15 K) Enthalpy content* 

AH'(T) Enthalpy of formation 

AG°(T) Gibbs energy of formation 

Log Kp Logarithm (to the base 10) of the thermodynamic 
equilibrium constant of formation at indicated 
temperatures. 

* In the tables 298 К denotes standard temperature, 298.15 K. 
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Table B l . Thermodynamic func t ions of s o l i d ( U 0 2 ) 3 ( P 0 4 ) 2 -

Cp(T) S"(T) -GEF H'(T)-H*(298 К) ДН*(Т) AG*(T) 

К J . K ^ . m o l " 1 J . K - 1 . m o l - 1 J . K - 1 . m o l _ l k J . m o l - 1 k J . m o l " 1 k J .mol 

о 
Log Kp 

298.15 
300 
317.3 

317.3 
400 
500 
550 

550 
600 
700 
800 
900 
942 

942 
1000 
1049 

1049 
1100 

339.00 
339.93 
348.14 

348.14 
379.43 
408.26 
420.92 

420.92 
432.89 
455.55 
477.14 
498.13 
506.82 

506.82 
518.73 
528.73 

528.73 
539.08 

405.80 
407.90 
427.19 

427.19 
511.51 
599.39 
638.90 

638.90 
676.04 
744.49 
806.74 
864.15 
887.07 

887.07 
917.71 
942.76 

942.76 
968.10 

405.80 
405.80 
406.45 

406.45 
419.66 
447.05 
462.70 

462.70 
478.96 
512.08 
545.08 
577.37 
590.68 

590.68 
608.77 
623.79 

623.79 
639.17 

0.00 
0.63 
6.58 

6.58 
36.74 
76.17 
96.91 

96.91 
118.25 
162.69 
209.33 
258.10 
279.20 

279.20 
308.94 
334.60 

334.60 
361.83 

-5491.30 -5114.95 896.106 
-5491.29 -5112.62 890.174 
-5491.19 -5090.79 838.046 

-5492.51 -5090.79 838.046 
-5491.31 -4986.19 651.122 
-5488.09 -4860.25 507.741 
-5485.93 -4797.57 455.629 

-5510.21 -4797.57 455.629 
-5507.07 -4732.92 412.032 
-5500.09 -4604.44 343.583 
-5492.37 -4477.01 292.315 
-5484.09 -4350.58 252.498 
-5480.50 -4297.76 238.311 

-5488.87 -4297.76 238.311 
-5481.82 -4224.64 220.669 
-5475.37 -4163.19 207.302 

-5489.65 -4163 .19 207.302 

-5477.77 -4098 .98 194.642 
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Table B2. Theraodynaaic functions of solid (UO2)2
p207' 

T Cp(T) S*(T) -GEF H,(T)-H°(298 K) AH*(T) AG*(T) 

К Л.К^.во! - 1 J . K ^ . a o l - 1 J .K-^aol" 1 U .ao l" 1 kJ .ao l - 1 U . a o l 
Log 

298.15 258.42 
300 259.18 
317.3 265.85 

284.00 284.00 0.00 -4232.60 -3926.61 687.< 

285.60 284.00 0.48 -4232.61 -3924.71 683.: 
300.32 284.50 5.02 -4232.67 -3906.95 643. 

317.3 265.85 
400 291.14 
500 314.22 
550 324.29 

300.32 284.50 5.02 -4233.99 -3906.95 643. 
364.88 294.61 28.11 -4233.75 -3821.71 499.1 
432.42 315.58 58.42 -4231.94 -3718.88 388.! 
462.84 327.59 74.39 -4230.55 -3667.64 348.: 

550 324.29 462.84 327.59 74.39 -4254.84 -3667.64 348.: 
600 333.80 491.47 340.07 90.84 -4252.51 -3614.36 314.< 
700 351.74 544.29 365.53 125.13 -4247.22 -3508.41 261.: 
800 368.80 592.38 390.93 161.16 -4241.21 -3403.27 222.: 
900 385.34 636.78 415.81 198.87 -4234.64 -3298.92 191.' 
942 392.19 654.51 426.06 215.20 -4231.73 -3255.31 180.! 

942 392.19 654.51 426.06 215.20 -4237.31 -3255.31 180.1 
1000 401.57 678.22 440.00 238.22 -4232.43 -3194.99 166.1 
1049 409.44 697.62 451.59 258.09 -4227.95 -3144.27 156.: 

1049 409.44 697.62 451.59 258.09 -4237.47 -3144.27 156.1 
1100 417.59 717.24 463.44 279.18 -4232.00 -3091.25 146. 
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Table 13. Theraodynaaic functions of sol id U02(P03)2 

T Cg(T) S'(T) -CBF H*(T)-H*(298 K) AH*(T) AC*(T) 

К J . K - l . s » l ~ l J . K - 1 . ! » ! - 1 J . K - l . e o l _ 1 kJ.aol -1 k J . a o l - 1 kJ.aol 

о 
Log Kp 

298.15 
300 
317.3 

317.3 
400 
500 
550 

550 
600 
700 
800 
900 
942 

942 
1000 
1049 

1049 
1100 

177.11 
177.87 
184.51 

184.51 
208.73 
229.53 
238.27 

238.27 
246.37 
261.34 
275.31 
288.70 
294.21 

294.21 
301.74 
308.03 

308.03 
314.53 

195.60 
196.70 
206.86 

206.86 
252.48 
301.40 
323.69 

323.69 
344.76 
383.89 
419.71 
452.92 
466.21 

466.21 
484.01 
498.60 

498.60 
513.37 

195.60 
195.60 
195.96 

195.96 
203.01 
217.90 
226.51 

226.51 
235.48 
253.93 
272.45 
290.69 
298.22 

298.22 
308.48 
317.03 

317.03 
325.78 

0.00 
0.33 
3.46 

3.46 
19.79 
41.75 
53.45 

53.45 
65.57 
90.97 
117.81 
146.01 
158.25 

158.25 
175.53 
190.47 

190.47 
206.35 

-2973.00 -2747.32 481.313 
-2973.03 -2745.92 478.101 
-2973.25 -2732.82 449.877 

-2974.57 -2732.82 449.877 
-2974.95 -2669.73 348.527 
-2973.74 -2593.54 270.642 
-2972.61 -2555.57 242.705 

-2996.89 -2555.57 242.705 
-2994.80 -2515.54 218.994 
-2989.90 -2436.04 181.777 
-2984.17 -2357.29 153.914 
-2977.69 -2279.32 132.286 
-2974.77 -2246.79 124.585 

-2977.56 -2246.79 124.585 
-2972.97 -2201.93 115.016 
-2968.80 -2164.25 107.767 

-2973.56 -2164.25 107.767 
-2968.71 -2125.01 100.907 
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Table B4. Thermodynamic funct ions of s o l i d UP05. 

,o. T Cp(T) S*(T) -CEF H"(T)-H*(298 К) АН*(Т) ЛС*(Т) 
_ I 

К J . f t - 1 . m o l - 1 J . K ^ . m o l - 1 J . K - 1 . m o l - 1 kJ.mol"1 k J . e o l - 1 k J . a o l 

-2064.30 -1924.56 3 

-2064.30 -1923.69 3 

-2064.30 -1915 .58 3 

-2064.96 -1915 .58 3 

-2064.77 -1876.66 2 

-2063.87 -1829 .73 1 

-2063.19 -1806.35 1 

-2077.31 -1806.35 1 

-2076.49 -1781.74 1 

-2074.49 -1732.77 1 

-2072.06 -1684.11 1 

-2069.26 -1635.79 

-2067.99 -1615 .59 

-2070.78 -1615.59 

-2068.21 -1587 .63 

-2065.84 -1564.14 

-2070.60 -1564.14 

-2067.71 -1539 .58 

298.15 
300 
317.3 

317.3 
400 
500 
550 

550 
600 
700 
800 
900 
942 

942 
1000 
1049 

1049 
1100 

124.16 
124.46 
127.16 

127.16 
138.02 
148.89 
153.87 

153.87 
158.68 
167.97 
176.99 
185.85 
189.54 

189.54 
194.62 
198.89 

198.89 
203.32 

135.20 
135.97 
143.02 

143.02 
173.74 
205.73 
220.16 

220.16 
233.75 
258.92 
281.94 
303.30 
311.86 

311.86 
323.33 
332.74 

332.74 
342.29 

135.20 
135.20 
135.42 

135.42 
140.27 
150.23 
155.94 

155.94 
161.87 
173.96 
186.04 
197.90 
202.78 

202.78 
209.44 
214.98 

214.98 
220.67 

0.00 
0.23 
2.41 

2.41 
13.39 
27.75 
35.32 

35.32 
43.13 
59.47 
76.72 
94.86 
102.75 

102.75 
113.89 
123.53 

123.53 
133.78 
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Tabic B5. Thermodynamic functions of solid UP207. 

Cp(T) S'(T) -GEF He(T)-H*(298 K) AH"(T) AG*(T) 

К J.K~l.mol-1 J.K-^mol-1 J.*-1.™!-1 kJ.mol -I kJ.mol-1 kJ.mol 

о 
Log Kp 

298.15 
300 
317.3 

317.3 
400 
500 
550 

550 
600 
700 
800 
900 
942 

942 
1000 
1049 

1049 
1100 

184.00 
184.51 
188.98 

188.98 
204.69 
217.29 
222.34 

222.34 
226.91 
235.12 
242.58 
249.60 
252.46 

252.46 
256.35 
259.59 

259.59 
262.93 

197.10 
198.24 
208.71 

208.71 
254.37 
301.48 
322.44 

322.44 
341.98 
377.59 
409.48 
438.46 
449.91 

449.91 
465.11 
477.45 

477.45 
489.85 

197.10 
197.11 
197.46 

197.46 
204.62 
219.40 
227.84 

227.84 
236.55 
254.20 
271.66 
288.60 
295.54 

295.54 
304.94 
312.71 

312.71 
320.63 

0.00 
0.34 
3.57 

3.57 
19.90 
41.04 
52.03 

52.03 
63.26 
86.37 
110.26 
134.87 
145.42 

145.42 
160.17 
172.81 

172.81 
186.14 

-2852.00 -2657.33 465.547 
-2851.99 -2656.12 462.&66 
-2851.86 -2644.83 435.392 

-2853.18 -2644.83 435.392 
-2852.31 -2590.62 338.296 
-2850.37 -2525.41 263.824 
-2849.17 -2492.97 236.759 

-2873.44 -2492.97 236.759 
-2871.44 -2458.47 214.026 
-2867.22 -2389.98 178.340 
-2862.79 -2322.10 151.616 
-2858.25 -2254.79 130.863 
-2856.32 -2226.67 123.469 

-2859.11 -2226.67 123.469 
-2856.06 -2187.82 114.279 
-2853.36 -2155.14 107.313 

-2858.12 -2155.14 107.313 
-2854.95 -2121.03 100.718 
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Table B6. Theraodyaaalc functions of sol id (U02)3(As0^)2» 

T Cg(T) S'(T) -CEP H*(T)-H'(298 К) AH*(T) aG*(T) 

Ж. J .K _ 1 .no l - 1 J . K - l . e o l _ l J . K _ l . s » l _ I kJ.s»!"1 k J . e o l - 1 kJ.aol 

298.15 
300 
400 
500 
600 
700 
800 
876 

876 
900 
942 

942 
1000 

364.00 
364.76 
398.93 
426.10 
450.52 
472.52 
496.05 
512.81 

512.81 
518.06 
527.23 

527.23 
539.83 

366.60 
368.85 
478.74 
570.75 
650.62 
721.82 
786.53 
832.30 

832.30 
846.23 
870.07 

870.07 
901.94 

366.60 
366.62 
381.37 
410.27 
443.82 
478.53 
513.04 
538.78 

538.78 
546.80 
560.68 

560.68 
579.55 

0.00 
0.67 
38.95 
80.24 
124.08 
170.30 
218.79 
257.12 

257.12 
269.49 
291.45 

291.45 
322.39 

-4710.10 -4325.28 7 
-4709.98 -4322.89 7 
-4702.52 -4194.93 5 
-4693.41 -4069.05 4 
-4683.00 -3945.14 3 
-4671.57 -3823.06 2 
-4659.30 -3702.67 1 
-4649.54 -3612.23 1 

-4742.32 -3612.23 2 
-4739.84 -3581.31 2 
-4735.43 -3527.34 1 

-4743.80 -3527.34 1 

-4736.46 -3452.66 1 
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Tabic B7. Theraodynaaic functions of solid (UO^JASJO-;. 

T 

К J 

298 . 

300 

400 

500 

600 

700 

800 

876 

876 

900 

942 

942 

1000 

Cp(T) 

. K - l . a o l - 1 

15 273.14 

274.14 

313.17 

336.92 

354.65 
369.54 

382.92 

392.48 

392.48 

395.42 

400.50 

400.50 

407.38 

S # (T) 

J . K - ^ a o l " 1 

286.50 

288.19 

300.12 

445 .59 

508.64 

564.45 

614.68 

649.87 

649.87 

660.51 

678.67 

678.67 

702.80 

-GEF 

J . I T l . e o l ~ 

286.50 

286.49 

224.92 

320.29 

346.54 

373.75 

400.78 

420.89 

420.89 

427.12 

437.95 

437.95 

452.61 

H*(T)-H"(298 K) AH"(T) 

1 k J . a o l - 1 

0 .00 

0 .51 

30.08 

62 .65 

97 .26 

133.49 

171.12 

200.59 

200.59 

210.05 

226.76 

226.76 

250.19 

k J . a o l " 

-3446 .70 

-3446.60 

-3439 .50 

-3430 .38 

-3420.14 

-3409.24 

-3397.94 

-3389.22 

-3481.99 

-3479 .90 

-3476.22 

-3481.80 

-3475.97 

AGj(T) 

1 kJ .aol 

-3144.66 

-3142.79 

-3042.51 

-2944.29 

-2848.02 

-2753.52 

-2660.62 

-2590.97 

-2590.97 

-2566.59 

-2524.06 

-2524.06 

-2465.27 

о 
Log Kp 

550.924 

547.201 

397.306 

307.584 

247.939 

205.468 

173.718 

154.494 

154.494 

148.959 

139.959 

139.959 

128.771 
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Table B8. Thermodynamic functions of solid U02(As03)2. 

T C?(T) S#(T) -CEF Й*(Т)-Н*(298 К) АН*(Т) AG*(T) 

К J.K_ 1 .Bol~ l J .K - 1 . eo l~ l J.K^.mol"1 kJ.mol -1 kJ.mol"1 kJ.aol 
Log 

298. 
300 
400 
500 
600 
700 
800 
876 

876 
900 
942 

942 
988 

15 200.83 
201.42 
225.06 
240.78 
253.38 
264.50 
274.85 
282.39 

282.39 
284.73 
288.79 

288.79 
293.20 

211.30 
212.54 
274.03 
326.02 
371.07 
410.97 
446.98 
472.26 

472.26 
479.92 
493.00 

493.00 
506.87 

211.30 
211.31 
219.53 
235.76 
254.64 
274.17 
293.57 
307.98 

307.98 
312.46 
320.23 

320.23 
328.59 

0.00 
0.37 
21.80 
45.13 
69.86 
95.76 
122.73 
143.91 

143.91 
150.71 
162.76 

162.76 
176.14 

-2177.30 -1959.51 343. 
-2177.22 -1958.16 340. 
-2171.86 -1885.90 246. 
-2165.24 -1815.15 189. 
-2157.78 -1745.83 151. 
-2149.71 -1677.80 125. 
-2141.14 -1610.96 105. 
-2134.38 -1560.91 93. 

-2227.15 -1560.91 93.i 
-2225.64 -1542.68 89. 
-2222.95 -1510.87 83. 

-2225.74 -1510.87 83. 
-2222.45 -1476.04 78. 
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Table B9. Thermodynamic functions of solid UAs05. 

T 

К J 

298. 
300 
400 
500 
600 
700 
800 
876 

876 
900 
942 

942 
1000 

Cp(T) 

.K-1.mol_1 

15 138.00 
138.27 
149.82 
158.61 
166.33 
173.53 
180.46 
185.62 

185.62 
187.23 
190.04 

190.04 
193.90 

Se(T) 

J.K_1.mol-1 

136.40 
137.25 
178.72 
213.12 
242.73 
268.92 
292.55 
309.15 

390.15 
314.19 
322.80 

322.80 
334.27 

-GEF 

J.K-1.mol" 

136.40 
136.38 
141.97 
152.86 
165.43 
178.38 
191.20 
200.71 

200.71 
203.67 
208.80 

208.80 
215.75 

H°(T)-H°(298 K) AH°(T) 

' l kJ.mol"1 

0.00 
0.26 
14.70 
30.13 
46.38 
63.38 
81.08 
94.99 

94.99 
99.47 
107.39 

107.39 
118.52 

kJ.mol 

-1678.60 
-1678.54 
-1675.07 
-1671.08 
-1666.72 
-1662.06 
-1657.20 
-1653.41 

-1661.16 
-1660.28 
-1658.72 

-1661.51 
-1658.96 

AGj(T) 

1 kJ.mol 

-1540.82 
-1539.97 
-1494.28 
-1449.53 
-1405.63 
-1362.48 
-1320.01 
-1288.15 

-1288.15 
-1277.94 
-1260.14 

-1260.14 
-1235.50 

о 
Log Kp 

269.942 
268.129 
195.130 
151.429 
122.369 
101.668 
86.187 
76.809 

76.809 
74.168 
69.875 

69.875 
64.353 
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SUMMARY AND SAMENVATTING 
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SUMMARY 

In this thesis, the results are described of a study of the 
thermochemical stability of anhydrous uranyl phosphates and arsenates* 
This study is initiated in order to extend the general knowledge of the 
thermochemical stabilities of urnayl compounds* This new knowledge on 
the uranium chemistry might be of particular use for nuclear 
technology. A number of aspects of chemical technological importance 
are indicated in detail in Chapter I. 
The Chapters II and III contain the results of studies of the formation 
of anhydrous uranyl phosphates and arsenates from hydrated compounds, 
some of which are known already from mineralogy. Virtually, all the 
synthesized anhydrous compounds, i.e. uranyl ortho, pyro and meta 
phosphates or arsenates were very hygroscopic, so that experiments on 
these compounds had to be carried out under moisture-free conditions. 
Further characterisation of these compounds followed, including a study 
of their thermal stabilities and phase relations. 
These experiments showed among other things that the uranyl phosphates 
reduced reversibly at temperatures of the order of 1100 to 1600°C. This 
makes it possible to express their relative stabilities quantitatively, 
in terms of the oxygen pressures of the reduction reactions. In Chapter 
IV, the results are given of the measurements of oxygen pressures, for 
which a new static non-isothermal method was used. 
The thermal decomposition of uranyl arsenates did not occur by 
reduction, as for the phosphates, but by giving off arsenic oxide 
vapour. Little was known about arsenic oxide vapour. Until this study, 
it was supposed that the gas phase of As205 consisted of only 02 and 
As406 molecules. In chapter V, the results are given of a study on 
As205, which was used as a model substance and a reference compound in 
this investigation. A qualitative study using mass spectrometry 
demonstrated that the vapour contained gas molecules of Авц06 through 
to АвцО10. The oxygen pressure of As20& was measured as well. It 
appeared that this pressure only builds up slowly, so that the 
transportation method could be used to measure the Ав4О10 vapour 
pressures of uranyl arsenates, of which the results are given in 
Chapter VI. This chapter also gives the results of measurements of 
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enthalpies of solution which led to the determination of the enthalpies 

of formation of uranyl arsenates. Because the high-temperature heat 

capacity functions came available, the standard entropies of the uranyl 

arsenates could be derived. The thermochemical functions at 

high-temperatures could consequently be calculated. 

In Chapter VII attention is focussed on the possible formation of 

uranium arsenates, whose uranium has a valency lower than six. Several 

phosphates of this kind are known, but similar compounds of the 

arsenates were not encountered during this study so far. They are not 

reported in literature, either. To study this further, selected 

synthesis experiments were carried out by using solid-state reactions. 

It was marked that it was not possible to prepare arsenates of 

tetravalent uranium. However, three new compounds were observed, one of 

these, UAs05, was studied in some detail. In Chapter VII also some 

uranium phosphates have been further characterized by deriving unit 

cell dimensions from X-ray diffraction recordings of the powders. These 

indicate structural relationships between UP05 and UAsO^. 

In Chapter VIII, the entropies of uranyl phosphates are derived after 

the enthalpies of formation and the high-temeprature heat capacity 

functions came available. Finally, the stabilities of the systems under 

study are compared on the basis of diagrams calculated with the use of 

the thermochemical data obtained. 
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SAMENVATTING 

In dit proefschrift zijn de resultaten beschreven van een onderzoek 
naar de thermochemische stabiliteit van watervrije uranylfosfaten en 
-arsenaten. Het belang van dit onderzoek ligt vooralsnog in een uit
breiding van de algemene kennis van de thermochemische stabilititeit 
van uranylverbindingen. Ook kan deze uitbreiding van de kennis van de 
uraanchemie van belang zijn voor de kernenergie technologie. Gebieden 
van chemisch-technologisch belang worden in hoofdstuk I nader aange
duid. 
De hoofdstukken II en III vermelden de resultaten van studies met be
trekking tot de vorming van watervrije uranylfosfaten en -arsenaten 
vanuit, sommige reeds uit de mineralogie bekende, gehydrateerde verbin
dingen. De gesynthetiseerde anhydrische verbindingen; uranyl ortho, 
pyro, en meta fosfaten of -arsenaten, bleken vrijwel alle zeer hygro-
scopisch, zodat hun verdere behandeling onder uitsluiting van vocht 
moest plaatsvinden. Nadere karakterisering van deze verbindingen volg
de, terwijl tevens hun thermische stabiliteit en fasenrelaties onder
zocht werden. 
Boven omschreven experimenten tonen onder meer aan dat de uranylfosfa
ten bij temperaturen van ca. 1100 tot 1600°С reversibel reduceren, 
hetgeen de mogelijkheid gaf om hun relatieve stabiliteiten kwantitatief 
uit te drukken via de bij de reduktiereactle behorende zuurstofdrukken. 
In hoofdstuk IV zijn de resultaten gegeven van zuurstofdrukmetingen 
welke werden uitgevoerd met behulp van een nieuwe statische, niet-
isotherme methode. 
De thermische ontleding van uranylarsenaten bleek niet plaats te vinden 
via reduktie, zoals bij de fosfaten, maar door het verliezen van ar
seenoxide damp. Van arseenoxide damp was echter weinig bekend; tot voor 
dit onderzoek werd verondersteld dat de gasfase boven As205 alleen uit 
0- en Авц06 moleculen was opgebouwd. In hoofdstuk V zijn de resultaten 
gegeven van een studie aan As205, dat in dit onderzoek als modelstof en 
referentie fungeert. Met behulp van massaspectrometrie blijkt kwali
tatief dat de damp onder meer is opgebouwd uit gasmoleculen van Авц06 

tot en met Авц010. De zuurstofdruk van As205 werd eveneens gemeten. 
Het bleek daarbij dat deze druk slechts langzaam werd opgebouwd, zodat 
de overstroommethode gebruikt kon worden om de A84O10 dampspanning te 
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•eten. Het dezelfde methode werden daarna de As4O10 dampspanningen 

gemeten van uranylareenaten. De resultaten van deze metingen zijn gege

ven in hoofdstuk VI. In dit hoofdstuk staan tevens de resultaten van 

metingen van oploswarmten, welke leiden tot de bepaling de vormingsen-

thalpieën van uranylarsenaten. Doordat de hoge-temperatuurfuncties van 

de soortelijke warmten beschikbaar kwamen, konden de standaard entro-

pieën van de uranylarsenaten afgeleid worden. Dit had tot gevolg dat 

de thermochemische functies bij hoge temperatuur berekend konden wor

den. 

In hoofdstuk VII wordt onder meer aandacht gegeven aan de mogelijke 

vorming van uranium arsenaten, waarin het uraan aanwezig is met een 

lagere waardigheid dan zes. Van dit type verbinding zijn bij de fosfa

ten verschillende verbindingen bekend. Bij de arsenaten werden echter 

dergelijke verbindingen tot dusver niet tijdens dit onderzoek ontmoet. 

Ook in de literatuur worden ze niet vermeld. Om dit nader te onderzoek

en werden gerichte synthese experimenten uitgevoerd via vaste-stof 

reacties. Opvallend was de onmogelijkheid om arsenaten met vierwaardig 

uraan te bereiden. Wel werden drie nieuwe verbindingen waargenomen, 

waarvan er één, het UAs05 nader werd onderzocht. In hoofdstuk VII wordt 

tevens aandacht besteed aan de karakterisering van enige uraniumverbin

dingen door de dimensies van de eenheidscellen af te leiden uit ró'nt-

gendiffractie-opnamen van de poeders. Daaruit bleek onder meer een 

structurele verwantschap tussen UAs05 en UP05. 

In hoofdstuk VIII volgt de afleiding van de entropieè'n van uranyl fos

faten, nadat de vormingsenthalpieën en de temperatuursafhankelijke 

functies van de soortelijke warmten bij hoge-temperaturen beschikbaar 

kwamen. Tot besluit worden de stabilltelten van de onderzochte systemen 

vergeleken aan de hand van diagrammen welke berekend werden gebruik

makend van de verkregen thermochemische gegevens. 


