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Abstract — Solid solutions HR_,As,UQq-4H,0 were prepared and studied by X-ray diffraction, IR spec-
troscopy, and calorimetry. The enthalpy and Gibbs energy of mixing were determined. In calculation of the
thermodynamic properties, these solid solutions can be considered as regular solutions.

The compounds HPUO4H,O and HAsUQ- relative intensity is proportional to the content of the
4H,0 are well known as natural minerals: hydrogencorresponding element B In samples withx 0.44
forms of metaautunite and uranospinite. Their strucand 0.19, the arsenate stretching band is split, and in
ture and physicochemical properties were studied isamples withx 0.72 and 0.90 is split the phosphate
detail in [1-5]. In the nature, they often form isomor- stretching band. The band splitting suggests a lower
phous mixtures which are also of interest for uraniunsymmetry of the corresponding groups in the solid
chemistry. In this work we studied conditions of solutions as compared to the individual compounds
formation, structure, and thermodynamics of solidand strain of chemical bonds in the mixed structures.

solutions HR_xASUOq-4H,0. To quantitatively evaluate the energy effects of

We prepared samples of KBAsUO4-4H,O  mutual substitution of phosphorus and arsenic in the
with x = 0.00, 0.19, 0.44, 0.72, 0.90, and 1.00, asystems under consideration, we determined experi-
determined by elemental analysis. mentally the enthalpies of mixing.

X-ray diffraction study showed that each of the For this purpose, we measured the enthalpies of
samples is crystalline and single-phase. Both the indi€action of the solid solutions and individual com-
vidual compounds and the solid solutions are fullpounds with an HF solution. For the phase wih
X-ray ana|ogs, which allowed us to index the X-rayo.oo, 0.19, 0.44, 0.72, 0.90, and 1.00, the enthalpy of
diffraction patterns and calculate the unit cell param-
eters. The composition dependences of the unit cell ¢ A

parameters follow the Vegard rule without noticeable 17.60
deviations (Fig. 1), which confirms the fact that spe-
cifically solid solutions, rather than mechanical mix- 17.56

tures, are formed in the system.
17.52

The IR spectra show that the solid solutions |
HP; _,As,UOg-4H,0 and the individual compounds T
HP(As)UQ;-4H,0 are fully similar in functional

composition (Fig. 2). Stretching vibrations of aA7.14

water in all the spectra give rise to a broad band at 7.10

3400 cn1t, which suggests formation of a network of

hydrogen bonds. In the range 16a®00 cm?, the 7.06

hydrogen derivatives show two absorption maxima: at

1730 and 1645 cml, due to bending vibrations of 7.02

the hydroxonium ion and molecular water, respec- 6.58 , , , \ |
tively. PP0 02 04 06 08 19

The IR spectra of the solid solutions contain bands
due to stretching vibrations/; of the phosphate Fig. 1. Unit cell parameters (space grols/ncd of
(1000 cn1t) and arsenate (800 ¢h) tetrahedra; their solid solutions HR_,As,UOg-4H,0 vs. composition.
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To determine the activity coefficients of the solid
1 solution components and the Gibbs energy of mixing,
we studied the solutiefprecipitate equilibrium at-
tained in the course of coprecipitation of hydrogen
uranophosphate and hydrogen uranoarsenate. This

2 process can be represented as a sum of half-reactions
(1) and (2):
H3PO, + UO,(NO3), + 4H,0 = HPUQ-4H,0
+ 2HNO;, (1)
HzAsO, + UO,NOy), + 4H,0 = HASUQ,-4H,0
+ 2HNO;. 2)

Their difference from the reactions of formation of
the individual compounds is that the species in the
right side are components of the solid solution and
not individual compounds. From the thermodynamic
viewpoint, this means that the activities of the solid
phases in the right side of Egs. (1) and (2) differ from
unity. By subtracting Eqg. (1) from (2), we obtain

el

2000 1600 1200 800 400 HPUG;-4H,0 + H3AsO, = HAsUG;-4H,0
v, cnrt + HiPO,. ()
Fig. 2. IR spectra of solid solutions HP,As,UOq-

4H,0. x: (1) 1.00, @) 0.90, @) 0.72, @) 0.44, ©) 0.19,
and @) 0.00.

The equilibrium constari, of Eq. (3) is given by

S 1 S 1 S 1
K. = 2Has 8P _ Mas G THAs Thp
2= = :

this reaction is-10.67+0.02,-20.87+0.06, -33.71+ a.lqu p 0.14As e Y|1.|As Yo
0.11, -47.60t0.19, -56.27+0.15, and -60.98t

0.26 kJ mot!, respectively. The enthalpy of mixing Wherea!, c!, v (@5 %, v are the activity, concentra-
was calculated as the difference between the enthalpyon, and acﬁvity coefficient of componeritin the
of solution in aqueous HF of a mechanical mixture ofiquid (solid) phase, respectivelynyr = 1 — X,
the individual compounds and that of the solid SOIU'nSHAS = x, and K, is the distribution factor.

tion of the same composition. The enthalpies of solu- : . S
tion of the mechanical mixtures were calculated by the "€ thermodynamic analysis of equilibria similar
additive scheme from the enthalpies of solution of thd® réaction (3) was made in [6] for aluminosilicates.
individual components. For the solid solutions withBecause in our system the concentration of HNO
x 0.19, 0.44, 0.72, and 0.90, the enthalpies of mixind€Mains constant (1 M) and the concentration of ura-

are 650:270. 910:280. 720:320. and 328 yl ions and total concentration of phosphate and
300 J mott r’espectively.’ ’ arsenate ions vary within a narrow range from 0.205

to 0.302 M, the ratioy},p/yhias in this range can be
The measured enthalpies of mixing have smalhssumed to be constant. Then the conclusions made

positive values, which suggests that the strains df [6] can be applied to equilibrium (3); as a result, we

chemical bonds arising in the solid solution owing togbhtain the relations

replacement of phosphorus by arsenic, though being

= KKy,

manifested in the IR spectra, are insignificant from ;

the energy viewpoint. This may be due to the com- Inv3p = RTfXd'” Ke, “)
pensating effect of water of crystallization, as each of 0

the oxygen atoms of the orthophosphate (or orthoarse- 1

nate) groups has a neighboring® molecule [3, 4]. IN Y pe= —RTf(l —x)din Ke. ®)
These molecules make the effect of the force field of 0

interlayer H cations more balanced and relieve in

part the strain of chemical bonds. Equations (4) and (5) can be used to calculate the
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activity coefficients of the components of the solidTable 1. Activity coefficients of components of solid
solutions. For this purpose, we determined by chemsolutions HR_,As,UOg-4H,0 and partial excess Gibbs

ical analysis the distribution factois.. For the solid

solutions withx 0.19, 0.44, 0.72, and 0.90 they areT 298.15 K

energies of mixing of the components (J Ml at

0.241, 0.517, 0.993, and 1.323, respectively (Fig. 3)-

According to [6], if the partial excess Gibbs ener- HPUG-4H;0 HASUGg - 4H;0
gies of mixing of solid solution components are repre- In AE. sl In AE Gs
sented in the form of power series (Margules series) L R i Mk T PmixCHP
restricted to thed terms (which is usually syﬁluent), 019 0064|1066 158.6l0.873 |2.394| 2163
then the composition dependence oK|nwill be a 0441030111351 746.1 10346 |1413] 8578
quadratic function. On this basis, we calculated theo'72 0.675/1.964| 1673 006671069 165.1
coefficientsa, b, and c for the dependence K, = 0.90 |0.904|2.470| 2241 |0.009121 009 22 60
axX + bx + ¢, expressed throughK_, and substituted - ' ! I '

the resulting expression in Egs. (4) and (5). The val-
ues of Iny and y are listed in Table 1.

formation of solid solutions HP ,AS,UO4-4H,0 is

It is seen that, when the content of a componeness than the entropy constituenTA(,,S), which

in the solid solution is less tharb0 mol %, its activ-

leads to negative,;,G and makes formation of solid

ity coefficient significantly differs from unity, which solutions under standard conditions ht298.15 K
should be taken into account when calculating théhermodynamically feasible over the entire rangex of
chemical equilibria involving hydrogen uranophos-from O to 1. The feasibility of formation of solid solu-

phates and uranoarsenates.

tions, in turn, may be due to the fact that hydrogen

The partial and integral excess Gibbs functions off2nophosphate and uranoarsenate are isostructural
mixing of the components (Table 2) were calculatec@nd the crystallochemical properties of phosphorus

by the formulas
ARG = RTiny,
ARG = XPpARiGiip + XSHASAEixGSHAs-

and arsenic are similar.

It should be noted in conclusion that the hydrogen
forms can be converted by ion exchange into various
metal derivatives §(P,As)UQy],-nH,O. Since the

From these quantities and the enthalpies of mixinghydrogen form acts as an ion-exchange matrix, the

we calculated the excess entropies of mixing, which
are also listed in Table 2. It should be noted that the
value of TAE. S= AE. G — A H is within the error

of determination of the enthalpy of mixing; therefore,
in the subsequent calculations of the entropy of mix-
ing of the solid solutions under consideration the
excess entropy was neglected. Thus, the solid solu-
tions HR _,As,UOg4-4H,O were considered as regu-
lar solutions [6], and the entropy of migdng was cal-
culated as the configuration entropg[,S), and the
Gibbs energy of mixing, by the relation;,G =

conf,

AnixH = TALKS (Table 2).

These data show that the enthalgy, {H) constit-
uent of the Gibbs energy of mixing of components at

In K¢
0.5
0

-0.5
-1.0
-1.5
-2.0

-2.5

Fig. 3. Logarithm of the distribution factor (IK;) as a
function of the composition of the solid solutions
HP; _,As,UOg- 4H,0.

Table 2. Thermodynamic functions of mixing of the components in solid solutiong_E#Rs,UQg - 4H,0 atT 298.15 K

X Amiva AEiXGv TAEixS' AEixS' Ar(’:nci’)?fsl _AmixG'
J mof? J mof? J mof? J mort K1 J mort K1 J mof?
0.19 650+270 540 110 0.442 4.042 555
0.44 910+280 795 115 0.386 5.703 790
0.72 720+320 588 132 0.443 4,930 750
0.90 320+300 244 76 0.255 2.703 486
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composition and structure of its anionic part do nothe solution was taken and analyzed as described
change on hydrogen replacement3}; therefore, the above.

distribution of phosphate and arsenate groups can be
assumed to be the same as in the hydrogen for
and the entropy of mixing of the solid solutions
A"(Pl_XAsXUO6)k-nH20 can also be calculated in
the regular solution approximation.

The enthalpies of reaction of the individual com-
bunds and solid solutions with aqueous HF (10.7 M)
at 298.15 K were determined in an adiabatic calorim-
eter designed bys.M. Skuratov; thedevice and pro-
cedure are described in [8]. The random and fixed
errors were evaluated in a series of experiments on
EXPERIMENTAL determination of the enthalpy of solution of KCI
(ultrapure grade) in double-distilled water. The total

The powder X-ray diffraction patterns were e &rror of the enthalpy did not exceed 120%.

corded with a DRON-3.0 diffractometer (&y radi-
ation). The unit cell parameters were refined by the

least-squares method. The IR absorption spectra were ACKNOWLEDGMENTS
taken with a Specord IR-75 spectrophotometer in the
400-4000 cm? range from mulls in mineral oil (KBr
cell).
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