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Abstract —The solubility of uranovanadates of the seri¢®&/l8Og-nH,0 (A' = H, Na, K, Rb, Cs, Tl) in

water and aqueous solutions of acids under various conditions were determined. On this basis standard Gibbs
functions of formation were calculated, which made it possible to consider the state of these compounds under
conditions not covered by the experiment.

Earlier we determined by calorimetry the thermo-intermittent stirring and within 710 days at constant
dynamic functions of alkali metal uranovanadates andtirring. However, in the latter case experimental
made an attempt to estimate on this basis the solubdhfficulties arose, because the solution contained
lity of these compounds in water {3]. Similar colloid particles. Therefore, intermittent stirring was
studies with potassium uranovanadate have been pepplied.
formed in [6-8]. The interest in such compounds is )
explained by the fact that many of them are minerals, Table 1 shows that in the pH range7lthe solub
and can form in the environment from uranium-!lity of uranovanadates generally decreases with in-
containing radioactive wastes. In the present comfréasing pH. In acidic media, the solubility is near
munication we determined experimentally the solubi=10~ m (hereinafter, m is molal concentration), and
lity of compounds AVUOB-nHZO (A" = H, Na, K, In weakly aC|d_|c ano_l nel_JtraI media, dependlrég on the
Rb, Cs. Tl) in aqueous solutions at°Z5 calculated nature of A, it varies in the range 18-10° m.

the standard Gibbs functions of their formation, and Furthermore, our attention was attracted by the fact

examined, by methods of equilibrium thermo-y, + anhydrous (A= K, Rb, Cs, Tl) and hydrated
dynamics of solutions, the effects of various factors,,ocag (A= H, Na) di’ffere’ntly behave in aqueous
on the behavior of these compounds in aqueous medfdegia I the first case, the vanadium and uranium

It was found that the solutieqrecipitate equilib- concentrations in aqueous solutio®k, (andC,) prac-
rium in the system uranovanadatester (aqueous tically coincide throughout the entire pH range. This
solutions of acids) is attained within 380 days at is confirmed both by the agreement in the vanadium

Table 1. Concentrations of uranium(VI) and vanadium(V) (m) in saturated solutions 'MU@B-HZO

Chycpy m | Parameter| HVUOg-2H,0O | NaVUGg-2H,0 | KVUOg RbVUG, CsVUG; TIVUOgq
1x101 pH 1.4 1.5 1.4 1.25 1.3 1.3
Cyx10° 6.0+0.3 6.5+0.7 8.5+0.7 3.6+0.4 1.2+0.1 | 0.67+0.04
Cyx10° 6.2+0.7 12.6+0.2 9.0+0.1 4.0+0.4 1.1+0.1 | 0.71+0.07
1x102 pH 2.9 2.75 2.25 2.2 2.2 2.2
Cyx 10 3.3+0.2 1.21+0.05 5.7+0.2 2.2+0.1 1.2+0.6 | 0.44+0.07
Cyx 10 13.1+1 16.2+0.3 6.4+0.6 2.5+0.1 1.1+0.3 | 0.80+0.06
1x10°3 pH 3.6 3.95
Cyx10° 4.1+0.2 0.21+0.01
1x104 pH - 7.4 4.8 5.2 4.6 4.7
Cyx 10 - 14+1 39+5 0.78+0.07 0.8+0.2 | 0.80+0.07
0 pH 4.6 7.6 7.2 6.9 6.8 6.1
(water) | Cyx10’ 190+10 32+2 6.0+0.8 | 0.80+0.07 1.1+0.2 | 0.86+0.07
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concentration is explained by the possibility of forma-
6 8 10 12 pH tion of one more solid phase in the solutigmeci-
' ' ' ! pitate system. Such a phase is hydrated vanadium(V)
oxide whose solubility in acidic medium, as will be
shown below, is comparable with the solubilities of
HVUQOg4-2H,0 and NavUQ-2H,0 (see figure).

The solubility of AVUOg-nH,O at close pH

values decreases in the ordef A Na > K > Rb >
Cs > Tl, i.e. with increasing size of A The observa-
tion of such a tendency for structurally related com-
pounds points to increase in the strength of their
. . crystal structure (lattice energy) in the above order,
_6 AR which is in complete agreement with our previous
results. For example, as shown in [9], decrease in the
ionic potential of A results in increasing melting

8l (decomposition) point of uranovanadate and in de-
logCa v u creasing algebraic value of its thermodynamic func-

Y tions, such as Gibbs functions of formatiafG°(298)
and enthalpy of formationAH%(298), which are
proportional to the energy of chemical bonds.

2

Calculated dependences of the solubility d) ¥,05-
H,0, (2a, 2b) NavUO;-2H,0, and Ba, 3b) RbVUG,
on pH (a) in the absence and (b) in the presence of To trace the effect of the anionic background on

carbonate ionsg = C, = C;, = Cy;, m). Experimental the behavior of uranovanadates in aqueous media, we
solubilities of NaVUQg-2H,0 [(triangles) Cy,, (circles) studied the solubility of the potassium compound in
Cyl, and RbVUQ [(squares)Cy, = C]. the presence of anions able to complex formation

with vanadium(V) and uranium(VI) (sulfate, chloride,
concentrations determined by independent methodmnd nitrate) and also of anions unable to complex
(photometry and titration) and by their closeness tdormation with these elements (perchlorate). The ex-
the total concentrations of solutes, found by evaporgeriments were carried out in 0.01 m solutions of
tion of saturated solutions to dryness [(6+MM02)x  acids. The solubility of potassium uranovanadate in
10% m for KVUOg, (2.49+0.03)x 10% m for chloric, nitric, and hydrochloric acids ranges within
RbVUQ,, and (1.120.02)x10“% m for CsVUQ, (0.4-0.6)x103 m, and in sulfuric acid it is higher
dissolved in 0.01 m HCI, cf. Table 1]. As shown (1.4x10° m). These data agree with the stability
by X-ray phase analysis, the products remaining afteconstants of uranium(VIl) complexes with the corres-
evaporation of solutions contacted with precipitateponding ions {for exampleK(UO,CI*, s.) 2.7 and
are compounds 'A(UOB. Thus, in the case of potas- K(UO,SO,, s.) 2.2« 10®, calculated with data of [10]}.
sium, rubidium, cesium, and thallium derivatives we o _
can accept the metal'/@oncentration((:A) in the solu- Our dat_a on the solubility of uranovanadates in
tion equal to the half-sum of, and C,. hydrochloric acid (Table 1C,, and Cy) at pH 13

allowed us to calculate equilibrium constants for re-

In the case of HVUQ: 2H,0 and NaVUQ- 2H,0, acti%ns with their participation and, on their basis,

Cy is higher thanC, by approximately an order of 4G (298) values.

magnitude (pH 1.43.3). According to the X-ray |, 4oing so we took into consideration the fact that
phase analysis, evaporation of a solution equilibrium, yhe | ranovanadateolution system under considera-
with sodium uranovanadate, yields the phasgN@;, o there is a combination of equilibria involving
l.e., again, the concentration of vanadium in the solug,nadiym and uranium in several ionic forms. To
g:on ISStmutCh :Iower than that of utratr;:utmfha@ ~ g S2lculate AG°(298) values for the compounds, we
y- Structurally, we can suggest that the peculiag,ng expedient to select a scheme corresponding to
behavior of hydrogen and sodium derivatives de”VeEquiIibrium (1). It involves vanadium and uranium

from a lower stability of their crystal structure. This g cjes having the highest concentrations in the solu-
is also proved by the fact that these derivatives fomﬂion in the experimental pH range-4.5).

crystal hydrates, where water molecules play a stabiliz-
ing role, by releaving the strain in chemical bonds, Aly nH AH(S) — A+

characteristic of the anhydrous compounds. From the UG- nH,0(cr) + (8) 2 ATs)
physicochemical viewpoint, the decrease in vanadium + UOS*(s.) + VOi(s.) + (@ + 2) HO(l.).
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This process is described by Eqgs. (B).

Ks = [a(A")][a(UOZ)][a(vO3)][a(H,0) ™2 a(H")] ™, (1)

AG(298) = -RTIn Kq, (2)

AGO(298, AVUOg-nH,0, cr.) = AGY(298, A", s.)
+ AGO(298, UG, s.) + AG0(298, VO, s.)

+ (n + 2)AG9%298, HO, I) - AG%298). (3)
Here Kg is the equilibrium constan&(L) is the acti-
vity of ion (water),R is the universal gas constart,
is temperature (298 K), andSG°(298) is the Gibbs
function of solution.

When calculating the required activities of A
U03*, and VG, we took into account that along with
the uranyl ions U® the system contains their
chloride UQCI" and UQCI,, as well as hydroxide
complexes  UGQOH', UO,(OH), (UO,),(OH)3",
(UO,),(OH)**, and (UQ),(OH):. Vanadium(V) exists
in the solution as the chloride complex YO and
also as the acids §¥O,, HVO,; H,V,0, and

1003

Table 2. Gibbs functions of formation of WUOg-nH,O

~-AG2(298), kJ/mol
Compound
our data | data of calorimetry
HVUOg4-2H,0 2489+7 2477+6 [12]
NavUG;-2H,0 2749+13 2758+7 [5]
KVUOg4 2305£6 2289+9 [1]
RbVUO, 231449 2298+14 [1]
CsVUGQ; 2329+17 2317+14 [1]
TIVUOgq 207318 -

a([(UO,),(OH)™) = Ki[a(UO3"V[a(H,0)[{a(H")] %
nt =2y -z

These ion-molecular equilibrium constants, in their
turn, were calculated using thGO(298) values for
water, ions, and complexes, given in [10]. In view of
the low ionic strengths of the solutions under study,
the activity coefficients of the species were calculated

HgV14O,6 and their dissociates; the concentrations oby the DebyeHuckel formula. The activity of water

K, Rb, Cs, or Tl are equal to the half-sum 6§, and

was calculated by the equations given in [11]. As a

C,; andCy, = C,,. Taking the above into account, we result, the following equations were obtained.

can write down:C,, = [a(VO})]/ly, + Zkaly,, and
Cy = [a(UO3H)ly, + Zkalvn.. Hereg andg; are the

activities of vanadium- and uranium-containing ionic

and molecular specieg, . are the activity coeffici-

ents of the corresponding ionic species with the
chargent, andk andk are the numbers of vanadium

and uranium atoms In their unit formulas.

Cy = [aVORIIv™ + Ka(vOp)[aCl)]
+ ZkK;[a(VO3)]a(H,0)] M2 a(H*)]P-2m4Ky, -1,
Cy = [aUOSIvl ™t + ZKi[a(UOSH[a(CI) [y,
+ ZkK;[a(UO3 Y [a(H0)a(H")] ] ™

The sets of solutions of these equations contained
one real positive root gVO}), a(UO3")] each,

The g anda values were expressed in terms of thewhich were substituted into Eq. (1). Further, by Egs.

activities of VG5, UO5", H*, and Ct ions and water
molecules, and of the equilibrium constant§ @nd

(2) and (3), with account for th&;G~(298) values for
VO3, U0, and water [10], we calculated the mean

K;) of reactions between them, corresponding ions, o, A G° andA,G°%298, AVUO4n H,O, cr.) values
neutral vanadium and uranium complexes, as showisted in Table 2.

below in a general form.

VO; + CIF &= VO.Cl,
a(VO,Cl) = Ki[a(VO3)][a(C)],
kVO3 + (M — 2K) H,0 &= HV, OfF + (2m— 4k — p) H",
a(H Vi O)
= Ki[a(VO3)]K[a(H,0)™ 2 [a(H")] [P 2m 4k,
nt =p+ 5 - 2m,
UO3" + x CIm &= UOCIF,
a(UO,CIT) = Kj[a(UO%J“)][a(Cr)]X,
nt=2-xx=1 2,

yUO3* + ZH,0 &= [(UO,),(OH)]™ + zH",

As seen from Table 2, thAfG°(298) values cal-
culated from solubility data differ from those deter-
mined by calorimetry by no more than 16 kJ/mol
(< 1%), i.e., the model in use describes the crystalline
uranovanadatesolution equilibrium with a reasonable
accuracy. This fact allows us, first, to recommend a
value of AG°298) for TIVUO, which was not
studied by calorimetry and, second, to solve a number
of problems connected to simulation of the above
equilibria over a wide range of characteristics of
aqueous medium. Thus, in view of the importance of
the problem of uranium migration in the environment,
we considered the effects of the pH of the solution
and its dissolved carbon dioxide (carbonate ions)
content and anionic composition on the solubility of
the compounds.
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Table 3. Coefficients of the approximating equation I8g ag(pH)° + a,(pH)* + ag(pH)® + ay(pH)? + a;(pH)! + ay

Compound agx 10* ayx 10° agx 107 a,x 10 a ay
HVUOg4-2H,0 3.0 -94 11.7 -5.5 -0.07 -0.67
HVUOg-2H,0 (CO)) -2.0 5.8 4.1 15 -1.4 0.17
NavUG;-2H,0 0.7 -2.6 3.1 -0.6 -1.3 0.24
NaVUOg-2H,0 (CO)) 3.0 9.3 7.9 35 1.9 0.43
KVUOgq 0.7 -24 2.8 -0.2 -1.5 -0.035
KVUOg (COy) 3.0 7.9 65 3.1 1.9 0.11
RbVUG, 0.2 -0.9 1.2 0.5 -1.6 -0.43
RbVUO, (CO,) 3.0 7.5 6.3 3.1 2.0 ~0.32
CsVUGQ, 0.3 -1.2 15 0.5 -1.7 -0.74
CsVUG; (COy) -3.0 7.3 -6.0 3.1 -2.0 -0.63
TIVUOgq 0.4 -1.5 1.7 04 -1.7 -0.99
TIVUO4 (CO,) -3.0 7.7 -6.4 3.3 -2.0 -0.87
V,05-H,0 12.3 0.2 1.4 0.24

To simplify calculations, we accepted that, irre-ones throughout the entire pH range under study. This
spective of the nature of Athe C,, C, andC in a is also valid for pH values close to 7, where the equi-
saturated solution are equal to each other and can bbrium concentration was determined only for
labeled by a common charactef).( Clearly, as uranium. The dependences for all the compounds were
pointed out earlier, in the pH range, where the soluapproximated by a fifth-power polynomial whose coef-
bility of V,O5-nH,0, HVUGg-2H,0, and NavUQ- ficients given in Table 3.
2H,0 is comparable, calculated equilibrium concentra-
tions of vanadium and uranium would be somewha
higher and lower, respectively, than experimenta
values. Furthermore, the necessity of this assumptio
is dlctated by the |mp055|b|I|ty of strict determination
of AGYT) for V,05-nH,0O in view of its variable
composition and amorphous structure. In this con-
nection we calculated the solubility of hydrated.
vanadium(V) oxide as a function of solution pH (see
fugure) for the monohydrate 05-H,O whose
AG°(298) is given in [10]. Taking account of the
aforesaid, we set up the following set of three To estimate the effect of atmospheric carbon di-

The resulting data show that uranovanadates have
maximum solubility in the ultra-acidic range. As the
cidity decreases, the solubility of the compounds
arply decreases, and in the neutral and weakly
alkaline ranges it varies only slightly. Chloride ions
hardly affect the solubility of uranovanadates. For
example, at pH 7, as the concentration of chloride
glons is ralsed from O to 0 1 m, the solubility changes
from 2.1x 107 to 2.4x10°" m; in the case of sulfate
ions, this change is more essential, up tox3L8™" m.

equations. oxide, we calculated the solublllty at its partial pres-
- . sure P(CO,) of 6.3x 10 atm. It is evident from the
Ks = Ja(U03 )][a(VO3)] [a(H20)]™Aa(H")]*, figure that both solution of CQand formation of

_ + 1w + _ uranyl carbonate complexes increase the solubility at
= [a(VO2)Ilval ™ + Ki[a(VO2 )[a(CI") pH > 5-6, and the solubility is most strongly affected
K. +y1k (M-2K)1 (Y7L P—2m+ 4K] -1 the strongly alkaline reglon The corresponding de-
+ ZkiKi[a(voz )T a(H;0)] [a(H] [rnel™ pendences for all the 'Aderivatives are approximated
S= [a(UO?)][yﬂ L+x K,[a(Uoz NaCO) Py by a fifth-power polynomial whose coefficients given

o4 , oy 1 in Table 3.
+ ZkiKj[a(UO2 )[a(H20)1* [a(H™)] = [ynd : ,

Thus, on the basis of our experimental data we
proposed a model describing the behavior 67180, -
nH,O compounds in aqueous solutions over a wide
range of characteristics of the medium.

By solvmg this system with respect & a(voy),
and a(UO3") for a series of pH values in the range
from 1 to 12 (step 0.1), we obtained = f(pH) de-
pendences. The corresponding plots for sodium and EXPERIMENTAL
rubidium uranovanadates are shown in the figure.

Both with these metals and with the other elements The samples of compounds\AJOj- nH,O were
(A' = H, K, Cs, Tl), calculated values fit experimental synthesized by the procedures described in [9, 13].
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All reagents in use were of chemically pure grade. For 3. Karyakin, N.V., Chernorukov, N.G., Suleimanov, E.V.,
solubility measurements in water and weak acids, a

corresponding solution (0-2.5 l) was added to a

weighed sample (0-2.0 g) of a compound, placed in 4.

a polyethylene vessel. The mixture was stirred &5

for several weeks. The solution was periodically se-

parated from the precipitate by centrifugation and
analyzed for vanadium(V) and uranium(VI). Vana-

dium(V) was determined by two methods: by photo-

metry using the reaction with xylenol orang, (.

575 nm, pH 4) and by titration with a Mohr’s salt
solution [14]. Uranium(VI) was determined by photo-

metry using the reaction with arsenazo I\,

6.

7

650 nm, pH 3) [15]. When the uranium concentration

was ~107-10® m, preliminary concentration by 8.

coprecipitation with aluminum phosphate was applied

[16]. In this work we used a KFK-3 photocolorimeter

and a pH-121 pH-metemillivoltmeter. The total

concentrations of

9.
solutes were determined by
weighing the dry residues after evaporation of satuig.

rated solutions and calcination to constant weight at

500 K.
The vanadium(V) solution (I® m) was prepared

and standardized by the procedure described in [14]1.

The uranium(V1) solution (I¢ m) was prepared by

solution of uranium(VI) oxide in 3.5 m sulfuric acid
and standardized by titration with potassium di-
chromate after reduction of uranium(VI) to ura-
nium(lV) with a bismuth reducer [15]. Solutions with

concentration lower than ®m were prepared by

dilution directly before use. All solutions were pre-
pared using twice-distilled water (specific electrical

conductivity 0.478 mS/m).
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