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Abstract

Saturating solid phases, Ceo(S0,);-AH,O, with hydrate numbers hequalto 12,9, 8, 5,4 and
2, have been identified by critical evaluation of the solubility data in the system Cec,(50,):—
H,0 over the lemperature range 273-373 K. The results are compared with the respective TG-
DTA-DSC and X-ray data. The solubility smoothing equations, transition points and sclution
enthalpy estimators of the identitied hydrates are given. The stable equilibrium solid phases
are conchuded to be only Ce,(50,),-9H,0 at 273-310 K, Ce,(50,);4H,0 at 310-367 K and
Ce,(80,)52H,0 at 367-373 K. Divergencies of up to 185% in the reported solubility data are
mainly due to a variety of metastable equilibria involved in the close crystallization fields, and
incorrect assignments of the saturating solid phases. Since a similar variety of the hydrate
numbers exists for the analogous La(ITl) system, it most probably also occurs for the corre-
sponding Pu(I1IT), Np(III) and U(III) systems.
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Introduction

It appears that, of all salts, cerium sulfate displays the greatest diversity inthe
hydrate number A, and this is why the aqueous system Ce(SO4)3-AH2O is one of
the most controversial. Apart from the salts isomorphous with the respective lan-
thanum sulfate hydrates, i.e. the hexagonal nonahydrate (P63/m) [1], the mono-
clinic pentahydrate (C2/c) [2] (or B2/b [3]), and the orthorhombic octahydrate
(Cmeca) [4], the monoclinic tetrahydrate (P2,/c) [5], in the ¢ and B forms [6], the
dihydrate [6] and the monohydrate [6] (both rthombohedral, biaxial, but optically
(+) and (), respectively [6]) have been reported. The dihydrate was also found in
thermogravimetric studies [7-10], where it was reported to be amorphous [9].
The existence of the monohydrate as a distinct intermediate step before the
monoclinic anhydrous Ce2(SO4)s, (B2/b or Bb) is reached [7-10], appears to be
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doubtful [7], or at [east the monchydrate is extremely unstable. Early papers also
reported the occurrence of Cex(SO4)3-12H,0 [11-17] and, similarly as in the
case of lanthanum sulfate hexadecahydrate, Ce2(SQ4)s-16H0 [13],

To confuse the matter, further tensimetric studies [18] led to hydrate numbers
h=7.5,7,6,4.5, 4 and 2 being reported. All these hydrate numbers were found
{18] by equilibration of Cea(804)3-6H»O (an unusual water content in the starting
solid phase calls into question the other # numbers) with dilute sulfuric acid.

To summarize, the papers dealing with the binary system Ce;(SO4):—H>0O re-
ported h=16, 12,9, 8, 5, 4 (e and B forms), 2 and 0, not to mention the unreliable
hydrate numbers, viz. 7.5,7,6,4.5[18], 3and 1,

In contrast with the corresponding nitrate [19] and halide [20] systems, the
solubility data for cerium(ITI) sulfate are at variance, the difference reaching
185%, similarly as for other rare earth sulfates [21], though the experimental im-
precision of the standard gravimetric determinations, e.g. by the sulfate method,
is claimed to be 32%. (Usually gravimetric analysis, e.g. by the sulfate method,
was used, except for some early studies which employed not an analytical, but a
synthetic method of solubility determination.) It appears that the main reason for
this major disagreement in reported solubility vaiues is the difference in the final
solid phases to which the respective data refer, 1.e. the occurrence of meta-stable
solid phases of close crystallization fields, and incorrect identification of the saturat-
ing sulfate hydrates. These controversies cannot be eliminated by an experimental
redetermination of the solubility in the aqueous cerium(IIl) sulfate system since
there is no foundation to justify a hlgher statistical weight for new data.

Tha hiart f +hi t larify th
1118 majcr GujeCd‘v'\"} of this paper 1s o Cl?d'hy the actual nature of the sal

ing solid phases as a function of temperature in the system Cez(804)3-H:O. Thi
seems to be of interest not only for lanthanide fission product treatment, but also as
concerns, for example, the stoichiometry of the Pu.(504)3-AH20 and Np2(SOa4)s-
A0 hydrates, which should be analogous to that of Cex{SO4)3-hH,0; direct
studies are difficult due to the oxidizing nature of the o-radiolysis products in
quCUub bUluLlUIlb J. HC prt‘:sent bLl.lUy iUllUWb lﬂC pl"CVlOle dPPI'OElCﬂ IC[CIT]I]g io
the aqueous scandium and lanthanide sulfate systems [21] and to the rare earth
coordination in the crystal phases vs. that in solution [22, 55, 56].

:7‘

Results

The solubility data for the system Ces(S504):—H,0 have been reported in 39
source papers {6, 11-15, 23-54]. Most of these publications deal with ternary
systems. All independently determined experlmentdl data concerning the blnary
system under consideration are listed in Table 1 in molality, m, units, mol kg in
the sequence imposed by increasing temperature 7. The data cover the tempera-
ture range 273~373 K. All the data from Table 1 have been plotted in a large scale
inm vs. 1/T diagram. As previously {21], it has been found that ali the data points,
except for several evident outliers [11, 26, 46, 47] which must be rejected, can,
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Table 2 Solubility smoothing equations in the system Ce,(8Q,),—H, O over the temperature range

273-373 K

CeSONHILO S O e ond K pa
Phase A; A=Y Inm={-9.16620.118)+(2163136)/T —90+1.5
Phase B; =8 Inm={-9.95140.10)+(2419+30)/T —100.5%1.5
Phase C; h=12 Inm={-4.36530.344)+(926:£100)/T -38.5+4
Phase D; h=2 Inm={-30.7010.93)+(9627+332)/T —400£14
Phase E; h=5 Inm={-16.52+1.25)+(4553+4{8)/T —189+17
Phase F; =4 Inm={-16.92+1.03)+(45671342)/T -190+14

“By definition [21}, AH Y =[SRT,T/(Ty-T)]In(m,/m,). The uncertainties in the a, b and AH 5} val-

saln

ues arc given at the confidence level §=0.95. The major transition points, as calculated from the re-
spective solubility smoothing equations, are as follows: A<>B at 327 K, B&>C at 267 K, A—E at
324K, A=Fat 310 K and DesF at 367K

with some difficulties [11, 12], be attributed to six straight line populations: A,
B, C, D, E and F, as specified in Table 1. The relation between a given data popu-
lation and the solid phases assigned by the authors is, as expected, not a simple
one. Therefore, the distribution of the data points had to be made somewhat arbi-
trarily in some cases, i.¢. mostly on the basis of the Inm vs. 1/T criterion {21]. The
results of the preliminary graphical data settling were confirmed, in principle, by
computer-fitting the data in Table 1 to the smoothing equations. The critically
evaluated solubility smoothing equations are given in Table 2 and plotted in
Fig. 1. Because of the disagreement in the reported solubilities and in the solid
phase assignments, and because of the variety of metastable equilibria involved,
the fitting results may be expected to be tentative from several respects.

Discussion

Cea(8504)3-9H20 and Cea(S504)3-8H20
Indisputably, A and B are Cex(S04)3-9H20 and Ce»(S04)3-8H,0, respectively,

This is indicated by the difference between the values of AHg, (by definition
[21]. this solution enthalpy esimator is equal, in terms of molality, m, mol kg ',
and absolute temperature, T, 0 [SRT: T/ To-T1)1In(ma/my)) for A and B, viz. 10.5
kI mol™". It can be seen in Table 1 that the authors™ h assignment was incorrect in
many cases, and 2=9 and 8 were used rather interchangeably. This points to the
difficulties in the appropriate determination of the water content in the saturating
dry solid residues, i.e. in the final solid phases.

The major final solid phase in the discussed system is Cex(SO4)2-9H-0 (A).
Its aqueous solubility, as a function of temperature, is well established by numer-
ous source papers originating from various laboratories. The solubilities of the

S Thersm. Anal. Cal., 535, 1999
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Fig, 1 Solubility in the system Ce,(80,);,-H,0 as In molality vs. 1/T/K.
(A) is Ce,(80,),-9H,0, (B) is Cez(SO4)1 8H,0, (C) is Ce,(80,),12H,0,
(D) is Ce,(80,);2H 0 (E) is Ce,{80,);-5H O and (F) is Ce, (8O} 4H O.
Uncertainties in the Enm values, at the conhdence level f=0.95, are as follows:
+0.034 (A), $0.034 (B), £0.057 (C), £0.097 (D), £0.253 (E) and +0.201 (F).
The A¢3B transition point is calculated with a poer accuracy of 20 K, and it must dif-
fer slightly from that of A<>E since the specious equilibrium A«<B<>E is forbidden
by the phase rule. The stable equilibrium sofid phases are Ce,(50,),9H,0 at 273~
310K, Ce,{50,),4H,0 at 310-367 K and Ce,(80,),-2H,0 at 367-373 K. All the
other final saturating solid phases, as more soluble at a given temperature, exhibit me-
tastable equilibria

nonahydrate calculated from the lnm vs. 1/ smoothing equation given in Table 2
are only slightly higher than those calculated from the smoothing equation given
by de Saja ef al. [51]. According to the present paper, the nonahydrate is stable,
i.e. the least soluble, solid phase over the temperature range 273-310 K. At
310 K, which is almost the same as the temperature reported by Voogd [13], the
transition of Ce(S04)5-9H,0 (A) into F, designated as Cea(504}3-4H0, is con-
cluded. The tetrahydrate F is presumed to be the stable solid phase in the range
310-367 K. Above 367 K, the stable solid phase is DD, which appears to be the di-
hydrate rather than the less stable [10] monohydrate or anhydrous sulfate, which
seems to be reached at a higher temperature.

The solubility of the octahydrate (B) is only shghtly higher than that of the
nonahydrate (A) below 310 K. Above 310 K, the difference in solubility between
the nona- and octahydrates is within the experimental accuracy limits. Due to the
close crystallization fields of the nona- and octahydrates of cerium(I1I) sulfate

J. Therm. Anal. Cal., 55, 1999



738 MICDUSKI: SOLUBILITY EQUATIONS

and, on the other hand, a small number of data which can be attributed reliably to
the octahydrate, the A<sB transition point at 326 K could be evaluated in Table 2
with only a poor overall uncertainty of 220 K. This point can even be lowered as
much as by 23 K, and the actual A<B transition point may be at 303 K, as re-
ported by Voogt {13]. In such a case, at 303-310 K the stable equilibrium solid
phase would be the octahydrate, and at 273 K the octahydrate B would be slightly
more soluble and, consequently, less stable, than the still metastable (with re-
spect to the nonahydrate) solid phase C of the dodecahvdrate. Moreover, the
A&>B transition could not be accompanied by that of E at around 325 K, which
is forbidden by the Gibbs phase rule. It results from the present evaluation that
the octahydrate is often present at ambient temperature if the system 1s not

seeded with the nonahydrate crystai and vice versa.

Cez(S504)3-12H>0

Surprisingly, it appears that the solid phase C, which must be assigned as the
dodecahydrate (since the respective AHo, value is 51.5 kJ mol™ higher than that
of the nonahydrate and 62 kJ mol™' higher than that of the octahydrate), is less
stable even at 273 K than both the nona- and the octahydrate. In addition, in the
present critical evaluation no evidence has been found for the existence of the
hexadecahydrate, reported [13] in both the corresponding lanthanum and cerium
systems.

Ce2(SO04)3-5H20 vs. Cea(SO4)3-4H20

There is a difficulty as concerns a clear interpretation of the E solubility line.
It results from Fig. 1 that the solid phase E is metastable over the entire tempera-
ture range. It is unlikely that E is the same saturating solid phase as F, since a
positive systematic error by 44% [11] is unbelievable. It is possible that E is [3-
Cea(50,4)3-4H,0, in perfect accordance with the reported parallel solubilities of
the E and F saturating solid phases presented in Fig. 1 and, consequently, with
the calculated solution enthalpy estimators AHep of —189 and —190 kJ mol ™', re-
spectively. However, the occurrence of the o and [ forms of the tetrahydrate was
reported only by Belokoskov et al. [6]. Moreover, in such an evaluation the well-
established pentahydrate would be missing. Therefore, it appears that E is the
pentahydrate, a slight slope error of the E solubility line possibly resulting in a
lowered AHg), value of —189 kJ mol™. The expected AHE, value for Cex(SO4)x
5H20 is about —155 kJ mol ™. The respective values have been evaluated to be
—169 kI mol™ for Nd(SO4)+-5H,0 and —176 kJ mol™ for Smy(SO4)3-5H.0 [211.
The tetrahydrate does not occur for lanthanide sulfates, except for cerium(III).
The parallel course of the tetrahydrate line F with respect to that of the pentahy-
drate E in Fig. 1 can be related with the water location in the respective crystal
structures, It should be noted that, generally, the cerium(III) ion forms nonacoor-

J. Therm. Anal. Cal, 55, 1999
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dinate polyhedra, CeOs, in a distorted tr1capped [rlgonal prismatic arrangement,
Dayp, both in the aqua ion [55, 56], [Ce(OHa)las, and in Cea(SO4)s-HH:0, where
h=9 (for Ce; CN=12, but for Ce;; CN=9), 8, 5 and 4 [2, 57]. Within the coordina-
tion sphere of the Ce(IIT) ion in the sulfate pentahydrate, Ces(8O4);-5H-0, four
aqua molecules are coordinated inner-spherically, [(H20)2CeO-], while the fifth
crystallization water molecule is not coordinated to either of the cerium atoms or
to the anion. The fifth water molecule is stoichiometric lattice water, statistically
distributed in a cavity of the structure and held there tightly by the hydrogen-
bonds [2, 3, 57]. In contrast with the sulfates of bivalent lanthanides [55], and as
for all other rare earth(ITI) sulfates [21], the dissolution of all cerium sulfates is
exothermic (Table 2). The exothermic effect of dissolution of the cerium sulfate
hydrates roughly corre§ponds to the difference between the aquation of Ce’* in
the saturated solution and in the crystal phase of the hydrate. Therefore, the
AHSE value is a sensitive measure of the hydrate number [21] of saturating solid
phases. The exothermic effect is due to the removal of rigid bonds of different
lengths between cerium and oxygen atoms in the bi- and tetradentate sulfato
groups {2, 57 58]. The anions SO join two cerium polyhedra into pairs (the bi-
dentate SO; group), and four cerium atoms into a three-dimensional network
(tetradentate SO3 group). These bridging bonds are replaced by flexible and
generally shorter [2, 57, 58], i.c. enthalpically more stable [17], bonds with water
oxygens, producing the exothermic effect. In the pentahydrate, the odd, nonco-
ordinated, water molecule does not participate in such a substitution of the
Ce**—0S0% bonds. This is why the standard molal enthalpy of solution, and con-
sequently the AHSZ?.] value, of Ces(SO4)3-5H,0 may be more or less the same as
for CCQ(SO4)3 4H,0

However, such an explanation cannot be directly applied in the case of
Ces(S04)3-9H:0 vs. Cea(804)3-8H20. In the former hydrate, with the highly
asymmetric coordination, Ce,, with CN=12, is coordinated by the twelve oxygen
atoms of the sulfate ions only. The nonacoordinate Cey ion is coordinated by six
water molecules and three oxygens of the sulfato groups, while the remaining
three aquas are bound by hydrogen-bonds in suitable holes of the structure. In the
symmetrically coordinated Ce,(S04)3-8H;0, eight of the eighteen coordination
sites are occupied by water molecules, viz. all the water molecules are coordi-
nated in the inner coordination sphere.

Thus, one must definitely choose the pentahydrate over the alternative option
of the dimorphous tetrahydrate. However, to be guarded, and taking into account
the lack of the respective pentahydrate solubility data for Pr and ks equal rather to
6 than to 5 (as based only on the Inm vs. 1/T slope) for lanthanum sulfate hydrate
[21], the absence of the real pentahydrate in the system Ce»(S04);-H,0 and the
possibility of dimorphous Ce;(S0Os);-4H,0 cannot be entirely excluded. The ob-
servation [13] that Ce.(S04)3-5H0) is metastable with regard to Cea(804):-4H,0
over the entire temperature range supports the present general conclusion illus-
trated by lines E and F in Fig. 1.

J. Therm. Anal. Cal,, 53, 1999
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CeafS504)3-2H20

The solid phase D, which is the stable solid phase above 367 K (Table 2), may
be either anhydrous Ce;(SOy)3, as indicated by its extra exothermic AHSE value
of —400 kJ mol_i, or the relatively stable dihydrate Cex(SO04)s-2H,0. The latter
option was supported to a certain extent by the results of thermogravimetric stud-
ies [6-10], TG and DTA techniques confirming the existence of Cea(SO4):-2H,0
at 423473 K [6] or at 363-413 K [7] (the anhydrous salt was not reached until
518 K) or at 435 [8] or at 420440 K [59] (dehydration was reported to be com-
plete at 650 K) or at 370-430 K [9]. The anhydrous sulfate alternative must be re-
jected as based only on the AHG), criterion, which evidently does not work
properly at 2 lower than 6, for which the solution enthalpy estimator does not de-
crease by about 10—15 kJ mol™ [21], but it probably does not change for 4 in-
creasing from 4 to 5, and it decreases by about 100 kJ mol™' for 4 increasing from
2 to 4, It was reported by Niinistd er af. [10] that, although the thermal dehydra-
tion of the octacoordinate monoclinic Lna(SQ4)3-8H>0 series (Ln=Pr—Lu, Cc or
C2/c space group) proceeded in a single step with smaller samples and a low
heating rate, the dehydration became a 2-3-step process when larger samples
and a higher heating rate were employed. The dihydrate Pra(SO.);-2H,0O was the
most stable intermediate hydrate, and it existed at around 380—440 K, as found
thermogravimetrically [10] by dehydration in air under quasi-isothermal condi-
tions of a 200 mg sample of Pra(SO4)3-5H20. Anhydrous Pra($0,); was reached
only at 530 K [10]. Other possible intermediate hydrates, €.g. with 2=1 and 3, or
still less stable ones with half hydrate number [18], were considered [10] to be
highly unstable, and the respective apparent plateaus did not correspond to
phases of well-defined composition. It is worthy of mention that in the discussed
case the half hydrate numbers seem rather unlikely. Since it exhibits two lone
electron pairs on the oxygen atom, one water molecule forms two hydrogen-
bonds in ice (i.e. two donor and two acceptor hydrogen-bonds), and it can be
shared by two central ions in the stoichiometric (but not the zeolite type) hy-
drates, c.g. in LnF3'0.5H20, CaSO4-O.5H20, Ceg(SO4)3'SH20 or cez(SO4)3'
9H,O. Therefore, it seems that in the aqua complex salts of the Lna(SO4);5-A#H,O
type the 4 value must be an integer.

It appears that, by analogy, in aqueous solutions the option of the stoichiomet-
ric and relatively most stable dihydrate is also valid at about 370 K, at least for
the respective Y, La, Pr, Nd and Sm systems [21].

The hydrate number in Pu,(SO4);-7H,0 [60] must be false, if it is assumed
that the hydrate numbers of uranium(I1I}, neptunium(IIT) and plutonium(III) sul-
fates are analogous with those for the lanthanum(HI) and cerium(IIT) sulfates.
This can be verified, for example, by co-crystallization [58, 61] of microamounts
of Pu(IIT), Np(IlI) and U(II) with a strong reducing agent in the system
Cea(804)3-H,0, seeded with cerium(III) sulfate hydrates with well-established
hydrate numbers and structures [1-5].

J. Therm, Anal. Cal., 35, 1999




MIODUSKI; SOLUBILITY EQUATIONS 761

Conclusions

This critical evaluation of the solubility data, which cover the temperature
range 273-373 K, has led to the conclusion that the only stable equilibrium solid
phases in the system Cex(SO,);~H>O are Cex(S04);9H.0 at 273-310 K|
Ces(S04)3-4H,0 at 310-367 K and Cea(SO4)3-2H,0 at 367-373 K. Tt cannot be
entirely excluded (as within the accuracy limits) that Ces(SQ4)s-8H,O (rather not
isomorphous with the monoclinic Lna(SO4)3-8H,0 series, where Ln=Pr-Lu with
CN=8, although Lr=Ce and the cerium sulfate octahydrate dimorphism, e.g.
compelled by seeding, cannot be rejected either, (as within the accuracy limits of
the solubility determinations) is the stable solid phase at around 303310 K. The
remaining saturating solid phases, viz. Cex(S804)a-12H;0 and Cex(S04)55H0,
are metastable over the entire temperature range 273-373 K. The smoothing
solubility equations, transition points and solution enthalpy estimators, all given
with the uncertainty limits at B=0.93, for the six saturating hydrates, clearly elu-
cidate the general disagreement in the reported solubilities. This is mainly due to
the variety of metastable equilibria involved and to erroneous assignments of the
hydrate numbers in the final solid phases. A similar situation arises for all the re-
spective rare earth(I1I) systems [21], and particularly the analogous lanthanum
system. The Shannon [62] rad1us of La™* for a standard coordination number of 6
is 103.2 pm and that for Ce’* 15 101 pm. Since the respectlve values are [62]
102.5 pm for U™, 101 pm for Np and 100 pm for Pu™, it appears that the sulfate
hydrates of U(IH), Np(IIT) and Pu(IIl) must be analogous with those of Ce(IIl)
and La(III), All these aqueous sulfate systems are highly ionic, with generally
nonacoordinate Ln(Ill) and An(III) ions surrounded by nine oxygen atoms of
water molecules and of the sulfato ligand. In such systems of central ions with
high coordination number and, consequently, relatively long M—O distances and
small cation-ligand orbital overlaps, the ionic radius [62] becomes a predomi-
nant factor, and it is a good measure of all coordination properties. The informa-
tion on Uz(SO4)3 &H,0, Npg(SO:;)‘; -h#H, 0, Puz(SO4)3 5H,0 and Pus(SO4)3-7TH,0
[60] is neither complete (presumably £ is at least 9, 8 and 5) nor exact {(h=77). The
dodecahydrate appears to be very likely, as reported even for the smaller Cf* +
(970 pm [62]), viz. Cf2(SO4)3-12H;0 [63].
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