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Abstract—Solid-liquid phase equilibria and equilibrium phase relationships of U(VI) inaip m NaCl
solutions were studied by analyzing the precipitation process in initially oversaturated solutions at different pH
values. Comparison to corresponding behavior in NaQi@dia is made. Solid precipitates and solution
concentrations of U were characterized as a function of time and pH. In Na#@ia schoepite (UERH,O)

was found to be the stable phase between pH 4 and 6. By contrast, in NaCl media, sodium polyuranates
formed. For a given NaCl concentration and pH, differences in the solubility concentration of about 3 orders
of magnitude were observed, as attributed to metastability with respect to crystallinity and Na/U ratio of the
precipitates. Average solubility constants log.}¢te calculated for schoepite (log K°= 5.37 = 0.25) and

for Nay 3 U0, 1¢2H,0 (log K°,, = 7.13 = 0.15). Based on these data and together with a critical review of
literature data on schoepite and polyuranates a solid solution model is developed, describing composition and
phase transformation of Na-polyuranates as a function of the activity ratio Na/H in solution. Solid solution
formation is rationalized within the structural context of uranyl mineral sheet structure topologies and
interlayer water propertiesCopyright © 1998 Elsevier Science Ltd

1. INTRODUCTION zation and groundwater composition (Wronkiewicz et al.,
1996). The purpose of our work is to establish the stability
fields and metastability limits of uranyl phases in the Na/Cl/
U(VI)/H,O system. Of primary interest are sodium poly-
uranates and the phase boundary between schoepite and these

and mav control decav series nuclide mobility by sorotion or uranate phases. The conditions for formation of sodium poly-
y Y y by sorp uranates with a large range of Na/U ratios were studied by

coprecipitation. Upon groundv_vater cor_ltactwnh primary U(IV) many researchers (Maly and Vesely, 1958; Tomazic and
phases under oxidizing conditions, typical secondary phases are . . O i
initially U(VI) oxide hydrates such as schoepite, dehydrated Branica, 1972; Wamser et al., 1952; Ricci and Loprest, 1955,

y Y pIte, y Sutton, 1955; Brush, 1980; Cordfunke and Loopstra, 1971;

schoepite, becquerellite, compreignacite, and sodium poly- ; S
) . Hoekstra, 1965; Pongi et al., 1980). Equilibrium phase rela-
uranates (V1) (Wang, 1981; Wang and Katayama, 1982, Brush, tionships are still far from being clear. In addition to JNgO-,

1980; Wronkiewicz et al., 1992; Torrero et al., 1994). Depend- . .
ing on groundwater composition, uranyl silicates, alkaline ura- low temperature phases are probably phases with Na/U ratios
' ' of 0.8 and of 0.33 (Gmelin, 1978).

nyl silicates (Wrgnklewwz et al., _1996), or uranyl pho_sphates In the U(VI)-Na-CI-H,0 system, it may be expected that the
may follow later in the paragenetic sequence. Schoepite, dehy- ) .
phase assemblages formed in short term experiments are of

drated schoepite, compreignacite, and becquerellite were Ob_metastable nature. rather than representing. thermodvnamic

served both in spent fuel and Y@aching experiments (Wang ilibri D u d h P call It 9 . b'I'y f !

and Katayama, 1982; Stroes-Gascoyne et al., 1985; Wron- equitibrium. Lepenaing on phase crystallinity, a vana |.|ty 0
up to 3 orders of magnitude in the apparent equilibrium U

kiewicz et al., 1996) and as alteration products of natural concentration with svnthesized schoepite was observed (Tor-
uraninite (Pearcy et al., 1994). Sodium polyuranates were en- ration with sy slzed s pite was observed ( .
rero et al., 1994). Even after more than a year of schoepite/

countered in UQ leaching experiments performed at 150°C . .
(Wang, 1981). Often, minerals formed are not pure stoichio- water contact, apparent solubilities remained much higher than
' ' calculated from calorimetric data (Torrero et al., 1994). Con-

metric phases but are solid solutions. For example, pure alkali " tastable struct t schoenit ist for |

free uranyl oxyhydroxides (schoepite, dehydrated schoepite) seq_uzn }Il"hme a_ts afes rL_Jc_tureio ?C oep|de rr;a;f/ exis dor gng

are extremely difficult to synthesize. These phases commonly periods. The sulte of uraninite atteration products formed under
oxidizing conditions is often difficult to characterize because a

contain trace amounts of alkali, and pure phase synthesis re- ltitude of | alli h ist (Einch and E
quires application of organic bases for precipitation from aque- multitude of poorly crystafine phases coexis (Finch and Ew-

ous solutions ing, 1990). Often more than twenty phases are found at a given
The composition of the alteration phase assemblages of location. It would probably violate the Gibbs phase rule if all

uraninite and spent fuels depends on the dissolution chara(:ter-thtles,e phases would co?xEt undsr equnlllbrlurr;] conditions.
istics of the primary phases as well as on kinetics of crystalli- tis a consequence of these observations that an assessment

of realistic stability fields of stable and metastable phases
requires a study of precipitation kinetics. In solubility or pre-
*Work performed as visiting scientist at Forschungszentrum cipitation experiments W|_th_syn.th_eS|zed U,(V!) Ox_lde hydrates
Karlsruhe. or uranate(VI) phases, it is difficult to distinguish between
T Author to whom correspondence should be addressed. stable and metastable phases. In certain cases phase transfor-
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More than 170 uranyl(VI) containing mineral species are
known (Burns et al., 1996). These minerals are important
indicators for the genesis and alteration of uranium ore depos-
its, influence spent fuel dissolution under oxidizing conditions,
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Table 1. Initial experimental conditions (¥ 25.0°C).

Experiment Medium [U] molal pH,.» Atmosphere
S-5 6.75E-3+ 3E-4 5.2+ 0.05 Ar
S-19 3 m NaCl 1.13E-% 5E-4 5.6* 0.05 Ar
S-6 6.65E-3+ 3E-4 6.1+ 0.05 Ar
S-18 1.08E-2+ 4E-4 7.2+ 0.05 Ar
Ar-1 4.20E-2+ 2E-3 4.8+ 0.05 Ar
S-1 5 m NacCl 4.66E-% 2E-4 5.6+ 0.05 Ar
S-7 2.34E-2+ 9E-4 5.6+ 0.05 Ar
S-15 1.40E-2+ 7E-7 6.1+ 0.05 Ar
S-2 4.21E-3+ 2E-4 6.5+ 0.05 Ar
S-8 9.88E-3+ 4E-4 6.5+ 0.05 Ar
C 2.40E-2+ 9E-4 6.5+ 0.05 Ar
B 1.00E-2+ 4E-4 6.5+ 0.05 Air
S-16 7.40E-3+ 4E-4 7.1+ 0.05 Ar
S-17 1.19E-2+ 6E-4 7.6x 0.05 Ar
S-21 7.07E-3+ 3E-4 8.9+ 0.05 Ar
S-9 0.5 m 1.24E-2- 5E-4 4.7+ 0.05 Ar
S-10 NaClQ 8.31E-3* 4E-4 6.3+ 0.05 Ar

@ Corrections for liquid junction potential were performed by calibration with
solution of known activity of HCI with reference to the rational pH scalesphpm,,
(see text).

mation does occur, clearly indicating instability of the primary 2. EXPERIMENTAL DETAILS

phase (Sandino et al., 1994). However, phase transformation

rates will be slow if the transformation affinity is rather small. 5 1 Test Description

Synthetic U(VI) oxide hydrate and uranate(VI) phases are often

poorly crystalline (Ricci and Loprest, 1955; Sandino, 1991) and A weighted aliquot of a rather concentrated @D, solution of
the well known dependence of solubility on particle size and known molality was added to selected salt solutions @ &m NaCl

T P .. and 0.5 m NaClg) to achieve initial U(VI)-concentration of about
crystallinity impedes exact determination of phase boundaries 0.01 m. The resulting solutions were titrated with a NaOH-containing

by solubility tests with synthesized phases. The situation is packground electrolyte to reach a preselected pH value. The initial
similar when the experiments are conducted by precipitation experimental conditions are summarized in Table 1. The pH values
from initially oversaturated solutions. Initially precipitating ere kept constant during the experiments by further NaOH addition to
hases are often not the most stable phases. Accordin tocompensate the acidification of the solution, either due to adsorption of
P | P : - 9 ©Oya-ions (or Na/H* ion exchange) at the surface of the precipitating
Ostwald’s step rule the system tends to decrease its overallsolids or by the general precipitation reaction
Gibbs free energy on the fastest reaction path, with the fastest-
forming phases often peing the_less stable poorly crystalline 1/p(UO,),(OH), ® 9*(ag) + (y+1-qg/p+V/2)H,0
phases. Afurther compllcat_lon arises from the fact that reported +VNa" — NaUOs.u2yH,0(8) + (2 + v—g/p)H"
thermodynamic (calorimetric) data on uranate(VI) phases in the
Na-U(VI)-CI-H,O system (Carnall, 1966; Cordfunke and with (UO,),(OH), > being a positive mono- (g 1) or polynuclear
Loopstra, 1971; Brush, 1980; Cordfunke et al., 1982; Tso et al., (p > 1) hydrolyzed uranyl species. After some weeks the precipitation
1985) were obtained for phases synthesized at high tempera-rate slowed down, and no further addition of NaOH was necessary. The
¢ T inlv for NaU..O.. f dB-Na.uo df temperature was kept at 25 0.2°C. Experiments were kept free of
ures 1, mainly or. 8,0y, for a- an. p-Na;UO, an .ora- carbonate by bubbling inert gas {Nsaturated at the water activity of
and B-Na,UOs, which may not form in aqueous media at low  the experiment) through the solution. Samples of an aqueous suspen-
temperature. Only a combination of solubility and precipitation sion of the precipitate were taken periodically. To study colloid for-
techniques along with thermodynamic calculations will allow a Mation the samples were filtered by two types of membranes with pore
if d L f bili f bl d diameters of 0.2um and 1.8 nm (ultrafiltration). The experiment was
satisfactory determination of stability ranges of stable and g minated when the solution concentrations of U remained constant for
metastable phases. one month.
This paper reports on the approach of solid-liquid phase
equilibria from oversaturated U(VI)-containing carbonate-free
NaCl and NaClIQ solutions at 25°C and pH values between 4 2.2. Reagents Used
and 8. The precipitation process was studied as a function of i J | o | chioride sol
; ; PR All reagents used were P.A. quality. The uranyl chloride solution
time at selected constant pH values. Discussion is focused on e prepared. based on the method proposed by Prins (1973) by

the influence of th? crystallinity of.pre.cipitates, solution pH,  precipitation of an uranyl oxide hydrate phase from an uranyl nitrate
and Na-concentration on the equilibrium boundary between solution below pH 6, phase separation by centrifugation, washing of the
schoepite and sodium polyuranates and the Na/U ratio of poly- Precipitate to remove impurities of NGnd Na, determination of the

. - . . .-~ specific U content and dissolution of the precipitate in a stoichiometric
uranates. An ideal solid solution model is suggested describing amount of HCI. The final UGCI, solution was analyzed for U by

composition and phase transformation of Na-polyuranates as agravimetry: for Na by ICP/AES, and for Cl and N®y ion chroma-
function of the activity ratio N&/H™ in solution. tography. The analyses showed less than 0,13wt% of Na impurity.
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2.3. Analytical Techniques and Samples Preparation
2.3.1. Solid samples

Samples of the precipitated solid phases were prepared from aliquots
of an aqueous suspension of the precipitate in its mother liquid. The
suspension was filtered by membranes with an average pore size of 0.2
um. The precipitates were cleaned by rinsing with 60 mL of pure water
to remove the adhering NaCl solution. The precipitates were dried in a
desiccator over silica gel for one day at room temperature. This
procedure did neither dehydrate the solid precipitates nor change Na
content significantly.

For analyses by scanning electron microscope and energy dispersive ¢
X-ray spectroscopy (SEM-EDS), samples were placed on a carbon-
coated holder and were sputtered with gold. The X-ray diffraction
analyses were performed with a SIEMENS D-5000 diffractometer
using Cu ka radiation using a few milligrams of the wet sample placed
directly on a holder. Thermogravimetrical and differential scanning
calorimetrical (TG-DSC) analyses were performed using about 10 mg
of solid with a heating rate of 10°C/min.

The solid phases were analyzed for Na to identify potential Na-
polyuranate formation and to correct for potential NaCl contamination
Cl was also determined. After dissolving in acid, Na was analyzed by
inductively coupled plasma/atomic emission spectrometry (ICP/AES)
and CI by ion chromatography. We have assumed that all Cl found
resulted exclusively from the NaCl contamination of the precipitates,
and the corresponding Na-content was subtracted from the Na-uranate
analyses. In only few samples the Na-content could not be determined
because the Cl contents were in excess of Na, probably resulting from

Fig. 1. Morphology of crystalline yellow phase precipitated in
experiments performed in 0.5 m NaClOThe average diameter of
crystal plates is gm.

uncertainties in the Cl analyses. Uranium agland HO contents
were analyzed gravimetrically by heating the solid to 800°C. For
Na-rich precipitates the corresponding Qaweight was subtracted
from the total (NaO),U;O4 weight. Carnall et al. (1966) stated that in
contrast to UQ the anhydrous polyuranates remain thermally stable
until 900°C. Hence, by heating polyuranates to 800°C the water content
of the solid may be determined directly.

2.3.2. Solution Analyses

Initial and final concentrations of NaCl and NaGlid solution were
determined gravimetrically. Uranium concentrations were analyzed by
ICP/AES or by Scintrex. If necessary, U was extracted from the salt
solution by means of Chelex 100 prior to the analyses. Methods are
described by Strachan et al. (1989) and Diaz Arocas and Grambow
(1993). The pH of the solution was measured using a Ross electrode.
Corrections for liquid junction potential were performed by calibration
with solutions of known activity of HCI with reference to the rational
pH scale ¢, = 1). The corrected pH-value, i.e., the negative logarithm
of the molality of H" ions, was calculated from the measured pH values
by the relation pH,,, = —log my, = pHneast X. By the calibration
method x values where determined as-09.05, 0.43, and 0.95 for
0.5m NaClIQ solution, and 3m and 5m NacCl solutions, respectively.
Errors in pH-measurements were withirD.05 pH units.

3. RESULTS
3.1. Experiments in 0.5 m NaCIQ and in Nitrate Media

Experiments performed in 0.5 m NaCJQolution at pH
values of 4.7 and 6.3 resulted in the formation of crystalline
yellow phases with a morphology (Fig.1) resembling that of
schoepite as described by Finch and Ewing (1991). The
average diameter of the crystal plates was about 1mm. The
x-ray patterns (Fig. 2) match a phase designated synthetic

dehydrationAHye g Was 149+ 5 J/g. TG-DSC analyses
results were compared with those of the uranyl oxide hydrate
phase formed in nitrate media for the preparation of,GQ
solutions (see above). The latter phase has an X-ray pattern
(metaschoepite) similar to the phases formed in perchlorate
media. The nominal composition of this phase was
Na, 1 UO; 062H,0. An endothermic peak of dehydration
was observed at 134 3°C with AHyepyq = 175 * 3 J/g.

For the two experiments in perchlorate media, the changes of
U concentrations in solution with time are shown in Fig. 3.
Initially, the U concentration in solution decreased faster at 6.3
than at pH 4.7, probably resulting from a higher degree of
oversaturation. In order to test whether equilibrium was at-
tained, the experiment at pH 4.7 was interrupted after 170 days,
and about 98% of the solution was replaced by fresh NgCIO
solution of the same pH, resulting in a dilution by about a factor
of 70. The replacement of the solution was performed by
keeping the precipitate wet under Ar-atmosphere and by con-
tinuously controlling pH. The solution resaturated relatively
fast, with U concentrations about three times lower than before
solution replacement. Either the equilibrium U concentration
values are between the value obtained from initially oversatu-
rated and from undersaturated conditions, or the equilibrium
concentrations did decrease due to an increase in the average
particle size of the precipitate due to the dissolution of the finest
particles upon solution replenishment. Differences between
filtrered and ultrafiltered samples were small. Hence, colloid
formation did not greatly influence our results. The total U
concentrations in solution approaching equilibrium from super-
saturation were ‘80 ° m at pH 4.7 and 10’ m at pH 6.3

metaschoepite by JCPDS (1992), card No. 18-1436, DebetS(Table 2)

and Loopstra (1963). No phase change with the time of ex-
periment was observed. Chemical and gravimetric analyses
on the solid resulted in the formula Ng,UO; go51.7H,0.
DSC analyses showed an endothermic peak at 130.1
0.7°C, which appears to be associated with the dehydration
process observed thermogravimetrically. The enthalpy of

3.2. Experiments h 3 m NaCl Solutions

Experiments performeahi3 m NaCl between pH 5.2 and 7.2
resulted in the formation of yellow crystals with plate like
habit, an average diameter less thap/8, and a thickness of
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Fig. 2. X-ray patterns of the solid precipitated in 0.5 m Nag#0lution. These match a phase designated as synthetic
schoepite: JCPDS 1992, card 18-1436 (straight lines).

about 100 nm (SEM analyses). The morphology was similar to patterns of the phase formed between pH 5.2 and 6.1 closely
schoepite formed in NaClOmedia (Fig. 4a). The results from  match the XRD-data reported by Pongi et al. (1980), for the
chemical analyses of the solid phases formed are given in Tablepolyuranate Ng;JUO;,42H,O and for the sodium poly-

2. The phases formed had an average nominal polyuranateuranate S.P.ll (Na:U= 0.33) reported by Brush (1980).
composition of Ng i UO3 ,2yH,0. The water contents range TG-DSC analyses of the solid formed at pH 5.2 showed two
fromy = 1.56 to 5.5. The X-ray powder diffraction data were endothermic peaks, one at 1¥33 and another one at 130
similar for the phases formed between pH values from 5.2 to 1°C. The enthalpy of dehydratiohH ., Was calculated for

6.1 but were markedly different from those of the phase formed the sum of the two peaks as 1465 J/g. TheAH g, 4 Value

at pH 7.2 (Fig. 5). Based on X-ray data, no phase transforma- obtained is similar to the value obtained for metaschoepite
tion with time was observed in any experiment. The X-ray formed in NaClQ media. However, the split into two endo-

102
m Exp.S9, pH4.7, 02 pmfiltrate
® Exp.S9, pH47, 18nmfiltrate
A Exp. $10, pH 6.3, 0.2 ym filtrate
107 ¥ Exp. $10, pH 6.3, 1.8 nm filtrate

[U] mol/kgH20

r . T r T r T T T . )
0 50 100 150 200 250 300
t (days)
Fig. 3. Uranium concentration in solution vs. time, for the precipitation experiments performed in 0.5 m NaClO

solutions. S9):pH= 4.7. From t= 0 to t = 170 days results correspond to oversaturated conditions. From 170 days results
correspond to undersaturated solutions. S103p#.3. Results correspond to oversaturated solutions.
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Table 2. Solid phase stoichiometry.
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Experiment pHo.r. Stoichiometry Equilib. U-conc. molal
3 m NaCl S-5 5.2 Ng U051, (1.95 = 0.2)H,0 1.4E-5+ 2.4E-6
S-19 5.6 Ng1UO; 05 (1.86 = 0.1)H,0 1.9E-5+ 6.5E-7
S-6 6.1 Ng U055, + (5.85 = 0.2)H,0 2.0E-6=* 2.0E-7
S-18 7.2 NgsUO; 15° (3.2 = 0.1)H,0 3.1E-6* 1.1E-6
5 m NaCl AR-1 4.8 Ng»dJO; 15+ (3.0 = 0.1)H,0 1.2E-2+ 5E-3
S-1 5.6 N&UOs, x, - YH,0? 4.7E-4+ 1.5E-4
S-7 5.6 N&UO5, y0 - (2.4 = 0.2)H,0? 3.4E-5+ 4.8E-5
S-15 6.1 Ng1UO;05° (1.54 = 0.2)H,0 2.9E-4+ 8.7E-5
S-2 6.5 N&UO;, y» - YH,0 9.0E-5+ 3.5E-6
S-8 6.5 Ng14J0; 0, (2.53 = 0.1)H,0 3.3E-6+ 1E-6
C 6.5 Ng,UO, os- (6.9 = 0.2)H,0 1.4E-3+ 4E-4
B 6.5 Na, 2J05 16° (3.1 = 0.1)H,0 3.4E-4+ 3.4E-8)
S-16 7.1 Ng.dUO;,5- (2.85 = 0.2)H,0 4.6E-4+ 2E-4
S-17 7.6 Ng,UO; 5° (4.5 = 0.1)H,0 9E-5+ 5E-5
S-21 8.9 NgedUO32,° (2.15 = 0.1)H,0 3.0E-5+ 2E-5
05m S-9 4.7 NgoUOs + (1.7 = 0.1)H,0 5.0E-5+ 6.3E-7
NacClO, S-10 6.3 NaUOs, s * (4.7 = 0.3)H,0% 1.0E-7= 1.1E-8

@ Data for Na or HO content of the phase are unreliable due to NaCl contamination.
) Average of only two short-term values, not included in Fig. 12.

thermic peaks for phases formed in NaCl media suggests theof —19 = 1 J/g was observed at 210°C, also absent in per-
presence of two different sites of the water molecules in the chlorate media.
polyuranate structure. Additionally, a small exothermic effect ~ The precipitate formed at pH 7.2 showed an X-ray diffrac-

Fig. 4. (left) Morphology of the precipitated solid B m NaCl solutions at 5.2. Similar crystals are observed at pH 5.6
and 6.1. In this pH range the crystal average diameter is between 0.3uanc@d the thickness about 100 nm. (right) SEM
micrograph of the solid formedni3 m NaCl solution at pH7.2. NaCl crystals were observed between a mass
corresponding to the Na-(poly)uranate phase.



250 P. Daz Arocas and B. Grambow

.00

1120

Counts

PH 7.2

e “r\\,_,/«\ﬁ/ \\,\M._N, M/m\km:

©.00

Tr L TS B S S e S S S A H S B S A S S L S S e A

15 20 25 30 35 40 45 50 55 [515]

Fig. 5. X-ray patterns vs. pH of the solid formead 3 m NaCl solutions. X-ray patterns of the solid precipitate at pH
values between 5.2 and 6.1 match X-ray data reported by Pongi et al. (1980) and Brush (1980) for solids with Na/U
ratio 0.33.

tion pattern with fewer reflections. Only the 004 reflection pH values but with smaller particle size. NaCl crystals formed
remained. Nevertheless, the chemical composition of the pre- during drying of the solid sample were also observed.

cipitate was similar to those formed at lower pH values. An The resulting total U concentrations in solution vs. time are
SEM micrograph (Fig. 4b) showed a fine grained Na-(poly)- shown in Fig. 6. Final equilibrium concentrations are included
uranate with a crystal habit similar to those observed at lower in Table 2. Differences between filtrated and ultrafiltrated sam-

B pH52 0.2 pmfiltrate
® pH52 1.8nmfiltrate
> A pH56, 0.2umfiltrate
107 V¥ pH56, 1.8nmfiltrate
4 pH6.1, 0.2 um filtrate
+ pH6.1, 1.8nmfiltrate
X pH7.2, 0.2 pmfiltrate
* pH7.2, 1.8nmfiltrate
1073+
o 1044
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= ®
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t(days)

Fig. 6. Uranium concentration in solution vs. time for the experiments perform&dm NaCl solutions at several pH
values.



Phase equilibria of U(VI) in NaCl solutions 251

-Theta - Scale

2
Q
[N
Q
Q
Q

-

N

Counts

. pH 6.5
A N //\-J I\xlw.r\/\,fx/‘vx

pH 6.1
pH 5.6
,,,,, \.,._.—‘,_J\-./\-/\— W 4 —/\v.../—'\.._
9 pH 4.8
' AN NN~
® T T
50 55 60

Fig. 7. X-ray patterns vs. pH of the solids precipitatacbim NaCl solutions. Phases formed at pH values between 4.8
and 6.5 show X-ray patterns similar to those for the corresponding phases forried NaCl solutions in the same pH
range. At pH 7.1-8.9 a less crystalline phase is formed (see discussion in text). For pH 7.6 and 8.9 the small peaks observed
at 21 = 31.8, 45.5, and 56.4 correspond to contamination of the samples by halite (NaCl) formed during drying of the
precipitate after insufficient washing.

ples were not significant (one exception at pH 5.2, 340 day my Table 2). At pH 7.1 phase transformation with time was ob-
result from contamination) indicating that colloid formation did  served. The initially formed solids had X-ray patterns similar
not significantly contribute to the total U concentration in those of the polyuranates formed at lower pH values. However,
solution. At pH 5.2 the U concentration decreased slowly with with time this phase was transformed to a phase of smaller
time, first reaching a plateau and then decreasing further. particle size and/or poorer crystallinity (Fig. 8). The patterns
Maybe this reflects a slow phase transformation, which was not show only few reflections similar to those of the phase formed
detectable by the X-ray data. Possibly, due to higher degrees ofat pH 7.5 in 3 m NaCl solution. At pH 7.6 a phase displaying
supersaturation, at higher pH values the U concentration in this pattern was formed immediately (compare final X-ray
solution decreased faster, by about 2 orders of magnitude in thepattern in Fig. 8 with those obtained at pH 7.6, Fig. 7). At pH

first week. No phase transformation was observed. values of 8.9, the X-ray pattern corresponds to an amorphous
phase or to nanocrystals where diffraction cannot be produced
3.3. Experiments h 5 m NaCl Solutions due to the small crystallite sizes. SEM analyses showed a

similar crystal morphology as observed for the phases formed

Experiments performeai5 m NaCl solution in the pH range  at lower pH values, but with smaller crystal size. The Na-
from 4.5 to 8.5 resulted in yellow microcrystalline solids at pH content of was clearly higher than in phases formed at lower pH
values between 4.5 and 7.1 and orange solids at higher pH (see Table 2).
values (pH= 7.6 and 8.9). The average particle size was  DSC analyses of a precipitate formed at pH 6.5 showed two
generally smaller (plates of about 0.5 mm in diameter and 50 endothermic peaks, similar to those observed in the precipitates
nm in thickness) than that of the solids formed3 m NacCl formed n 3 m NacCl solution, one at 115 3°C and another
solutions. 132 = 3°C, (Fig. 9). The enthalpfH ey, for the dehydration

A comparison of X-ray patterns of solids formed at various reaction was calculated as 145 1 J/g considering the total
pH is shown in Fig. 7. The results indicate that the precipitates area of the two peaks.
formed in the pH range between 4.8 and 6.5 had similar crystal At all pH values the solution concentrations of U initially
structures. The X-ray patterns of these phases were also similardecreased fast, followed by a slow decrease towards metasta-

to those of the sodium polyuranates observed3im NacCl bility or equilibrium values (Fig. 10). Final solution concentra-
solution (according to the designation of Brush, 1980: S.P.1l). tions are included in Table 2. The titration procedure (degree of
Similarly, as for experiments performed 8 m NaCl solution, supersaturation, speed of addition of NaOH, etc.) strongly

the average of Na/U ratio is 0.33 for most of these phases (seeinfluenced the course of decreasing U concentration with time
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Fig. 8. X-ray pattern after 4 and 75 days for the solid formed at-pH.1 in 5 m NaCl solutions. A solid phase
transformation is shown (to see description in text).

and the final equilibrium value. Figure 11 compares the evo- ment C was higher than in any other experiment performed at
lution of U concentration with time for various experiments this pH value (see Table 1). The high degree of supersaturation
performed at pH 6.5. Differences of 3 orders of magnitude in leads to the formation of small crystals.

the final U concentration were detected. X-ray powder patterns

(not shown here) indicate differences in crystallite sizes among 4. DISCUSSION

the solids phases. Chemical and DSC analyses show a vagu
relation between KD content and Na/U ratio and solubility
values. The results (see Table 2) show both a much higk@r H The phases formed are characterized mainly by their water
content and Na/U ratio of the highly soluble, less crystalline contenty and Na/U ratio. The principal solid phase formed under
phase (experiment C). The initial U concentration in experi- neutral to slightly acid conditions in NaCl solutions is a Na-

%.1. Solid Phases Compositions
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Fig. 9. DSC analyses of the solid precipitated at #H6.5 in 5 m NaCl solutions.
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Fig. 10. Uranium concentration in solution vs. time for the experiments perform&ari NaCl solutions at several pH
values.
polyuranate with an average composition,N&JO; ;4 YH,O. 4.2. Solubility of the Precipitates

Metaschoepite was observed only in 0.5 m NaQi@dia. This

difference may not necessarily result from the different ionic Figure 12 shows a plot of final U concentration vs. pH for all
medium but from the different sodium concentration applied or experiments performed. Included are calculated solubility
from both. In more alkaline media more Na-rich phases are curves discussed further below. Each measurement value in this
formed, but the present data do not allow detailed analyses. Theplot corresponds to the average value of the U concentrations in
X-ray data indicate a clear change when comparing phases formedsolution obtained by repeated sampling under apparent equi-
at pH 5-6 to those formed at pH 8. The precipitates formed in the librium conditions. Error bars include uncertainties in U-anal-
present work are poorly crystalline, and the X-ray patterns did not yses and pH-measurements as well as variations in the equi-
permit a detailed structural analyses. A detailed discussion of librium concentration as a function of time. The equilibrium U
phase relationships and phase boundaries in the context of strucconcentration obtained in 0.5 m NaCJl®olution are at least 1
tural changes is, therefore, based on literature data discussedrder of magnitude lower than the corresponding values in

below. NaCl media at the same pH. At pH 6.9 in NaGl@bout 2
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Fig. 11. Uranium concentration in solution vs. time for several experiments performed=apbiin 5 m NaCl solutions
(to see discussion in text).
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Fig. 12. Apparent equilibrium U concentration with associated uncertainties vs=(ptbg m,_ ) for most experiments
performed. Data represent average values obtained at various time intervals, once apparently constant U concentrations were
reached. At pH 5.2 (3 m NaCl) both the intermediate plateau concentration and the lower long-term equilibrium
concentration are given. Comparison with solubility curves of schoepite (IggK%.83, O’Hare, 1988) calculated for 3 m
NaCl and 0.5 m NaCl@ solutions and with a calculated solubility curve for ;N@JO5 ,2H20 (log K%, = 7.13,
determined by fit to the data). Curves or ranges for the two polyuranate solid solutions (SS) fortnedNacCl solution
are used as a guide to the eye and do not reflect calculated values.

orders of magnitude lower than the solubility values reported solution. As has been demonstrated by Diaz Arocas (1996), this
by Sandino (1991), for microcrystalline schoepite for the same is an effect of variations in crystallite sizes and, therefore, of
ionic medium. The disagreement in the solubility values could the precipitation method used. Lowest concentrations of U are
be related to differences in the crystallinity of the solid phases. achieved when the pH is adjusted discontinuously with NaOH,
For the experiment performed at pH 523 m NaCl solution  ajlowing the pH to drift due to the precipitation reaction to
both the intermediate plateau (Fig. 6) and the much lower more acid values during the drift intervals of 12-24 hr (see
long-term (>1 year) equilibrium concentration are plotted. gjiscyssion in Diaz Arocas, 1996). The periodic slight reacidi-
Considering only the intermediate plateau together with the fication may have resulted in the redissolution of initially

egumtirlum concentrhatlons of F’;\'?’ m N?Cl _sollutlon at h'%her q formed smallest crystals. The resulting larger average particle
pH values, a smooth curve with a qualitatively expected rend g, o jecreased the solubility of the precipitate. Higher concen-

with pH is obtained. On the other hand, with the apparent . . .
S . . trations of U are achieved when the pH is controlled perma-
long-term equilibrium concentration at pH 5.2, no consistent . o
nently, avoiding the acid drift.

pH-trend, but a maximum at pH of 5.6 is obtained, indicating _
that the long-term phase at pH 5.2 is not the same anymore as In contrast to the apparent equilibrium dFTlFa for the yellow
the phases formed at higher pH. Consequently, the phasepolyuranate(VI) Ng.3dJO; 16 - YH-O, the solubility data for the

formed at pH 5.2 may have been transformed with time (schoep- orange Na-uranate(VI) solid solution seem to follow a smoothly
ite formation from polyuranate?). decreasing trend with pH. The phase boundary between the two

For 5 m NaCl solution literature data, obtained under similar Uranates is probably close to pH 7.5. At this pH, phase transfor-
conditions (Diaz Arocas, 1996) are included in Fig. 12 for Mation of the initially formed NasdJO; ,6yH,O has been ob-
comparison. The reported pH of 5.6 (Pitzer convention) was Served with time. The exact position of the phase boundary may
changed to a 6.1, to allow for consistency with the pH-scale of strongly depend on the crystallinity of the phases formed. For
the present work (pm,). The apparent equilibrium data ob- example, at initially high oversaturation (experiment C, Table 1)
tained n 5 m NaCl solution for NgJdJO5 ,5yH,O vary by formation of the orange phase is observed even at pH of 6.9, as a
about 1.5 orders of magnitude, much more thar8im NacCl rather soluble metastable phase, despite the much higher stability
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of Nay 3dJO; ;42H,0. Large variability in U concentrations (up
to 3 orders of magnitude) at this pH value are the consequence.

4.3. Determination of Solubility Constants

The experimental solubility data were used to calculate sol-
ubility constants log K, as far as the mono- and polynuclear
hydrolysis behavior of the uranyl ion in the aqueous phase is
known for the respective ionic medium. Very little is known on
the solution chemistry of U(VI) in chloride media (Dunsmore
and Sillen, 1963, Grenthe et al.,, 1992), in contrast to the
perchlorate media, allowing prediction of stability constant of
important solution complexes (hydrolysis, carbonates) only for
ionic strength lower than 3.

A solubility constant for schoepite formed in 0.5 m NaGIO
can be calculated using the hydrolysis constants g
= —6.10, log B;3 = —19.15, log B,, = —6.03, log B3,
—12.61, logB,, = —2.25, logB,; = —23.09, and logB;5
= —16.45 calculated for 0.5 M NaClCsolution by using the
Specific Interaction Theory (SIT) with procedures, standard
state hydrolysis constants, and interaction coefficients given by
Grenthe et al. (1992). The value obtained by a fit to the data
reported in this paper (Table 2) is log&5.14. This solubility
constant was extrapolated to infinite dilution using the rela-
tion (1)

log K°so = log K°so + 3log y.(UO,(CIO,),) —
4log y-(HCIO,) + 3loga, (1)
for the reaction
UO52H,0 + 2H" < UO3" + 3H,0

Activity coefficients and water activities were calculated as

v+(UO,(CIO,),) = 0.522, logy..(HCIO,) = 0.726 and g

= 0.996 from interaction coefficients and equations given by
Pitzer (1979) and mixing data of Kim and Frederick (1988).

The resulting value for the standard state solubility constant is
log K°, = 4.7.

For calculating solubility constants from our equilibrium
data for Ng ;dUO; 16+ 2H,0 in 3m NaCl solution we used the
experimentally determined hydrolysis constants for the uranyl
ion measured in the same ionic medium as reported by Duns-
more and Silla (1963). We only used experimental data be-
tween pH 5.2 and 6.1 because at higher pH, the hydrolysis
model is not sufficient clear. For the experiment performed at
pH 5.2, we only used the equilibrium concentration of the first
plateau (Fig. 6). In the long-term, the concentration decreased
by more than an order of magnitude, may be due to phase
transformation of polyuranate to schoepite. In the pH range
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for the reaction

Nao 53J0s 162H,0 + 2.33H" <> UO3"
+ 3.165H0 + 0.33Nd

with mean activity coefficientsy.(UO,Cl,) = 0.619 and
v.(HCIl) = 0.974,v.(NaCl) = 0.714 and water activity a

= 0.893 calculated for 3m NaCl solutions from interaction
coefficients and equations given by Pitzer (1991) and binary
and ternary mixing parameter of Kim and Frederick (1988).
The error in the log K, value of 0.15 (i.e., ca 40%) is
calculated, considering the error in the measured equilibrium
concentration values (included in Table 2) which is given by
the variation of analyses results as a function of experimental
time and the analytical error (the latter is smaller than 10%), the
error in the value of the hydrolysis constants (given by Dun-
smore and Sille, 1963, as<3%) and the error obtained from
an overall fit of the average data as a function of pH to the
solubility/pH curve (Fig. 12). The latter error was calculated as
the quadratic mean for the deviation (in terms of log, Knits)

of the average data from the calculated curve.

If one assumes that the initially formed polyuranate is slowly
transformed to schoepite, the measured long-term equilibrium
concentration of U would correspond to a solubility constant at
infinite dilution of log K°%, = 4.7, using the above described
hydrolysis model and mean activity coefficients. This value is
rather similar to that in perchlorate media.

The U concentration values at equilibrium 5 m NaCl
solution were not used for calculating logKvalues because
stability constants for this ionic medium are not known and can
not yet be estimated reliably from thermodynamic models. The
available data for 3m NaCl solution (Dunsmore and “8ille
1963) seem to indicate that trinuclear complexes are the dom-
inant solution complexes between pH 5 and 6. With this as-
sumption, the measured variance in the solubility concentration
at a given pH of about 1.5 orders of magnitude corresponds to
a variance in log K, values of about 0.5 for the polyuranate,
probably due to the well known relation between particle size
and solubility.

4.4. Comparison of Solubility Constants with Literature
Data

Our results may be compared with literature data. Theoreti-
cal solubility values may be derived from calorimetric data of
O’Hare et al. (1988) and Grenthe et al. (1992). Using these
data, the calculated standard state equilibrium constant for
schoepite is log K, = 4.83. For comparison, theoretical
solubility curves of schoepite were calculated with this constant

between 5.2 and 6.1 the significant solution species are the free, o ¢ 3 m NaCl and for 0.5 m NaClQsolutions, using the

uranyl ion and the polynuclear complexes (LWSIOH),*",
(UO,)5(OH),2", and (UQ),(OH)s™. Chloride complexation of
the uranyl ion is implicitly accounted for in the reported values
of the hydrolysis constants. By fitting the experimental data to
a calculated solubility curve a log K = 7.95 = 0.15 was
obtained. The conditional solubility constant is extrapolated to
zero ionic strength as log K$ = 13 = 0.15 using the Eqn. 2

log K°so = log K°so + 3log y.(UO,Cl,) + 0.66logy-(NaCl)
— 4.66logy + (HCI) + 3.165loga  (2)

appropriate hydrolysis models and sets of mean activity coef-
ficients described above. Experimental data in 0.5 m NgCIO
and the one low long-term valua B m NaCl solution closely
match the calorimetrically bases curves.

The solubility of uranyl oxide hydrates (in particular schoep-
ite) has been experimentally measured by numerous authors
(Kraus and Nelson, 1948; Gayer and Leider, 1955; Babko and
Kodenskaya, 1960; Sandino, 1991; Kramer-Schnabel et al.,
1992; Meinrath and Kimura, 1993; and Torrero et al., 1994).
For comparison with our data, a summary of experimental
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Table 3. Comparison of conditional solubility constants and corresponding values for the infinite dilution standard
for schoepite and alkali/alkali earth polyuranates.

Solid Conditions LoKso Log K2, Reference
UO;*2H,0 Calorimetry — 4.83 O’Hare et al., 1988,
Grenthe et al. 1992
UO,(OH), probably 0.1 m NaNQ 4.0 3.84 Kraus and Nelson, 1948
UO42H,0
UO3*H,0 probably ** <0.01 m HCIQ, 5.6 5.6* Gayer and Leider, 1955
UO4*2H,0 pH 3.9-5
*Baes and Mesmer, 1976
UO,(OH), probably 0.2 m NH,NO4 5.40 5.24 Babko and Kodenskaya, 1960
UO4*2H,0 pH 3.6-4.6 (5.74) (5.58)
Amorphous 0.5 m NaCIlQ 6.59 6.35 Sandino, 1991
UO4*2H,0 pH 6.7-9
Micro-crystalline 0.5 m NaCIlQ 6.22 5.97 Sandino, 1991
UO4*2H,0 pH 6.7-9
UO;*2H,0 0.1 m NaCIQ 5.28 5.06 Meinrath and Kimura, 1993
UO;*2H,0 0.1 m NaCIlQ 5.35 5.13 Kramer-Schnabel, 1993
pH 4.5-5.5
UO;*2H,0 0.5 m NaCIlQ 5.14 4.70 This work, two tests
UO;*2H,0 1 m NaCl 5.57 5.48 Torrero et al., 1994
UO;*2H,0 1 m NaCl/uQ 5.92 5.73 Torrero et al., 1994
“U0O z*2H,0” 3 m NaCl 5.43 4.7 This work, one test at pH5.2
Weighted average 5.3% 0.25
Nay 3J0; ;2H,0 3 m NaCl 7.95+ 0.15 7.13+ 0.15 This work
Becquerellite 1 m CaC} 7.29 7.13 Sandino et al., 1994
Cay U053 4¢1.8H,0
Compreignacite 1 m KClI 6.56 6.33 Sandino et al., 1994
Ko 33JO; 161.8H,0
Na,U,0, 26 This work, estimated

results is given in Table 3. To facilitate comparison, literature experiments, as much as 50% of dissolved U(VI) should be
results obtained at various ionic strength in various ionic media present as (Ug),(OH),>" whereas UQOH™ is insignificant.
were corrected to zero ionic strength. Kraus and Nelson (1948) Solubility constants were extrapolated to zero ionic strength
determined a solubility product log K of —23.5 for the using the relation 3

reaction UQ(OH),(s) = UO,2* + 20H", by titration of

U(VI) containing 0.1 m NaN@solution with NaOH. The solid 109 K®so = l0g K®so + 3log y..(UO,(NO5),)

pha_se was not charac_:terlzed but, comparing to our results in — 4log y.(HNO;) + 3log a,. (3)

low ionic strength media (NaCIQNaNG;,) it was probably not

dehydrated but hydrated schoepite (metaschoepite?). WithoutRespective trace mean activity coefficients for the ionic me-
considering polynuclear complex formation, a solubility con- dium were calculated using interaction coefficients and equa-
stant, logK¢, of 6.04 was determined by Gayer and Leider tions given by Pitzer (1979). From the reported solubility

(1955) using the Debye Hiel limiting law for activity coef- product, log K, = —23.5, for the results of Kraus and Nelson
ficient correction for the reaction UgH,0 + 2H" — UO,*? (1948) for 0.1 m NaN@solution, a solubility constant K was

+ 2H,0 in HCIO, solutions. Detailed ionic strength data are calculated using a log K value of —13.76. The same proce-
not reported, but the activity coefficient used for daig,, dure for extrapolation to zero ionic strength was used as for the

~ 0.95, indicate that rather low ionic strengtt0.01m were data of Babko and Kodenskaya (1960). Sandino (1991) showed
used. Reanalysis of these data by Baes and Mesmer (1976)that experimental log K values of schoepite vary with crys-
considering polynuclear complex formation, yield a value of tallinity. Experiments were performed in 0.5 m NaGltbe pH

log K°,, = 5.6. Solubility products determineded by Babko and range 6.7-9.0 using amorphous and microcrystalline schoepite.
Kodenskaya (1960) in 0.2 M NfNO; solutions cannot be used  Kramer-Schnabel et al. (1992) proposed a lag Kk —22.21
directly in the present context, as contribution of hydrolysis and for UO3;2H,0, measured in the pH range of 4.5-5.5. Meinrath
polynuclear complex formation was not considered. For the and Kimura (1993) determined a value log K= 5.28 for
determination of meaningful solubility constants the reported schoepite (recalculated from original data using log, K
raw data were, therefore, reanalyzed using hydrolysis stability = 13.78 given by Meinrath and Kimura, 1993). Experiments
constants logB,; = —5.49, log B,, = —5.83, l0g Bz, were performed in a pH range between 2.8 and 4.6, using
= —12.36, and logB;s = —16.25 calculated for 0.2 M schoepite with an X-ray pattern that resembled JCPDS-29-
NH,NO; solution from the data and SIT procedures given by 1376. Solubility constants of Kramer-Schnabel et al. (1992)
Grenthe et al. (1992). Reported pH values were interpreted asand Meinrath and Kimura (1992) were extrapolated to infinite
operational values using the Bates-Guggenheim Convention. dilution using the same procedure as described above for our
For comparison, solubility constants were also calculated by solids formed in 0.5 m NaClQsolution. Torrero et al. (1994)
interpreting reported pH values adog m,, . (values in brack- determined the solubility of poorly crystalline synthetic scho-
ets in Table 3). Results show that, in the pH range of the epite in 1 mol dn® NaCl solutions and of schoepite precipi-
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Fig. 13. Composition of the reported phases in terms of the Na/U ratio as a function of the Na/H ratio in solution.
Comparison of experimental and literature data with curves calculated based on two solid solution (SS) models: a yellow
SS: schoepite/NgsJJO; ;2H,0 and an orange SS haUO; ;2H,0/Na,U,0,.

tated from supersaturated solutions on JJX-ray data of temperature. Therefore, we attempt describe our results in the
synthetized schoepite corresponding to the pattern given in larger context of literature data for schoepite (see above) and
JCPDS-18-1436 metaschoepite). The authors reported similar-the sodium (poly)uranates compositions, both for 25°C and for

ities between U solution concentrations from Udissolution higher temperatures<{(90°C). It is useful to describe the com-

tests and schoepite solubility. position of the reported phases in terms of the Na/U ratio as a
From the comparison of solubility constants extrapolated to function of the solution composition (the NAH™ activity

| = 0 for schoepite, an average value of log.K= 5.37* 0.25 ratio). As some of the required information is not reported in

may be obtained, attributing zero weight to our data in per- the original literature, missing data were computed from re-
chlorate medium (only two experiments)caB m NaCl media ported experimental conditions. Results are given in Fig. 13.
(only 1 value) and to the data of Sandino (1991) as the reported
solubility values are much higher than typically encountered
values. Obviously, schoepite with an average solubility con-
stant of log K%, = 5.37 forms rather easy. Nevertheless, with

4.5.1. Evaluation of literature data on Na-polyuranate
compositions

amorphous or microcrystalline material much higher solubili- Ricci and Loprest (1955) found various solid phases of the
ties can be achieved (Sandino, 1991). Also, if the precipitation general composition N&/O 5., at temperatures of 50 and
process is well controlled, our data in 0.5 m NaGknd at pH 75°C in carbonate free solutions: a solid solution with x values

5.2 in 3 m NaCl solution show, that much lower equilibrium  between 0.11 and 0.16, a stoichiometric compound with x
concentrations of U may be encountered, approching the solu- = 0.33 (the phase found in our study), a solid solution with x
bility constant of log K¢, = 4.83, obtained from calorimetric ~ values between 0.66 and 1.45 of which the well known di-

measurements. uranate (NgJ,O5) is just a point in the continuous range of this
solid solution, and, in the highly alkaline range, a stoichiomet-
4.5. Stability Fields in the Na/U(VI)/H,O System ric compound with x= 10. The authors did not report pH

values but the missing information was calculated with the help

The purpose of the present evaluation is to obtain phase of the equation

boundaries between the various Na-polyuranate, Na-diuranate,
and schoepite phases. Our data alone are not sufficient to assess pH = log ay — log Ky, = log ay, — log Ky, (4)
stability fields and formation conditions of U(VI) solid phases,

in particular due to the establishment of metastable solid/liquid from the reported solution composition (wt% )@ in solu-
phase equilibria, so typical for experiments performed at room tion), obtained after equilibration (Na-concentrations) using log
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K°,(50°C) = —13.25, log K$,(75°C) = —12.69. For highly activity should occur at a fixed N@H™ activity ratio given by
alkaline solutions, activity corrections were made (Pitzer equa- the equilibrium constant for the above reaction as

tions for the system NaOHA®), but below pH 10, there was

only a small error when using concentration ratios instead of 109 Kiransiom= (Vnag — Vna,a)10g (/@) + (Vnag — Vnaa)/ 2)
activity ratios. The method for calculation of pH is only valid, .

i dissﬁlved U concentrations are much Iowerpthan Nayconcen- ¥e ~ Ya)log &y = log (KsodKson)  (6)
trations. Respective U data are not reported, but it was statedwith K, o and K, s being the solubility constants for two
that U concentrations were extremely low. We consider the reactions of generalized form

calculation method unreliable for Na-concentrations lower than

about 10 m (pH < 9.5, log Na/H< 5) and use data at lower ~ NaUOg.y2(H:0), + (2 + v) - H" <>v Na’ + UO3"

Na/H ratio only in a qualitative manner. Sutton (1955) studied F(y+1-vd2) HO (7)
phase formation after four months of equilibration at 25°C by
mixing about 0.9 M solutions of USCI, and NaOH in various In case of solid solution formation the Na/U ratio of the solid

ratios. For our evaluation, solution concentrations of Na were will vary in a continuous manner with the N&H ™" -ratio of the
computed from the ratio of the two mixing solutions, and pH solution. For ideal binary solid solutions the composition de-
values were determined from the equilibrium data in the Fig. 1 pendent solubility constant 4§ may be expressed by the sol-
of the authors. By using fast titration experiments, Maly and ubility constants I and Kg of the endmembers A and B with
Vesely (1958) described Na-(poly)uranate formation as a func- the mol fractions ) and X( = 1-X,) as (Lippmann, 1977 and
tion of pH. Na-polyuranates of similar structure (A) with Na Gresen, 1981)
contents between x 0.12 and x= 0.4 were observed and

between x= 0.4 and x= 1 a new structure (B) was found. Data

for titration both in acid (addition of UQINO;), and alkaline  The two terms in this equation are the partial solubility con-
direction (addition of NaOH) were used in the present evalu- stants of A and B defined by

ation. Sodium activities in solution were considered identical to

a hypothetical neutralized solution (0.07 m Na). Solid phase A’ Aoz - Al e

compositions were obtained from the graphical data represen-XaKa =

Kss= XaKa + (1 = X))Kg (8)

q(_\(Na,A‘*'Z] ;
tation (the authors’ Fig. 4). Useful for comparison are also
phase_ formation_data from_ Popgi et al. (1980) obtained by slqw ae® s ayoz * CH AL
stepwise potentiometric titration (programmes lentes). Solid XgKg = astD 9)
composition and pH are reported. Solution concentrations of B

Na were computed for the determination of experimental pjyision of the two Eqns. 9 for the endmembers A and B and
Na'/H" ratios from the reported initial Na concentrations and  transformation yields

the reported additions of NaOH. Brush (1980) studied poly-
uranate formation by phase transformations in 0-4 m NacCl Aat
solutions at temperatures of 60 and 90°C. Besides dehydrated oga N
schoepite, two polyuranate structures with a fixed Na content of

x = 0.33 were formed (designated S.P.I and S.P.ll). Also a |q ( Xa &) _ <yA _ B+VNa~A _LNE‘-B).mgaw
solid solution with higher Na contents was observed (S.P.IlI). 1-Xa Ke 2 ’
Data for the solid solution were only used if phase composition VNaA ~ VNag

is given (Table 2.5 of the author).

(10)

and for any Na/U ratio in the solid phase we obtain at a water

) ) ) activity close to unity X as
4.5.2. Evaluation of phase relationships

_ Na/U—Vyap

Despite considerable uncertainties, Fig. 13 shows that all =
VNaA ~ VNaB

data lay in a narrow range at a given pH. Close agreement
exists between the data of Ricci and Loprest (1955) for 75°C  The above equations show that the absolute determination of
and of Brush (1980) for 90°C. We can distinguish both stoi- a single solubility constant, for example of our polyuranate,
chiometric phases and solid solutions. Stoichiometric phaseswould constrain the solubility constants of all other phases if
are indicated by certain ranges of constant Na/U ratios with only the pH values or Na/H ratios of phase transition are
changing Na/H ratio. In contrast, solid solution phases con- known. Thus, using the data of Fig. 13 we may attempt to
tinously change their composition with the change in solution model phase formation in the Na/U(VI)/® system. The data
composition. According to the general Eqn. 5 for transforma- of Ricci and Loprest (1955) and Brush (1980) seem to indicate
tions among phases of the type N . ,,»yYH,0 in the that the stability range of the polyuranate witg, = 0.33 is
Na-U(VI)-H O system strongly temperature dependent. The stability limit in the alka-
line range is given at 75 and 90°C by log Na/H of about 7
whereas at 50°C the phase is stable up to log Na/Bl.5. For

Vg — Vg lower temperatures, long equilibration times and metastable
+ Na,UOg;,/2(H:0)y, + ( 5 TYs~ YA> “HO (5) phase formation obviously impede an exact determination of

stability limits in the alkaline range.

phase transformations of stoichiometric phases at a given water From the two solubility constants (average value of log K°

(11)

NELBUO<3+VB/2>(H20)yB + (Vg — Va) - H" < (vg — vy)Na"
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= 37+0.25 for easily formed schoepite and log [K° that these solids are rare or absent as minerals in natural aquatic
= 13+0.15 for Ng U0, ;2H,0) determined in our study,  systems. Polyuranate phases with Na/U ratio®.3 should
together with the above equations, we can calculate a hypo-form in more alkaline groundwaters with log Na/H 5. In
thetical phase boundary between this schoepite phase andorder to explain this discrepancy, systematic calculations were
Nay 3U0; ,2H,0O resulting in an activity ratio log Na/ performed (Blanc and Grambow, in prep.) in the whole halite
H = 5.3. Consequentlynia 1 molal NaCl solution schoepite  and calcite of magnesite saturated nie component (U(VI), Na,
should form below about pH 5.3, the polyuranate at higher pH K, Mg, Ca, SQ, Cl, CQ;, OH)/H,O system of oceanic salts.
values. However, solid solution formation as well as uncertain- The results show that NgaJUO; ;52H20 is unstable in large
ties in the solubility product of schoepite smears out such a ranges of composition with respect to either compreignacite or
clear phase boundary (Fig. 13), even at temperatures as high asaUQ, and becquerellite and should form only in rather pure
90°C. This is consistent with the ion exchange behavior ob- NaCl solutions.
served for Na-polyuranates (Biglin, 1989a,b). Obviously scho-
epite can be transformed to Na-polyuranates by means of anion4.6. Structural Context
exchange mechanism. As will be discussed further below, the
ease of such phase transformation may be attributed to the high Solid solution formation is generally limited by crystallo-
mobility of Na-ions and water molecules in the interlayers. ~ 9raphic constraints. As noted by Pongi et al. (1980) poly-
Though Fig. 13 indicates solid-solution formation in the uranates show a significant displacement of the principal peaks
range between & »,, < 0,33, the composition of the acidic of schoepite. Nevertheless, structurally, and by crystal habits,
endmember remains uncertain. The literature data from tests atthiS phase appears to be closely related to schoepite. Similar to
higher temperatures indicate that more than one solid solution about 80% of uranyl minerals with refined structures, schoepite
may occur in this composition range (Fig. 13). In the absence contains layers of polymerized uranyl coordination polyhedra
of more accurate experimental data, we may describe the com-(Finch et al., 1996a; Burns et al., 1996). The same is true for
positional behavior by a solid solution between schoepite and a Many polyuranates. The structure of schoepite is related to that
polyuranate with the composition of NadJO; ;s2H,0. Us- of dehydrated schoepitey-UO,(OH), with molecular water
ing Eqn. 10 the composition of this solid solution is calculated Ponding uranyl oxy-hydroxide layers parallel to (001) (Christ
as the function of the Na/H activity ratio in solution. Results and Clark, 1960). Hydrogen bridges are bonding the sheets
are included in Fig. 13. At the alkaline side of the stability together.
range this yellow solid solution has the composition In the polyuranate structure, sodium ions occupy interlayer
Nag 5dJO5 ,52H,0. At higher pH values (or Na/H ratios), this ~ Sites (Brush, 1980). Brush (1980) has also shown that the
solid solution becomes unstable and is transformed to anotherNa-ions stabilize the hydrated structure to dehydration in aque-
solid solution of orange color with an acid endmember having OUS solutions, even at temperatures as high as 110°C, as op-
an vy, range of about 0.33-0.8 and an alkaline endmember with POSed to schoepite, which looses interlaygOHn aqueous
vna = 1. The solubility constant of the acid endmember SOlutions at such temperatures. '
NaUOs5, o,»2H,0 can be estimated from Eqn. 6 and the log The urar_1y| hyd_romde sheets in schoepite and polyuranates
K° ., value for Na 5 U0, ,¢2H,0, a water activity of unity and ~ May be written with the general formula [JO,(OH),_,]™*,
the activity ratio log Na/H= 7.5 as the location of the phase with the layer charge depending on the cation content of the
boundary is estimated from the data in Fig. 13. Using addition- interlayers. The formula of the observed sodium-polyuranate
ally Eqn. 10, best it to the experimental data in Fig. 13 can be N@.sdJO05.1¢/H,O may structurally be written with becque-
obtained withy,,=0.33 for the acid and,,=1 and log K2, rellite-type - sheets NHUO,);0,(OH),]o(H,0)s.5, Or with
= 13 for the alkaline endmember indicating solid solution Schoepite-type sheets NEUO,),,0,(OH),4l(H0),4 Similar
formation between Ng,dJO,,¢yH,O and NauQ gyH,O structural formula are reported for other interlayer cations

(Na,U,0,). The log K%, value of 26 for NgU,0O, is much .
higher than the value of 22.6 calculated from the thermody- becquerellite  Cal(U:0,(OH)s](H0)s

namic data for this phase (calorimetric data for high tempera- fourmarierite Pb[(UQ),05(OH),](H,0),
ture phase) given by Grenthe et al. (1992). Using data of the
high temperature phase would significantly overestimate the billietite  Ba[(UO,)30,(OH)s]2(H20)4

stability range of this orange solid solution. Results of model

calculations are included in Fig. 13. compreignacite  K{(UO2);0,(OH):]o(Hz0)s

The transformation conditions between orange and yellow .
schoepite UQ0,(OH),,](H,O
solid solutions are given by the requirement of equal equilib- P [(UD:O:(OH):2l(H-O):
rium activities of the uranyl ion at the transition point. Calcu- For schoepite and the above phases (with the possible

lations of U concentrations in equilibrium with the two solid exception of compreignacite, where the structure has never
solutions were performed by help of Egn. 8, resulting in a log been refined) the sheets are similarly structured. Each is based
ay/ay of transformation of about 10. This would agree with an on oxygen anion-topologies that contain triangles and penta-
extrapolation of the transformation boundaries observed in the gons that are populated with uranyl ions (Burns et al., 1996).
high temperature data to 25°C, and it would indicate that all We predict that the same is true for Na-polyuranate
solids with Na/U molar ratios higher than 0.33 are metastable Na, ;JUO; ,yH,O, but this has to be confirmed by respective
below log a./a, = 10. X-ray analysis. There are indications that the Na/U ratio of 0.33
Considering the large stability range for Na-polyuranates and in the polyuranate is not variable, i.e., it is a stoichiometric
the ease of their formation in laboratory systems, it is surprising phase (Brush, 1980; Pongi et al., 1980; Ricci and Loprest,
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Table 4. Enthalpy of dehydration in air.

Weight loss 40— Weight loss
80°C 80-135°C Enthalpie of dehydratiot\,H
(“sorbed water) (“structural water”) (kJd/mol) per
mol mol mol mol structural
Medium wit% fraction wit% fraction Phase stoichiometry “schoepite” H,0

3 m NaCl 1.45 0.26 5.96 1.06 Na,UO; 105l.65H,0 46.8 44.1
5 m NaCl 3.45 0.61 6.62 1.18 NaUO0; (2.23H,0 48.1 40.7
0.5 m NaCIQ 3.4 0.61 6.09 1.09 NayUO3 o5l . 7H,0 47.2 43.3
UO,(NO3), +NaOH 34 0.61 7.35 131 NadJO; o 2H,0 56.3 42.9
Calorimetry? 1109 UO,2H,0 53.8 48.9
H,0()—H,0(g)” H,O(l) 39.2 (44.0)

@ Calculated from data in Grenthe et al. (1992)H%,, yos - 2120 = —1826.1 kdmot™; AH, uos - 0.oH20 = —1506.3kIMOT™; AH,, 120 gas

= —241.83 kJmol?, using Cp values given in Grenthe et al. (1992) it can be shownAfhivalues are similar for 25 and 130°C
®) calculated withAH, 11200) = —285.83 kmot™ and steam tables of Haar et al. (1984) both for 25°C and for 130°C (25°C value in brackets)
© nominal value for the formation of dehydrated schoepite; U0.9H,0.

1955). On the other hand it has been shown that Na-ions of this et al., 1996a) to the structurally similardehydrated scho-
phase are readily exchangeable with Na-22 ions in solution epite (UO,;-0.9H,0). Hence, the release of interlayer water
(Baran, 1988; Bilgin, 1989a,b). These two observations are not in the TG-DSC analyses is obviously close to completion at
at conflict with each other if one describes the polyuranate as an135°C and is rather similar for schoepite and for the sodium
ion exchanger with a cation exchange capacity given by the polyuranates. The differences in the measured enthalpies of
cation/U ratio of 0.33. If this phase has a fixed Na/U ratio, this dehydrationA,H values can at large be explained by the
means that higher quantities of Na-ions cannot be inserted into differences in the water content of the solid phases. The
the interlayers without changing the sheet structure. Indeed, the specific enthalpy of dehydration per mole of interlayer water
sheets of the Na-diuranate (N&0O-) structure are composed is similar for the polyuranates and for schoepite. However,
of hexagonal rather then pentagonal-coordinated uranyl poly- the polyuranate structure appears to contain two energeti-
hedra (Burns et al., 1996). This change in layer structure may cally different sites of interlayer water, since in the temper-
be a response to the increased layer charge. Also the coulombicature range of 80-135°C two endothermic peaks were ob-
repulsion of Na-ions in the interlayers may prevent insertion of served in comparison to only one peak for schoepite.
additional Na-ions into the interlayers. In the polyuranate struc-  The average specific enthalpy of hydration of 43.3 kJ/
ture the Na-ions are rather loosely bound, as is indicated by the mol(H,O) obtained from our schoepite and polyuranate data is
fact that the interlayer cations are readily exchangeable with slightly lower than the value of 48.9 kJ/mol{8) calculated
other alkali or with alkali earth elements (Biglin, 1989b). The for isothermal dehydration at 135°C (408K) of schoepite ac-
data of Biglin (1989b) show that almost the total alkali ion cording to

content of the interlayer participates in the exchange reaction.

We may conclude that the cations in the interlayer are quite (1/1.1)UG2H,0 — (1/1.1)xU050.9H,0 + H,0(gas)

mobile. This may explain the ease of phase transformation as
observed by Sandino et al. (1994) for the systems schoepite/
compreignacite/ KCl-solution and schoepite/ becquerellite/
CaCl-solution. AdehycHﬁazo) =11 AfoJOOBgO.QI—bO + AfHﬁgg,gas

using the equation

4.7. Properties of Interlayer Water in Schoepite and _ i A, 08 (12)
Polyuranates 1.1 ArMuoaro

A comparison of TG-DSC analyses results with values with the enthalpies of formation of O’Hare et al. (1988);
calculated from literature data (O’'Hare et al., 1988; Grenthe evaluated by Grenthe et al. (1992) for schoepitgHl =
et al.,, 1992) is shown in Table 4. TG-DSC analyses of —1826.1 kJ/mol) and dehydrated schoepiigH® = —1506.3
polyuranate and schoepite phases have shown that about 3kJ/mol) andAH° = —241.83 kJ/mol for water vapor. Correc-
wt% of the water content released until 200°C is lost in the tions for temperature were made by the heat capacity integra-
temperature range of 40-80°C, maybe at least in part as tion using G, data given by Grenthe et al. (1992) for schoepite
surface adsorbed water. The further water loss up to 200°C (C,(T) = 84.238 + 0.294592T), Cp°= 140 J/(K.mol) for
is associated with an endothermic reaction in the tempera- «UO;0.9H,0 and A;H*°® of H20 was calculated from the
ture range of about 80-135°C, indicating loss of structural standard state value and the steam tables of Haar et al. (1984).
(interlayer) water. An average loss of 1.16 formula units of Within the accuracy of the data the calculated specific dehy-
water between 80 and 135°C is observed, closely resembling dration enthalpy is the same for 25 and 135°C.
the release of interlayer water during the dehydration of A comparison of the specific enthalpy of dehydration of our
schoepite (metaschoepite W@.0H,0 instead of the ideal precipitates to the enthalpy of evaporation of liquid water
schoepite (UQ)gO,(OH),(H,0),,, = UO42.25H,0, Finch (135°C) shows close similarities (Table 3), indicating that the
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Table 5. Comparison of the calculated thermodynamic properties at translational, vibrational, and rotational degrees of freedom that
298.15 k and 1 bar of interlayer and hydroxide water of schoepite t0 gne would postulate for these types of water. In contrast to the

those of free water and metastable ice and to the data for structural ; - .
water for sheet silicates and for zeolitic water reported by helgeson interlayer water, as expected, there are quite different proper-

(1978). ties for the water originating from further dehydration of
a-U0z0.9H,0 to y-UO,. The small energetic differences be-
AG® AH° S Vi tween interlayer and free water create only small stability
[k/mol] _[kI/mol] [I/(mol.grd)] [cm®/mol] differences between schoepite and dehydrated schoepite. This
H2O merayen 2381 —290.7 56.8 19.1 may on the one hand explain thg large _sgatter in experimental!y
Onyeroxic) _254.2 —313.9 33.2 9.6 measured water contents of solid precipitates and may explain
H,O(liq) —237.1 -—285.8 69.95 18.02 on the other hand that under natural conditions schoepite and
H20(ice) 44.7 dehydrated schoepite may coexist with volumetric constraints
ﬁigétslﬁeithsilicates) 5%8.917 813.7 playing an important role in deciding whether schoepite or

dehydrated schoepite is formed (Finch et al., 1992).

In the literature (Christ and Clark, 1960; Finch et al.,
1992; Brush, 1980), quite different X-ray patterns of
thermodynamic properties of the interlayer water are close to UO4yH,O phases are described varying with the water
that of free water. This interpretation is further confirmed by gntent in the solid. However, while Christ and Clark (1960)
calculating the standard enthalpy, Gibbs free energy, entropy, reported an increase in the interlayer distance with decreas-
and the volumetric properties of the interlayer water of the ing water content, the inverse behavior was observed by

schoepite phase (stoichiometry Y2H,0 not UO;2.25 H,0) Finch et al. (1992). Our data show no clear relation between
studied by O'Hare et al. (1988), according to the equations  yater content and X-ray data.

AfHﬁIZO,inlerlayer = ﬁ (AfH(L)JOgZHZO - .AfH?JOgO.Ql-bO) (13) 5. CONCLUSIONS

Our results show that sheet structures of sodium-containing

AGP0,interiayer = 11 (AGlogro — * AtGlopomo) (14) uranyl oxide hydrates (polyuranates) of various Na/U ratios are
the principal solid phases formed at 25°C in NaCl solutions. At

1 least two types of solid solution series were identified: a yellow

Shointerayer = Shugas T QS%Z(gas solid solution series with a maximum Na/U ratio of 0.33 for
simplicity assumed to be bound by the endmembers schoepite

(AfGﬁzo,imerlayer_ AfHﬁzO,interlaWer) 15 (metaschoepite) and adJO, ,¢2H,O and another, orange,

- T (15) solid solution with higher alkali contents. Na-ions and water
molecules are very mobile in the interlayers of the yellow solid
solution, thus explaining the ease of ion exchange and phase

1 transformation processes.
Vi o intertayer = 77" (Vmuozo — * Vmuoosno) (16) Phase transformation between these two types of phases may
occur at activity ratios log Na/H in solution of about 10.
Molecular volumes were obtained from the crystallographic However, alkali rich metastable phases may also occur at lower
densities calculated from the dimensions of the orthorhombic log Na/H ratios. Pure, alkali free schoepite forms only at very
unit cell as 64.43 cifmol of schoepite and 45.33 &/mol of low Na/H activity ratios in solution (log Na/H< 3 at 25°C).
a-dehydrated schoepite. Similar calculations were performed Consequently, since many low temperature groundwaters have
for the dehydration of dehydrated schoepiteytd O, to obtain higher Na/H ratios, natural schoepite phases are expected to
the corresponding thermodynamic properties of water bound as contain certain impurities of alkali ions. Polyuranate phases
hydroxide in the structure. Results of calculations for interlayer with Na/U ratios> 0.3 should form in more alkaline ground-
water are compared with the respective data for liquid water in waters with log Na/H> 5. However, in natural water systems,
Table 5. The calculated apparent thermodynamic properties of as opposed to many experimental set-ups, pure NaCl-solutions
interlayer water include also potential thermodynamic contri- are absent and competition with other alkali (e.g., K) or alkali
butions resulting from reported structural differences Finch et earth (e.g., Ca) elements will lead to the formation of thermo-
al. (1996b) between sheet structures of schoepite and dehy-dynamically more stable phases of a similar structure type (e.
drated schoepite. Assuming that these energetic differences arebecquerellite, compreignacite).
small, the data in Table 5 show a close similarity in the Observed differences of about 3 orders of magnitude in the
calculated properties of interlayer water with those of free apparent U equilibrium solution concentration, for a given
water. The slight decrease in the entropy of only about 13 NaCl solution concentrations can be attributed to two types of
J/(mol.grd) of interlayer water when compared to free water is metastability: metastability of poorly crystalline phases and
similar to that of water loosely held in the channels of zeolites metastability of a given Na/U ratio of a solid phase. An average
(Helgeson et al., 1978). This indicates that interlayer water is value for the standard state solubility constant at 25°C of easily
also rather loosely bound, like in zeolites, and much more precipitated (poorly crystalline) schoepite was determined from
mobile than the water in the interlayers of sheet silicates. The literature data as log K25.37 = 0.25. However, our experi-
observation that $%6iq) > S°hzo(interlayer) > S Hz0(ice) = ments also show, that it in carefully controlled precipitation
S Hzomydroxide)iS Consistent with the relative magnitude of the  tests, or after rather long precipitation times (ca. 1 yr) much

and
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lower solubility values can be reached, closely matching the
solubility constant log K, = 4.83 obtained from calorimetric
data (O’Hare et al, 1988).

For the polyuranate NadJOs ;62H,0 a solubility constant
of log K°,, = 7.13 = 0.15 was determined from the given
experimental data. For Nd,0, based on reported solubility
data a value of log K3, = 26 is estimated. A thermodynamic
model is proposed, estimating the phase boundary between th
two solid solutions as well as the composition of solid phases
as a function of solution pH and Na-concentration.
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