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The present work improves the understanding on uranium(vi) nitrate systems in acidic, moderate to high
ionic strength conditions. Undersaturation solubility studies with the systems UO,(NOs),-NaNO3-H,O
and UO,(NOs),-Mg(NO3),-H,O were conducted at T = (22 + 0.2) °C. Corresponding solid phases
UO,(NO3),-6H,0, NaNOsz, and Mg(NOs),-6H,0O were identified via X-ray powder diffraction. Experimental
results are compared with literature data available for the ternary systems at T = 25 °C and indicate a
strong dependence on temperature. Based on solubility and isopiestic data, an updated Pitzer model
assuming the full dissociation of all involved salts is derived, including new Pitzer interaction parameters
0U0,2+Na+ BUuo,2Mgz+ PUO,2+ Nar,NOs- aNd Puo,2+ mgzr No,- The geochemical code PhreeSCALE was used
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Introduction

Uranium plays a major role in the nuclear fuel cycle and is
consequently also highly relevant in the context of radioactive
waste disposal. Due to its long half-life (***U: t,/, = 4.47 x 10° a,
233U: ty, = 7.04 x 10% a, and **°U: ¢4, = 2.34 x 107 a)," a funda-
mental understanding of its thermodynamic behaviour for a
variety of boundary conditions is essential for long-term safety
assessment of radioactive waste repositories. Uranium is
known to be stable in oxidation states +iv under strongly redu-
cing conditions and the generally more mobile +vi under
weakly reducing to oxidizing conditions."™

The use of nitric acid in reprocessing activities results in
high nitrate inventories in specific streams of low and inter-
mediate level radioactive waste.*® In general, nitrate salts are
highly soluble,"®"* which can potentially lead to aqueous solu-
tions of high ionic strength. Nitrate can locally impact the
redox boundary conditions (i.e., acting as oxidizing agent,
potentially driving the transition from U(w) to U(vi)), but can
also alter radionuclide speciation through complexation and
ion-ion interaction phenomena.
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together with the PhreeSCALE database and the parameter estimation software PEST.

Consequently, the present work focuses on the thermo-
dynamic behaviour of two ternary uranium(vi)-nitrate
systems, namely UO,(NOj3),-NaNO3;-H,O and UO,(NO;),-Mg
(NO3),-H,0. The pH is adjusted acidic to focus on the highly
soluble nitrate phases and avoid hydrolysis and carbonate
complexation which would be expected to dominate the
systems under alkaline conditions. Few comprehensive data
sets on uranyl nitrate solubility’*'® are published to date,
which do not provide information on experimental uncer-
tainty or details on solid phase characterization. Because
solid phases are integral components of the chemical equili-
brium governing solubility, unequivocal identification of the
solid phases under the investigated boundary conditions is
essential in solubility studies.

In the context of long-term assessment, thermodynamic
models based on experimental data need to be determined
to properly describe the chemical behaviour. The choice of
the Pitzer approach'®'”
systems up to high ionic strength and is an established
thermodynamic  databases.'®"®
Thermodynamic and activity models of this work are derived

enables the description of complex

basis in  reference
on the basis of the full dissociation approach, which limits
the number of required interaction parameters, minimizes
the risk of overparameterization, and enables the descrip-
tion of experimental data without knowledge on the

+

aqueous speciation beyond the main cations (UO,>", Na,
Mg>") and anions (NO; ).
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This work aims to identify and complement relevant
experimental data sets of the UO,(NO;),-NaNO;-H,O and
UO,(NO3),-Mg(NO3),-H,O systems and provide ternary Pitzer
interaction parameters for an improved thermodynamic
description.

Experimental
Chemicals

Solutions were prepared with ultrapure water, purified with a
Milli-Q Academic apparatus (Merck Millipore, 18.2 MQ cm,
22 + 2 °C, pore size: 0.22 pm). Anhydrous sodium nitrate
(NaNOs, p.a., 99 wt%) and magnesium nitrate hexahydrate
(Mg(NO3),-6H,0, p.a., 99 wt%) were purchased from Thermo
Fisher Scientific. Furthermore, uranyl nitrate hexahydrate
(UO,(NO3),-6H,0, p.a., Chemapol) from the inventory of
KIT-INE was used. Nitric acid (HNOs; 60%, Ultrapur, VWR
Chemicals) and perchloric acid (HClO, 70%, p.a., ITW
Reagents) were used for acidification.

Solubility experiments

Independent batch experiments from undersaturation con-
ditions were performed with two series (18 samples total) for
the systems UO,(NOj3),-NaNO;-H,0 and UO,(NOj3),-Mg(NOs),-
H,0 at T = (22 £ 0.2) °C in concentration ranges of 0.0-8.1 mol
NaNO; per kg H,O and 0.0-4.9 mol Mg(NO;), per kg H,O
respectively. The pH < 2 was adjusted with HNO; or HCIO, to
prevent U(vi) hydrolysis. All samples were subjected to regular
agitation until thermodynamic equilibrium was reached, which
was assumed after analyses of consecutive samplings showed
constant total uranium concentrations. Sampling was per-
formed several times for all samples over a period of at least 4
and up to 26 months. Solid and liquid phases were separated by
ultrafiltration (10 kDa ~ 2 nm, Pall Life Science), followed by the
dilution of solutions with HNO; (2%) by a factor of
1:20301-1:40 401 due to high salt concentrations (two dilution
steps, gravimetric dilution). U, Na, and Mg concentrations were
consecutively measured via ICP-OES (Inductively Coupled
Plasma Optical Emission Spectroscopy, PerkinElmer Avio 550
Max) as triplicates. The uncertainty of ICP-OES measurements is
usually below 5%. Uncertainties for solubility data depicted in
the related figures are calculated as standard deviations of the
average of single measurements for each sample.

X-ray powder diffraction (XRPD)

Solid phases were characterized by X-ray powder diffraction
(XRPD) with a diffractometer D8 Advance (Bruker AXS) with
Lynxeye XE-T detector (1D mode) in Bragg-Brentano set-up
using Cu-K, radiation (the high energy resolution of 380 eV
of the detector allows the selection of Cu-K, radiation
without an additional monochromator). A step size of 0.013°
260 with 0.2 s per step was applied within the scan range of
5-60° 26, which results in a time of approx. 15 min per
measurement. Samples were usually measured 2-3 consecu-
tive times to identify possible phase changes during measure-

Dalton Trans.

Dalton Transactions

ment time after separation of solids from their mother
liquor. All XRPD measurements are presented either in this
document, or otherwise in the corresponding SI. Sample
preparation for XRPD measurements was kept as short as
possible (<10 min) to prevent changes of hygroscopic solids.
A fraction of the sample was separated as suspension via
pipette into a separate sample vial. Crystals were gently
crushed within the solution and pipetted onto the sample
holder (coated with petroleum jelly to fix the solid sample).
Adhesive solution was removed with absorbent paper. The
sample holder was closed with an airtight dome to minimize
potential phase changes.

Thermodynamic modelling

The present work aims at deriving a robust thermodynamic
model which describes solubility phenomena in dilute to con-
centrated salt solutions. Nitrate salts are in general known for
their high solubility."®">*° The Pitzer model'®"” extends the
Debye-Hiickel approach®?* by terms capable of describing
short range interactions up to high ionic strength. This is
proven in established thermodynamic reference databases®*°
and makes this a suitable model approach for the description
of the UO,(NO;),-NaNO;-H,0 and UO,(NO;),-Mg(NO3),-H,0
systems, in which ionic strength can reach high values, above
10 mol per kg H,O0.

The full dissociation approach for dissolved salts is chosen
in the present work to describe solubility'>"'® and isopiestic
data.>* This considers that only the dissociated ions UO,*",
Na®, Mg?*, and NO,™ are present as aqueous species when the
corresponding salts are dissolved. This limits the number of
parameters needed in the parametrization procedure and there-
fore minimizes the risk of overparameterization. Thus, the
resulting parameters inherently include the possible formation
of ionic pairs and complex species (e.g;, UO,NO;") in solution,
but without quantifying the species distribution. This approach
has been extensively used in previous studies* > to describe
experimental solubility and isopiestic data.

The deviation from ideal behaviour due to the mentioned
interactions can be described with activities a; (—) of solvent
and solutes. To model solubility behaviour and compare
experimental data with calculations in this model exercise we
use the saturation ratio SR (—):

[[;a
=L

KS,O

SR = (1)
with v; - the number of ions produced by the total dissociation
of electrolyte i and K, - the solubility constant (—) of a given
solid phase. To describe isopiestic and osmotic data we calcu-
late and compare osmotic coefficients ¢ (—) as defined by
Dinane:*

10001n a
L @)
M, - Zyimi
i
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with a, - water activity, M,, — molar mass of water (18.02 g
mol ™), m; - molality (mol per kg H,O) of dissolved electrolyte
i. A more detailed description on this selection and the deri-
vation of the saturation ratio are given in the recent work of
Hiusler et al.,*® in which we used the same approach for the
description of equivalent Eu(i) systems.

Parametrization procedure

The geochemical calculation code PhreeSCALE** and the corres-
ponding PhreeSCALE database'® were used for all calculations in
this work. In order to determine new parameters, PhreeSCALE was
further coupled with the parameter estimation software PEST.*®

With the use of the full dissociation approach, the required
parameter set to describe the ternary systems consists of the
thermodynamic solubility constants K, of all involved solid
phases at T = 25 °C as well as binary [211/2, /}53)’ /}’53), /}g), C;’:])
and ternary (0;x, ¥;x,) Pitzer interaction parameters (7 and k -
cations, j — anion).

The parametrization procedure started with calculations in
the binary subsystems. Parameter sets given in the
PhreeSCALE database were tested against osmotic coefficient
data sets'>****** and showed an overall satisfactory descrip-
tion in line with the works of Lach et al.** and Lassin et al.**
Therefore, the given binary interaction parameters were kept
constant during the following process.

Further calculations with the only use of binary interaction
parameter did not allow a complete description of the solubi-
lity data of the ternary systems UO,(NOj;),-NaNO3-H,O and
UO,(NO3),-Mg(NO;),-H,0, which demonstrates the influence
of ternary interactions on the non-ideal behaviour and thus
the need for ternary interaction parameters to improve the
description. Therefore, Oyo,2+nat Ouo,2+me2s Puo,2 NarNO,- and
¥yo,+ Mg+ No,- Were determined in iterative processes on the
basis of the available experimental data.'**>**

To compare different model attempts and assess the optimiz-
ation procedure sigma values, o, were used to quantify the devi-
ation between the resulting model and the experimental data:

n

Z (x(i)exp - x(i)calc)2
o=\ . (3)

with the experimental and calculated values x(Z)exp and x(7)caic
for a data point i and n as the number of data points in the
respective data set. For saturation ratio (4) and osmotic coeffi-
cients (5) this leads to:
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Results and discussion
Solubility data

Experimental solubility data determined in this work for the
systems UO,(NO;),-NaNO;-H,0 and UO,(NO;),-Mg(NO;),-H,0
at T= (22 + 0.2) °C are listed in Table 1.

Starting with the binary system UO,(NO;),-H,O, the deter-
mined solubility of UO,(NO;),-6H,O in water of 2.99 =
0.09 mol per kg H,O is in good agreement with literature
values at 20 °C of 2.98-3.03 mol per kg H,0,'™** and slightly
lower than the 25 °C values of 3.21-3.24 mol per kg H,0.">"*

In general, a distinct temperature dependency for the solu-
bility of the investigated nitrate salts can be expected, as illus-
trated by application of the van’t Hoff equation (6):

1 (K295.15 K) _ ArHC® ( i1 )
n = (6)
Kyog.15K R 298.15K 295.15K

with solubility constants K at different temperatures, the stan-
dard reaction enthalpy ArH° for the dissolution of the salt of
interest (calculated based on standard formation enthalpies
listed in the NBS tables*®) and the universal gas constant R =
8.314 J (mol K)™". Calculations result in solubility differences
of 0.10 mol per kg H,O (UO,(NO3),:6H,0), 0.14 mol per kg
H,0 (Mg(NO3),-6H,0), and 0.49 mol per kg H,O (NaNOsj)
when going from 25 °C to 22 °C. A more detailed overview of
these calculations is provided in the SI of this work. Although
experimental uncertainties have their influence as well, which
is also illustrated in the SI, the systematically lower solubilities
determined in this work for both ternary series at T = (22 =
0.2) °C compared to the 25 °C series determined by Colani*
for UO,(NO;),-NaNO;-H,0 and Yakimov and Nosova'® for
UO,(NO;),-Mg(NO3),-H,O are qualitatively in line with the
expected temperature dependence effect.

Table 1 Solubility data and solid phase characterization of this work for
the systems UO,(NO3),-NaNO3-H,O and UO,(NO3),-Mg(NO3),-H,0 at
T=(22+0.2)°CandpH <2

m(NaNO;) in m(UO,(NO3),) in XRPD

mol per kg H,O mol per kg H,O sample Solid phase
U0,(NO;),-NaNO;-H,0

0 2.99 £ 0.09

0.70 + 0.08 2.94 £0.17 Na-1 U0,(NO3),-6H,0
2.14£0.17 2.68 £0.22

3.75 £ 0.30 2.42 £ 0.15 Na-2 U0,(NO3),-6H,0
3.84 £0.26 2.42 £ 0.15

4.30 £ 0.26 1.76 £ 0.09

6.31£0.33 0.89 £ 0.03 Na-3 NaNO;

6.58 £ 0.66 0.95 +£0.10

8.14 £ 0.34 0.46 £ 0.01 Na-4 NaNO;
U0,(NO;),-Mg(NO,),-H,0

0.56 % 0.04 2.41 % 0.08 Mg-1 U0,(NO;),-6H,0
1.49 + 0.09 2.42 £ 0.08 Mg-2 U0,(NO3),-6H,0
1.66 + 0.15 1.83 £ 0.09

3.06 + 0.08 0.91 + 0.04 Mg-3 U0,(NO3),-6H,0
3.79£0.24 0.83 £ 0.04

4.65 +0.20 0.52 + 0.04

4.69 £ 0.30 0.77 £ 0.04

4.78 + 0.32 0.64 + 0.03 Mg-4 Mg(NO;),-6H,0
4.93 +0.36 0.25 + 0.02 Mg-5 Mg(NO;),-6H,0
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Fig. 1 Solubility data for the system UO,(NOj3),-NaNO3-H,O (left) and UO,(NOs3),-Mg(NO3),-H,O (right) of this work at T = (22 + 0.2) °C (black
crosses), compared to literature data at T = 20—25 °C (open symbols) 10-1214.1545

As shown in Fig. 1, the gradual addition of NaNO; to the
UO,(NO3),-H,0 system leads to a decrease in UO,(NO3), con-
centration, while the continuous curve progression indicates
that UO,(NO3),-6H,0 remains the solid phase in equilibrium.
The progression of the resulting solubility curve in the system
UO,(NO3),-NaNO;-H,0 changes distinctly above a NaNO; con-
centration of 3.8 mol per kg H,O indicating an invariant point
of UO,(NOj3),:6H,0 and NaNO; around 4 molal NaNO; (com-
parable to the invariant point identified based on the data of
Colani'* at 25 °C at 4.8 molal NaNO; and 2.8 molal
UO,(NOs3),). This phase change is in line with the XRPD
characterization of solid phases in equilibrium (see Table 1).
Accordingly, starting from the binary system NaNO;-H,O,
nitratine (NaNOj) solubility is reduced by increasing
UO,(NO3), concentration until the described invariant point is
reached, at which both UO,(NOj3),-6H,0 and NaNO; are the
solid phases in equilibrium with the solution.

For the UO,(NOj3),-Mg(NO3),-H,0 system, UO,(NO;), molal-
ity decreases almost linearly from 3.0 mol per kg H,O to
0.8 mol per kg H,O in the range of 0-4 molal Mg(NO3), with
UO,(NO3),-6H,0 remaining the solid phase in equilibrium,
which fits the trend observed by Yakimov and Nosova.'® Their
data at 25 °C even describe UO,(NOj3),:6H,0 as equilibrium
phase up to an invariant point with Mg(NO3),-6H,0 at 5.3 mol
Mg(NO;3), per kg H,O, followed by a decrease in Mg(NO;), mol-
ality to 4.9 mol per kg H,O as saturation concentration in the
binary system Mg(NOs),~-H,O. Results of this work indicate the
phase change from UO,(NO;),-6H,0 to Mg(NOs),-6H,0 in the
range of 4.0-4.5 molal Mg(NOj3), based on the solubility curve
progression and XRPD results. Further solid phases were not
observed.

Despite the deviation in absolute values due to temperature
dependency effects and potential experimental uncertainties,
the experimental solubility series of this work confirm concen-
tration dependent trends seen in the literature data sets of
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Colani'* and Yakimov and Nosova,'® which are to the best of
our knowledge so far the only comprehensive solubility data
sets over the whole concentration range at T = 25 °C of the
systems UO,(NOj3),-NaNO;-H,0 and UO,(NO3),-Mg(NO3),-H,0.
Comparable solubility curve progressions and stability ranges
of the solid equilibrium phases, which are the simple salts
UO,(NO3),-6H,0, NaNO3, and Mg(NO;),-6H,0, verify findings
of these early works and allow reasonable predictions on the
thermodynamic behaviour at room temperature. However,
downsides of the literature data sets are the missing experi-
mental uncertainties, which impedes a definite evaluation of
the data quality, and no information given on how the solid
phase characterization was conducted in their work.

Solid phase characterization

Solid phase characterization of selected samples was con-
ducted with X-ray powder diffraction to identify salts in equili-
brium with the solutions of the solubility series. An assign-
ment of the solid samples investigated to their respective solu-
tion is given in Table 1, while representative XRPD patterns are
comparatively shown in Fig. 2 and 3. A summary of all XRPD
measurements conducted is given in the SI of this work.

For the UO,(NO;),-NaNO;-H,O system (Fig. 2), comparison
with reference data confirms that UO,(NO3),-6H,0 is the solid
phase controlling the solubility in samples Na-1 and Na-2,
both with NaNO; solution concentrations below 4 molal. This
observation is in line with the progression of the solubility
curve described in the previous section. Accordingly, diffrac-
tion patterns of samples Na-3 and Na-4 (with NaNO; molalities
above 4 mol per kg H,0) are dominated by an intense reflec-
tion at approx. 29.5° 26, which corresponds to the main
reflection line of NaNO,; at 29.7° 26." The solid phase
Na[UO,(NO3);] synthesised and characterized by Bécker and
Mudring*® was not observed in the course of this work, indi-
cating that it is not a stable phase in the thermodynamic

This journal is © The Royal Society of Chemistry 2026
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Fig. 2 X-ray powder diffraction patterns of the solid phases Na-1-4

from solubility investigations in the system UO,(NOs),-NaNO3z-H,O
(0-8.1 mol NaNOs per kg H,0) compared to reference lines.*”4°

T
5 10

solid-liquid-equilibria under the given conditions, which
is in line with conclusions by Colani'* on the basis of
solubility data. Note that Bicker and Mudring*® synthesized
Na[UO,(NO3);] by dissolving equimolar amounts of UO; and
NaNOs; in nitric acid solution and allowing isothermal evapor-
ation until single crystals were formed.

The XRPD patterns of samples Mg-1-5 of the
UO,(NO3),-Mg(NO3),-H,O system are shown in Fig. 3. Solid
phases Mg-1-3 can, based on their respective patterns,
clearly be attributed to UO,(NO;),-6H,0, which can best be
seen for the recurring reflections at 13.4° 26, 15.5° 20, and
27.0° 26. For samples Mg-4 and Mg-5 in Mg(NO3), rich solu-
tions slightly below 5 molal, Mg(NO3),-6H,0 is identified as
solid phase, as confirmed by the signals at approx. 15.2° 26,
27.2° 26 and 30.7° 26.

XRPD measurements provided some experimental chal-
lenges. Comparatively short measurements of roughly crushed
crystals for qualitative analyses of the solid phases were per-
formed, to prevent secondary phase changes during sample

This journal is © The Royal Society of Chemistry 2026
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Fig. 3 X-ray powder diffraction patterns of the solid phases Mg-1-5
from solubility investigations in the system UO,(NOs),-Mg(NO3),-H,0
(0-4.9 mol Mg(NO3), per kg H,0) compared to reference lines.*%-%°

preparation and measurement. Because of this approach,
slight signal displacements and missing features due to prefer-
ential crystal orientations were observed. Nonetheless, the
results indicate quite clearly the solid equilibrium phases for
the investigated samples and verify the conclusions drawn
from the evaluation of the solubility data.

Thermodynamic modelling

Parameters selected for the full dissociation Pitzer models of the
ternary systems UO,(NO3),-NaNO;-H,0 and UO,(NOj;),-Mg(NO;),-H,0
are listed in Table 2. Binary Pitzer interaction parameters
and solubility constants of UO,(NO;),-6H,0, NaNO;, and
Mg(NO;),-6H,O0 at T = 25 °C were selected as already
implemented in the PhreeSCALE database.'® Binary para-
meters were comprehensively tested by recalculating osmotic
and activity coefficients as in the works of Lach et al.*® and
Lassin et al.** and therefore provide a robust basis for model
attempts in more complex systems.

In this work, additional ternary interaction parameters 6;
and ¥;;; were determined to improve the description of solu-
bility data at 25 °C by Colani'* (UO,(NO;),-NaNO3-H,0) and
Yakimov and Nosova'® (UO,(NO;),-Mg(NO;),-H,0) as well as
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Table 2 Pitzer parameters and solubility constants selected for modelling the systems UO,(NO3),-NaNOz-H,O and UO,(NO3),-Mg(NOs),-H,0 at

25 °C in this work

Pitzer parameters binary systems

Species i Species j a /ig)-) /35-;) /if-JZ-) ij Reference
uo,>" NO;~ 0.2562 0.5516 1.4407 —0.0861 —0.0476 Lassin et al.**
Na* NO,™~ — 0.0038 0.1835 — 0 Lach et al.*?
Mg>* NO;~ — 0.3286 1.9159 — —0.0064 Lach et al.®®
Pitzer parameters ternary systems

Species i Species j Species k 0; x ¥k Reference
Uo,>" NO;~ Na* —0.0522 0.0126 This work
U0, NO;~ Mg>* —0.2053 0.0206 This work
Solubility constants

Solid phase log K, Reference
UO,(NO,),-6H,0 2 UO,”" + 2NO;™ + 6H,0 2.2800 Lassin et al.**
NaNO; 2 Na' + NO;~ 1.0864 Lach et al.®®
Mg(NO;),-6H,0 2 Mg>" + 2NO;™ + 6H,0 3.05 Lach et al.*?

the isopiestic data set for the UO,(NO;),-NaNO;-H,O system
provided by Kirgintsev and Luk’yanov®** at 25 °C and water
activities 0.7543 < a,, < 0.8969.

Fig. 4 illustrates the comparison of experimental data and
model calculations for the UO,(NO;),-NaNO3;-H,O system at
25 °C. Isopiestic data by Kirgintsev and Luk’yanov>* are well
described with a sigma value of 0.014. Furthermore, the small
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§~-A" - I‘\
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= N N, - 7:4 &
g ! '\> EA\ E\aw 0.7543
- s A N
° 20 '\, B \Q' A
E 1Ry e e
PR B SN RN O Y
®» Q.\\ B Q QSN
) SRl g Y I S b X
= E \Q.\ E!\ Q \EI\
-~ A= U ~ -\
~ 1.0 gl g
O \q \EI\ N ~O
-] 2 I e N
w Mg ‘1:1\'
0.54—a,=08969 % g %
Qv Y
1 El Nz N
o &N R
0.0 B0

sigma value of 0.056 for the solubility data indicates an excel-
lent match of experimental results and the introduced model
as well. The calculated solubility curves of UO,(NO;),-6H,0
(black) and NaNOj; (red) intercept close to the invariant point
of both solid phases stated in the IUPAC solubility data
series,’® which confirms the satisfactory description of the
ternary system. Minor deviation can still be observed between

Experimental data
/A Colani 1928 (25 °C)
O Siekierski 1994 (25 °C)
<> Eysseltova 2017 (25 °C)
O Kirgintsev 1964 (25 °C)

Model this work
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Fig. 4 Solubility and isopiestic literature data for the system UO,(NOs),-NaNOz-H,O at 25 °C (symbols)®11424 compared to corresponding model

calculations of this work (lines).
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Fig. 5 Solubility data for the system UO,(NOs),-NaNOs-H,O at 22 °C (this work; black crosses) and 25 °C (open symbols)'®**5 compared to
corresponding model calculations of Lassin et al.** (solid lines) and this work (dashed lines).

Colani’s data’® and the proposed model. This is expectedly
within the experimental error of solubility measurements,
which is unfortunately not stated for the experimental data
set.

The PhreeSCALE database already implemented a set of
ternary parameters (Quozimg = —0.5 and Pyo,e meeNo,- =
0.07) for the UO,(NO3),-Mg(NO;),-H,0 system based on the
work of Lassin et al.** for which they focused the model exer-
cise on describing Yakimov and Nosova’s data (Fig. 5, blue tri-
angles)’® on the UO,(NO;),-6H,0O-branch of the solubility
curve (full black line). Attempts to describe the unusual
Mg(NO3),-6H,0-branch curve progression indicated by the
data below 1 molal UO,(NO;), usually worsen the fit on the
rest of the set distinctly. It is unclear how accurate the given
data set at 25 °C is, due to missing information on experi-
mental uncertainty. Since Yakimov and Nosova’s analytical
method for determining solution compositions involved
several extraction steps followed by precipitation, a noticeable
uncertainty should be assumed, as indicated by the scattering
within the data set.

The present work aimed to improve the description in the
ternary system at high Mg(NO;), molality. The newly deter-
mined solubility data (Fig. 5, black crosses) suggest that a
slope steeper than currently described by Lassin’s model is
indeed expected for the Mg(NO;),-6H,O solubility curve.
Attempts to improve the model description in that direction
are accompanied a non-monotonous variation in the
UO,(NO3),-6H,0-solubility curve with Mg(NO;3), molality,
which quickly worsens the overall fitting result. Therefore,

This journal is © The Royal Society of Chemistry 2026

the best result of our model exercise with ternary parameters
0uo,2 g = —0.2053 and ¥yo s mg>no,- = 0.0206 (Fig. 5,
dashed lines) remains close to the model of Lassin et al.**
(sigma value of 0.342 for the description of solubility data at
25 °C of Yakimov and Nosova'®). Future work is warranted to
generate new and complete solubility data sets at 25 °C, and
to further constrain the solution properties by additional
investigations within the UO,(NOj3),-Mg(NOj3),-H,O system
e.g. by isopiestic or iso-water activity measurements.

Summary and conclusions

Systematic solubility studies on the ternary systems UO,(NOj3),-
NaNO;-H,0 and UO,(NO;),-Mg(NO3),-H,0 were conducted at
T = (22 £ 0.2) °C between 0.0-8.1 mol NaNOj; per kg H,O and
0.0-4.9 mol Mg(NO;), per kg H,O in acidic conditions.
Corresponding solid phases were identified by X-ray powder
diffraction (XRPD). The only solid equilibrium phases identified
were UO,(NO;),-6H,0, NaNO;, and Mg(NO3),-6H,0. The pro-
gression of the determined solubility curves, including identified
solids and the observation of invariant points, is in qualitative
agreement with literature data at 7 = 25 °C.'*"® Quantitative
deviations are discussed in terms of the noticeable temperature
dependency on solubilities of the relevant nitrate salts.
Based on the experimental data available,
ternary Pitzer interaction parameters fyo,2+,Naty Guo,> Mg
¥Yyo,2+Nar,No,- and Pyo 2+ Mg No,- Were determined to comp-
lement established binary data sets in the PhreeSCALE data-

new
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base'® in order to improve the description of the ternary
systems. To do so, the full dissociation assumption was uti-
lized to reduce the number of parameters needed, at the cost
of disregarding the formation of any complexes between UO,>"
and NO;™ in the model description. Since the species distri-
bution in aquatic uranyl nitrate systems is not fully understood
by now, future work should be dedicated to systematic spectro-
scopic studies.

For the UO,(NO;),-NaNO3-H,O system, the presented full
dissociation model describes available solubility and isopiestic
data at 25 °C satisfactorily. In case of the UO,(NO3),-Mg(NO3),-
H,O system, a complete description of the of the solubility
data was not achieved. Further experimental data, especially
for the aqueous phase, are needed to verify the present data
sets and further constrain the model exercise for a more
detailed and robust description of the UO,(NO3),-Mg(NO3),-
H,O system.
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