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ABSTRACT

The mobility of rare earth elements (REE) can be predicted in aqueous fluids using
geochemical modeling but the accuracy of these models strongly depends on the availability of
robust thermodynamic properties for the REE aqueous species. The REE*" aqua ions are
important in the derivation of the formation constants of all the major REE complexes
including the chloride, sulfate, and fluoride species which predominate in many hydrothermal-
magmatic systems. However, the thermodynamic properties of the REE*" aqua ions are still
commonly derived from the Helgeson-Kirkham-Flowers (HKF) equation of state parameters
tabulated several decades ago. The standard state thermodynamic properties at reference
conditions (25 °C and 1bar) and their extrapolations to high temperature need to be verified, if
not revised, based on hydrothermal experiments. In this study, the enthalpy of solution was
measured for synthetic Nd hydroxide from 25 to 150 °C to retrieve the standard partial molal
thermodynamic properties of Nd’* as a function of temperature. The experiments were
conducted in aqueous perchloric acid based solutions with starting pH of 2 and varying ionic
strength (0.01 to 0.09 mol/kg NaClO,). The standard partial molal enthalpy of formation
(AeH®) of Nd** derived from the experimental study displays differences of up to 10 kJ/mol
compared to the enthalpy values derived from the HKF equation of state in the studied
temperature range. These inaccuracies are resolved by adjusting the standard partial molal
Gibbs energy of formation (A;G°) of Nd’" at 25 °C and 1 bar from -672.0 to -679.7 kJ/mol. The
heat capacity function (C,°) derived between 25 and 150 °C can be described by: C,° = ay +
aT + a»T?, with ay = 1256, a; = -2.68, a, = -55.56-10° and T in Kelvin. A set of
recommended thermodynamic properties is provided for the Nd** aqua ions and corrections are
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provided for the chloride and fluoride species to remain internally consistent with the
experimentally derived properties. These results allow predicting accurately the solubility of
monazite between 25 and 300 °C. Before these corrections, the properties for the Nd** aqua
ions derived from the HKF parameters resulted in up to ~1.5 orders of magnitude lower
monazite solubility than determined experimentally. Therefore, a revision of the REE® aqua
ions properties is necessary to accurately predict the mobility of REE in hydrothermal acidic

solutions.

1. INTRODUCTION

The rare earth elements (REE) are important for society due to their role in the high-tech and
green-technology industries, and their use in permanent magnets, catalysts, energy efficient
lights, and electronics (Long et al., 2012; Van Gosen et al., 2017; Goodenough et al., 2018;
Dushyantha et al., 2020; Liu et al., 2020). In natural geologic system, hydrothermal aqueous
fluids play an important role in the transport and fractionation of REE during the formation of
critical mineral deposits (Williams-Jones et al., 2000; Gysi and Williams-Jones, 2013; Gysi et
al.,, 2016; Beland and Williams-Jones, 2021). Accurate thermodynamic data for the REE
aqueous species are needed because our understanding of the underlying processes that control
the mobility of REE in these magmatic-hydrothermal systems largely relies on combining field
observations with thermodynamic modeling (Williams-Jones et al., 2012; Gysi and Williams-
Jones, 2013; Migdisov and Williams-Jones, 2014; Migdisov et al., 2016; Perry and Gysi, 2018;

Pan et al., 2024).
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The thermodynamic properties of many REE aqueous species have not yet been
determined at hydrothermal conditions, particularly the REE*" aqua ions, the REE hydroxyl,
and the REE carbonate complexes (Migdisov et al., 2016); a few studies have investigated the
properties of the Nd hydroxyl species (Wood et al., 2002), and the stability of the REE
carbonate complexes (Louvel et al., 2022; Nisbet et al., 2022) at elevated temperature.
Hydrothermal REE phosphate solubility experiments conducted in perchloric acid based
solutions between 100 and 250 °C (Gysi et al., 2015, 2018; Van Hoozen et al., 2020; Gysi and
Harlov, 2021) indicate that the thermodynamic properties of the REE’" aqua ions and hydroxyl
complexes need to be revised because thermodynamic predictions do not match the
experimental observations. A thermodynamic optimization study by Pan et al. (2024) further
concludes that the standard Gibbs energy of formation (A:G°) of the REE* aqua ions needs to
be adjusted by ~2-10 kJ/mol to match the experimental solubility data for monazite,

rhabdophane, and xenotime between 25 and 300 °C.

The REE* aqua ions play an important role in deriving the formation constants of most
REE-ligand complexes (e.g., REE’* + CI" = REECI*), including the chloride, fluoride, and
sulfates species generally retrieved from hydrothermal solubility experiments (e.g. Migdisov et
al.,, 2009, 2016). The thermodynamic properties of the REE’" aqua ions are commonly
calculated at elevated temperatures from the Helgeson-Kirkham-Flowers (HKF) equation of
state parameters (Helgeson et al., 1981; Tanger and Helgeson, 1988; Shock and Helgeson,
1988; Shock et al., 1992), which were implemented into the slop98.dat thermodynamic
database in the program SUPCRT92 (Johnson et al., 1992) several decades ago (Haas et al.,
1995; Shock et al., 1997; Sverjensky et al., 1997). However, these thermodynamic properties
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are rarely scrutinized, and thus, the accuracy of the predicted species stabilities are currently

unknown.

In this study, hydrothermal solution calorimetric experiments were conducted between
25 and 150 °C to measure the enthalpy of solution of solid Nd hydroxide in perchloric acid
based aqueous solutions with a starting pH of 2. The experimental data are used to derive the
standard partial molal enthalpy of formation of the Nd** aqua ion as a function of temperature
and the corresponding heat capacity function. A robust set of recommended thermodynamic
properties is provided to accurately predict the solubility and speciation of Nd in acidic

hydrothermal aqueous fluids.

2. METHODS
2.1. Materials

Crystalline Nd hydroxide [Nd(OH)s(s)] was synthesized following a similar hydrothermal
synthesis method outlined by Diakonov et al. (1998a, 1998b). About 5 g of Nd.O;(s) (Alfa
Aesar, 99.99% purity) was first mixed with 25 mL of Milli-Q water (18.2 MQ-cm), and the
solution was then transferred to a batch-type reactor (Parr 4744, Teflon-lined stainless steel).
The head space of the reactor was first purged with ultra high purity N, gas, then closed and
the solution was equilibrated at 250 °C for up to 21 days. This resulted in the precipitation and
recrystallization of solid Nd hydroxide according to the chemical reaction Nd,Os(s) +
3H.O(aq) — 2Nd(OH);(s) (Baes and Mesmer, 1981). The furnace temperature was recorded
using a K-type thermocouple (Omega KQXL-18U-12) and a data-logger (Omega EL-USB-
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TC). The reactor was quenched in a water bath in less than 20 min and the slurry oven dried at
75 °C for 24 hours at the end of each synthesis cycle. The solid Nd hydroxide powder was
characterized using X-ray diffraction (XRD) and Raman spectroscopy. Subsequently, the

powder was stored in a desiccator until used in an experiment.

The perchloric acid based experimental starting solution used in the solution
calorimetric experiments were prepared using trace metal grade perchloric acid (Fisher
Scientific), which was added drop wise to 500 ml of Milli-Q water until a pH of 2.00 £0.02
was measured at ambient temperature (20 +2 °C). The pH measurements were used to
determine the initial ClO4 concentration of the starting solution; perchloric acid was used
because ClO4 does not readily form complexes in aqueous solutions with REE*" at below
~250-300 °C and has a negligible complexation with most metal ions at low molalities (Hakin
et al., 2003). A pH of 2 was selected to limit the formation of REE hydroxyl complexes and to
increase the dissolution of the Nd hydroxide powders (Migdisov et al., 2009; Gysi et al., 2018).
Solid sodium perchlorate (Sigma-Aldrich, 99.99% purity) was used to prepare a series of
experimental NaClO4-HCIO4-H,O solutions of varying initial ionic strength. Sodium chloride
(Puratronic™ metal basis, 99.998 %) was used in the test experiments to determine the overall

accuracy of the calorimetric experiments.

2.2. Experimental methods

Hydrothermal solution calorimetric experiments were conducted in a Setaram Model C-80

calorimeter with a reversal mechanism (Fig. 1a). The methodology used was further developed
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here based on the study by Coulier and Tremaine (2014). Experiments were conducted
between 25 and 150 °C to measure the heat of solution of Nd(OH);(s) in the perchloric acid

based experimental starting solutions with a pH of 2 and an ionic strength of 0.01.

The calorimetric instrument is based on the Tian-Calvet heat flow principle (Calvet and
Prat, 1963) and consists of two identical tubular wells in a thermo-stated aluminum block.
Each well is surrounded by 3-D thermopiles (flux-meters) designed to measure the heat flux in
each of them; one flux-meter measures the heat flow from/to the experimental sample and the
other from/to an inert reference. The difference between the cell sample and the cell reference
allows the measurement of all heat evolved or adsorbed, including radiation, convection or
conduction. Two identical 5 ml Hastelloy C-276 reaction cells (Setaram, S60/58313) fit into
these cylindrical thermopiles, i.e. one acts as the container for the experimental sample and the

other acts as the reference with a blank solution.

Each Hastelloy reaction cell contains two isolated compartments (Fig. 1b) which permit
mixing a solid and a liquid sample using the calorimeter reversal mechanism. A typical
experiment consists of first loading the sample cell with ~35 mg solid Nd hydroxide powder,
closing the lower cell with a lid and adding 3 g of the perchloric acid based experimental
starting solutions in the top compartment. The mass of solid was carefully chosen based on a
series of preliminary experiments at 150 °C by varying the initial Nd(OH)s(s) powder mass
from 15 to 45 mg in the solid compartment. These tests indicate that ~35 mg or more of
Nd(OH);(s) is needed to reach a rapid dissolution and steady state during an experiment. The
reference cell is loaded only with Milli-Q water in the top compartment. The calorimeter

assembly is then heated at 2 °C/min to reach the desired experimental temperature followed by
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a stabilization time of 5 h. After reaching thermal equilibrium, the reversal system is turned on
to rock the calorimeter back and forth with a rotational period of ~10 s. The Nd hydroxide

dissolution is allowed to proceed for an hour according to the following reaction,
Nd(OH);(s) + 3H" & Nd** + 3H,0(aq) (D)

The end of the reaction is determined based on integration of the measured heat flow curve and
the baseline signal which needs to be the same at the beginning and end of each experiment. At
the end of an experiment, the calorimeter is cooled to room temperature and the sample
reaction cell is opened to retrieve a 2 g aliquot of the experimental solution filtered through a
0.22 pum cellulose acetate filter. This solution is subsequently diluted with 2% HNOj; (Fisher
Scientific; trace element grade) blank solution for further analysis of total dissolved Nd
concentrations using inductively coupled plasma optical emission spectroscopy (ICP-OES).
The total moles of dissolved Nd hydroxide was used to normalize the measured enthalpy of
solution to J/mol. The Hastelloy reaction cells are both cleaned in-between experiments using a
2% HNO; blank solution in an ultrasonic bath for 5 min followed by another 5 min rinse with

Milli-Q water.

Replicate experiments are used to test the reproducibility and uncertainty of the method
assuming a steady-state Nd concentration after solid dissolution and equilibration with the
aqueous solution. Three to six replicate experiments were conducted at each temperature
ranging from 25 to 150 °C to evaluate the uncertainty of the method. Additional three to six
replicates were performed at selected temperatures at various ionic strengths (0.01, 0.05, and

0.09 mol/kg NaClOs). Blank experiments were conducted using perchloric acid based
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experimental starting solutions in the fluid compartments and leaving the lower compartment
with the lid empty to measure additional possible heat contributions to the measured heat flow

signal (Djamali and Cobble, 2009; Coulier and Tremaine, 2014).

A series of NaCl dissolution test experiments were conducted to verify the accuracy of
the Setaram C-80 calorimeter. The approach adopted is similar to the one presented by Coulier
and Tremaine (2014). The reaction sample cell is loaded with 9 to 42 mg NaCl powder, the
compartment closed, and the top compartment is loaded with 3 g of Milli-Q water. The heat of
solution was measured at varying ionic strength using 0.05 to 0.24 mol/kg NaCl, depending on

the initial amount of NaCl powder loaded in the cell.

2.3. Analytical

The synthetic Nd(OH)s(s) powders were characterized using a Panalytical X Pert Pro XRD
instrument at the New Mexico Bureau of Geology and Mineral Resources, New Mexico
Institute of Mining and Technology. The analyses with Cu-Ka radiation were conducted with
20 scanning angles ranging between 5° and 70° in 0.02° steps. The samples were prepared by
dry-pressing powders for randomly oriented crystals and mounted on amorphous silica plates
which are rotated during analysis. Phase identification was first evaluated by matching peaks
positions, d-spacing and relative intensities with the ICSD database (Belsky et al., 2002) in the
software HighScore Plus. Unit cell refinement was carried out using the MAUD software

(Lutterotti, 2000) assuming a hexagonal (P6s;/m) crystal system (Beall et al., 1976).

Raman spectroscopy was performed using a Horiba LabRam HR Evolution confocal

9
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microscope at the Raman Microscopy Laboratory, New Mexico Bureau of Geology and
Mineral Resources, New Mexico Institute of Mining and Technology. The instrument is
equipped with a 532 nm excitation Nd:YAG laser. The Nd(OH);(s) powders were analyzed
using an Olympus 50x LWD objective (NA=0.5; WD =10.6 mm). The spectra was collected
from 40 cm™ to 4500 cm™ using the 1800 grooves/mm grating with a spectral resolution better
than 0.5 cm’'. Spectra were collected at 25% laser power, 15 s acquisition time and 5
accumulations. The Raman spectra were calibrated using a first-order Si line at 520.7 cm™

(silicon wafer).

The pH of the perchloric acid based experimental starting solutions was measured
using a Metrohm 913 pH meter equipped with a combined pH/temperature glass electrode
(6.0260.010 Unitrode Metrohm). The electrode was calibrated with three buffer solutions
(Fisherbrand; pH of 1.68, 4.01 and 7.00) with a measurement precision of 0.01 pH units and an

accuracy of + 0.02.

The quenched experimental solutions were analyzed for total dissolved Nd
concentrations using an Agilent 5900 ICP-OES at the Analytical Chemistry Laboratory in the
New Mexico Bureau of Geology, New Mexico Institute of Mining and Technology. The
standards and samples were spiked in-line with indium (SCP Science, NIST traceable) as an
internal standard for drift corrections. The calibration of the ICP-OES was conducted using six
standards with Nd concentrations ranging from 0.3 to 5.0 ppm. The Nd standard was prepared
from dilution of a 1000 pg/mL Nd stock standard (Inorganic Ventures CGND1, 1000 +4 ppm)
with a 2% HNOs (Fisher Scientific, trace element grade) blank. The analytical precision was

assessed by triplicate analysis and continued calibration verification after each eight samples,
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resulting in a precision of better than 2% in the considered concentration range. The limit of
detection was determined from multiple 2% HNO; blank solution analysis yielding a standard

deviation (35) of 2 ppb for Nd.

2.4. Data treatment
2.4.1. Retrieval of the enthalpy of solution

The heat (g) released or absorbed in the calorimetric experiments is defined by the heat flow
rate (&, in mW) exchanged between the calorimeter and the sample integrated over time (¢ in
seconds) to retrieve the observed heat of solution (gosin J) according to,

qobs = 2 ¢7’(t) ~dt
’ / )

The gas value contains several heat source contributions that are subtracted to determine the

heat of solution (gs.1) of the crystalline Nd hydroxide powder (Eq. 1) defined by,

{sol = {obs — {blk (3)
The heat measured in a blank experiment (gwi) includes any external heat sources to be
considered (Djamali and Cobble, 2009; Arcis et al., 2014) such as the heat of vaporization
(gsun) and heat of condensation (g,,) during opening of the solution-free cell compartment, and
the mechanical heat generated by the rotation of the calorimeter (¢u). Coulier and Tremaine
(2014) critically assessed those external heat sources using a theoretical approach and
considering the temperature of the experiments with minimal heat contributions at

temperatures <200 °C. The contribution of guik in our experiments resulted in corrections
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ranging between -0.8 mJ at 25 °C and -46.2 mJ at 150 °C which correspond to less than 3% of

the total measured gqs value during an experiment.

The experimental enthalpy of solution (AyH"? in kJ/mol) is retrieved from g, and the

total moles of dissolved solid (n;) according to,
Asoll_lexp = qsol / ng (4)

The standard molal enthalpy of solution (As/°) is then obtained at a given temperature by
linear regression of the experimental A, H”? values measured in solutions with variable initial
ionic strength and by extrapolation to infinite dilution. Test experiments indicate that for the
dissolution of Nd hydroxide in perchloric acid based solutions with an ionic strength of 0.01

mol/kg it can be assumed that within experimental uncertainty Ao ™" = Aso° (section 3.3).

2.4.2. Speciation calculation

The stability of Nd aqueous species and the solubility of Nd hydroxide were calculated in the
experimental solutions using the GEMS code package v. 3.9.5 (Kulik et al., 2013), the
TSolMod library for equations of state and activity model calculations (Wagner et al., 2012),
and the MINES thermodynamic database (Gysi et al., 2023). Thermodynamic data used
include the properties of aqueous species, gases, and solids in the Nd-Na-CI-O-H component
system. Aqueous species include Nd hydroxyl complexes (Haas et al., 1995), the Nd** aqua ion
(Shock and Helgeson, 1988; Shock et al., 1997), Na-bearing aqueous species (Miron et al.,
2016) and other aqueous species (Shock and Helgeson, 1988; Shock et al., 1997; Sverjensky et

al., 1997). The dataset for Nd species was taken from the slop98.dat database originally
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compiled for the SUPCRT92 program (Johnson et al., 1992), referred hereafter as “Supcrt92”.
The properties of the solids used include Nd(OH)s(s) (Diakonov et al., 1998b; Navrotsky et al.,
2015), NaCl(s) (Robie and Hemingway, 1995), and Nd,Os(s) (Konings et al., 2014; Navrotsky

etal., 2015).

Thermodynamic properties for aqueous species are calculated at temperature and
pressure of interest using the revised HKF equation-of-state (Helgeson et al., 1981; Tanger and
Helgeson, 1988; Shock and Helgeson, 1988; Shock et al., 1992). The Peng-Robinson-Stryjek-
Vera (PRSV) equation of state is used for gases (Stryjek and Vera, 1986; Proust and Vera,
1989). The properties of H,O are calculated from the IAPS-84 equation-of-state (Kestin et al.,

1984; Haar et al, 1984)

The activities of aqueous species were calculated at the experimental conditions using
the initial pH of 2 in the perchloric acid based experimental starting solutions and the final
measured Nd concentrations in the quenched experimental solutions. The activity coefficients
(vi) of charged aqueous species were calculated using the extended Debye-Hiickel equation

(Robinson and Stokes, 2002),

AT
logyv; = ————+T,+0b,1
Lvapyl T (5)

where A and B are the temperature and pressure dependent Debye-Hiickel parameters
(Helgeson et al., 1981; Wagner et al., 2014); b, is the extended term parameter, @ is the ion size
parameter assumed to be a common value for given background electrolyte model (Helgeson

et al., 1981); I'y is a mole fraction to molality conversion factor. The value b, varies between
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0.21 to 0.24 from 150 to 25 °C in perchlorate (NaClO4/HClOs) aqueous solutions as
determined based on hydrothermal REE speciation experiments (Migdisov and Williams-
Jones, 2007). The value / is the effective ionic strength calculated from,

I = %Zmlzf

(6)

where m; is the molal concentration and z; is the charge of the species in the solution. The

activity coefficients of neutral species are assumed to be equal to unity.

3. RESULTS
3.1. Characterization of crystalline Nd(OH);(s)

X-ray diffraction analysis of the Nd(OH)s(s) powders synthesized hydrothermally indicates the
formation of pure crystalline solids (Fig. 2). Comparison to two available XRD reference
patterns by Beall et al. (1976) and Roy and McKinstry (1953) shows a perfect peak match to
the hexagonal (P6s;/m) crystal structure of Nd hydroxide, with major reflections at Miller
indices of (100), (110) and (101). The XRD spectra display sharp peaks and low background

signals. The refined unit cell parameters are close to those refined in previous studies (Table 1).

Raman spectroscopy using the 532 nm excitation laser was conducted to verify any
possible contamination of the synthesized Nd(OH); solids by the presence of trace CO,
(Diakonov et al., 1998b). Lattice vibrational and REE-O stretching modes of Nd(OH)s(s) are
present in the spectral region of 40—800 cm™; the OH vibrational mode is found at ~3600 cm™

similar to other measured REE hydroxides in the study by Hurtig et al (2024). A very small
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peak is observed at 1073 cm™, which is consistent with the Raman modes of 1071 ¢cm™ for
La(OH); and of 1084 cm™ for Y(OH); (Hurtig et al, 2024). No major C-O symmetric stretching
bands (visible for calcite between 1000 and 1200 cm™) are observed in our analysis, indicating
that the solids synthesized are pure and carbonate-free. Figure 3 shows a comparison between

the spectra of Nd(OH)s(s) and reference spectra for both calcite and bastnisite-(Ce).

3.2. Validation experiments for the enthalpy of solution of NaCl(s)

Validation experiments were conducted to assess the accuracy of the calorimetric method
developed in this study. These validation experiments were carried out by dissolving varying
amounts of NaCl(s) at 148.5 £0.05 °C to measure the enthalpy of solution at an ionic strength
ranging between 0.05 to 0.24 mol/kg NaCl. Figure 4a shows the heat flow signals as a function
of time with an exothermic peak becoming larger with increased ionic strength due to the
increased total amount of dissolved NaCl. Integration of each of the heat flow curves over a
duration of 1 h is used to retrieve the A" values for NaCl according to Eqs. 2-4 with the

results listed in Table 2.

The measured A values for NaCl (i.e., for the reaction NaCl(s) — Na' + Cl) as a
function of ionic strength are shown in Figure 5a. Extrapolation of the measured A H°? values
to infinite dilution employing the least squares method and a 95% confidence level yields a
standard enthalpy of solution As,H° for NaCl(s) of -5.25 £+ 0.25 kJ/mol (1o). This experimental
result is close to the predicted value of -5.42 kJ/mol at 148.5 °C. The latter is within the 95 %

confidence bound of the fitted experimental data and was calculated using the properties of
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NaCl(s) from Robie and Hemingway (1995), Na" from Miron et al. (2016), and CI" from Shock

and Helgeson (1988), Cox et al. (1989), and Miron et al. (2016).

3.3. Enthalpy of solution of Nd(OH)(s)

3.3.1. Experimental enthalpy of solution of Nd(OH);(s) as a function of ionic strength and

extrapolation to infinite dilution

Three sets of test experiments were carried out to determine the AH™® values for Nd(OH)s(s)
at an ionic strength of 0.01, 0.05, and 0.09 mol/kg NaClO, (Table 3). The measured heat flow
curves for experiments conducted at 24.2 and 48.9 °C (Fig. 4) are characterized by an
exothermic peak during the dissolution of Nd(OH)s(s) (Eq. 1) which achieves a steady state
after ~1 h. The exothermic heat flow curves vary little with ionic strength and are smaller than

for the NaCl validation experiments due to the low solubility of Nd(OH);(s).

The experimental results indicate a slight increase in A values with ionic strength
(Fig. 5b,c). Experiments conducted at 24.2 °C and an ionic strength of 0.09 yield an average
AsH®® value of -143.4 £2.7 kJ/mol and experiments performed at an ionic strength of 0.01
yield an average AH? value of -146.2 +0.5 kJ/mol. Experiments conducted at 48.9 °C and an
ionic strength of 0.09 yields an average Ay H™" value of -145.0 £3.3 kJ/mol and experiments

performed at an ionic strength of 0.01 yield an average AH™ value of -148.7 +1.6 kJ/mol.

Replicate experiments indicate a considerable decrease in uncertainty for experiments
conducted at the lowest ionic strength (Fig. 5). Furthermore, extrapolation of the fitted

experimental data to infinite dilution results in As/4° values that lie within the experimental
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uncertainties of replicate experiments conducted at an ionic strength of 0.01. Consequently, the
experimental A, values determined at the lowest ionic strength can be considered, within

experimental uncertainty, to be equivalent to the As/1° values extrapolated to infinite dilution.

3.3.2. Standard molal enthalpy of solution of Nd(OH);(s) as a function of temperature and

derivation of the heat capacity, entropy, and Gibbs energy of solution

The standard molal enthalpies of solution for Nd(OH)s(s) were determined from 25 to 150 °C
(Table 3, Fig. 6a). The experimental data display an overall decrease in As,H° values with
increased temperature. The uncertainties based on replicate experiments range between 0.5 and
3.0 kJ/mol, representing an uncertainty better than 2 %. The measured enthalpy of solution
(AsqH°) are fitted to an empirical equation (Haas and Fisher, 1976) to compute thermodynamic

properties based on four parameters (4r, ao, a1, and a,; Table 4),

AH°(T)=hn+ao T+ (a;/2)T*-a,/ T (7
where /7 1s a constant enthalpy term included according to,

hre=AH(T,) —a, T, - (a1 / 2) T,> + /T, (8)

A series of fitting tests were performed to avoid over-parametrization of Eq. 7 and to derive an
accurate heat capacity function (Supplementary Materials). The regressed coefficients of the
fits (ao-a») are listed in Table 4. Figure 6b shows the measured standard molal enthalpy

increments of Nd(OH)s(s) as a function of temperature, the regressed fits, and the 95 %
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confidence bounds. Equations (7-8) are used to evaluate the heat capacity (AC,°) function from

Kirchhoft’s equation,

OAH®
ACp° =
=0 9)

resulting in a Maier-Kelley heat capacity equation (Maier and Kelley, 1932) expressed as a

function of 7,
ACp°=ao+a1T+ ar T2 (10)

The resulting fits and derived heat capacity of solution function with their corresponding 95 %
confidence bounds are shown in Figure 6¢c. The behavior of the AC,° function of aqueous
species is influenced by the variation of the thermal expansion of water (0o/07T) that exhibits a
convex shape with an inflection point at 60—110°C (Anderson, 1991). This shape is in line with
the derived heat capacity of solution function based on the fitted enthalpy values using a 4
parameters equation. This results in Ay C, values at 25 °C of -59 17 J/mol-K with an
inflection point at ~75 °C, whereas other fits with less parameters result in a linear A,C,

function (Supplementary Materials).

The entropy of solution (AsS°) 1s derived from the heat capacity function (Eq. 10) at

temperature 7 according to the relation,

A, C
AuotS® = AyoiSo + / P 4
rr T (11)

resulting in the following integrated form,
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AsoiS® = AsaS°n+ ao' I(T/Ty) + ar (T - Ty) + ax/2 (T*-T7) (12)

An AyiS8°r: value of -127.19 £ 3.36 J/mol-K is obtained by combining the absolute entropy of
the compounds involved in Eq. (1) and the properties listed in Tables 6 and 7. The latter
include S°nas+ (-207.11 £3.3 J/mol-K) from Morss (1976), S°m0@q (69.92 £0.03 J/mol-K) from
Cox et al. (1989), and S°naomss) (129.9 £0.2 J/mol-K) from Chirico and Westrum (1980). The
standard molal Gibbs energy of solution (AsG°) is retrieved at each temperature using the

following relationship,
AG® = AHP - T-AS° (13)

The smoothed fitted AyS° and AG° values are listed in Table 5 together with their

corresponding 95 % confidence bounds; their functions are shown in Figure 7.

DISCUSSION

4.1. Experimental versus predicted enthalpy of solution and discrepancies resulting from

the thermodynamic properties of Nd(OH);(s) and Nd**

The experimentally derived As/{° values can be compared with the predicted values from
tabulated thermodynamic data. The predicted A/ 1° values are calculated from A¢H° values for

Nd(OH);(s) and the Nd** aqua ion (Tables 6 and 7) involved in Eq. 1 according to,
AsH® = AdHP(NAY) + 3AH°(H,0(aq)) — AcH°(NA(OH)s(s)) — 3AH°(H") (14)

Aqueous speciation calculations indicate that NdOH*" is an additional aqueous species that

could contribute to the measured A;nH° values at the experimental conditions (Fig. 8). The
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corresponding enthalpy of solution involving this species can be described by,
AsH® = AdH°P(NAOH?) + 2A:H°(H,0(aq)) — AdH°(Nd(OH)s(s)) — 2H" (15)

Figure 9a shows a comparison between the measured experimental Ay, H° values, the predicted
AsH® values from thermodynamic tables, and the modeled A;,H° values considering the
proportions of each Nd species (i.e., Nd*" and NdOH*" from Fig. 8). The predicted AH°
values to form Nd** are calculated using the properties of Nd** from Shock et al. (1997) and
two different mineral properties for Nd(OH)s(s) compiled by Navrotsky et al. (2015). The
predicted AsH° values to form Nd(OH)*" are calculated using the properties of Nd hydroxyl
complexes derived by Haas et al (1995). Independent of the reliability of the thermodynamic
properties for Nd hydroxyl complexes, the predicted A H° values involving the Nd(OH)*
species should be larger in comparison to those involving the Nd** species because the two
moles of H,O(aq) on the product side of Eq. 15. The measured A H° values from our
experiments are closer or lower than the A/H° values predicted from Eq. (14) involving only
the Nd** species (Fig. 9a). In contrast, the modeled AyH° values considering the predicted
stabilities of both Nd**and NdOH* aqueous complexes display very large deviations from the
experimental data and reach over 50 kJ/mol at 150 °C. Thus, the enthalpy measured in the
experiments is controlled by the Nd’" aqua ion (Egs. 1 and 14) between 25 and 150 °C with
negligible contribution from the NdOH** species. Wood et al. (2002) observed a similar
predominance of Nd** over NdOH*" based on potentiometric experiments carried out in acidic

solutions up to 290 °C.

Further inspection of the thermodynamic properties of Nd(OH)s;(s) compiled by

20



415

416

417

418

419

420

421

422

423

424

425

426

427

428

429

430

431

432

433

434

435

Navrotsky et al. (2015) and Diakonov et al. (1998b) indicate several sources of data for this
solid (Table 7). A consistent set is provided for the heat capacity function from Chirico and
Westrum (1980) and from Diakonov et al. (1998a, 1998b). In contrast, the enthalpy of
formation of Nd(OH)s(s) derived from previous experiments can vary highly with a A#1° value
of -1403.7 £1.0 kJ/mol derived by Morss et al. (1989) and a value of -1415.6 + 2.3 kJ/mol
derived by Merli et al. (1997). The latter is the recommended value by Navrotsky et al. (2015)
and also adopted in this study. A comparison of the A;u/H° curves predicted using these two
sources of data (Fig. 9b) results in large deviations in comparison to the measured
experimental values. The data from Merli et al. (1997) results in deviations of >5—7 kJ/mol and
the data from Morss et al. (1989) in deviation <5 kJ/mol. These discrepancies indicate that the
properties of Nd** from Supcrt92 (Table 6) need to be further evaluated because these trends
cannot be explained solely by the uncertainty of the properties of Nd(OH)s(s). The latter are in

the order of ~1-2 kJ/mol based on calorimetric measurements (Table 7).

4.2. Derivation of the standard partial molal enthalpy and heat capacity function of Nd**

The standard partial molal enthalpy of formation (A¢H°) of Nd** is retrieved as a function of
temperature by solving Eq. 14 and using the properties of Nd(OH)s(s) from Merli et al. (1997)
combined with the experimental A,/ {° values and fits derived in this study (Tables 3 and 4).
The A¢H° values for Nd*" derived from the experimental enthalpy data were fit as a function of
temperature using Egs. (7-8) to retrieve the enthalpy increments and the heat capacity function

according to Eq. (10). The resulting calculated values and fits are shown in Figure 10. The
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regression coefficients ap—a; are listed in Table 8 and the smoothed fitted A¢H° and C,° values
are listed in Table 9 together with their corresponding 95 % confidence bounds. The resulting

AdH° value for Nd** at a reference condition of 25 °C and 1 bar is -704.4 +0.5 kJ/mol.

Figure 11a-b shows a comparison between the experimentally derived A¢H° values for
Nd** and the predicted values as a function of temperature based on the thermodynamic
properties and HKF parameters tabulated in Shock et al. (1997) and references therein (i.e.,
Supcrt92, Table 6). The experimentally derived A¢H° values are systematically more negative
by ~7.5—8 kJ/mol in comparison to the predictions calculated based on Shock et al. (1997).
The C,° function derived from our experimental data is however very close to the C,° values
from Supcrt92 (Fig. 11c-d). Therefore, the HKF parameters seem to reproduce the overall
temperature function (i.e., heat capacity and entropy) derived for the Nd*" aqua ion in the
studied temperature range. However, the ~7.5—8 kJ/mol offset for the A¢{° values needs to be
corrected, and hence requires an adjustment of the standard partial molal Gibbs energy A;G°

value at 25 °C and 1 bar (Eq. 13).

Different studies retrieved the Ag{° values for Nd*" (Table 6) based on solution
calorimetric experiments for the reaction: NdCl;'nH,O(s) = Nd** + 3ClI' +n-H,O(aq).
Cordfunke and Konings (2001b) evaluated those literature data and reported a A¢#H° value for
Nd** of -694.8 +2.0 kJ/mol. However, this value relies on the A¢#° value for NdCls(s) which
shows a large scatter (~10-20 kJ/mol) in different studies (Table 7) due to the hydrated nature
of this solid. Therefore, the observed discrepancies between measured and calculated AgH°
values for Nd** (Fig. 11a-b) are quite plausible and likely associated with its derivation in

Supcrt92 from the properties of the Nd chloride solid (Table 6; Spedding and Miller, 1952 and
22
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Morss, 1976).

4.3. Derivation of the standard molal Gibbs energy of formation of Nd** as a function of

temperature and comparison to previous studies

The standard molal Gibbs energy of formation (A¢G°) of the Nd** aqua ion is calculated from

the standard Gibbs energy of solution A, G° (Eq. 1) according to,
AG°(Nd™) = AwiG° - 3-A:G°[H,0(aq)] + A:G°[Nd(OH)5(s)] (16)

The smoothed As,G° values are obtained at each temperature from the fitted Ao 7° and AsiS°
values according to Eq. (13). The resulting A¢G°(Nd*") function (Tables 8 and 9) derived from
our experimental data is compared to the predicted values from Supcrt92 in Figure 11e-f. This
comparison indicates an almost constant discrepancy between 25 and 150 °C but the overall
function reproduces the increase in A{G° values with temperature observed in our experiments.
Hence, a correction is necessary for the A;G°(Nd*") value at reference conditions of 25 °C and
1 bar. The recommended A;G°(Nd*") value derived in this study is -679.7 £0.7 kJ/mol and can
either be used with the HKF parameters from Table 6 or the empirically derived heat capacity
function from Tables 8 and 9. The resulting updated speciation model for Nd** and Nd
hydroxyl aqueous species (Fig. 12) indicates the predominance of Nd** over Nd(OH)*" in the
temperature range of 25 — 150 °C. The increased stability of Nd(OH)*" with temperature is still
uncertain because its thermodynamic properties are still based on the hydrolysis constant from
Haas et al. (1995), which likely needs to be revised or verified.

A recent thermodynamic optimization study by Pan et al. (2024) indicates a need to
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reassess the properties of the REE’" aqua ions in order to accurately model the solubility of
REE phosphates. The optimized A;G° value for Nd** tabulated in Pan et al. (2024) is -681.7 +1
kJ/mol which is very close to the value derived in our study (Table 6). The experimental
solubility data assessed by Pan et al. (2024) include a broad dataset for monazite, rhabdophane,
and xenotime between 25 and 300 °C, giving confidence that the A;G° value for Nd** retrieved

in our study is accurate.

The formation constants for the Nd chloride and fluoride aqueous species were derived
in the hydrothermal solubility experiments by Migdisov et al. (2009) at temperatures up to 300

°C according to the following reactions,

Nd* + CI' = NdCP* (logBa') 17)
Nd** +2CI' = NdC12+ (IOgﬂQz) (1 8)
Nd* + F- = NdF** (logBe") (19)

In order to keep internal consistency with the properties of Nd** derived in our study, the A¢G°
have to be adjusted by -8.1 kJ/mol for all of the Nd chloride and fluoride species above. The
updated recommended properties for NdCI**, NdClL," and NdF*" are tabulated in Table 6 and
can be used with the HKF parameters to correctly reproduce the logf from the solubility

experiments by Migdisov et al. (2009).

4.4. Implications for modeling the solubility of monazite

Monazite is a common mineral found in REE mineral deposits associated to alteration zones
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and hydrothermal veins (Smith et al., 2000, 2016; Harlov et al., 2016). Aqueous fluids play an
important role in the mobility of REE in these deposits, which is controlled by the formation of
aqueous complexes and the solubility of the REE minerals. Hydrothermal NdPO, solubility
experiments were carried out in a few previous studies (Poitrasson et al., 2004; Cetiner et al.,
2005; Van Hoozen et al., 2020) from which solubility constants were retrieved between 25 and
250 °C. Thus, a comparison of the modeled monazite solubility with previously reported
experiments can be used to assess the reliability of the retrieved thermodynamic properties in

our study. The following reaction describes the NdPO, solubility product,
NdPO4(s) = Nd**" + PO, (Ky) (20)

which is retrieved from the thermodynamic properties listed in Tables 6 and 7. Conversion to

equilibrium the constant is done according to,
AG° = AsG° [Nd*] + AdG°[PO4] - AdG°[NdPO4(s)] (21)
logKy=-A.G° /RTIn(10) (22)
where R is the ideal gas constant and T is the temperature in K.

The calculated solubility products based on the optimized properties of the Nd** aqua
ion derived in this study display an excellent agreement with the experimental data between
100 and 300 °C (Fig. 13). The latter are from the studies by Van Hoozen et al. (2020),
Poitrasson et al. (2004) and Cetiner et al. (2005). The calculated logKy, values predicted using
the Nd’* aqua ion from Supcrt92 are systematically smaller by ~0.5-1.5 orders of magnitude.
This comparison gives confidence that the adjusted A.G° values recommended in Table 6

together with the properties of the HKF parameters from Table 6 or the empirical heat capacity
25
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function from Table 8 can be used to accurately predict the thermodynamic properties of the

Nd** aqua ion between 25 and 300 °C.

5. CONCLUSIONS

Hydrothermal solution calorimetric experiments were used to measure the enthalpy of solution
of Nd(OH);(s) and retrieve the enthalpy of formation of the Nd** aqua ion at temperatures
ranging from 25 to 150 °C. The recommended thermodynamic properties to accurately assess

the stability of the Nd** aqua ion are listed in Table 6.

The standard partial molal enthalpy of formation A¢H° of Nd*" derived from the
experimental study displays differences of up to 10 kJ/mol compared to the enthalpy values
derived from the HKF equation of state in the studied temperature range. These discrepancies
are caused due to previously reported A¢H° values for Nd** (Speeding and Miller, 1952) at
reference state (25 °C and 1 bar). Nevertheless, these inaccuracies are resolved by adjusting
the standard partial molal Gibbs energy of formation A;G° of Nd*" at 25 °C and 1 bar from -
672.0 (Supcrt92) to -679.7 kJ/mol (this study). Similar adjustments were proposed by Pan et
al. (2024) for modeling the solubility of all of the REE phosphate endmembers (i.e. for both
monazite and xenotime) to 300 °C. The heat capacity, enthalpy, and entropy temperature
dependent empirical equation derived from our calorimetric study are also provided (Table 8,
Egs. 7-10), and a comparison to previous monazite-(Nd) solubility experiments, indicates that

these functions can at least be extrapolated to 300 °C.

The results from this study indicate that the thermodynamic properties for the REE**
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aqua ions reported at reference conditions and compiled in Sucprt92 (Shock and Helgeson,
1988; Shock et al., 1997) need to be further scrutinized because the adjustments required for
other REE are currently unknown. Nevertheless, the thermodynamic optimization study by Pan
et al. (2024) provides an internally consistent updated dataset for the REE’" aqua ion that
agrees with the experimental results presented here. Furthermore, calorimetric experiments
provide further confidence that the HKF parameters might reproduce the temperature functions
accurately at least in subcritical aqueous fluids. Hence, an adjustment of the A;G° values at 25
°C and 1 bar might be a reasonable approach to model the stability of each aqua ions. As
demonstrated in this study, such adjustments have important implications to accurately model
the stability of monazite in hydrothermal aqueous fluids. This study contributes to the
development of MINES thermodynamic database (Gysi et al., 2023), which is an internally

consistent thermodynamic dataset for modeling the behavior of REE in hydrothermal systems.
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TABLES

Table 1. Refined unit cell parameters in the hexagonal structure (P6s;/m) for Nd(OH)s(s) synthesized in this study
and comparison those retrieved by Beall et al. (1976) from the COD database 210682 and Roy and McKinstry

(1953).
Lattice parameters
Reference 2 [A] ¢ [A] Volume [A’]
This study 6.429 £0.001 3.742 +£0.001 133.93
Beall et al. (1976) 6.422 3.742 133.65
Roy and McKinstry (1953) 6.421 3.74 133.5

Table 2. Results from the NaCl solution calorimetric experiments at 148.5 °C listing the measured integral heat

of solution (gs0) , blank corrections (guik), and derived experimental molal enthalpies (As/*") according to Egs.

(2-4).
TINaCl(s) 1 Gobs Qoik Gsol Aol H™P
(mol) (mol/kg) (mJ) (m)]) (mJ) (kJ/mol)
0.16 0.05 =778 -34.4 -743.1 -4.64
0.31 0.1 -1414 -34.3 -1380 -4.42
0.33 0.11 -1556 -34.8 -1521 -4.67
0.62 0.21 -2568 -343 -2534 -4.09
0.68 0.23 -2847 -34.6 -2813 -4.12

0.71 0.24 -2487 -34.3 -2452 -3.44




Table 3. Measured experimental molal enthalpies of solution (A.H™?) for the dissolution of Nd(OH)s(s) (Eq. 1)
in perchloric acid based aqueous solutions from 25 to 150 °C. 7 denotes the ionic strength. Enthalpies measured

at an / value of 0.01 mol/kg are assumed to be representative for the standard enthalpy of solution (AsH°). Heat
flow contributions (gobs, @vix, gso1) are described by Eqgs. (2-4). The experimental uncertainty of As,H° is based on

the standard deviation (1o) of replicate experiments.

T Nd(OH);(s) Gobs Gk ol Aol H™®

(°C) (umol) (mJ]) (mJ) (m)]) (kJ/mol)
1=0.01, T=24.23 +0.01, AwH® = -146.2 £0.5 kJ/mol

24.24 10.14 -1479 -0.8 -1478 -145.7

24.23 9.99 -1459 -0.8 -1458 -145.9

24.22 9.85 -1441 -0.8 -1441 -146.2

24.21 9.84 -1447 -0.8 -1447 -147.0
I1=0.05, T=24.13 £0.01, AxuH™ = -143.5 +3.2 kJ/mol

24.14 9.92 -1420 -0.8 -1419 -143.0

24.14 9.98 -1467 -0.8 -1466 -146.8

24.12 9.69 -1362 -0.8 -1361 -140.5
1=0.09, T=24.13 £0.01, AH"® = -143.4 +£2.7 kJ/mol

24.22 10.26 -1502 -0.8 -1502 -146.4

24.21 10.26 -1464 -0.8 -1463 -142.6

24.20 10.20 -1439 -0.8 -1439 -141.1
1=0.01, T=49.03 £0.01, AyH°® = -148.7 £1.6 kJ/mol

49.03 10.02 -1486 -1.0 -1485 -148.2

49.03 10.05 -1484 -1.0 -1483 -147.5

49.03 9.76 -1470 -1.0 -1469 -150.5
1=0.05, T=48.87 £0.01, Ay ™ = -148.7 £1.1 kJ/mol

48.87 9.86 -1477 -1.0 -1476 -149.7

48.87 10.10 -1490 -1.0 -1489 -147.5

48.86 9.76 -1454 -1.0 -1453 -148.9
1=0.09, T=48.95+0.01, AxuH"® = -145.0 +3.3 kJ/mol

48.96 9.86 -1434 -1.0 -1433 -144.1

48.96 10.10 -1475 -1.0 -1474 -142.2

48.95 9.76 -1493 -1.0 -1492 -148.7



Table 3 (continued)

T Nd(OH)s(s) Gobs Goix ol Asol H™P
(°C) (umol) (m)) (ml) (m)) (kJ/mol)

1=0.01, T=73.84+0.01 °C, AwH® = -146.2 +1.5 kJ/mol

73.84 9.90 -1461 2.1 -1459 -147.3

73.84 9.97 -1443 2.1 -1441 -144.5

73.84 9.93 -1459 2.1 -1457 -146.8
1=0.01, T=98.72 +0.08 °C, AH° = -149.2 1.8 kJ/mol

98.80 10.21 -1500 43 -1495 -148.2

98.80 10.54 -1503 43 -1498 -147.2

98.74 10.52 -1447 43 -1443 -150.2

98.66 10.38 -1509 43 -1505 -151.7

98.61 9.38 -1433 43 -1428 -148.7
1=0.01, T=123.64 £0.02 °C, AWH° = -151.7 +3.0 kJ/mol

123.64 10.03 -1537 9.9 -1527 -152.2

123.63 9.80 -1465 9.9 -1455 -148.5

123.62 9.87 -1533 9.9 -1524 -154.4
1=0.01, T=148.33 £0.07 °C, AwH° = -151.5 £1.8 kJ/mol

148.36 10.10 -1603 -46.2 -1557 -154.2

148.36 9.86 -1530 -46.2 -1484 -150.5

148.37 9.94 -1559 -46.2 -1513 -152.2

148.38 9.78 -1517 -46.2 -1471 -150.4

148.20 10.39 -1607 -46.2 -1603 -150.2




Table 4. Least squares regression coefficients fitted to the experimental enthalpy of solution (A/°) values
determined in this study as a function of temperature between 25 and 150 °C. Equations (7-10) are used to derive

the enthalpy increments [AsH°(T)-AsH°(T7)], the heat capacity (AsiC,°) and entropy (AsS°) functions.

Coefficient u(an)’
hy[J/mol] - 107 -580.8 1.1
ao [J/mol-K] 1266.2 8.4
a; [J/mol-K?] -2.54 0.05
a [J'K/mol] - 10 -50.55 0.13

* The standard error of the regression is calculated based on the standard deviation (o), the 95% confidence limit

ZN (Asoleit - Asol-[{egw)2
o=
of the regression (U), and the student factor (¢) where N-1 andU =t - 0. This

calculation made use of the Python Scipy library (Virtanen et al., 2020).

Table 5. Smoothed standard thermodynamic properties of solution for the dissolution of Nd(OH);(s) according
to Eq. (1) calculated from the regressed coefficients in Table 4. The standard Gibbs energy of solution (A G®) is
calculated from Eq. (13).

P T Asol(:po u(Aso](ij)a ASO|HO u(AsolHo) b ASO|SO M(Asolso)a Aso] GO u(Asol Go)c

(bar) (°C) (J/mol-K) (kJ/mol) (J/mol-K) (kJ/mol)

1.013 25 -58.9 17.0 -146.5 3.5 -127.2 22 -108.6 3.6
1.013 50 -37.7 18.1 -147.7 3.9 -131.0 2.6 -105.3 4.0
1.013 75 -34.1 19.2 -148.5 43 -133.6 3.6 -102.0 4.5
1.013 100  -43.5 20.3 -149.5 4.8 -136.2 4.7 -98.7 5.1
2320 125  -62.8 21.4 -150.8 5.3 -139.6 5.9 -95.2 5.8
4757 150  -89.6 22.5 -152.7 5.8 -144.2 7.2 -91.7 6.5

* Uncertainties u(AswiC,° ) and u(AsaS°) are calculated at the 95% confidence limit from Eqgs. (10) and (12),

respectively, and the error propagation using the parameters listed in Table 4 from the general equation

u(y) = JZ(SX? ut{an)

; u(Y) can be u(AsC,° ) or u(AsiS° ) and a, are the parameters of the regression.
® Uncertainties u(AsH®) are calculated at the 95% confidence limit of the regression from Eq. (7).

¢ Uncertainties (A« G°) are calculated from the error propagation in Eq. (13), using u(As«iH°) and u(AsiS®).



Table 6. Standard thermodynamic properties of aqueous species at reference conditions (7; =25 °C and P, = 1 bar) and HKF equation of state

parameters for extrapolations to high temperature and pressure. Values in bold include the recommended values for the Nd** aqua ion derived from

this experimental study, and where necessary updated for other species.

AG°1.p, AHP73p, SO C,°n a;-10 a,107 a as- 10 Ci c'10* 107
(kJ/mol) (kJ/mol) (J/mol'’K)  (J/mol'K) mgfﬂ; y (calimol) b(:r?;ﬁ) (‘ﬁ)ll)q K(.Crﬁgl) (/Crilo'g I(I‘l’f)‘g
Nd*  Thisstudy -679.720.7 -704.420.5  -207.1 2.2 -167.8
Supcrt92  -672.0%  -696.6+1.1°%%  207.1° 179.8% 337 -14.5%  832%  2.18%  1.62% -11.8% 2.26
673.7 £1.5%  -694.8 +2.0°
6817100 -706.4
Nd(OH)* Supert92  -862.7¢" -901.7¢h -13.8" 13970 2,74 “1.1b 6.18" 273" 321" 98 LII"
Nd(OH)," Supert92  -811.6% -828.1¢eh 53.13" 31518 2.83 0.9 6.1" 274 347" 184" 0.04"
NdCI* Thisstudy  -815.4 -895.9 217.20 512.9' 077 9.7 9.54 238 933 654 145
-807.3 -887.7
Supert92  -805.0" -849.4" -94.9h 7489"  -0.68"  -9.42" 9.4" 239" 849" 670" 1.40"
NdCl," Thisstudy  -945.3 -1015.4 5.7 -144.3 214 255 675  -2.67 -8.89 -10.1' 0.56
-937.2 -1007.3
Supert92  -934.7" -1010.4" -24.69" 15150 239" .1.94" 6.5" 2700 9.18" -10.4" 0.64"
NdF*  Thisstudy  -983.6 -1016.6 -110.8' 103.5 338 41600 1205  -2.120 3420 2000 149
-975.5 -1008.5'
Supert92  -978.6 -1009.18 -61.09 -57.7 333 4159 1199 212 976 -5.87 127

*Spedding and Miller (1952), solution calorimetry of NdCls(s) dissolution; "Morss (1976), evaluation of experimental thermodynamic properties of solution of
NdCls(s); “Cordfunke and Konings (2001a), evaluation of compiled experimental A [°0f NdCls(s); ‘Wood et al. (2002), Nd(OH); solubility experiments;

'Spedding et al. (1979), electrolysis of Nd(NOs)s(s); eLee and Byrne (1992), linear free-energy relationships; "Haas et al. (1995), estimation of standard partial

molal thermodynamic properties using HKF equation of state; ‘Migdisov et al. (2009), REE chloride/fluoride solubility experiments; ‘Pan et al. (2024) from

optimization of A{G° using solubility experimental data of NdPO.(s); *Shock et al. (1997), HKF equation of state correlations.



Table 7. Standard thermodynamic properties of Nd solids at reference conditions (7; = 25 °C and P, = 1 bar) and heat capacity function (C,°)
function with temperature 7 in Kelvin. Values in bold are those used and recommended in this study for retrieving the properties of the Nd** aqua

ion.

AG®1pr AHC13,pr Sp C,° C~a+bT+cT?+dT'
(kJ/mol) (kJ/mol) (J/mol-K) (J/mol-K) a b 102 c'107 d-10°
Nd(OH);(s) -1283.0 £2.6"¢  -1415.6 £2.3*¢ 117.8 £0.2° 117.62 +0.07¢ 174.6" 1.082° 983.5" -21.24°
-1270.9 £1.1¢  -1403.7 £1.0¢
Nd,Os(s) -1719.8 £6.6°  -1806.9 £3.0%"  158.7 £1.0° 111.34+0.12° 117.11>  2.814" -1258"
-1808.1 +1.0®
-1807.1 £3.1"
NdCls(s) -965.6" -1029 +0.9' 153.43" 99.24" 87.28" 3.85" 40.21"
-1041.3 £1.00
-1039.5 1.7
-1049.9 £1.0™
NdPOu(s) -1846.2° -1965.4° 122.94 104.89 132.96%  2.254%  -3100.99

-1849.6" -1968.4"
"Merli et al. (1997), solution calorimetry of Nd(OH);(s), Nd(cr) in 6M HCI; *Diakonov et al. (1998a, 1998b), evaluation of experimental thermochemical and

solubility data of Nd(OH)s(s); “Chirico and Westrum (1981), experimental measurements of heat capacity of Nd(OH);(s); “Morss et al. (1989), solution calorimetry
of Nd(OH);(s) in 6M HC]; “Navrotsky et al. (2015), compilation and review of REE solids; ‘Cordfunke and Konings (2001c), compilation and review of
experimental data for Nd,Os; & Huber and Holley (1952), combustion calorimetry of Nd,Os(s); " Fitzgibbon et al. (1965), solution calorimetry of Nd,Os(s) in 2M
HCI; ‘Spedding and Miller (1952), solution calorimetry of NdCls(s); Stuve (1965), solution calorimetry of NdCls(s); 'Cordfunke et al. (1996), solution calorimetry
of NdCli(s); ™Cordfunke and Konings (2001a), compilation and review of experimental data for NdCls(s); "Konings et al. (2014), comprehensive review of the
thermodynamic properties; "Van Hoozen et al. (2020), solubility experiments of NdPOu(s); Popa et al. (2006), heat capacity of NdPOu(s); "Ushakov et al. (2001),
calorimetry experiments of NdPOu(s).



Table 8. Least squares regression coefficients fitted to the experimentally derived standard enthalpy of
formation (A¢H°) values determined in this study as a function of temperature between 25 and 150 °C. Equations
(7-10) are used to derive the enthalpy increments [ H°(T)-H°(T;)] and the heat capacity (C,°) functions.

Coefficient u(an)’
hz-[J/mol] - 107 -1146.5 1.1
ao [J/mol-K] 1256.0 8.4
a; [J/mol-K?] -2.68 0.05
a, [J'K/mol] - 10 -55.56 0.13

* The standard error of the regression is calculated based on the standard deviation (o), the 95% confidence limit
ZN(AsolHﬁt - Asol}:Iewp)2

o=
of the regression (U), and the student factor () where N -1 andU =t - 0. This
calculation made use of the Python Scipy library (Virtanen et al., 2020).

Table 9. Smoothed standard molal thermodynamic properties of formation of Nd** derived in this study
calculated from the regressed coefficients in Table 8. The standard Gibbs energy of formation (A¢G°) is
calculated from Eq. (16).

P T C° u(C,°%)* AH®  u(AH° ) AG° u(AGO)

(bar) (°C) (J/mol-K) (kJ/mol) (kJ/mol)

1.01 25 -167.8 17.0 -704.8 3.5 -680.1 4.7
1.01 50 -141.8 18.1 -708.6 3.9 -674.8 5.1
1.01 75 -135.1 19.2 -712.0 4.3 -669.2 5.5
1.01 100 -142.7 20.2 -715.5 4.8 -663.3 6
232 125 -161.2 21.4 -719.2 53 -657.2 6.5
476 150 -187.9 22.6 -723.6 5.8 -650.8 7

* Uncertainties u(AC,° ) is calculated at the 95% confidence limit from Eq. (10) and the error propagation using

" oY
u(Y) = $ () u2(an)
the parameters listed in Table 8 using the general equation " ;u(Y) can be u(AC,° ) and

a, are the parameters of the regression.
® Uncertainties u(AH°®) are calculated at the 95% confidence limit of the regression from Eq. (7).

¢ Uncertainties u(AG®°) are calculated from the error propagation in Eq. (13), using u(AH®) and u(AS®).



FIGURES

a) Calorimeter assembly

b) Hastelloy reaction cells

Figure 1: a) Setaram C-80 calorimeter designed for operation up to 10MPa and 300 °C with
rocking mechanism; b) Hastelloy C-276 cell used for dissolution experiments with two isolated
compartments for solid and aqueous solution. 1: Reference and sample cells; 2: insulating
chamber; 3: heating filament; 4: 3D thermopile fluxmeter; 5: liquid compartment with perchloric
acid based experimental starting solutions; 6: Solid compartment with synthetic Nd(OH)(s)
powder; 7: Reacted experimental solution after rocking the calorimeter, and opening of liquid

and solid compartments.
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Figure 2: XRD diffraction spectrum of hexagonal (P6;/m) Nd(OH)s(s) a) synthesized
hydrothermally at 250 °C in this study, and b) reference spectrum by Beall et al. (1976).
Numbers indicate Miller indices for only major XRD peaks. Refined lattice parameters are listed

in Table 1.
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Figure 3: Raman shifts of a) pure Nd(OH)s(s) synthesized hydrothermally at 250 °C in this study
showing REE-O stretching modes of Nd(OH); between ~40 and 800 cm™', fluorescence peaks
between 1000 and 2100 cm™, and OH-bands between 3000 and 3800 cm™. b-¢c) Reference
Raman spectra for calcite (RRUFF ID R040070) and bastnisite-(Ce) (RRUFF ID R050409) from
the RRUFF database (Lafuente et al., 2015) indicating the location of C-O symmetric stretching
bands between 1000 and 1200 cm™.
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Figure 4: a) Measured heat flow (mW) curves over time (h). a) Dissolution of NaCl(s) at 148.5
°C and varying ionic strength (/) from 0.05 to 0.24 mol/kg NaCl. b-c) Dissolution of Nd(OH)s(s)
at 24.2 and 48.9 °C with / values from 0.01 to 0.09 mol/kg NaClO,. Equilibration time for heat

flow curve integration is ~1h. Measured heat flow values are listed in Tables 2 and 3.
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Figure 5: Experimental molal enthalpies of solution (A" in kJ/mol) as a function of ionic
strength (mol/kg) for a) NaCl(s) determined at 148.5 °C in pure water, and b-c) Nd(OH);(s)
measured at 24.2 °C and 48.9 °C in perchloric acid/NaClO, based pH 2 solutions (Table 3).

Linear regressions are used for extrapolation to infinite dilution and the standard error of the fits
are calculated at the 95% confidence level. The calculated As,/H° value for NaCl was obtained
using NaCl(s) from Robie and Hemingway (1995), and aqueous species (Na" and CI') from
Miron et al. (2016) and Shock and Helgeson (1988).
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Figure 6: a) Standard enthalpy of solution (AsuH°, kJ/mol) for the dissolution of Nd(OH);(s)
determined experimentally as a function of temperature (°C). b) Measured enthalpy increments
of solution (H°r- H®xs, kJ/mol). ¢) Heat capacity of solution (AsC,°, J/mol-K) function derived
from the measured enthalpy values (Egs. 9-10). The regressed coefficients, according to Eqs. 7-

10, are listed in Table 4 with smoothed values in Table 5.
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Figure 7: a) Standard entropy of solution (AsuS°, J/mol-K) and b) Standard Gibbs energy of
solution (As«iG°, kJ/mol) as a function of temperature (°C) for the dissolution of Nd(OH)s(s). The
entropy is derived from the heat capacity function (Eqgs. 11-12). The fitted coefficients are listed

in Table 4, and the smoothed values in Table 5.
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Figure 8: Aqueous speciation calculations showing the predicted stabilities of aqueous Nd
species as a function of temperature (°C) for solutions in equilibrium with Nd(OH);(s). a)
Logarithm molality of the dominant Nd hydroxyl species as a function of temperature modeled
using the GEMS code package and the properties of Nd-O-H species listed in Table 6. b) Percent

contribution of each aqueous species used for the calculation of modeled enthalpy in Fig. 9.
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Figure 9: a) Comparison between the measured and predicted enthalpy of solution (Asw/°,
kJ/mol) as a function of temperature (°C) for individual Nd species participating in Eqs. 14 and
and 15. The modeled curve is calculated based on the % contribution of each Nd species at given
temperature (Fig. 8). b) Comparison between measured and calculated As,H° values assuming
the Nd** aqua ion as the main contributing species to the measured enthalpy (Egs. 1 and 14).
References for AiH° values used in the calculations: [1] Nd(OH);(s) from Merli et al. (1997); [2]
Nd(OH);(s) from Morss et al. (1989); [3] Nd** from Shock et al. (1997); [4] Nd(OH)*" from Haas
et al. (1995).
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Figure 10: a) Standard partial molal enthalpy of formation (A#°, kJ/mol) of the Nd** aqua ion
derived according to Eq. 14 from the experimental data from this study and using the A¢H° values
for Nd(OH)s(s) from Merli et al. (1997). b) Enthalpy increments (H°r- Hs, kJ/mol). c) Heat
capacity function (C,°, J/mol-K) derived from the measured enthalpy values (Eqgs. 9-10). The
regressed coefficients, according to Eqs. 7-10, are listed in Table 8 with smoothed values in

Table 9.
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Figure 11: Comparison between the standard partial molal thermodynamic properties of the Nd**
aqua ion determined in this study and predictions from Supcrt92 (Table 6). a) Standard partial
molal enthalpy of formation (A:H°, kJ/mol), ¢) Standard partial molal heat capacity (C,°,
J/mol-K) function, and e) standard partial molal Gibbs of formation (A:G°, kJ/mol) as a function
of temperature (°C). b), d), and f) show the residuals plotted as deviations from predicted values

from Supcrt92. The smoothed values are listed in Table 9.
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Figure 12: Aqueous speciation calculations using the retrieved A¢G° of Nd** as a function of
temperature (°C) for solutions in equilibrium with Nd(OH)s(s). a) Logarithm molality (mol/kg)
of each Nd species as a function of temperature modeled using the GEMS code package and the

properties of Nd-O-H species listed in Table 6. b) Percent contribution of each aqueous species.
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Figure 13: Logarithm of the solubility product (logKs0) of monazite-(Nd) as a function of

inverse temperature (103 /T, in Kelvin), showing a comparison between experimentally derived
solubility products (Poitrasson et al., 2004; Cetiner et al., 2005; Van Hoozen et al., 2020), and
calculated values using the properties for Nd** derived in this study, derived from Pan et al.
(2024), and those from Supcrt92. The solubility curves were calculated at each temperature using
Egs. (21-22), the properties for Nd** from Table 6, the properties for NdPOu(s) from Table 7, and
the properties for PO,* from Shock et al. (1989, 1997).
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Figure S1. (a-c) Standard enthalpy of solution (AsqH°, kJ/mol) for the dissolution of Nd(OH);(s)
determined experimentally as a function of temperature (°C) and (d-f) the resulting heat capacity of
solution (As«iC,°, J/mol-K) functions using different fits (Eqs. 7-10). Results from a) and d) show
that a four parameter fit (three coefficients ao-a,, Tables 4 and 5) reasonably reproduce the expected

heat capacity function with an inflection point expected in an aqueous electrolyte (Anderson, 1991).



