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Abstract—The solubility of well-characterized, crystalline Nd(OH);(cr) was determined in non-complex-
ing, 0.03-1.0 mol kg! sodium trifluoromethanesulfonate (sodium triflate, NaTr) solutions from 30° to 290 °C
at saturated water vapor pressure (SWVP) over a range of pH, | (pH,, is the negative logarithm of the molal
hydrogen-ion concentration). The pH, | was measured in situ during the solubility experiments using a hydro-
gen-electrode concentration cell (50°-290 °C) or a combination glass-electrode (30 °C). From 30° to 200 °C
the predominant dissolved Nd species over a wide range of pH,, was found to be the aquo ion, Nd3*. Over the
pH,, range where Nd3+ predominates, the solubility of Nd(OH),(cr) decreased strongly with increasing tem-
perature. Stoichiometric molal equilibrium quotients (Q,) for the reaction:

Nd(OH),(cr) + 3H* <> Nd** + 3H,0 W

were computed for 0.03, 0.1 and 1.0 mol kg'! sodium triflate. The following equation adequately describes
the measured equilibrium quotients as a function of temperature and ionic strength:

log Qg = -6.662 + 7300.0/T + [(-91.51/T — 7.182:10°T%) - 6f/n(10) - 3log a,,

where T is the temperature in Kelvin, I is the ionic strength in mol kg, a,, is the activity of water and f¥is a
Debye-Hiickel term given by

Y= -Ay[x/(1 +1.2%) + (2/1.2)In(1 + 1.2x)] and x = 12

From these equations we calculate log K, = 17.940.3 at 25 °C, which compares well with a value recently
derived from a critical evaluation of the pre-existing literature. We also obtain a value of AH°(Nd(OH);(cr))
= -141445 kJ mol-! at 25 °C and 1 bar which is in good agreement with calorimetrically-derived values re-
ported in the literature.

Our data also suggest that, at low temperature (30° to 100 °C), hydrolysis proceeds from Nd3* to
Nd(OH)30 over a very narrow pH | range, and intermediate species are relatively unimportant. However, at
250° and 290 °C, the Nd(OH)2* and Nd(OH),* species are significant, with the relative importance of these
two species being sensitive to the jonic strength. We were able to extract stoichiometric molal equilibrium
quotients at 250 and 290 °C for the reactions:

Nd3* + H,0(1) <> Nd(OH)?* + H*
Nd3* +2H,0(]) <> Nd(OH),* + 2H*

Extrapolation of these equilibrium quotients to zero ionic strength using the Debye-Hiickel equation indi-
cates that recent theoretical predictions of the first hydrolysis constant at 250° and 290 °C overestimate the
degree of hydrolysis by several orders of magnitude. The solubility minimum, i.e., the region of the solubility
curve where Nd(OH)30 predominates in solution, decreases with temperature from 30° to at least 100 °C, but
increases again at 290 °C. Equilibrium constants for the reaction:

Nd3* + 3H,0(1) <> Nd(OH), + 3H*

were also obtained and found to be lower than recent theoretical predictions by increasing amounts as tem-
perature increases (more than 3 orders of magnitude lower at 290 °C).

1. INTRODUCTION . R 3 . ..
chemical similarity of Nd>* to trivalent actinides

Over the last half century there have been anumber ~ (Moeller et al., 1965; Choppin, 1983, 1986, 1989;
of measurements of the solubility of neodymium hy-  Brush, 1990; Nitsche, 1990; Millero, 1992), and the
droxide (Table 1) and the hydrolysis of Nd3* (Table  need to understand the aqueous geochemistry of the
2). Much of this work has been stimulated by the  latter in order to predict their fate in the environment.
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Also, this work has been driven by interest in the hy-
drothermal growth of single crystals of REE hydrox-
ides owing to their magnetic, thermal and optical
properties (Mroczkowski et al., 1970 and references
therein). Finally, a better understanding of the ther-
modynamics of REE phases and aqueous species
would also benefit a number of areas of geochemistry
summarized by Ding and Wood (this volume) and ref-
erences therein. In this paper, we are primarily con-
cerned with the solubility product of Nd(OH)s(cr),
i.e., the equilibrium constant of the reaction:

Nd(OH),(cr) + 3H* & Nd3+ + 3H,0) (1)
The stoichiometric molal equilibrium quotient (Q,)
of the above reaction is defined as:
G = [Nd>*]
O HTP @)
The solubility product at infinite dilution may be
written:

3 3
Ko = ANg* P o _ Y ya* P o
s0 — 3 - QsO ’ 3
o e O

Table 1 shows that reported values of K, and Q at
room temperature for well-crystalline/well-aged
Nd(OH); vary over about four orders of magnitude.
The solubility products for freshly precipitated/slightly
aged Nd(OH); vary over a similar range. However, as
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expected, the solubility of poorly crystalline Nd(OH),
appears to be higher than that for well-crystalline
Nd(OH);. Possible reasons for the discrepancies ob-
served in Table 1 include (see also Diakonov et al.,
1998): 1) differences in the crystallinity of the initial
Nd(OH)s; 2) partial conversion of Nd(OH); to much
less soluble hydroxycarbonates or carbonates owing to
contamination of the experimental system with CO,;
3) lack of attainment of equilibrium; 4) inaccurate pH
measurement, to which K, is very sensitive owing to
the fact that ag+ is raised to the 3 power (eq. 3); and
5) sampling and/or analytical uncertainties. There are
very few reported values of K, for Nd(OH); at ele-
vated temperatures, and none above 90 °C. However,
recently Deberdt et al. (1998) have determined the
analogous quantities for La(OH);(cr) and Gd(OH);(cr)
at temperatures up to 150 °C.

Hydrolysis of Nd3* is described by the generalized
reaction:

mNd3** + nH,0(1) <> Nd (OH) 3™ + nH* (4)
and the hydrolysis constant is given by:

N, (OH)>™" g

K =—20
a N d3+ a H20 (5)
The expression for Qpnm 18 analogous, but is de-
fined in terms of concentrations instead of activities,
ignoring the activity of water (cf. eq. 2). Note that,

Table 1. Summary of literature data on the solubility of Nd(OH);(s) at room temperature.

Author T(C)
Crystalline or well aged
Akselrud (1963) 25
Spivakovskii & Moisa (1972, 1977) 25
Silva (1982) 25
Baes & Mesmer (1986) 25
Morss et al. (1989) 25
Makino et al. (1993) 22
Rao et al. (1996) 25
“ 90
Merli et al. (1997) 25
Diakonov et al. (1998) 25
This study 25
Fresh precipitate or slightly aged
Moeller & Kremers (1944) 25
Moeller & Fogel (1951) 25
Tobias & Garrett (1958) 25
Meloche & Vrétny (1959) 25
Orhanovic et al. (1966) 20
Azhipa et al. (1967) 20
Kragten & Decnop-Weever (1984) 215

Ionic strength and medium log Qg
infinite dilution 18.111
infinite dilution 16.351
0.1 mol L! NaClO, (extr. to 0 with Davies eq.) 16.0+0.2
infinite dilution 18.63
infinite dilution 19.740.72
0.01 mol L1 (extr. to 0) 16.00%
0.1 mol L1 NaCl (extr. to O with Pitzer eq.) 14.96

« 14.18
infinite dilution 17.540.52
infinite dilution 17.612
0.03 mol kg™! NaTr (empirically extr. to 0) 17.940.3
0.1 mol L'l Nd(NO,), 21.3
0.1 mol L'V Nd(C10 )4 20.5
0.1 mol L} HCI (extr. to 0 with Davies eq.) 18.94
3.72x 102 mol kg"! Nd(CIO,), 22.1
<0.1 mol kg'! Nd(NO,), 18.1
dilute HCI, LiOH 18.571
1.0 mol L'! NaClO,, 19.440.2

NOTE: Qg refers to the reaction: Nd(OH);(s) + 3H" <> Nd* + 3H,0(1) and is given in the same units as the ionic strength for each study. IRe-
calculated by Diakonov et al. (1998); 2Calculated from calorimetrically-derived thermodynamic data; 3Calculated based on a correlation with

lattice parameters (see text); Cited by Diakonov et al. (1998).
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in equation (4), the value of m is limited to unity
when the total Nd concentration is maintained at low
levels by Nd(OH);(cr) solubility (see section 4.5). It
is difficult to compare the Qp, values given in
Table 2 because of differences in ionic strength, etc.
However, inspection of this table shows that, al-
though the spread in measured Qy, ., values is gen-
erally less than that for Qy, there is some
disagreement among the various measurements, and
refinements are possible (see also Wood, 1990a).
The clearest example is the data at 3 mol Il
NaClO,, for which three separate measurements of
th | vary over an order of magnitude.

The main goal of the study reported in this paper
was to determine the solubility product for
Nd(OH);(cr) as a function of temperature up to 290 °C,
using in situ pH measurements, in the hope of resolv-
ing the discrepancies in previously reported solubility
products. In addition to supplying data previously un-
available above 90 °C, the expected faster reaction ki-
netics at elevated temperatures should minimize
uncertainties owing to a slow approach to equilibrium,
which is a decided advantage in attempting to resolve
the discrepancies noted above. Secondary goals were
to obtain some information on the hydrolysis of Nd>*
at elevated temperatures, and to lay the groundwork for
using measurements of the solubility of Nd(OH);(cr)
as a means of obtaining stability constants of com-
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plexes of Nd3* with other ligands such as acetate, chlo-
ride or sulfate (cf. Wesolowski et al., 1998).

2. METHODS

2.1. Synthesis and Characterization
of Crystalline Nd(OH),

Previous studies have shown that Nd(OH); is the
stable phase in the Nd-O-H system from room tem-
perature up to roughly 800 °C (nearly independent of
pressure from 200 to 2000 bars), above which it trans-
forms to NdOOH (Viswanathiah et al., 1976; 1980).
Earlier work by Shafer and Roy (1959), which sug-
gested that Nd(OH), was stable only to less than 450
°C, was apparently affected by contamination by
CO,, causing the formation of Nd-carbonate phases
(Viswanathiah et al., 1976). The partial pressure of
CO, at which Nd(OH); converts to the hydroxycar-
bonate or carbonate phase may be as low as 10~ 6 bars
(Diakonov et al., 1998), requiring that extreme cau-
tion be exercised in excluding CO, during synthesis
and solubility measurements of the hydroxide.

Following Christensen (1966), Merli et al. (1997),
and Deberdt et al. (1998), crystalline Nd(OH); was
synthesized by reacting 99.99% pure Nd,Oj, sup-
plied by Alfa Aesar (Lot Number P3129A), with
deionized (18 MQ-cm) water at 200-250 °C and sat-

Table 2. Summary of literature data on the hydrolysis of Nd3* at room temperature.

Author Method T(°C) Ionic strength and medium  Hydrolysis constants
Kragten & Decnop-Weever (1984)  Solubility 21.5 1 mol L! NaClO, log Qyy ; =-8.10.2
log Qpy ; =-16.230.2
log Q3 =-24.330.2
log Qyy , =-11.640.2
Silva (1982) Solubility 25 0.1 mol L' NaClO, log Ky, ; =-15.840.5
(extr. to O with Davies eq.) log Ky 3 ) =-23.940.2
log Ky 5 <- -34
Burkov et al. (1988) Potentiometry 25 3mol L NaClO, log Q) | =-8.940.04
log Qy 5 =-14.03£0.01
Burkov et al. (1973) Potentiometry 25 3mol L' NaClO, log th 1=-9.440.4

Guillaumont et al. (1971)

Solvent extraction 25

Kostromina & Badaev (1986) Spectrophotometry 257
Moeller (1946) Potentiometry 25
Tobias & Garrett (1958) Potentiometry 25
Baes & Mesmer (1986) Critical compilation 25
This study Solubility 30

0.1 mol L'! NaClO,,
variable?

0.005 mol L1 Nd,(SO,),
0.01 mol LI Nd,(SO,)5
0.05 mol L1 Nd,(SO,)5
3 mol L' NaClO,
Infinite dilution

0.03 mol kg™! NaTr

log Q) , =-13.9330.03
log Qy; 1 =-7.0

log B, | =7.440.4

log B, , = 13.0£0.7

log Q1 =-90
log Qpy ;= -8.7
log Qyy 1 =-75
log Q1 =-8540.4
log Ky ;= -8.0

log Kyp =-169
log Ky5 1 = -26.5
log Ky 1 =-37.1
log Q3 ; =-24.740.3

Note: th,m (Khn,m) refers to the reaction: mNd>* + nH,0() < Ndm(OH)n3"1’“ +nH* and is given in the same units as the ionic strength for

each study; B,

refers to the reaction: mNd>* + nOH" <> Ndm(OH)n3m’“,
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Table 3. Powder X-ray data for the Nd(OH);(cr)

synthesized in this study.
dd) I, dd) I,
12.45 4 222 70
5.48 58 1.86 14
3.19 60 1.85 26
3.08 100 1.83 54
276 19 1.61 19
2.42 8 1.42 15

urated water vapor pressure in a Teflon-lined stain-
less steel reaction vessel for two weeks. The water
was first deaerated by vigorously bubbling high-pu-
rity Ar gas through it for at least 15 minutes. Other
authors (e.g., Rao et al., 1996) have synthesized the
hydroxide by reacting solutions of Nd-chloride salts
with aqueous hydroxide solutions, followed by
aging. However, it is difficult to exclude CO, from
aqueous hydroxide solutions. In addition, the initial
products obtained by precipitating Nd from solutions
of chloride salts are known to contain chloride, e.g.,
Nd(OH),Cl (Spivakovskii and Moisa, 1972), and
may be amorphous, requiring aging. The method of
synthesis employed here eliminates interference by
chloride, minimizes interference by CO, and results
in crystalline Nd(OH);.

After synthesis, the Nd(OH), was washed several
times with deionized, deaerated water and separated

from the water by centrifugation. The solid was then
dried in a vacuum oven at 50 °C and stored under Ar
in a polyethylene container with a screw top. The ini-
tial Nd,O5 was a light blue color; this color changed
to lilac upon conversion to Nd(OH);. No further
changes in color were noted upon storage or at the
conclusion of any solubility run. However, the grains
of Nd(OH);(cr) were observed to coarsen after exper-
iments at 2250 °C.

The solid was characterized before the solubility
runs using powder X-ray diffraction (XRD),
Fourier-transform infrared spectroscopy (FTIR) and
thermal gravimetric analysis (TGA). After the runs
the solid was characterized by XRD and FTIR. XRD
analyses were conducted both at ORNL and the Uni-
versity of Idaho, with similar results. FTIR was con-
ducted at ORNL using KBr pellets and a Bio-Rad
FTS-60 instrument.

The results of a typical XRD analysis are given in
Table 3. The d-spacings given in Table 3 are in excel-
lent agreement with those given by Roy and McK-
instry (1953) and Silva (1982) for Nd(OH);(cr). The
peaks of all XRD patterns were sharp and the back-
ground was uniformly low, consistent with well-crys-
tallized Nd(OH)s.

The application of TGA showed that weight loss
upon heating occurred in three steps. A weight loss of
roughly 9% occurred over the temperature range 292°-
442 °C, followed by a weight loss of roughly 4.2%
over the range 442°-575 °C. A much smaller, more
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Figure 1. FTIR spectrum of Nd(OH),(cr) synthesized in this study.
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gradual weight loss of ~0.6% occurred over the range
575°-950 °C. The TGA results can be understood in
terms of the following reaction:

INA(OH),(cr) — Nd,05(ct) +3H,0  (6)

The first major step in the TGA corresponds to the
loss of 2 water molecules (9.22% theoretical), and the
second and third steps combined correspond to the
loss of 1 water molecule (4.61% theoretical). The
total measured weight loss in two separate analyses
amounted to 13.80% and 14.15%, compared to the
theoretical weight loss of 13.83%.

The FTIR spectrum of a sample of freshly prepared
Nd(OH);(cr) in a KBr pellet is shown in Figure 1. For
this sample, all the steps in the preparation of the KBr
pellet were carried out either under an Ar atmosphere
in a glove box, or under vacuum. The major features of
this spectrum are a sharp, intense band at 3607 em’!
and a broader but intense band at 678 cm’ L. These fea-
tures are characteristic of Nd(OH); (Klevtsov et al.,
1967), with the former and latter bands attributable to
the O-H stretch and O-H bend, respectively, of hy-
droxide. The spectrum in Figure 1 is also notable for
the absence of any significant bands between 1400 and
1500 cm’?, or between 1060 and 1090 cm™!, which are
diagnostic of the presence of carbonate (Caro et al.,
1972). However, Nd(OH); exposed to the atmosphere
for more than a few hours invariably exhibited weak
bands attributable to Nd-carbonate, indicative of the
difficulty in preventing the formation of these carbon-
ates during synthesis, characterization and solubility
measurements if extreme precautions are not taken to
exclude CO,.

2.2. Preparation of Solutions

All solutions were prepared by weight, employing
reagent-grade chemicals and 18-MQ-cm deionized
water that had been deaerated by vigorously sparging
with ultrapure argon for 15 minutes or more. The so-
lutions were stored in polyethylene containers under
positive Ar pressure. Concentrated stock solutions of
NaTr, NaOH and HTr were prepared and used to
make up the desired experimental solutions. The
NaTr stock solution was prepared by neutralization of
triflic acid with a CO,-free, concentrated NaOH solu-
tion as described by Palmer and Hyde (1993). The
compositions of the initial test, reference and titrant
solutions employed in this study are given in Table 4.

2.3. Experimental Procedure
2.3.1. The hydrogen-electrode
concentration cell (HECC)

Experiments from 50° to 290 °C were conducted
using an HECC of the type described in several previ-
ous publications (Palmer and Wesolowski, 1993;
Bénézeth et al., 1997; Wesolowski et al., 1998;
Bénézeth et al., 1999; Palmer et al., 2001). The cell
comprised a 1-L Hastelloy reaction vessel fitted with
two concentric Teflon cups, separated by a porous
Teflon liquid junction. Teflon-coated platinum wires,
the ends of which were free of Teflon but coated with
platinum black, were inserted into each cup and
served as the electrodes. The solutions in each cup
were stirred magnetically via Teflon-coated stir bars.
The inner cup contained the reference solution with a

Table 4. Initial compositions (mol kg™! H,0) of test, reference and titrant solutions for solubility experiments.

Acid titrant

Series Test Reference
Nd-1 g+ =3.085x104 my+ = 1.285x1073
my,+ = 2.964x102 g+ = 2.858x1072
my,-=2.975x10°2 my,- = 2.869x1072
mey- = 9.871x104
Nd-2 myg+ = 3.084x10 my+ = 1.142x1073
T+ = 2.943x102 g+ =2.829x1072
my,-=2.974x102 my,- =2.943x102
Nd-3 myp+ = 1.142x103 my+ = 1.142x10°3
g+ = 2.829x102 g+ = 2.829x1072
- = 2.943x1072 my,- = 2.943x102
Nd-4 my+ = 1.040x1073 g+ = 1.040x1073
my,+ = 9.925x1072 my,+ = 9.925x1072
my- = 1.003x107} my,- = 1.003x107!
Nd-5 myg+ = 1.022x103 myg+ = 1.040x1073
1+ = 9.757x10°2 g+ =9.925x1072
my- = 9.859x1072 my,- = 1.003x1071
Nd-6 myp+ = 1.044x103 my+ = 1.044x10°3

my,+ = 1.0063
mp- = 1.0074

my,+ = 1.0063
my- = 1.0074

my+=1.012x102
my,+ = 2.480x102
my,- =3.492x1072

my+ = 3.030x1072
my,+=5.103x10°3
my,- =3.540x1072
my+ = 3.030x102
my,+=5.103x103
my,- =3.540x102
None

None

None

Basic titrant

Mgy = 9.490x10°3
my,+ = 3.321x1072
my,-=2.373x102

mgy- = 3.003x10°2
g+ = 3.620x10°2
my,- = 6.168x107
Mgy = 3.003x10°2
iy, + = 3.620x102
my,- = 6.168x103
None

Moy = 3.085x102
myg,+ = 1.642x10!
my,- = 1.333x101
None
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precisely known stoichiometric hydrogen-ion molal-
ity. The outer cup contained a suspension of
Nd(OH);(cr) in the test solution (initially ~10 g of
solid in ~400 mL of solution). The entire HECC was
purged 5-10 times with hydrogen at room tempera-
ture before being placed in the aluminum block fur-
nace for equilibration at temperature. Upon
completion of the hydrogen purge, the hydrogen pres-
sure was set at ~10 bars at 25 °C. The initial cell con-
figuration in a typical experiment was:

H,, Pt |HTr (m,), NaTr (m,) | | HTr (ms), NaTr
(m,), Nd(OH),(cr) | Pt, H,

with m, = m, at the start of the experiment, and the
ratios m;:m, and m5:m, maintained at less than 0.1 to
minimize both liquid junction contributions to the
measured potential and activity coefficient differ-
ences between the two solutions.

Samples of the test solution were withdrawn via a
platinum dip tube that had a porous platinum frit
gold-welded to its immersed end to prevent particles
of the solid from entering the Pt tube during sam-
pling. The portion of the Pt dip tube outside the cell
was fitted with a cooling jacket, and samples were
withdrawn through a PEEK® valve and a 0.2-um flu-
oropolymer (PVDF) syringe filter into pre-weighed
polypropylene syringes containing a known mass of
high-purity 1 mol L1 HN O; (JT Baker Ultrex
Reagent). The samples were then analyzed for Nd
using inductively coupled plasma-atomic emission
spectroscopy (ICP-AES; Thermo Jarell Ash IRIS at
ORNL) or inductively coupled plasma-mass spec-
trometry (ICP-MS; Perkin Elmer Elan 250 at Wash-
ington State University) depending on the Nd
concentration. In initial experiments, Nd concentra-
tions were also determined by ion chromatography.
Precision of repeat analyses was normally in the
range 1-10%, depending on how close the Nd concen-
tration was to the detection limit of the analytical
technique employed. There was excellent agreement
among analytical techniques where analytical work-
ing ranges overlapped.

Upon attainment of equilibrium (usually within a
day or two; see below for the criteria applied to define
attainment of equilibrium), a small amount of either
NaOH + NaTr or HTr + NaTr titrant solution at the
same ionic strength as the reference and test solutions
was injected into the test cell using one of two cali-
brated positive displacement pumps (Zircadyne 705)
to change the pH_ . After equilibrium was reestab-
lished, another sample was taken for total Nd deter-
mination. This stepwise process was repeated until a
portion of the Nd-hydroxide solubility curve as a
function of pH_, was mapped out. Use of two inert,
positive-displacement pumps permitted us to reverse

the solution titration process and approach equilib-
rium from both under- and over-saturation.

The working definition of pH, throughout this
paper is pH_ =-log [H*], where [H*] is the hydrogen-
ion concentration in mol kg™! units. The convention
employed is that triflic acid and NaOH are completely
dissociated, and NaTr ion-pairing is treated implicitly
by the activity coefficient model used.

Each platinum-hydrogen electrode responds to the
half-cell reaction:

H,(g) <> 2H* + 2¢” @)

and the difference in potential between the two elec-
trodes is given by the Nernst equation:

RT
AE=——W(H | IH"],)-Er;  (3)

where [H*]; and [H*], represent the stoichiometric
molalities of hydrogen ion in the test and reference
solutions, respectively. The ideal gas and Faraday
constants are R and F, respectively, and T is the tem-
perature in Kelvin. Finally, E| ; represents the liquid
junction potential calculated using the Henderson
equation (Baes and Mesmer, 1986). The limiting
equivalent conductances of ions required by the Hen-
derson equation were taken from the following
sources: Na*, H* and OH- (Quist and Marshall, 1965)
and Tr" (Ho and Palmer, 1995). The limiting equiva-
lent conductances of Nd3* were approximated with
those of La®*, which are available only from 0 to 100
°C (Robinson and Stokes, 1959), and therefore were
extrapolated to higher temperatures. The maximum
liquid junction potential calculated in this study was
20 mV, which contributes an uncertainty of <+0.1 in
the measured pH,, assuming that the Henderson
equation predicts the value of E;y to within 25%
(Mesmer, 1991). However, the only conditions for
which such high values of E; ; were calculated were
those where pH | was sufficiently low at any given
temperature that Nd3* accounted for a significant
fraction of the ions present in the test compartment.
This only occurred at the lowest ionic strength inves-
tigated, i.e., 0.03 mol kg™! NaTr, and then only for the
most acidic conditions. For most of the data points at
0.03 mol kg'! NaTr, the maximum calculated E;;was
<6 mV, contributing an uncertainty in the measured
pH,, of <+0.025. At 0.1 and 1.0 mol kg'! NaTr, the
maximum calculated values of E; y were 2 mV and
0.1 mV, respectively. These contribute uncertainties
of <+0.01 and <£0.0005 in the measured pH,_ .

2.3.2. Glass-electrode cell

Solubility experiments at 30 °C were conducted in
a 500-mL polystyrene bottle. The temperature was
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maintained constant to within 0.1 °C using a water
bath. The bottle was fitted with a combination glass
pH electrode and tubing to maintain a positive-pres-
sure Ar atmosphere. The electrode was calibrated at
30 °C against three to five solutions containing
known, stoichiometric amounts of HTr or NaOH and
sufficient NaTr to make the total ionic strength identi-
cal to that of the solubility experiment (i.e., 0.03
molal). Samples were withdrawn via a syringe and
immediately filtered through a 0.2-um fluoropolymer
membrane into pre-weighed polypropylene syringes
containing a known mass of high-purity 1 mol Ll
HNO; (JT Baker Ultrex Reagent). T he samples were
analyzed as described above. After equilibrium was
attained at a given pH,, value, a known quantity of
acid or base was titrated into the bottle to shift the
pH,,, and the entire process was repeated.

2.4. Data Reduction
2.4.1. Determination of stoichiometric
molal equilibrium quotients

If polynuclear species are neglected, then the solu-
bility of Nd(OH);(cr) as a function of pH , can be ex-
pressed in terms of the generalized dissolution
reaction:

Nd(OH),(cr) + (3-m)H* <>
Nd(OH)_*™ + (3-n)H,0 ©)

for which the conditional equilibrium constant can be
written as:

_ [Nd(OH);™]
sn [H+ ]3—n (10)

Taking the log of both sides of equation (10) and rear-
ranging yields:

log[Nd(OH); "1=10gQy, —(3—n)pH,, (11)

Now, differentiating the concentration of the Nd
species with respect to pH, | we obtain:

dlog[ENd] — il
pH,, (12)

Thus, from equations (11) and (12), we see that, the
slope of a plot of log [ENd] vs. pH,, at any point yields
the value of n-3. If any one species is predominant over
a wide range of pH_, then the solubility curve over that
pH,, range should approximate a straight line with
slope n-3, where n is the number of hydroxide ions
bound to the Nd3* ion in the predominant species.

The total measured Nd concentration in solution
can be expressed as:

[ENd] = [Nd**] + [NdOH?*] + [Nd(OH),*] +

[Nd(OH);%] + ... + [Nd(OH)> N (13)

where N is the maximum hydroxide ligand number. Ex-
pressing the concentrations of each of the Nd species in
terms of its corresponding Q, value we obtain:

[ENd] = Qg [H*]? + Qg [H*]? + Qg [H*]! +
Qg+ .. Qg (BTN (14)

This equation can be fit to a set of experimental data
for the solubility of Nd(OH),(cr) as a function of
pH,,, at a constant ionic strength and temperature,
using non-linear regression, to obtain the values of
Q,, as fit coefficients. The best fit model is the one
containing the fewest species while minimizing the

function:
\/i 1
p—q (15)

where p is the total number of solubility measure-
ments and q (= N + 1) is the number of species in the
model. In this study, non-linear regression was per-
formed using the least-squares routine in the soft-
ware package SigmaPlot® (Jandel Scientific), which
employs the Marquardt-Levenberg algorithm, and
also using a version of the generalized regression
program ORGLS (Busing and Levy, 1962). Results
obtained using the two regression algorithm were
essentially identical.

As will be shown below, for most combinations of
temperature and ionic strength, only a single species,
the hydrated Nd3* ion, predominated over a wide
range of pH_. In these cases, regression was unneces-
sary because only one parameter, Q,, was required to
fit the data. In these cases, an estimate of Q , was cal-
culated for each data point as:

By [ENd]
O HP (16)
The accepted value of Q , was then the average of all
the Q, values calculated according to equation (16)
at a given temperature and ionic strength.

Once values of Q , were determined, then the stoi-
chiometric molal equilibrium quotients (th,l) for the
hydrolysis reaction (eq. 4) were calculated according
to the relation:

log th’1 =log Q. —log Qg an

(IOg[ZNd]abs —log[ZNd] )2

M

2.4.2. Extrapolation to infinite dilution

Values of Q,, were obtained over a sufficient
range of ionic strength at each temperature to em-
ploy an empirical method of extrapolation to zero
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Figure 2. Plot of log myyy vs. pH, at 150 °C and 0.03 mol kg'! ionic strength demonstrating the re-
versibility of the solubility equilibrium. Upward-pointing and downward-pointing triangles correspond to
approach from undersaturation and oversaturation, respectively. The three different styles of triangles
(open, closed, open with cross) represent three separate experimental runs and illustrate the excellent re-
producibility of the experimental data. The solid line represents the best fit line through the data with slope

constrained at 3.0.

ionic strength. The following function of ionic
strength and temperature was fit to the entire set of
values of Q:

log Qqy=a+b/T +1(c/T +dT?) -

6f¥/1n(10) — 3log a,,, (18)

The fourth term in the equation is the Debye-Hiickel
expression used in the Pitzer ion-interaction model
(Pitzer et al., 1977) with

f¥= -A¢[X/(1 +1.2x) + (2/1.2)In(1 + 1.2x)]

where x =12 (19)

In the fourth term, the coefficient —6 is equal to the
change in the charges squared for reaction (1). The pa-
rameter A¢ is the Debye-Hiickel osmotic coefficient
parameter for water, obtained from the temperature
function given by Dickson et al. (1990). The activity
of water (a,,) was calculated from the osmotic coeffi-
cients for water in NaCl solutions given by Liu and
Lindsay (1972), assuming that the activity of water is
the same for NaCl and NaTr solutions of equal ionic
strength. In equation (18), a,b,c and d are fit parame-
ters determined by regression using ORGLS.

Most other equilibrium quotients were obtained
only at a single ionic strength (0.03 or 0.1 mol kg™1).
Therefore, these constants were extrapolated to infi-
nite dilution using the Debye-Hiickel equation:

_Aq{’ZizIqu

The A, and B, values employed in conjunction with
equation (20) were taken from Helgeson and
Kirkham (1974).

logy; = (20)

3. RESULTS

The results of the solubility experiments are given
in Appendices I (30 °C) and II (50°-290 °C). Gaps in
the sequence of sample numbers correspond to sam-
ples obtained when the magnetic stirrer was not func-
tioning properly and such data were not included in
the data reduction.

3.1. Attainment of Equilibrium

The approach to equilibrium could be monitored by
observing the rate of change of pH_, of the test solu-
tion (which is proportional to the continuously dis-
played cell potential). In general, samples were not
withdrawn from the cell until the cell potential
reached a plateau as a function of time. A lack of
change of pH, | with time is a necessary, but not suffi-
cient, criterion for the attainment of equilibrium.
However, as mentioned above, the use of two positive



The aqueous geochemistry of the rare earth elements and yttrium. Part XI. 237

log m,

Figure 3. Plot of log myy4 vs. pH, at 0.03 mol kgl ionic and various temperatures. The four different
symbol shadings (none, light gray, dark gray, black) correspond to four separate experimental runs and il-
lustrate the excellent reproducibility of the experimental data. For temperatures 30°-200 °C, the solid lines
correspond to a best fit assuming Nd3+ is the only Nd species present and have a constant slope of 3.0. At
250° and 290 °C, the solid curves correspond to a best fit assuming Nd3* and Nd(OH)?* are the only

species present.

displacement pumps, one to deliver acid and one to
deliver base, permitted us to reverse the solubility
equilibrium. The data in Figure 2 demonstrate this re-
versal procedure for 150 °C and 0.03 molal Na-triflate.
In the figure, upward-pointing triangles denote ap-
proach to equilibrium from undersaturation, whereas
downward-pointing triangles denote approach from
oversaturation. The three different types of triangles
represent three separate runs with three separate
batches of Nd(OH);(cr). Successive samples during
each run were taken at approximately half-day to day
intervals (see Appendix II). Figure 2 demonstrates the
excellent reproducibility of the data from run to run,
and the solid triangles in particular demonstrate that
the solubility reaction is readily reversible. These data
suggest that equilibrium was closely attained within a
day at 150 °C. Similar experiments showed that it took
up to 1-3 days to equilibrate at 50-100 °C, but only a
few hours at temperatures near 250-290 °C.

It is clear that the efficient agitation provided by the
Teflon-coated magnetic stir bar was essential to the
relatively rapid approach to equilibrium. On a number
of occasions during this study, the magnetic stirrer
failed, either because the motor stopped (the brushes

required replacement) or the coupling between the
motor and the external magnet broke. Data obtained
during brief periods in which the stirrer was not func-
tioning were neither reproducible nor reversible, and
were discarded. These findings are in agreement with
those of Bénézeth et al. (1997, 2001) and Palmer et al.
(2001), who noted that equilibration rates were also
rapid for the dissolution of boehmite with the efficient
stirring in the HECC.

3.2. Temperature and
Ionic Strength Dependence of Q

The data obtained in 0.03 mol kg'! Na-triflate as a
function of temperature are shown in Figure 3. This
figure demonstrates a number of features. First, the
data at each temperature are quite reproducible from
run to run. Second, the data from 30° to 200 °C, inclu-
sive, plot along straight lines of slope equal to -3.0, in-
dicating that, over the pH  ranges shown, the
predominant species in solution is the hydrated cation,
Nd3*. The data at 250° and 290 °C can be explained
by a two-species model, the details of which are dis-
cussed below. Third, the solubility of Nd(OH),(cr) is
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markedly retrograde, i.e., decreases strongly with tem-
perature. Finally, it can be seen that the data for 30 °C
scatter more strongly about a line with slope -3.0 than
the data for other temperatures. This behavior is prob-
ably explained by: 1) the greater drift and difficulty in
calibrating glass electrodes compared to hydrogen
electrodes; 2) slower rates of equilibration at the lower
temperatures.

Values of log Qg for 0.03 mol kg'! Na-triflate
were derived from the data from 30° to 250 °C as de-
scribed in section 2.4.1. From 30° to 200 °C, inclu-
sive, only one species appears to be present over the
entire pH | range shown in Figure 3, and Qg is re-
ported as the average of values calculated from equa-
tion (16). At 250 °C and 0.03 mol kg'! NaTr, two
species were apparently present over the range of
pH,, shown in Figure 3, and Q, was obtained using
non-linear regression as described in section 2.4.1.
The values of Q at 250 °C and 0.1 and 1.0 mol kg'!
ionic strengths were calculated assuming that Nd3+
was the predominant species at the relatively low
pH,,, (~4) of the solubility measurements made. This
is a reasonable assumption because at 0.03 mol kg'!
ionic strength and 250 °C Nd3* is predominant at
similar values of pH_, and higher ionic strength
should favor the most highly charged species. At 290
°C, Nd3* was not predominant over a sufficiently
large range of investigated pH, | at either 0.03 or 0.1
mol kg! ionic strength, and so no Qo values were
derived from the data at 290 °C. No solubility meas-
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Table 5. Stoichiometric molal equilibrium quotients
(log Q) determined in this study as a function of
temperature and ionic strength.

TCC) I logQ, T(C) I log Q
(mol kg (mol kg!)
30  0.03 18.610.6 50 0.10 16.68+0.14
50 0.03 16.49+0.16 100 0.10 13.7940.10
50 0.03 16.32+0.16 150 0.10 11.59+0.10
100 0.03 13.54+0.24 200 0.10 9.88+0.10
100 0.03 13.46+0.10 250 0.10 8.53+0.10
150 0.03 11.42+0.12 50 1.0 16.8240.10
150 0.03 11.22+0.10 100 1.0 13.93+0.10
150 0.03 11.65+0.13 150 1.0 11.7240.10
200 0.03 9.7410.18 200 1.0 9.98+0.10
250 0.03 8.04+£0.16 250 1.0 8.60+0.10

urements were obtained at 290 °C and 1.0 mol kg™!
ionic strength.

The raw values of Qg obtained in this study are
compiled in Table 5. The values of Q at 0.03 mol kg'!
ionic strength are plotted as a function of inverse tem-
perature in Figure 4. The plot of log Qg vs. 1/T is
highly linear from 30° to 250 °C. Thus, it appears that
the change in the heat capacity of reaction (1) is near
zero. Equation (18) was fit to the entire data set given in
Table 5 to obtain the following expression:

t(°C)
jo 250 200 150 100 50 30
[ log Q,, = -5.696+7218/T
181 r? = 0.9946 [
16 { -
14 { -

log Q_,

12 I
o | = 0.03 molal |
i ‘2jOI - I2.I4I - .2.I8. - .3.I2. -

1000/T(K)

Figure 4. Plot of log Qg vs. 1/T(K) for reaction (1) at 0.03 mol kg! ionic strength.



The aqueous geochemistry of the rare earth elements and yttrium. Part XI. 239

Table 6. Smoothed stoichiometric molal equilibrium quotients (log Q)
and thermodynamic properties for reaction (1) as a function of temperature and ionic strength.

T(°C) log Q AG,° (k] mol) AH,® (kJ mol) AS.° (Jmol’ K7 AC, . ° (kJ molt K1)
I=0mol kg!

0 20.17+0.35 -105.5+1.8 -140.3+5.2 -0.13+0.01 0.00£0.00
25 17.9240.27 -102.3x1.5 -140.3+5.2 -0.13+0.01 0.00+0.00
50 16.02+0.20 -99.1+1.3 -140.3+5.2 -0.13x0.01 0.00+0.00
75 14.39+0.16 -95.9+1.0 -140.3£5.2 -0.13+0.01 0.00+0.00

100 12.9840.12 -92.7+0.9 -140.3+5.2 -0.13£0.01 0.00£0.00
125 11.75%0.10 -89.6+0.8 -140.3+5.2 -0.13x0.01 0.00£0.00
150 10.66+0.10 -86.4+0.8 -140.3x5.2 -0.13+0.01 0.00+0.00
175 9.70+0.12 -83.2+1.0 -140.3+5.2 -0.13+0.01 0.00+0.00
200 8.8310.14 -80.0£1.2 -140.3x5.2 -0.13+0.01 0.00+0.00
225 8.05+0.16 -76.8+1.5 -140.3x£5.2 -0.13+0.01 0.00+0.00
250 7.35+0.18 -73.6+1.8 -140.3%5.2 -0.13x0.01 0.00+0.00
275 6.71+0.20 -70.4+2.1 -140.3£5.2 -0.13+0.01 0.00£0.00
300 6.1310.22 -67.2+2.4 -140.3£5.2 -0.13+0.01 0.00+0.00

I=0.03 mol kg!

0 20.60+0.34 -107.7+1.8 -140.5%5.1 -0.120.01 0.00+0.00
25 18.36+0.26 -104.8+1.5 -140.5+5.1 -0.12+0.01 0.00+0.00
50 16.48+0.20 -102.0+1.2 -140.6£5.1 -0.12+0.01 0.000.00
75 14.8840.15 -99.2+1.0 -140.6+5.1 -0.12+0.01 0.00+0.00

100 13.50+0.12 -96.4+0.8 -140.7£5.1 -0.12+0.01 0.00+0.00
125 12.3040.10 -93.7+0.8 -140.8+5.1 -0.12+0.01 0.00+0.00
150 11.2540.10 91.1x0.8 -140.9+5.1 -0.12+0.01 0.00+0.00
175 10.3340.11 -88.6+1.0 -141.0£5.0 -0.12+0.01 -0.01+0.00
200 9.5240.13 -86.2+1.2 -141.245.0 -0.12+0.01 -0.01=0.00
225 8.81£0.15 -84.0+1.4 -141.345.0 -0.12+0.01 -0.010.00
250 8.1940.17 -82.0+1.7 -141.545.0 -0.110.01 -0.010.00
275 7.6540.19 -80.3+2.0 -141.6+4.9 -0.11x0.01 -0.0120.00
300 7.200.21 -79.0+2.3 -141.8+4.9 -0.110.01 -0.010.00
1=0.1 mol kg!

0 20.84+0.32 -109.0+1.7 -140.7+4.9 -0.12+0.01 -0.01:0.00
25 18.6140.25 -106.2+1.4 -140.9+4.9 -0.120.01 -0.010.00
50 16.74+0.19 -103.6x1.2 -141.1+4.9 -0.120.01 -0.01:0.00
75 15.1540.14 -101.0£0.9 -141.3+4.8 -0.12+0.01 -0.010.00

100 13.7840.11 -98.4+0.8 -141.6+4.8 -0.120.01 -0.01:0.00
125 12.60+0.09 -96.0£0.7 -141.9+4.7 -0.12+0.01 -0.010.00
150 11.5740.09 -93.7+0.8 -142.2+4.7 -0.120.01 -0.020.00
175 10.68+0.11 -91.6+0.9 -142.6+4.6 -0.11+0.01 -0.02+0.00
200 9.90+0.12 -89.6x+1.1 -143.1x4.6 -0.11+0.01 -0.02+0.01
225 9.2240.14 -87.9+1.3 -143.6+4.5 -0.11x0.01 -0.02:0.01
250 8.64+0.16 -86.6+1.6 -144.1x4.4 -0.11+0.01 -0.020.01
275 8.1620.17 -85.7+1.8 -144.7+4.3 -0.11£0.01 -0.03+0.01
300 7.79+0.19 -85.542.1 -145.4+4.2 -0.100.01 -0.03=0.01
I=0.3 mol kg!

0 21.08+0.28 -110.2+1.5 -141.5+4.4 -0.11£0.01 -0.02+0.01
25 18.8520.21 -107.6x1.2 -142,0+4.4 -0.120.01 -0.02:0.01
50 16.98+0.16 -105.0+1.0 -142.6+4.3 -0.12+0.01 -0.03+0.01
75 15.3940.12 -102.620.8 -143.3+4.2 -0.120.01 -0.03+0.01

100 14.03+0.09 -100.2+0.7 -144.124.1 -0.12+0.01 -0.04+0.01
125 12.86+0.08 -98.0+0.6 -145.0+4.0 -0.1240.01 -0.04+0.01
150 11.84+0.08 -95.940.7 -146.1£3.9 -0.120.01 -0.050.01
175 10.96+0.09 -94.120.8 -147.3+3.8 -0.12+0.01 -0.050.01
200 10.2140.10 92.4+0.9 -148.6+3.8 -0.120.01 -0.060.02
225 9.5610.12 91.2+1.1 -150.1£3.8 -0.12+0.01 -0.06+0.02

(continues)
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(Table 6. continued)

250 9.02+0.13 -90.4+1.3 -151.7+3.8 -0.12+0.01 -0.07+0.02

275 8.60%0.15 -90.2+1.5 -153.5+3.8 -0.12+0.01 -0.08+0.02

300 8.3110.16 -91.2+1.7 -155.5+4.0 -0.11+0.01 -0.08+0.02
I=1.0 mol kg!

0 21.08+0.32 -110.2+1.7 -144.1+3.9 -0.12+0.01 -0.06+0.02
25 18.83+0.27 -107.5+1.5 -145.8+3.9 -0.13+0.01 -0.07+0.02
50 16.9240.22 -104.7+1.4 -147.8+4.1 -0.13+0.01 -0.09+0.02
75 15.30+0.18 -102.0+1.2 -150.2+4.4 -0.14+0.01 -0.10+0.03

100 13.90+0.15 -99.3+1.1 -152.9+4.8 -0.14+0.01 -0.12+0.03
125 12.69+0.13 -96.8+1.0 -156.0+5.3 -0.15+0.01 -0.13+0.04
150 11.6440.12 -94.3+1.0 -159.5+6.0 -0.15+0.01 -0.15+0.04
175 10.73+£0.13 -92.0+1.1 -163.5+6.8 -0.16+0.02 -0.17+0.04
200 9.9440.15 -90.0+1.4 -167.9+7.8 -0.17+0.02 -0.19+0.05
225 9.27+0.18 -88.4+1.7 -172.8+8.9 -0.17+0.02 -0.21+0.06
250 8.7240.22 -87.3£2.2 -178.3+10.3 -0.17+0.02 -0.23+0.06
275 8.30+0.26 -87.1£2.7 -184.4+11.7 -0.18+0.03 -0.26+0.07
300 8.0610.31 -88.5+3.4 -191.1+13.4 -0.18+0.03 -0.28+0.07
log Qg =-6.662 + 7300.0/T + I(-91.51/T - based on equation (21) and are given at infinite dilu-

7.182-10°°T2) — 6f¥In(10) — 3log a,, (21)  tionand several discrete ionic strengths in Table 6.

Figure 5 shows that equation (21) provides an excel- 3 3 Hydrolysis of Nd3*

lent fit to all the data except that for 30 °C and 0.03

mol kg'! (see section 4.1). Smoothed values of Qg t0- Our data for Nd3* hydrolysis are more limited
gether with thermodynamic quantities for reaction (1),  than our data for Q. Nevertheless, we can draw a
ie., AGr", AHrO, AS.°, and ACp’rO, were calculated number of preliminary conclusions. Figure 6 shows

18 _J/“—" 30°C :_

e o50C
16 s

log Q,
S

0.0 0.2 0.4 0.6 0.8 1.0 1.2

|1/2 (mo|1/2 kg-1/2)

Figure 5. Plot of log Qg vs. 1172 for reaction (1) at various temperatures. Curves represent best fit of
equation (21) in text to the data.
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Figure 6. Plot of log myy vs. pH,, at 0.03 mol kg'! ionic and various temperatures showing the solu-
bility minima. Note that each set of data at 30, 50 and 100 °C can be fit adequately by two straight lines of
slopes —3 and 0, suggesting that Nd3* and Nd(OH)30 are the predominant species. Three species are re-

quired to fit the data at 290 °C.

that, at 30°, 50° and 100 °C, hydrolysis appears to
proceed from Nd3* to Nd(OH)3 Over a Very narrow
interval of pH, . It therefore appears that intermediate
hydrolysis products such as Nd(OH)** and
Nd(OH),* are not of great importance at the lower
temperatures of these experiments. This is consistent
with the conclusion of Baes and Mesmer (1986),
based on a review of the literature, that the transition
from aqueous REE3* to REE(OH)30 occurs over a
very narrow pH range, and with the behavior of alu-
minum (Wesolowski and Palmer, 1994). The lack of a
significant region of predominance at low tempera-
tures for Nd(OH)?* and Nd(OH)ZJr over the range of
ionic strengths investigated in this study also is shown
clearly in the work of Silva (1982) (his Fig. 9) at 0.1
mol L! NaClO, and Kragten and Decnop-Weever
(1984) (their Fig. 1) at 1 mol L'! NaClO,. Values of
Qg3 1€, the equilibrium constant for the reaction:

Nd(OH);(cr) <> Nd(OH)30 (22)

at 30°, 50° and 100 °C, were determined by averaging
the data at the solubility minimum at each temperature.

However, at higher temperatures, intermediate hy-
drolysis products appear to become more important.
As shown in Figures 3 and 6, at 250° and 290 °C,
there appears to be a substantial pH , range where the
slope of the solubility curve is neither —3 nor zero.
Figure 7 shows that, at 290 °C and 0.03 mol kgl
NaTr, a model involving the species: Nd3+,

Nd(OH)** and Nd(OH)3 provides a better fit to the
data than a model involving the species: Nd3*,
Nd(OH)?* and Nd(OH),*. In fact, Nd(OH)?* is the
predominant species over a substantial pH  range.
Note that in both fits, the contribution of Nd3* was es-
timated from the value of Q, extrapolated assuming
that equation (21) is valid to at least 290 °C (an ex-
trapolation of 40 °C); the contribution of Nd3* to the
measured solubility data is insufficient to permit the
direct derivation of Qg from a regression of the data.
The equ111br1um constants for Nd(OH)?* and
Nd(OH)3 ,ie., Qg and Qg respectively, were ob-
tained from non-linear regression of the data shown in
Figure 7 after subtracting the minor contribution of
Nd3* to the total solubility. The curve fitted to the sol-
ubility data at 250 °C and 0.03 mol kg1 ionic strength
given in Figure 3 was obtained by regressing the data
simultaneously with a model including both Nd3* and
Nd(OH)2+, and it is obvious that such a model fits the
data well. The experiments at 250 °C did not extend
to sufficiently high pH_ to be able to detect further
hydrolysis products, i.e., Nd(OH)3

The data at 290 °C and 0.1 molal ionic strength also
demonstrate the existence of species in addition to
Nd3* and Nd(OH),° (Figure 8). In order to model the
solubility data at these conditions, the contribution of
Nd3+ was estimated from log Q 0= 7.9210.2 obtained
from equation (21). The contribution of Nd(OH)3
was estimated by noting that reaction (22) does not in-
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Figure 7. Plot of log myyy4 vs. pH,, at 0.03 mol kgL ionic strength and 290 °C showing the fit of two dif-
ferent speciation models. The solid line corresponds to a model including Nd3*, NdOHZ* and Nd(OH)30;
the dotted line corresponds to a model including Nd3*, NAOH2* and Nd(OH),*. The open and closed cir-
cles represent data obtained using ICP-AES and ICP-MS, respectively.

i, S R I 1 1 I

290°C, | = 0.1 molal

log m,
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Figure 8. Plot of log mgpy vs. pH, at 0.1 mol kg! ionic strength and 290 °C showing two speciation
models including Nd3+, NdOH2+, Nd(OH)2+ and Nd(OH)30. The solid line is the fit provided by model A:
log Qg =7.7; log Qg; =3.0; log Qg =-1.23; log Qg3 = -7.50. The dotted line is the model B fit: log Q=
7.7;log Qg =-4.997; log Q, =-1.12; log Qg3 =-7.50.
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Table 7. Stoichiometric molal equilibrium quotients for the formation of hydrolyzed species.

T(°C) I (mol kg) n log Q,
30 0.03 3 -6.510.2
50 0.03 3 -8.310.4

100 0.03 3 -9.140.1
290 0.03 3 -7.510.1

T(CC) 1 (mol kg‘l) n log Qg
290 0.1 2 -1.3+0.2
250 0.03 1 3.9240.04
290 0.03 1 3.5%0.1
290 0.1 1 <3.0+0.3

volve any charged species, and therefore Qg3 should
not be highly dependent on ionic strength. Thus, the
value of Qg determined at 0.03 mol kg! ionic
strength, i.e., log Q3 = -7.50£0.1 was assumed to be
valid also at 0.1 mol kgL. Tt was determined that use of
log Qg = 7.9240.2 resulted in the overestimation of
the solubility data at low pH, so this value was ad-
justed to 7.7, which provides a better fit to the data in
Figure 8 and is within the uncertainty range given.
Thus, log Qg and log Qg4 were fixed at 7.7 and -7.5,
respectively, and Q; and Q, were obtained by regres-
sion. This procedure resulted in curve B in Figure 8,
and the values log Q,; =-5.0 and log Q, =-1.1240.2.
Moreover, the error in the estimate of Qg given by
SigmaPlot was many orders of magnitude larger than
Q,;, which suggests that this equilibrium quotient can-
not be resolved from the data shown in Figure 8. Next,
Q,; was fixed at various values and Q, was obtained
by regression. The value of Q, obtained was not very
sensitive to the value of Q; selected. Curve A in Fig-
ure 8 shows the fit of a model where log Q; was fixed
at 3.0 and log Q,, was refined to a value of —1.23. It is
evident that there is very little difference between the
fits provided by curves A and B. However, if log Q;
was fixed at a value significantly above 3.0, the fit was
degraded significantly. In light of these results, we can
really only place an upper limit of 3.0 on the value of
log Q. The results of the calculations of Qg, Q,, and
Qg are given in Table 7.

Our results suggest that the relative importance of
Nd(OH)2+ and Nd(OH),™* is quite sensitive to ionic
strength at 290 °C. At 0.03 mol kgl NaTr, Nd(OH),*
never appears to be predominant, but Nd(OH)2* ex-
hibits a substantial pH range of predominance. The
situation is reversed at 0.1 mol kg'! NaTr. The greater
importance of the lower charge species at higher ionic
strength is perhaps somewhat unexpected, but the re-
sults of the modeling of the solubility data appear un-
equivocal. Additional solubility experiments over a
wider range of ionic strengths and temperatures are
required to more fully resolve the relative importance
of Nd(OH)?* and Nd(OH),*.

Figure 6 shows that the solubility minimum, where
Nd(OH)30 is the predominant species, decreases with

increasing temperature from 30° to at least 100 °C,
but apparently increases again at 290 °C. This trend is
also reflected in the temperature dependence of log
Qg3 values given in Table 7.

Stoichiometric molal equilibrium quotients for the
various hydrolysis reactions, calculated according to
equation (17), are given in Tables 8, 9 and 10. The
smoothed values of Q, obtained from equation (21)
and given in Table 6, and the values of Qg given in
Table 7 were used to derive the values of th’l. The

Table 8. Comparison of predicted and measured first
hydrolysis constants of Nd3*.

T(°C) log Q414 log Ky 4 log Ky 4
(this study) (Haas et al., 1995)
1=0.03 mol kg'!
250 -4.310.2 -3.810.3 -2.02
290 -3.940.2 -3.310.3 -1.42

NOTE: the constants tabulated refer to the equation:
N3 + Hy0() > Nd(OH)?* + H*

Table 9. Comparison of predicted and measured
second hydrolysis constants of Nd3*.

T(°C) log th,l log Ky, 4 log Khl,l
(this study) (Haas et al., 1995)
1=0.1mol kg'!
290 -9.240.3 -8.410.4 -5.41

NOTE: the constants tabulated refer to the equation:
Nd3* + 2H,0(1) <> Nd(OH),* + 2H*

Table 10. Comparison of predicted and measured
third hydrolysis constants of Nd3+.

T(°C) log Qy34 log Ky3 4 log Kyp3 4
(this study) (Haas et al., 1995)
I=0.03 mol kg'!
30 -24.510.3 -24.0+£0.4 -25.71
50 -24.810.5 -24.310.6 -23.33
100 -22.610.3 -22.140.4 -18.82
290 -14.9+0.3 -13.9+0.4 -10.51

NOTE: the constants tabulated refer to the equation:
Nd** + 3H,0(1) <> Nd(OH),° + 3H*
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latter equilibrium quotients were extrapolated to infi-
nite dilution using the Debye-Hiickel equation (eq.
20). In addition, the reaction:

Nd3* + 3H,0 <> Nd(OH),* + 3H*  (23)

has the same ionic species, number of water mole-
cules and charge change as does the reverse of equa-
tion (1). If it is assumed that the activity coefficient of
the neutral species Nd(OH)30 does not change much
from 0 to 0.03 mol kg™! ionic strength, then the value
of Ky 5 ; also can be obtained from the expression:

log K3 | —log Q3 =log Qy—log Ky
=T(91.51/T - 7.182-10°T2) — 6¥/In(10) - 3log a,, (24)

The values of log Ky 5 obtained using equation (24)
differed from those obtained using the Debye-Hiickel
equation (eq. 20) by 0.1 log units or less. An addi-
tional 0.1 log unit has been added to the total uncer-
tainties in the values of log K;, ; reported in Tables
8-10 to reflect the additional uncertainty inherent in
extrapolation to infinite dilution.

4. DISCUSSION

4.1. Discrepancy Between Model Fit and
Experimental Q , Value at 30 °C

As noted in section 3.2, equation (21) provides an
excellent fit to almost all the raw Q, values given in
Table 5 (Fig. 5). However, equation (21) underesti-
mates our experimentally determined value of Qg at
30 °C and 0.03 mol kgl ionic strength by 0.64 log
unit. This discrepancy may be related to a number of
factors, including the lower stability of glass elec-
trodes compared to hydrogen electrodes and less effi-
cient stirring in the case of the 30 °C experiments (the
Teflon stir bar frequently became hindered in the bot-
tle causing stirring to stop). However, the most likely
explanation is that most of the data obtained at 30 °C
relate to amorphous, or at least less well-crystalline
Nd(OH);(s). Note that, the first solubility data points
at 30 °C were obtained by approach from undersatu-
ration with respect to Nd(OH)5(cr), and these lie well
below the line defined by our experimentally deter-
mined value of log Qg = 18.6). All other data points
were obtained after NaOH had been added to raise
pH,, thus supersaturating the solution, and most of
these data points lie above the line in Figure 3. There-
fore, we suggest that, in the 30 °C experiments, our
initial solubility measurements may relate to less sol-
uble Nd(OH),(cr), but after supersaturation upon ad-
dition of base, a less crystalline, more soluble form of
the solid precipitated and exerted control on the
measured Nd concentration. Because of the lower
temperature and the less efficient stirring in the 30 °C

experiments, the solubility equilibrium was not re-
versible as it was in the higher temperature experi-
ments in the HECC. In this regard it is interesting to
note that the first four data points in Appendix I yield
log Qg = 18.410.1, whereas the remainder, obtained
after the first addition of base, yield log Q) =
19.0£0.2. The first value is in much better agreement
with log Qg = 17.9610.25 obtained from equation
(21). The solubility results obtained at higher temper-
atures are considered more reliable because reaction
kinetics were more favorable, owing to the higher
temperature and more efficient stirring, and hydrogen
electrodes are intrinsically more stable than glass
electrodes. Moreover, as shown in Figure 2 and dis-
cussed above, we were able to reverse the solubility
equilibrium at the higher temperatures. Finally, be-
cause the relationship between log Q  and 1/T(K) is
highly linear (Fig. 4), and calculation of log Q. at 30
°C from equation (21) involves an extrapolation of
only 20 °C, we believe that this value of log Qg is
more reliable than that obtained directly from the 30
°C experiments.

4.2. Comparison to Previous Work:
Solubility Product

The value we obtain for log K, for Nd(OH); at 25
°C and infinite dilution, via use of equation (21), is
17.940.3, which is more than a log unit greater than
the values derived from the work of Spivakovskii and
Moisa (1972, 1977), Silva (1982), Makino et al.
(1993) and Rao et al. (1996), and is more than a log
unit less than the value derived from the work of
Morss et al. (1989). However, our value agrees to
within +£0.5 log units with the estimates derived from
the work of Akselrud (1963), Merli et al. (1997), and
Diakonov et al. (1998), and is only 0.7 log units less
than the estimate obtained by Baes and Mesmer
(1986) based on the following equation relating log
Ko and the lattice parameter a:

log Ko =-103.7 + 19.04a (25)

The value recommended by Diakonov et al. (1998)
is based on a critical evaluation of all the solubility
and other thermodynamic data available at the time,
and is in very good agreement with ours, being only
0.3 log units lower, which is within our experimental
uncertainty. This agreement, and the extreme care we
have taken in synthesizing Nd(OH);(cr), establishing
the attainment of equilibrium and measuring pH_,
lead us to believe that our value at standard conditions
is the most reliable experimentally measured value
available. It seems likely that, reported values of log
K, that are significantly lower than ours, e.g., those
of Spivakovskii and Moisa (1972, 1977), Silva
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(1982), Makino et al. (1993) and Rao et al. (1996), are
a result of the solubility being controlled by the for-
mation of a surface layer of less soluble NdOHCO;(s)
or Nd,(CO,);. As pointed out by Diakonov et al.
(1998), standard X-ray diffraction may not detect
such a surface precipitate, and IR spectroscopy or an-
other more sensitive technique is required to insure its
absence. Ours is the only study to have used IR spec-
troscopy and TGA, in addition to X-ray diffraction, to
characterize the solid starting material. Diakonov et
al. (1998) suggest that the NaOH solution used by
Rao et al. (1996) to synthesize Nd(OH);(cr) may have
been contaminated, leading to the inadvertent forma-
tion of Nd-hydroxycarbonate or —carbonate. On the
other hand, Diakonov et al. (1998) thought it unlikely
that the study of Silva (1982) was affected by the
same problem because Silva (1982) employed an ul-
trapure NaOH solution. However, we suggest that
synthesis of Nd(OH),(cr) by reacting aqueous solu-
tions of Nd3* and NaOH, is particularly susceptible to
the formation of less soluble carbonate phases be-
cause of the difficulty in completely excluding CO,
from NaOH solutions.

The only previously reported value of log K, for
crystalline Nd(OH); that is significantly greater than
ours, is the value given by Morss et al. (1989). This

(o]
150 t(C) 100 90

value was calculated from calorimetric data for
Nd(OH)3(cr) and literature thermodynamic data for
H20(1) and Nd3*. It is well known that comparatively
small relative errors in calorimetrically-derived Gibbs
free energies of formation can result in much larger
relative errors in the resulting Gibbs free energy of re-
action, and hence the log K value, for a given chemi-
cal reaction. Such errors may be the cause of the
discrepancy between our measured log K, value and
the calculated value of Morss et al. (1989). On the
other hand, the log K, value calculated by Merli et
al. (1997) from independent, calorimetically-derived
thermodynamic data for Nd(OH);(cr) is in much
closer agreement with our value.

As mentioned in the Introduction, there have been
no studies of the solubility of Nd(OH); at tempera-
tures greater than 90 °C. Rao et al. (1996) determined
Ko at 25° and 90 °C for what they reported to be
crystalline Nd(OH),. Their value of log K, at 25 °C
(14.96) is three orders of magnitude smaller than ours
(17.9), but their value at 90 °C (14.18) is more than a
half an order of magnitude greater than ours (13.5).
Thus, although Rao et al. (1996) observed a decrease
in solubility with increased temperature, the magni-
tude of this decrease is considerably less than that ob-
served in this study. Meloche and Vrétny (1959) also

20 .

10-:~L-'--.'---.

2.4 2.6 2.8

3.0 3.2 3.4

1000/T(K)

Figure 9. Plot of log K, vs. 1/T(K) for La(OH),(cr), Nd(OH);(cr) and Gd(OH);(cr). The open triangles
and solid line are the data and a regression line, respectively, obtained in this study. The solid symbols are
the experimental data reported by Deberdt et al. (1998) and the dashed lines are regression fits to their
data. For Gd, the datum at 90 °C appears to be an outlier and was omitted from the regression.
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observed a decrease in the solubility of freshly pre-
cipitated Nd(OH); from 10° to 40 °C, but their values
are not directly comparable to ours because their solid
was likely to have been poorly crystalline.

The only reported investigation of the solubility of
REE-hydroxides at temperatures above 90 °C is that
of Deberdt et al. (1998), which were conducted on
well-crystallized La(OH); and Gd(OH); up to 150
°C. The values of K, obtained by Deberdt et al.
(1998) for these hydroxides are compared to the val-
ues obtained by us for Nd(OH); in this study in Fig-
ure 9. If Deberdt et al.’s value of K, for GAd(OH); at
90 °C, which appears to be an outlier, is neglected,
then the trends for K, for all three REE hydroxides
as a function of temperature are parallel. Moreover,
the solubilities follow a regular pattern, i.e., La >> Nd
> Gd. Thus, the two studies appear to be in very good
agreement. This agreement is particularly impressive
when one considers that pH was determined by quite
different means in the two studies. In the study of De-
berdt et al. (1998), pH was measured using glass elec-
trodes at temperatures up to and including 90 °C, but
was calculated at 150 °C.

4.3. Comparison to Previous Work:
Enthalpies of Formation

From equation (21), a value of AH° = -140.3+5.2
kJ mol-! was derived for reaction (1) at infinite dilu-
tion and 25 °C (Table 6). Using values of AH{ O(Nd3+)
= -696.6 kJ mol'! (Morss, 1976) and AHf"(HZO) =-
285.8 kJ mol'! (SUPCRT92; Johnson et al., 1992), we
obtain a value of AHP°(Nd(OH)5(cr)) = -141445 kJ
moll. The calorimetrically-derived values of
AH°(Nd(OH);(cr)) reported by Merli et al. (1997),
Morss et al. (1989), and Merli and Fuger (1994), re-
spectively, are -1415.6+2.3 kJ mol'!, -1403.7+1.0 kJ
mol! and -1404.2+3.3 kJ mol'l. The value reported
by Merli et al. (1997) is in much better agreement
with our enthalpy value than are the values reported
by Morss et al. (1989) and Merli and Fuger (1994),
which is consistent with the fact that the calculated
value of log K, reported by Merli et al. (1997) is in
much better agreement with our value than is the
value calculated by Morss et al. (1989). Note that, in
their critical evaluation, Diakonov et al. (1998) chose
the value of AH°(Nd(OH)(cr)) reported by Merli et
al. (1997) as their recommended value.

It is also of interest to compare our value of
AH(Nd(OH);(cr)) with the corresponding values for
La(OH);(cr), Sm(OH)5(cr) and Am(OH);(cr). Morss
and Williams (1994) report a value of
AH{°(Am(OH),(cr)) = -1371.2+7.9 kJ mol'l, and
Cordfunke et al. (1990) determined AH°(La(OH)4
(cr)) = -1415.5+1.4 kJ mol™!. Merli et al. (1997) ob-

tained values of AH(Am(OH),(cr)) = -1343.6%1.8,
AH(La(OH);(cr)) = -1416.7£1.3, and
AHL(Sm(OH)5(cr)) = -1406.6+2.2 kJ moll. The two
values of AH°(La(OH);(cr)) are indistinguishable,
within the limits of error, from the value of
AH°(Nd(OH);(cr)) suggested by this study and that
of Merli et al. (1997). The value of
AHL(Sm(OH)5(cr)) is also similar to that for
Nd(OH);(s) (only 10kJ mol! less exothermic). How-
ever, AH;°(Am(OH),(cr)) is more than 40 kJ mol!
less exothermic than AH*(Nd(OH)s(cr)). Note also
that the enthalpies of formation of Am(OH); deter-
mined by Morss and Williams (1994) and Merli et al.
(1997) differ by almost 30 kJ mol-L.

4.4. Comparison to Previous Work:
Hydrolysis Constants

The only hydrolysis constant that we have been able
to determine near room temperature is log Qy3,1 at 30
°C and 0.03 molal NaTr. Comparison of this value with
previous work is complicated by the fact that no other
low-temperature measurements were carried out at the
same temperature or ionic strength (Table 2). However,
our value of —24.5+0.3 at 30 °C and 0.03 mol kg"!
NaTr is of a similar order of magnitude to those re-
ported by Kragten and Decnop-Weever (1984) for 21.5
°C and 1 mol L'! NaClO, (log Q3 ; = -24.310.2), by
Silva (1982) for 25 °C and infinite dilution (log Kh3 1=
-23.940.2) and Baes and Mesmer (1986) for 25 °C and
infinite dilution (log Kh3,1 = -26.5). Extrapolation of
our 30 °C value to infinite dilution yields a value of
—24.010.4, which is identical within error limits to the
value obtained for infinite dilution at 25 °C by Silva
(1982). It is interesting to note that this difference is
much less than the 1.9 log unit difference in values of
log K, obtained in the two studies.

We are unaware of any experimentally-determined
hydrolysis constants at elevated temperatures with
which to compare our measured constants. However,
Haas et al. (1995) have provided HKF parameters by
which these constants may be estimated. Comparisons
of values of log Kyy.1> log Ky 1 and log Ky 1 are
given in Tables §, 9, and 10, respectlvely From Table 8
it can be seen that, the values of log Ky, calculated
from the HKF parameters of Haas et al. (1995) are
higher than those derived from our experimental data
by 1.8 and 1.9 log units at 250° and 290 °C, respec-
tively. Our value for log Ki,1 is 3 orders of magnitude
smaller than that estimated by Haas et al. (1995)
(Table 9). A similar comparison of log Kh3,1 values
(Table 9) shows that the estimates of Haas et al. (1995)
are more than an order of magnitude smaller than our
value at low temperature, but as temperature increases,
the estimates of Haas et al. (1995) become larger than
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our values. At 290 °C, the values of Haas et al. (1995)
are larger than ours by more than three orders of mag-
nitude. These findings suggest that use of the HKF pa-
rameters of Haas et al. (1995) will result in
considerable overestimation of the degree of hydroly-
sis of the trivalent REE at elevated temperatures.
Other attempts to predict the hydrolysis behavior
of the REE at elevated temperature have also been
carried out. Wood (1990b) estimated hydrolysis con-

stants of La3*, Sm3*, Lu3* and Y3*. Although he did
not provide estimates for Nd3*, comparison of our ex-
perimental results for this ion with the similar Sm3*
suggests that Wood (1990b) also greatly overesti-
mated the degree of hydrolysis of the REE at elevated
temperatures. Kumar (1987) estimated the degree of
hydrolysis of Nd3* up to 500 °C. Unfortunately,
Kumar (1987) only presented his estimates in graphi-
cal form (his Fig. 1), and it is not entirely clear

Nd3+

80 -

60 -

%Nd

40 +

20 H

a) 290°C - This study

120

Nd(OH)**

%Nd

b) 290°C - Haas et al. (1995)

Nd(OH),*

Figure 10. Plot of %Nd vs. pH at 290 °C showing the distribution of Nd3* species among the various
hydroxide complexes based on thermodynamic data from: a) this study; and b) Haas et al. (1995).
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whether these estimates refer to infinite dilution or the
ionic strength of seawater. However, his estimates of
roughly log K}, ; =-2.5 and log Ky 5 ; =-12.2 for 300
°C are much closer to our values af infinite dilution
than the estimates of either Haas et al. (1995) or
Wood (1990b).

Our results for the hydrolysis of Nd3* are in qualita-
tive agreement with those of Deberdt et al. (1998) for
La3* and Gd®*. As can be seen from Figure 6, no sig-
nificant hydrolysis occurs until approximately pH 8.4,
8.3 and 7.7 at 30°, 50° and 100 °C, respectively. The
solubility data of Deberdt et al. (1998) reveal no evi-
dence of hydrolysis of La* up to pH 9.5, 9.0, 8.2 and
7.0, or of Gd** up to pH 8.0, 7.4, 7.3 and 6.0 at 40°,
60°, 90° and 150 °C, respectively. The pH values noted
are the highest investigated by Deberdt et al. (1998),
and place upper limits on the degree of hydrolysis. In
contrast, the HKF parameters of Haas et al. (1995)
would predict a species change from La3* to La(OH)30
atpH 8.7,7.9,7.0 and 5.6 and from Gd** to Gd(OH);°
atpH 7.8,7.1, 6.2, and 5.0 at 40°, 60°, 90° and 150 °C,
respectively. Thus, the results of Deberdt et al. (1998)
confirm our conclusion that the HKF parameters of
Haas et al. (1995) increasingly overestimate the degree
of hydrolysis of the trivalent REE as temperature in-
creases.

The speciation diagrams depicted in Figure 10 com-
pare the predicted distribution at 290 °C, as a function
of pH, of Nd3* species that arises using the theoretical
estimates of Nd3* hydrolysis constants calculated
from the HKF parameters of Haas et al. (1995), with
that arising from the use of our experimentally-deter-
mined constants given in Tables 8-10. The Haas et al.
(1995) constants predict that hydroxide complexes
predominate over Nd3* at a pH of less than 1.5 at this
temperature, whereas our data predict that hydroxide
complexes do not predominate until pH = 3. The Haas
et al. (1995) constants also predict a larger predomi-
nance field for Nd(OH),* than do our data. Finally, in
the Haas et al. (1995) speciation model, Nd(OH)30 be-
comes predominant at a pH almost one unit lower than
in our model. These differences will result in a sub-
stantial overestimation of the solubility of Nd-bearing
solid phases in the absence of other complexation
agents. Moreover, in previous work we have demon-
strated that the HKF parameters of Haas et al. (1995)
and Shock and Koretsky (1993) underestimate the sta-
bility constants of Nd-chloride (Gammons et al., 1996
and this volume) and Nd-acetate complexes (Wood et
al., 2000; Ding and Wood, this volume). Thus, use of
stability constants for Nd complexes from Haas et al.
(1995) and Shock and Koretsky (1993) will result in
serious overestimation of the importance of hydroxide
complexes relative to chloride and/or acetate com-
plexes in hydrothermal solutions.

Figure 11 illustrates how calculated solubility of
Nd(OH)3(cr) as a function of pH depends sensitively
on the precise values of Qpy 1 In both Figures 11a
and 11b, the value of Qg obtained in this study at
290 °C was used to calculate the concentration of
Nd3* in equilibrium with Nd(OH);(cr) as a function
of pH. In Figure 11a, the values of Kjn,1 obtained in
this study were employed to calculate the concentra-
tions of the hydroxide complexes, whereas in Figure
11b, the estimates of Haas et al. (1995) were used. It
is obvious that the calculated total solubility of Nd3+
is much higher in Figure 11b than in Figure 11a.
Thus, use of the HKF parameters of Haas et al.
(1995) for hydroxide complexes of the REE in calcu-
lations of the solubility of REE minerals in the ab-
sence of other ligands is likely to result in significant
overestimation of the total equilibrium REE concen-
tration at saturation.

4.5. Polynuclear Species

A number of workers have identified polynuclear
hydrolysis products of Nd3*, e.g., Ndz(OH)24+ and
Nd3(OH)54+ (cf. Baes and Mesmer, 1986 and refer-
ences therein; Kragten and Decnop-Weever, 1984).
We have detected no evidence for such products in our
solubility data. According to the following reactions:

2Nd(OH)5(cr) + 4H* ¢ Ndy(OH);# + 4H,0(1) (26)
3NA(OH)4(cr) + 4H* <> Nd;(OH)s* + 4H,0(1) (27)

the slope of a curve of log £Nd vs. pH should yield a
value of —4 if either Nd,(OH),** or Nd;(OH)s** were
a predominant species over any range of pH investi-
gated. None of our data correspond to such a slope. In
fact, as shown in Figure 3, the data tend to exhibit
slopes slightly more shallow than —3. Thus, we con-
clude that polynuclear species of the type previously
proposed, are present in concentrations too low to
contribute significantly to our measured solubilities.
This conclusion is supported by the fact that calcula-
tions carried out using the thermodynamic data given
in Baes and Mesmer (1986) for the solubility of
Nd(OH);(cr) and the hydrolysis of Nd3* at 25 °C also
indicate that Ndz(OH)24+ is never a significant
species over the pH range we investigated, when the
total Nd concentration is constrained to a low level by
the solubility of Nd(OH);(cr).

We cannot rule out entirely the possibility that
polynuclear species of stoichiometries different from
the two mentioned above were present in significant
concentrations in our experiments. However, there
are a number of reasons to suspect that polynuclear
species were not present in significant quantity, in-
cluding: 1) we have obtained excellent fits of our
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models to the solubility data without invoking any
polynuclear species; 2) the stability of polynuclear
species is strongly dependent on the total concentra-
tion of Nd, which is comparatively low in equilibrium
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with Nd(OH),(s) in our experiments; and 3) the sta-
bility of polynuclear species tends to decrease with
increasing temperature (cf. Wesolowski et al., 1984;
Plyasunov and Grenthe, 1994).
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Figure 11. Calculated solubilities of Nd(OH);(cr) at 290 °C and infinite dilution presented in the form
of plots of log myyy vs. pH. Both diagrams were calculated using the value of K, obtained in this study
and the values of hydrolysis constants: a) determined in this study; and b) estimated by Haas et al. (1995).
The heavy line and the light lines in each diagram represent the calculated total Nd concentration in solu-
tion and the calculated concentrations of individual species, respectively. To aid comparison, the calcu-
lated total solubility from b) is reproduced in a) as the dotted line.
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4.6. Comparison of Solubilities of Nd(OH),
Am(OH)3 and Pu(OH);

Owing to the use of trivalent REE as analogues of
the trivalent actinides, it is of interest to compare the
solubility of Nd(OH), to those of the corresponding
hydroxides of some trivalent actinides. Table 11 sum-
marizes reported values of the solubility product (log
Q) for Am(OH); and Pu(OH);. In many cases, the
crystallinity of the initial solid phase is not clear.
However, it is evident that the reported values of log
Q, for the hydroxides of Am and Pu scatter over sim-
ilar ranges as that given in Table 1 for Nd-hydroxide.

The only author to have measured the solubilities of
both Nd(OH); and Am(OH); using the same condi-
tions and techniques was Silva (1982), and his re-
ported solubility products for these two hydroxides are
identical within experimental error. Because there is
some uncertainty as to the quality of the solubility data
obtained by Silva (1982) for Nd, the similarity in his
measured solubilities of Nd- and Am-hydroxides can-
not be taken as definitive. However, it is worthwhile
noting that the recommended solubility products for
these two hydroxides given by Baes and Mesmer
(1986), based on equation (25) are also nearly identi-
cal, owing to their nearly identical cell parameters. It
is also interesting to note that the solubility product
obtained by Rai et al. (1983) for Am(OH), is very
close to the value we have obtained for Nd(OH);, al-
though values for Am(OH); determined subsequently
by other authors are not in good agreement with our
value for Nd(OH);. One might actually expect that the
solubility of the actinide hydroxides should be some-
what higher owing to the effects of radioactivity. How-
ever, because of the large spread in measured values of
the solubility product for all three of the hydroxides in
question, it would appear that the only way to defini-
tively compare their solubilities would be to determine
the solubilities of the actinide hydroxides using the
same techniques employed in this paper for Nd(OH)5.

5. CONCLUSIONS

We have determined the solubility of
Nd(OH);(cr) as a function of pH, ionic strength
(0.03-1.0 m) and temperature (30°-290 °C) in non-
complexing Na-triflate media using in-situ pH
measurements in a well-stirred, hydrogen-electrode
concentration cell. The following conclusions can
be drawn from this work:

1. In our well-stirred reaction cell, equilibrium is
attained within 0.5-1 days at 150 °C, and within
a few hours at 290 °C.

2. The un-hydrolyzed, un-complexed Nd3* ion is

Table 11. Summary of literature data on the solubility of
Am(OH);(s) and Pu(OH);(s) at room temperature.

Author T(°C) Ionic strength log Qg
and medium
Am3*
Allard et al. (1978) 25 infinite dilution 141
Phillips (1982) 25  infinite dilution 18.71

Silva (1982) 25 0.1 mol L' NaClO, 15.9+0.42
(extr. to 0 with
Davies eq.)

Raietal (1983) 25 0.003molL! 17.540.32

CaCl, (extr. to 0
with Pitzer eq.)

Bernkopf & 25 0.1 mol LI NaClO, 13.92

Kim (1984)

Baes & 25  infinite dilution 18.71

Mesmer (1986)

Stadler & 25 0.1 mol L-! NaClO, 16.3+0.3

Kim (1988)

Morss & 25  infinite dilution 15.5423:5

Williams (1994) 25 « 12.5+1.636

Silvaetal. (1995) 25 15.240.6%

Merlietal. (1997) 25 « 16.83
Pu3+

Busey & 25  infinite dilution 224

Cowan (1950)

Latimer (1952) 25  infinite dilution 223!

Felmy et al. (1989) 25 infinite dilution 15.8+0.42

Morss & 25  infinite dilution 14.5+23

Williams (1994)

NOTE: K and Qg refer to the reactions: Am(OH);(s) + 3H" <>
Am3* 4+ 3H,0(1) or Pu(OH)(s) + 3H* <> Pu3* + 3H,0(1) and are
given in the same units as the ionic strength.

IEstimated values;

2Directly measured experimentally;

3Calculated from calorimetrically-derived thermodynamic data;
“Based on critical evaluation of the literature;

SCalculated based on calorimetrically-determined value of
AH{°(Am(OH)5(cr)) by Morss and Williams (1994);
6Recommend value of Morss and Williams (1994) based on critical
evaluation.

the predominant species over the majority of the
pH range investigated.

3. Log Qg values obtained in this study decrease
with increasing temperature, i.e., Nd(OH);(cr)
exhibits retrograde solubility, and are a linear
function of 1/T(K).

4. The log Qg values obtained in this study are
well described by the simple expression:
log Qg = -6.662 + 7300.0/T + I(-91.51/T
—7.182-10°°T2) — 6f¥In(10) — 3log a,.
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5. Extrapolation of our results to infinite dilution
and 25 °C yields a value of log K, = 17.940.1,
in excellent agreement with a recent critical
evaluation by Diakonov et al. (1998).

6. Our solubility results for Nd(OH),(cr) as a func-
tion of temperature are consistent with the re-
sults of Deberdt et al. (1998) for La(OH),(cr)
and Gd(OH);(cr).

7. At low temperature (30°-150 °C), hydrolysis
proceeds very rapidly over a narrow pH range
from Nd3* to Nd(OH),°, with little evidence of
intermediate species such as Nd(OH)** or
Nd(OH),*.

. At high temperature (250°-290 °C), the interme-
diate species Nd(OH)?** and Nd(OH),* become
more important, but the relative importance of
these two species appears to be strongly depend-
ent on ionic strength.

9. Hydrolysis constants derived from our data at el-
evated temperatures are much smaller than pre-
dicted by recent theoretical estimates.

10. The value of AH°(Nd(OH),(cr)) = -141445 kJ
mol !, derived from the temperature dependence
of log K, compares well with calorimetrically-
derived values.

[o°]

Our results clearly demonstrate that the techniques
employed in this study are capable of producing high-
quality solubility data for REE hydroxides. It should
be possible to use the same techniques to obtain data
of comparable quality on a range of REE hydroxides,
as well as hydroxides of actinide analogues. Finally, it
should be possible to use the study reported here as a
foundation from which the complexation of Nd3*
with a variety of ligands, such as chloride, sulfate, ac-
etate, EDTA, etc. can be investigated at elevated tem-
peratures. Some preliminary experiments with
acetate in our laboratories have indeed shown prom-
ise in this regard.
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APPENDIX

APPENDIX I. Raw data for Nd(OH),(cr) solubility
experiments at 30.1£0.1°C and 1 bar
in 0.03 molal Na-triflate.

Sample No. Time (days) pH log myy
Nd-1-30-1 2 7.01 -2.73
Nd-1-30-2 6 7.06 -2.77
Nd-1-30-3 7 7.12 -2.78
Nd-1-30-4 8 7.08 -2.77
Nd-1-30-5 9 7.39 -3.21
Nd-1-30-6 10 7.46 -3.28
Nd-1-30-11 28 8.39 -6.32
Nd-1-30-12 30 8.31 -6.29
Nd-1-30-13 35 8.06 -5.44
Nd-1-30-14 38 7.76 -4.18
Nd-1-30-15 40 7.71 -4.02
Nd-1-30-16 42 7.25 -2.76
Nd-1-30-17 45 7.26 -2.74
Nd-1-30-24 73 9.13 -6.61
Nd-1-30-25 78 9.09 -6.38
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APPENDIX II. Raw data for Nd(OH);(cr) solubility
experiments at elevated temperatures in Na-triflate medium.

Sample No. Time (hours) T(C) P(bars) I (mol kg) pH log mypg

Nd-1-150-1 68 150.1 21.5 0.0298 5.473 -5.01
Nd-1-150-2 92 150.1 21.1 0.0298 5.447 -5.05
Nd-1-150-3 116 150.1 222 0.0301 5.198 -4.15
Nd-1-150-4 140 150.1 21.7 0.0301 5.200 -4.17
Nd-1-150-5 164 150.1 22.1 0.0298 5.360 -4.63
Nd-1-150-6 172 150.1 22.6 0.0298 5.359 -4.62
Nd-1-150-7 191 150.1 23.1 0.0298 5.359 -4.62
Nd-1-150-11 244 150.1 25.2 0.0297 5.770 -5.98
Nd-1-150-12 259 150.1 24.1 0.0297 5.552 -5.23
Nd-1-150-13 268 150.1 23.2 0.0297 5.552 -5.19
Nd-1-200-1 284 200.1 34.7 0.0298 5.084 -5.46
Nd-1-200-2 292 200.1 35.8 0.0298 5.088 -5.32
Nd-1-200-3 308 200.1 40.3 0.0299 4,772 -4.59
Nd-1-200-4 317 200.1 43.5 0.0300 4.780 -4.55
Nd-1-200-5 332 200.1 521 0.0304 4.546 -3.94
Nd-1-200-6 340 200.1 52.0 0.0304 4.541 -3.94
Nd-1-200-7 363 200.1 68.5 0.0307 4.475 -3.75
Nd-1-200-8 385 200.1 713 0.0310 4.419 -3.62
Nd-1-200-9 404 200.1 74.0 0.0299 4.724 -4.43
Nd-1-250-1 428 250.1 105.1 0.0301 4.365 -4.58
Nd-1-250-2 436 250.1 106.6 0.0301 4.373 -4.62
Nd-1-250-3 452 250.1 110.2 0.0300 4.713 -5.30
Nd-1-250-4 460 250.1 124.4 0.0300 4.733 -5.40
Nd-1-250-5 476 250.1 124.3 0.0300 4.861 -5.64
Nd-1-250-6 484 250.2 124.4 0.0300 4.873 -5.85
Nd-1-250-7 501 250.1 124.5 0.0301 4.778 -5.58
Nd-1-250-8 506 250.1 124.1 0.0302 4.787 -5.62
Nd-1-250-9 529 250.1 129.6 0.0303 4.546 -5.09
Nd-1-250-10 548 250.1 130.2 0.0304 4.352 -4.62
Nd-1-250-11 573 250.1 135.5 0.0306 4.168 -4.15
Nd-1-250-12 580 250.1 138.1 0.0310 4.026 -3.78
Nd-1-250-13 596 250.1 144.4 0.0322 3.873 -3.37
Nd-2-50-1 28 50.1 10.5 0.0308 6.685 -3.59
Nd-2-50-2 52 50.1 10.1 0.0308 6.686 -3.59
Nd-2-50-3 2 50.1 9.6 0.0308 6.684 -3.59
Nd-2-50-4 92 50.1 10.4 0.0315 6.581 -3.34
Nd-2-50-5 100 50.1 10.3 0.0325 6.498 -3.13
Nd-2-50-6 116 50.2 10.1 0.0318 6.573 -3.22
Nd-2-50-7 164 50.2 9.6 0.0306 6.671 -3.43
Nd-2-50-10 196 50.2 8.7 0.0286 7.376 -5.52
Nd-2-50-11 215 50.2 12.8 0.0285 7.546 -6.34
Nd-2-50-12 239 50.2 11.3 0.0286 6.995 -4.46
Nd-2-50-13 260 50.1 11.3 0.0286 6.997 -4.46
Nd-2-50-14 268 50.2 11.1 0.0284 7.285 -5.28
Nd-2-50-15 284 50.1 10.5 0.0284 7.269 -5.26
Nd-2-50-16 292 50.2 10.2 0.0284 7.264 -5.23
Nd-2-50-17 308 50.1 10.0 0.0284 7.466 -5.87
Nd-2-50-18 313 50.2 10.9 0.0284 7.457 -5.91
Nd-2-50-19 339 50.2 10.5 0.0284 8.888 -7.91
Nd-2-50-20 363 50.2 10.1 0.0284 8.856 -8.75
Nd-2-50-21 383 50.2 10.8 0.0284 9.548 -8.29
Nd-2-50-22 428 50.1 10.1 0.0284 9.513 -8.15
Nd-2-100-1 436 100.3 12,1 0.0284 8.421 -9.14
Nd-2-100-2 452 100.2 117 0.0284 8.420 -9.00
Nd-2-100-3 460 100.2 16.6 0.0281 7.379 -8.53
Nd-2-100-4 476 100.2 16.3 0.0281 7.435 -8.55
Nd-2-100-5 484 100.3 15.9 0.0298 5.596 -3.33
Nd-2-100-6 500 100.3 15.6 0.0297 5.602 -3.34
Nd-2-100-7 508 100.3 15.8 0.0369 5.362 -2.63

Nd-2-100-8 524 100.3 15.3 0.0352 5.387 -2.70
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