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Abstract Stability constants of the form Fβ1(M) = [MF2+][M3+]−1[F−]−1 (where [MF2+]
represents the concentration of a yttrium or a rare earth element (YREE) complex, [M3+] is
the free YREE ion concentration, and [F−] is the free fluoride ion concentration) were deter-
mined by direct potentiometry in NaNO3 and NaCl solutions. The patterns of log10 Fβ1(M)
in NaNO3 and NaCl solutions very closely resemble stability constant patterns obtained
previously in NaClO4. For a given YREE, stability constants obtained in NaClO4 were
similar to, but consistently larger than Fβ1(M) values obtained in NaNO3 which, in turn,
were larger than formation constants obtained in NaCl. Stability constants for formation
of nitrate and chloride complexes (NO3β1(M) = [MNO2+

3 ][M3+]−1[NO−
3 ]−1 and Clβ1(M) =

[MCl2+][M3+]−1[Cl−]−1) derived from Fβ1(M) data exhibited ionic strength dependencies
generally similar to those of Fβ1(M). However, in contrast to the somewhat complex pat-
tern obtained for Fβ1(M) across the fifteen member YREE series, no patterns were observed
for nitrate and chloride complexation constants: neither NO3β1(M) nor Clβ1(M) showed dis-
cernable variations across the suite of YREEs. Nitrate and chloride formation constants
at 25 °C and zero ionic strength were estimated as log10 NO3β

o
1 (M) = 0.65 ± 0.06 and

log10 Clβ
o
1 (M) = 0.71±0.05. Although these constants are identical within experimental un-

certainty, the distinct ionic strength dependencies of NO3β1(M) and Clβ1(M) produced larger
differences in the two stability constants with increasing ionic strength whereby Clβ1(M)

was uniformly larger than NO3β1(M).

Keywords Rare earth elements · Fluoride complexation · Nitrate complexation · Chloride
complexation · Stability constants · Ionic strength · Lanthanide · Yttrium

1 Introduction

Yttrium and rare earth (YREE) abundances in the environment are strongly influenced by
both solution complexation and sorption [1]. Differences in the affinities of solution ligands
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for YREEs across the fifteen member series, as well as variations in the affinities of sorp-
tive surfaces for different YREEs, cause the relative environmental solution concentrations
of YREEs to differ considerably from their relative abundances in the minerals from which
they are derived. Observations of changes in relative YREE concentrations (i.e., YREE frac-
tionation) has become an important means of assessing the fundamental nature of YREE
exchange between solutions and solids in the natural environment [2].

Comparative YREE concentrations (abundance ‘patterns’) can be determined with high
precision. As such, in order to meaningfully evaluate the nature of environmental YREE
sorption from observations of (1) YREE environmental abundance patterns and (2) aqueous
complexation behavior (e.g., Byrne and Kim [3], Lee and Byrne [4], and Quinn et al. [2]), the
precision of YREE stability constant patterns must be quite high. In order to produce precise
accounts of the relative magnitudes of YREE stability constants it is, in general, essential
that stability constants are determined as a full 15-member suite using consistent procedures.
Compilations of YREE stability constants obtained several at a time in different laboratories,
or even several at a time by different investigators in the same laboratory, are unlikely to
exhibit highly coherent patterns. The patterns of MF2+ formation constants shown in Fig. 1
were initially obtained potentiometrically [5] and were reproduced in the cation exchange
investigation of Luo and Millero [6] following the procedures of Schijf and Byrne [7]. The
general shape of the pattern shown in Fig. 1 is also in good accord with results obtained [8]
using solvent exchange radiochemical REE analyses for five REEs (Ce, Eu, Gd, Tb and Yb)
plus linear free energy relationships to estimate other YREE stability constants. All of the
observations that led to the summary of constants shown in Fig. 1 were obtained in either
NaClO4 [5] or dilute (∼0.025 mol·kg−1) NaNO3 [6, 7].

Fig. 1 Comparisons between log10 Fβo
1 (M) determined in NaClO4 [5] and NaNO3 [6]. As is the case for a

wide variety of YREE complexes, MF2+, stability constants do not exhibit a smooth monotonic increase be-
tween La and Lu. The stability constant pattern for YREE fluoride complexes is, for example, quite similar to
the patterns obtained for methylmalonic acid, dimethylmalonic acid and DL-2-hydroxy-2,3-dimethylbutanoic
acid [4]
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Only a small number of additional investigations (Walker and Choppin [9], Avramenko et
al. [10]. Bilal and coworkers [11–14], Becker and Bilal [15], Menon and coworkers [16, 17])
have provided assessments of fluoride stability constants across the entire suite of REEs.
Among these investigations, the results of Menon and coworkers [16, 17], and Bilal and
coworkers [11–14] obtained in NaNO3 and NaCl, respectively, reproduce the general aspects
of the pattern in Fig. 1 (large changes between La and Eu, and relatively small changes be-
tween Tb and Lu) but do not exhibit sufficient precision to make more detailed comparisons
meaningful (see Fig. 1 of Lee and Byrne [8]). The results of Walker and Choppin [9] and
Avramenko et al. [10], characterized by smoothly increasing equilibrium constants between
La and Gd, and between Gd and Lu, are in poor accord with both the general formation
constant trends reported by Bilal and coworkers [11–15], Menon et al. [16, 17], and Lee and
Byrne [8], as well as the detailed patterns shown in Fig. 1. Apparently the experiments of
Walker and Choppin [9] and Avramenko et al. [10] were subject to unknown experimental
problems.

Due to the relatively poor precision of the results obtained by Bilal and coworkers [11–
15] and Menon et al. [16, 17], there are currently no precise, comprehensive assessments
of YREE fluoride stability constants in NaNO3 medium, and no precise determinations of
YREE fluoride stability constants in NaCl medium other than those of Luo and Byrne [18]
at 0.7 mol·kg−1 and 3 mol·kg−1 ionic strength. In the present work, we have extended the
investigations of Luo and Byrne [5, 18] to include YREE fluoride stability constant determi-
nations in NaCl and NaNO3 over a range of ionic strengths between 0.7 and 5.0 mol·kg−1.
Comparison of results obtained in NaCl and NaNO3 with previous results obtained in
NaClO4 allows determination of YREE chloride and YREE nitrate stability constants over a
wide range of ionic strength. Observations of Clβ1 as a function of ionic strength are essential
for improved assessments of rare earth element speciation in seawater.

2 Theory

The potentiometric procedures used in this work closely follow those described by Luo and
Byrne [5, 18]. YREE stability constants in the form

Fβ1(M) = [MF2+]
[M3+][F−] (1)

where brackets denote molal concentrations {moles·(kg-H2O)−1} of YREE fluoride com-
plexes, MF2+, free YREE ions, M3+, and fluoride ions, F−, were determined at 25 ◦C over a
wide range of ionic strength. Fluoride ion concentrations were measured with a fluoride spe-
cific ion electrode calibrated in terms of free F− concentrations at constant ionic strength (I ).
Our electrode calibrations demonstrated that electrode potentials (E) versus fluoride con-
centration, expressed as log10[F−], were Nernstian (S = −59.16 mV at 25 °C). Calibration
constants (Eo) in Eq. 2,

E = Eo + S log10[F−], (2)

were determined at each ionic strength in each experimental medium (NaClO4, NaNO3,
and NaCl). Total fluoride concentrations ([F−]T) in our experiments were on the order of
1 × 10−4 mol·kg−1, and total YREE concentrations ([M3+]T) were greater than or equal
to 1 × 10−3 mol·kg−1. The concentration of the MF2+ complex was calculated from the
following equation

[MF2+] = [F−]T − [F−] − [HF0] (3)
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where [HF0] is the concentration of hydrofluoric acid. The concentration of [HF0] in each
experiment was calculated from experimental measurements of [F−] and [H+], and HF0 for-
mation constants (KHF = [HF0][H+]−1[F−]−1) taken from NIST [19]. Because the pH in our
solutions was approximately two units larger than the log10 KHF values in each experimental
solution, [HF0] concentrations were quite small relative to free fluoride ion concentrations.

Free YREE concentrations were calculated from the relationship

[M3+] = [M3+]T − [MF2+]. (4)

Determinations of [F−], [MF2+] and [M3+] using Eq. 2 through 4 then allow calculation of
Fβ1(M) via Eq. 1.

Stability constants for formation of MNO2+
3 and MCl2+ were calculated following the

procedures of Luo and Byrne [18]:

NO3β1(M) = [MNO2+
3 ]

[M3+][NO−
3 ] =

(
Fβ1(M)NaClO4

Fβ1(M)NaNO3

− 1

)
[NO−

3 ]−1 (5)

Clβ1(M) = [MCl2+]
[M3+][Cl−] =

(
Fβ1(M)NaClO4

Fβ1(M)NaCl
− 1

)
[Cl−]−1. (6)

3 Materials and Methods

The experimental methods used in this work are very similar to those employed in the previ-
ous investigations of Luo and Byrne [5, 18]. YREEs were obtained from Aldrich Chemical
with a purity of 99.9% or better. All salts were oxides except for those of Ce(III) and Tb(III),
which were obtained as nitrates. Sodium perchlorate (anhydrous, minimum 99%), sodium
chloride (minimum 99.5%) and sodium nitrate (ACS, ≥99.0%) were obtained from Sigma.
Sodium hydroxide (purified) and perchloric acid (70% ultrapure reagent) were obtained
from J.T. Baker. High-purity N2 was obtained from South Air Products (UHP/ZERO grade)
and was scrubbed of CO2 with an OMI indicating purifier (SUPELCO, Bellefonte, PA).

YREE stock solutions were prepared by dissolving the salts in 5 mol·L−1 aqueous
HClO4. The compositions of stock solutions (0.1 mol·kg−1 YREEs) were verified with
an Agilent 4500 ICP-MS calibrated with standards obtained from SPEX (Metuchen NJ).
NaClO4, NaNO3 and NaCl solutions were filtered through 0.45-μm polycarbonate mem-
branes. Experimental solutions (NaClO4, NaNO3 and NaCl) were placed in a polyethylene
beaker within a thermostatted (25.0±0.1 °C) glass beaker. Solutions were stirred gently and
continuously scrubbed with CO2-free N2.

Fluoride ion concentrations and pH were monitored concurrently with a Corning model
130 pH meter and an Orion 720A meter, respectively. Solution pH measurements involved
the use of a Ross-type combination pH electrode (Orion No. 800500) and fluoride ion con-
centration measurements were made with a fluoride-ion selective combination electrode
(Accumet 13-620-528). The pH electrode was calibrated on the free hydrogen ion concen-
tration scale via volumetric additions of perchloric acid to unbuffered NaClO4, NaNO3,
and NaCl solutions. The fluoride electrode was calibrated (at high pH) in each experimental
medium through volumetric additions of 0.01 mol·L−1 sodium fluoride. Electrode responses
were Nernstian within ±0.5% (±0.3 mV).
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4 Results and Discussion

Stability constants for the formation of YREE fluoride complexes (MF2+) over a wide range
of ionic strength are shown in Table 1 (NaClO4 medium) and Table 2 (NaNO3 and NaCl).
The data shown in Table 1 were fit as a function of ionic strength using Eq. 7

log10 Fβ1(M) = log10 Fβ
0
1 (M) − 3.066I 0.5

1 + BI 0.5
+ CI. (7)

The data in Table 2 were also fit using Eq. 7. But, in the absence of data at ionic strengths
below 0.7 mol·kg−1, fits of data obtained in NaNO3 and NaCl were constrained to have
intercepts (log10 Fβ

o
1 (M)) identical to those obtained in fits of the NaClO4 data. The para-

meters obtained in Eq. 7 fits of Tables 1 and 2 data are shown in Table 3, and typical fit
results, using Gd as an example, are shown in Fig. 2. Quality of fit depictions are shown
as residual plots (� log10 Fβ1(M) = (log10 Fβ1(observed) − log10 Fβ1(predicted)) in Fig. 3a
(NaClO4), Fig. 3b (NaNO3) and Fig. 3c (NaCl). The residuals shown in Fig. 3a indicate
that the quality of the data fits is not significantly dependent on the YREE identity. Obser-
vations and predictions agree within approximately 0.06 log units for all YREEs, and no
distinct patterns in the residuals are observed across the suite of YREEs. The largest resid-
uals in Fig. 3a were obtained at 0.015 and 0.1 mol·kg−1 ionic strength. For ionic strengths
between 0.4 and 6.0 mol·kg−1, log10 Fβ1(M) predictions and observations generally agree
within 0.04 log units. The depiction of residuals shown in Fig. 3b is bimodal. For the heavy
rare earths, predictions and observations obtained in NaNO3, generally agree within 0.04 log
units. For the light rare earths, residuals as large as 0.06 are observed. Figure 3c shows that
Eq. 7 and the data shown in Table 3 provide a very good summary of the log10 Fβ1(M) data.
Residuals are generally smaller than 0.03.

Alternative descriptions of the Table 1 and 2 formation constant data can be obtained
using Eq. 7 in the form generally used for SIT analysis:

log10 Fβ1(M) = log10 Fβ
0
1 (M) − 3.066I 0.5

1 + 1.5I 0.5
+ CI. (8)

Table 4 shows best fit results obtained using Eq. 8 (B = 1.5). Figures 4a, 4b and 4c show, as
expected, that residuals obtained with only two fitted parameters (log10 Fβ

o
1 (M) and C) are

somewhat larger than those obtained for three fitted parameters (log10 Fβ
o
1 (M), B and C).

Comparisons of Figs. 3 and 4 show that residuals, using either Eq. 7 or Eq. 8, are smallest
for NaCl. In addition, the comparative quality of fits for NaCl (Fig. 3c versus Fig. 4c) are in
better accord than is the case for Eq. 7 versus Eq. 8 fits of the data obtained in perchlorate
and nitrate solutions. Inspection of Table 3 shows the basis of this result. The ‘B’ parame-
ters obtained for NaCl (Table 3) range between 1.38 and 1.48 for the light rare earths and
between 1.53 and 1.60 for the heavy rare earths. Since these values are on average near 1.5,
two parameter (Eq. 8) and three parameter (Eq. 7) fits will not be considerably different. In
contrast, the ‘B’ parameters obtained for NaNO3 are as low as 1.27 and, in NaClO4, as large
as 1.82. In these cases it is expected that two-parameter and three-parameter fits will differ
significantly.

Tables 3 and 4 provide estimates of log10 Fβ
o
1 (M) obtained in NaClO4, NaNO3 and NaCl.

The log10 Fβ
o
1 (M) uncertainties in Table 3, which are based on data obtained in NaClO4, are

on the order of ±0.035, significantly smaller than the uncertainties appropriate to NaClO4

(±0.05) shown in Table 4. The log10 Fβ
o
1 (M) uncertainties obtained in NaNO3 (Table 4) are

on the order of 0.05 for the light YREEs and 0.025 for the heavy YREEs. The log10 Fβ
o
1 (M)
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Fig. 2 Dependence of log10 Fβ1(Gd) on ionic strength in NaClO4, NaNO3 and NaCl solutions

Fig. 3 Residuals for Eq. 7 log10 Fβ1(M) regressions: a NaClO4; b NaNO3; c NaCl; experimental conditions,
I (mol·kg−1); (") 0.015, (!) 0.1, (a) 0.4, (e) 0.7, (2) 1.5, (1) 3.0, (F) 4.0, (E) 5.0, (Q) 6.0
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Fig. 4 Residuals for Eq. 8 log10 Fβ1(M) regressions: (B = 1.5): a NaClO4; b NaNO3; c NaCl; experimental
conditions, I (mol·kg−1); (") 0.015, (!) 0.1, (a) 0.4, (e) 0.7, (2) 1.5, (1) 3.0, (F) 4.0, (E) 5.0, (Q) 6.0

uncertainties obtained in NaCl medium (Table 4) are all on the order of 0.025. The compar-
atively well defined log10 Fβ

o
1 (M) estimates obtained for perchlorate using Eq. 7 are com-

pared in Fig. 5a with the Table 4 log10 Fβ
o
1 (M) estimates obtained for NaNO3 and NaCl

using Eq. 8. With the exception of the data obtained for light YREEs in NaNO3 that have
uncertainties on the order of 0.05, all of the patterns shown in Fig. 5a are quite consistent.

The shape of log10 Fβ1(M) patterns is only weakly dependent on ionic strength and
medium composition. Figure 5b provides a comparison of log10 Fβ1(M) patterns in NaClO4,
NaNO3 and NaCl at 4.0 mol·kg−1 ionic strength. Comparisons of Figs. 5a and 5b demon-
strate that differences in the shapes of log10 Fβ1(M) patterns due to changes in ionic
strength and medium composition are subtle. Insight into the influence of ionic strength
on log10 Fβ1(M) patterns can be gained by examination of the ‘B’ and ‘C’ parameters in
Table 3. Although the ‘B’ and ‘C’ values in Table 3 vary somewhat between the lightest
REEs (La, Ce, Pr, Nd) and the heavy YREEs (Sm through Lu), the ‘B’ and ‘C’ parame-
ters shown for the heavy YREEs in a given medium are highly consistent. The ‘B’ and ‘C’
parameters obtained in NaClO4 for the YREEs between Sm and Lu can be summarized as
B = 1.772 ± 0.039 and C = 0.146 ± 0.003. For the lightest REEs (La, Ce, Pr, Nd), the av-
erage ‘B’ and ‘C’ parameters in NaClO4 are B = 1.531 ± 0.046 and C = 0.198 ± 0.009.
Similar behavior for ‘B’ and ‘C’ parameters were obtained in NaNO3 and NaCl solutions:
yttrium and the elements from Sm to Lu have very similar ‘B’ and ‘C’ parameters, and the
corresponding parameters for La through Nd differ somewhat from the parameters for Y
and the heavy REEs. Based on these observations it is expected that MF2+ stability constant
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Fig. 5 a Comparison of log10 Fβo
1 (M) obtained in NaClO4, NaNO3 and NaCl solutions. b Comparison of

log10 Fβ1(M) in 4.0 mol·kg−1 NaClO4, NaNO3 and NaCl solutions

patterns will exhibit only subtle changes with ionic strength for Y and Sm through Lu, and
formation constant changes with ionic strength for La through Nd will be somewhat distinct
from the behavior of Y and the heavier REEs.

In addition to descriptions of the influence of medium composition on log10 Fβ1(M) in
terms of Debye–Hückel parameters and specific interaction parameters (i.e., ‘B’ and ‘C’
parameters), differences in log10 Fβ1(M) obtained in NaClO4, NaNO3 and NaCl can be
described in terms of YREE complexation by nitrate and chloride ions. Table 5 provides
a compilation of log10 NO3 β1(M) and log10 Clβ1(M) results calculated using Eqs. 5 and 6
and the log10 Fβ1(M) data shown in Tables 1 and 2. Due to the small differences between
log10 Fβ1(M) results obtained in NaClO4 and NaNO3 (e.g., Figs. 2 and 5b), log10 NO3β1(M)

results are somewhat less well defined than the results obtained for log10 Clβ1(M). Inspec-
tion of the log10 NO3 β1(M) data in Table 5 between 0.7 and 3.0 mol·kg−1 ionic strength
shows little evidence of significant trends across the suite of YREEs. At 0.7 mol·kg−1 ionic
strength, for example, the average log10 NO3β1(M) result for all elements is −0.59 ± 0.05,
and at 3.0 mol·kg−1 ionic strength the average log10 NO3β1(M) result for all elements is
−1.04 ± 0.08. Results shown in Table 5, however, are suggestive of significant distinctions
between light and heavy element complexation by NO−

3 at higher ionic strengths. In con-
trast, results obtained for log10 Clβ1(M), which are better defined than the log10 NO3β1(M) re-
sults, show little evidence of differences in the behavior of lighter and heavier elements. As
a first-order description of the log10 NO3β1(M) and log10 Clβ1(M) results shown in Table 5,
Fig. 6 shows a depiction of stability constant results wherein it is assumed that the formation
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Fig. 6 Dependence of log10 NO3 β1(M) and log10 Clβ1(M) on ionic strength

constants of MNO2+
3 and MCl2+ are invariant, at constant ionic strength, across the entire

suite of YREEs. Figure 6 shows that YREE nitrate stability constants can be summarized as

log10 NO3
β1(M

3+) + 3.066I 0.5

1 + 1.5I 0.5
= 0.65(±0.06) − 0.06(±0.03)I, R2 = 0.3383 (9)

and YREE chloride stability constants are given as

log10 Clβ1(M
3+) + 3.066I 0.5

1 + 1.5I 0.5
= 0.71(±0.05) + 0.03(±0.01)I, R2 = 0.9444. (10)

Using Eqs. 9 and 10, and the stability constants given in Table 5, Figs. 7a and 7b show
residuals in the form � log10 NO3

β1(M) = (log10 NO3
β1(observed) − log10 NO3

β1(predicted))

and � log10 Clβ1(M) = (log10 Clβ1(observed) − log10 Clβ1(predicted)). The Fig. 7a residual
plot for log10 NO3

β1(M) predictions shows that MNO2+
3 stability constants (Table 5) can be

predicted within approximately 0.2 log units using Eq. 9 between ionic strengths of 0.7
and 4.0 mol·kg−1. All of the log10 NO3

β1(M) data in Table 5, with the exception of the data
for Pr, Nd, Sm and Eu at 5.0 mol·kg−1 ionic strength, can be predicted within ±0.3 log
units using Eq. 9. Figure 7b shows that Eq. 10 can be used to predict nearly all the Table 5
log10 Clβ1(M) data within 0.1 log units. With the exception of the MCl2+ stability constants
obtained at 5.0 mol·kg−1 ionic strength, Eq. 10 predicts most of the Table 5 log10 Clβ1(M)

values within approximately 0.05 log units.
The log10 Clβ

o
1 (M) result obtained in this work (log10 Clβ

o
1 (M) = 0.71 ± 0.05) is in

good agreement with the result ((log10 Clβ
o
1 (M) = 0.65 ± 0.05) of Luo and Byrne [18].

Both of these results are in fair agreement with the results of Mironov et al. [20] wherein
log10 Clβ

o
1 (M) results ranged from 0.48 for log10 Clβ

o
1 (La) to 0.23 for log10 Clβ

o
1 (Lu). Our

results contrast with those of Mironov et al. [20], however, in that log10 Clβ1(M) results ob-
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Fig. 7 Residuals for Eq. 9 log10 NO3 β1(M) regressions and Eq. 10 log10 Clβ1(M) regressions; experimental

conditions, I (mol·kg−1); (e) 0.7, (2) 1.5, (1) 3.0, (F) 4.0, (E) 5.0

tained in the present study are constant, at a given ionic strength, across the entire suite of
YREEs.

5 Conclusions

Stability constants of YREE fluoride complexes (MF2+), determined in NaClO4, NaNO3

and NaCl over a wide range of ionic strength, show highly consistent patterns across the
fifteen-member suite of YREEs. The ability of an analytical procedure to reproduce the
stability constant pattern observed in this work, and a limited number of previous works,
can serve as a useful indicator of the procedure’s analytical quality. Such an assessment is
only available when YREE stability constants are determined as a suite rather than one or
only a few elements. Determination of YREE stability constants as a suite is also important
as a means of enabling precise assessments of the influence of solution complexation on
environmental patterns of YREE fractionation.

The magnitudes of log10 Fβ1(M) are dependent on medium composition. Our work shows
that log10 Fβ1(M) results obtained in NaClO4 are consistently larger than log10 Fβ1(M) re-
sults obtained in NaNO3 which, in turn, are larger than log10 Fβ1(M) results obtained in
chloride solutions. The medium dependence of YREE-fluoride complexation can be quan-
titatively explained in terms of YREE complexation by nitrate and chloride ions. Both
nitrate ions and chloride ions complex YREEs weakly, and the stability constant pat-
terns of log10 NO3β1(M) and log10 Clβ1(M) across the entire suite of YREEs appear to
be essentially flat. At zero ionic strength and 25 °C, log10 NO3β

o
1 (M) = 0.65 ± 0.06 and

log10 Clβ
o
1 (M) = 0.71 ± 0.05.
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