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Abstract

The speciation and mobility of rare earth elements (REE) strongly depends on pH which controls the
formation of charged aqueous hydroxyl species. The latter potentially play an important role in
controlling heavy REE adsorption on clay minerals in near-neutral to alkaline waters such as in
regolith-hosted REE mineral deposits. However, accurate REE hydrolysis constants are needed for
developing geochemical models that can predict the role of these charged species in natural systems.
Here, we develop a robust experimental UV-Vis spectrophotometric method using m-cresol purple to
determine in situ pH from 25 to 75 °C. This method is used to derive the average ligand number and
hydrolysis constants of erbium (Er) at 25 °C in aqueous solutions with low ionic strength (< 0.001
mol/L) at pH from ~7 to 9.5 and in the presence of Er concentrations from 0 to 0.057 mM. The
average ligand number ranges between 1 and 3 indicating that Er(OH)?**, Er(OH)," and Er(OH);°
control speciation in the experiments. The logarithm of the Er hydrolysis constants (log*8,’, n=1 to
3) derived at infinite dilution for the reaction Er3* + nH,O = Er(OH),>" + nH" are: *$,"=-7.22 +0.10,
*B,’= —14.52 + 0.08, *B;°= —23.24 + 0.04. Implementation of these experimental data into a
geochemical model indicates that the Er(OH)," and Er(OH);° species are both stable in a much wider
pH range than previously predicted. Consequently, the positively charged REE hydroxyl complexes
can potentially control the fractionation of light vs. heavy REE via adsorption as observed in the

formation of certain regolith-hosted REE deposits.
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1. Introduction

The rare earth elements (REE) have important applications in the high-tech and green technology
industries because of their magnetic, optical, and catalytic properties . The increased demand for
REE has also resulted in an interest in their behavior in natural systems. The speciation of REE in
low temperature aqueous solutions is of particular interest for understanding the fractionation of light
versus heavy REE associated to the formation of regolith-hosted ion adsorption deposits ¢3. Other
potential applications include the development of new chemical separation technologies. However,
robust experimental techniques are needed to derive accurate thermodynamic data for modeling the
mobility of REE and the stability of aqueous complexes as a function of pH.

The recent review by Jordan et al. for the thermodynamic properties of Eu hydroxyl
complexes indicates that for some REE, such as Eu, an extensive set of experimental data are available
to derive reliable thermodynamic properties °. However, experimental speciation data for most of the
other REE are limited and many recent REE speciation studies !%!! still have to rely on
thermodynamic data for the hydrolysis of REE compiled by Baes and Mesmer several decades ago
12 Experimental techniques have improved considerably since then, with reliable potentiometric
measurements and UV-Vis spectrophotometry further developed for the study of REE hydrolysis '3
15, The combination of UV-Vis spectrophotometry with the color indicator m-cresol purple (mCP) is
a promising method for in situ pH measurement and has many practical advantages including ease of
use, accessibility to many laboratories, and high sensitivity and selectivity inherent to the color
indicator. The combined UV-Vis/mCP method allows conducting experiments at near-neutral to
alkaline pH with relatively low REE concentrations and with short equilibration times !>, and has
provided reliable pH measurements in natural waters 1613,

The combined UV-Vis/mCP method highly depends on the quality of optical properties and
dissociation constants derived for mCP. Previous work on the properties of mCP was experimentally
conducted at temperatures from —6 to 35 °C at high ionic strength (= 0.7 mol/kg) in a number of
studies 1619723 and from 8 to 30 °C at relatively low ionic strength (< 0.01 mol/L) in the study by Lai
et al. '8, Klungness and Byrne '? and Stepanchikova et al. '°> have performed UV-Vis experiments at
25 °C to derive the hydrolysis constant for all of the REE at 0.7 and < 0.001 mol/L ionic strengths,
respectively. In their studies, mCP dissociation constant were used from Clayton and Byrne '°, in
which the mCP dissociation constant at 0.7 mol/L ionic strength was determined using the pH values
for tris buffer reported by Dickson * based on the measurements of Ramette et al. 2°. However,
DelValls and Dickson later demonstrated that the pH value of the tris buffer solution by Dickson 24
was characterized incorrectly 6. Therefore, there is a need to develop a robust UV-Vis method for
reliable determination of the REE hydrolysis constants in a broad pH and temperature range, and to

revise previous thermodynamic data even at 25 °C.
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In this study, UV-Vis spectrophotometric experiments were conducted from 25 to 75 °C and
at near-neutral to alkaline pH to determine the optical properties and dissociation constants of mCP.
Building on the studies by Klungness and Byrne '* and Stepanchikova et al. 15, we develop a
systematic combined UV-Vis/mCP method for in situ pH determination at near-neutral to alkaline
pH and retrieve the hydrolysis constants of erbium (Er) at 25 °C. The revised hydrolysis constants
are compared with previously reported experimental data and implemented into a geochemical model
to determine how the speciation of REE hydroxyl complexes potentially controls the formation of

regolith-hosted ion adsorption REE deposits.

2. Methods

2.1. Analytical methods

An Agilent Cary 5000 dual-beam UV-Vis spectrophotometer was used to measure the absorption
spectra of mCP from 350 to 750 nm wavelengths. The wavelength accuracy of the instrument was
calibrated and verified using the alpha (656.1 nm) and beta (486 nm) emission lines of the deuterium
lamp. The spectral bandwidth of the instrument is 2.0 nm. The experimental solutions were loaded in
10 mm path length rectangular quartz cells sealed with Teflon and the temperature was maintained
constant using an Agilent dual-cell Peltier temperature control accessory mounted in the UV-Vis
instrument. Temperature was recorded using a Cary temperature probe with an accuracy of + 0.1 °C.
In addition to sealing of the quartz cuvettes, care was taken to minimize any interference with CO,(g)
in the alkaline solutions by preparing all the experimental solutions daily with CO,-degassed and ion
exchange column purified Milli-Q water.

Potentiometric measurements were carried out in the experimental sample solutions and pH
buffer solutions using a Thermo Scientific Orion Star A111 benchtop pH meter and a 9157BNMD
Orion Triode combined pH-temperature electrode. The electrode was calibrated at temperatures
between 25 and 75 °C using Fisher Scientific commercial buffer solutions with known pH-
temperature dependence (pH of 4, 7, and 10 at 25 °C; accuracy of + 0.01 pH unit). Both, samples and
buffer solutions were submerged in a water bath to keep temperature constant within + 0.5 °C.

Erbium concentrations were measured in the experimental and stock solutions using an
Agilent 5900 inductively coupled plasma optical emission spectroscopy (ICP-OES) instrument with
axial viewing mode. A series of standard Er solutions with concentrations ranging between 20 to 250
ppb were prepared from a 10 ppm Er standard stock solution (Inorganic Ventures, NIST traceable
standard) and diluted with a 2 % nitric acid (Fisher Scientific, trace metal grade) blank and Milli-Q
water (18.2 MQ-cm). The precision of ICP-OES runs based on repeated 50 ppb standard analysis is
better than 3 %; in the concentration range of the Er stock solutions (147 to 176 ppb), the precision
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is better than 1.5 %. The limit of detection for Er is 0.8 ppb based on 5c of multiple blank analysis
with a limit of quantification of 1.6 ppb based on 100 of the blank.

2.2. Experimental methods

2.2.1. mCP solutions

The optical absorbance properties of mCP were measured using UV-Vis spectrophotometry at
temperatures between 25 and 75 °C. A maximum temperature of 75 °C was used in this study due to
the challenges (evaporation, leaking, leaching of alkaline solution, etc.) associated with the use of a
quartz cell and the application of this study to low temperature geochemical and environmental
processes.

The pH buffer solutions were prepared by diluting an aliquot of mCP stock solution with an
aliquot of acidic (HCI) or alkaline (NaOH) stock solutions to reach final pH values of 4 or 12. The
0.145 mM mCP stock solution was prepared by dissolving mCP powder (Acros Organics, indicator
grade) in Milli-Q water. The 1.0 mM HCI stock solution was prepared by titrating 0.100 = 0.001 M
HCI (Inorganic Ventures, NIST traceable standards) into Milli-Q water to reach a pH of 3. The pH 4
buffer solution was then prepared by diluting a 10.0 g aliquot of 0.145 mM mCP stock solution with
35.0 g of Milli-Q water and 5.0 g of the 1.0 mM HCl acidic stock solution; the pH 12 buffer solution
was prepared in a similar way but using 0.100 = 0.001 M NaOH (Inorganic Ventures, NIST traceable
standards) instead of HCI.

The dissociation constants of mCP were determined in fixed pH solutions prepared from a 0.2
M Tris (hydroxymethyl) aminomethane (Tris) buffer solution. The Tris stock solution was prepared
by dissolving Tris powder (Sigma-Aldrich, > 99.9 % purity) into Milli-Q water. A 10.0 g aliquot of
0.145 mM mCP stock solution and a 5.0 g aliquot of the 0.2 M Tris stock solution were diluted with
47.0 g Milli-Q water. The pH of these mixed solutions was then adjusted using concentrated HCI
(Fisher Scientific, Trace metal grade) according to the temperature-dependent pKa of the Tris buffer
27, Milli-Q water was then added to these buffer solutions to reach a total weight of 50.0 g and to keep
the mCP concentration constant. The pH of these Tris buffer solutions was monitored to be close to
8.1at25°C, 7.8at35°C, 7.6 at45 °C, 7.5 at 50 °C and 75 °C using a pH electrode and a water bath.

For UV-Vis analysis, a 3 mL aliquot of the Tris-based or HCI/NaOH-based pH buffer solution
was added to the quartz cuvette to measure the absorbance intensity of the protonated (HI") and
depronated (I>) forms of mCP at their maximum absorbance wavelengths. For example, the
maximum absorbance wavelengths of HI- and 1>~ at 25 °C are 435 and 578 nm, respectively.
Wavelength shifts for both spectra were determined at higher temperature by heating the cuvette using

a Peltier cell.
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2.2.2. Er-bearing mCP-NaOH solutions

The Er hydrolysis constants were determined at 25 °C and near-neutral to alkaline pH using UV-Vis
spectrophotometry in a series of Er-bearing mCP-NaOH solutions. These solutions were measured in
quartz cuvettes with a constant mCP concentration of 0.03 mM, a NaOH concentration of 0.13 mM,
and Er concentrations ranging between 0 and 0.057 mM. The solutions have a low ionic strength
(<0.001 mol/L) over a pH range from ~7 to 9. The experimental solutions were prepared by first
diluting a 50.0 g aliquot of the 0.145 mM mCP stock solution with a 43.0 g aliquot of Milli-Q water
and a 32.0 g aliquot of 1.0 mM NaOH stock solution. The latter was prepared by titrating 0.100 +
0.001 M NaOH (Inorganic Ventures, NIST traceable standards) into Milli-Q water. Experimental
solutions with varying initial Er concentrations were then prepared using 5.0 g aliquots of the mixed
mCP-NaOH solution and 5.0 g aliquots from a diluted Er chloride stock solution. The latter was
prepared by dissolving Er chloride hexahydrate (Sigma-Aldrich, > 99.9 % purity) into 500 g of Milli-
Q water, and the Er concentrations were determined by ICP-OES. The UV-Vis absorbance spectra at
435 nm and 578 nm were recorded for a total of eight experimental runs with variable Er
concentrations to reach pH values from 7.2 to 9.5. The Er-bearing mCP-NaOH solutions with the
highest Er concentration (~0.057 mM) display a yellow color controlled by the protonated form of
the mCP chromophore without any visible solid suspensions. Based on repeated UV-Vis absorbance
measurements of mCP-NaOH with/without Er solutions, the precision of the absorbance
measurements for the protonated HI- and deprotonated 1>~ forms of mCP at 435 nm and 578 nm,

respectively, was better than 0.005 nm.

2.3. Data treatment
2.3.1. mCP optical properties and dissociation
UV-Vis spectrophotometric measurements of the absorbance properties of mCP are based on the

following equilibrium reaction:
HI' & 1> + H* (R1)

where HI™ and 1>~ are the protonated and deprotonated forms of the weak acid indicator mCP. The

mCP dissociation constant (K',cp 1) at infinite dilution and temperature 7 (in °C) is described by,

° _ [H+][l2-] YH+Y12’
Kmer,r= T " var (1)

where [H'], [I>7], and [HI"] are the molar concentrations (in mol/L), and vy, y, and yy; are the

activity coefficients of the respective species, which are assumed to be unity and at infinite dilution.
6
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Measured UV-Vis absorbance spectra of mCP at maximum wavelength (4,) in a cuvette with path
length L (in cm) can be related to the molar concentrations of the 1>~ and HI™ species and the molar

absorbance coefficients (¢, and eyy-) according to Beer-Lambert’s law,

Ay = [(gz-p " Yz [IPD + (enrp - yur - [HID] - L (2)

Rearranging Egs. 1 and 2 yields the following equation:

[H+] Yu+

I<mCP,T

Ay = [e )+ (€nra - )] - v [1#] L 3)

The ratio of absorbance measurement of 1>~ and HI- (R= 4,,/4,,) at their corresponding maximum
absorbance wavelengths A, and A; (in nm) can be converted to pH at given temperature (pHr)

according to,

R—el

pHr = —logezKpcpr + log(—=3 4)

€2

where e; to e; are the ratios of molar absorbance coefficients of 1>~ and HI~ at their maximum

EHI A2 &12-52 d &12-
€y = PR and ez =

absorbance wavelengths A, and A; witheq = Increasing temperature

EHr a1’ enr a1’
from 25 to 75 °C results in a shift of the maximum absorbance wavelength of HI™ at A; from 435 nm
to 428 nm whereas the maximum absorbance wavelength of 1>~ at A, remains constant at 578 nm.
The ratios of e; to e; can be retrieved by first determining the molar absorbance coefficients
of the fully protonated form of mCP (HI") at mildly acidic pH (~4.0) and the fully deprotonated form
of mCP (I?") at highly alkaline pH (~12.0). Finally, the term of logK ,cpr in Eq. 4 was solved by
conducting a series of experiments with known intermediate pH values using Tris-HCl buffer
solutions. Thus, with the experimentally derived parameters (i.e., e, to e3, and logK’ ,cp.r of mCP) at

a given temperature, the pH value of an unknown mCP-bearing solution can be determined from Eq.

4 using UV-Vis spectrophotometry.

2.3.2. Derivation of erbium hydrolysis constants
The pH dependent Er hydrolysis results in the stabilization of Er hydroxyl complexes with varying
ligand numbers n from 1 to 3 (i.e., Er(OH)*" Er(OH),", Er(OH);°), which can be expressed by the

following reaction:
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Er3* + nH,0 < Er(OH),>" + nH* (R2)
The cumulative hydrolysis constants at infinite dilution (*8,’) are described according to:

wpo _ [Er(OM3™[H*]" YeromdnYut'
brn= [Er3+] Ver3+

()

where [H*], [Er**], and [Er(OH),*>"] are the molar concentrations, and yy:, Ygs+, and Yoy are the
activity coefficient of the respective species. The experiments were designed close to infinite dilution
with ionic strength < 0.001 mol/L, allowing to assume that activity coefficients are equal to unity.
The number of OH™ ligand bound to the Er hydroxyl complexes or average ligand number n
can be related to the sum of all Er hydroxyl species (3> n[Er(OH),3"], with n= 1 to 3) and the total

dissolved Er concentration ([Er]) according to the following relation:

~ _ Xn[Er(0OH)3™]
n= (7] (6)

Refer to the Supplementary Materials for more details about Er and OH™ ligand mass balance and
determination of the average ligand number. Eqs. 5 and 6 are then be combined to retrieve the

cumulative Er hydrolysis constants (*£,, with n= 1 to 3) from the average ligand number,

o (=) -py | (on)-ps | (3-1) g3 7

[H*] [H*]? [H+]3

For each Er-bearing mCP-NaOH solutions, the molar concentration of H ([H]) was retrieved
from UV-Vis pH measurements using the mCP method described above. Eight experimental runs
were conducted at 25 °C with a series of solutions containing variable Er concentrations and covering
near-neutral to alkaline pH. These experiments permit deriving a complete set of Er hydrolysis
constants, which were calculated using Matlab (Version R2023a), and solving Eq. 7 by multiple linear

regression with the normal equations expressed by an 8x5 matrix.

3. Results and discussion

3.1. mCP properties between 25 and 75 °C

3.1.1. Optical properties

The results of the UV-Vis spectrophotometric experiments are listed in Table S1 for the determination
of the properties of mCP properties at acidic (pH ~4.0) and alkaline (pH ~12.0) pH from 25 to 75 °C.

The UV-Vis absorbance spectra are shown in Fig. 1. In acidic solutions (Fig. 1A), mCP exhibits a
8



Page 9 of 30 Dalton Transactions

strong absorbance at a wavelength close to 435 nm corresponding to its associated form HI-, which
is consistent with its characteristics reported previously in the literature by Clayton and Byrne '°. The
absorbance intensity of HI" decreases from 25 to 75 °C at the maximum absorption wavelength, and
is accompanied by a slight blue shift from 435 to 428 nm because of the temperature effect on the pi-
stacking between the mCP molecules and the intramolecular rotation of the individual mCP molecules
2829 In alkaline solutions (Fig. 1B), mCP exhibits a strong absorbance at a wavelength of 578 nm,
which corresponds to its dissociated form I~ and indicates deprotonation of mCP. The absorbance

intensity of 1>~ decreases at temperature from 25 to 75 °C and displays a valley at the maximum

wavelength of HI™.
0.60 T ¥ T L) T x T T . T i T T
(A) Acidic solutions (pH ~4.0) ] 1.204(B) Alkaline solutions (pH ~12.0) -
0.50+ ! bl hift . 1
ue shift o, _ 66
o 0.401 35°C 1 o
S 45°C | 2 0.80-
£ 030- 50 °C 18
8 75 °C 8 0.60 -
S S
2 020 2 i)
0.101 0.20-
0.00+ 0.00 4
400 500 600 700 400 500 600 700
Wavelength (nm) Wavelength (nm)

Figure 1. (A) UV-Vis absorbance spectra of 0.03 mM mCP solutions at pH of ~4.0 with 0.1 mM HCI
at temperatures between 25 and 75 °C. (B) UV-Vis absorbance spectra of 0.03 mM mCP solutions
at of pH ~12.0 with 0.01 M NaOH at temperatures between 25 and 75 °C.

3.1.2. Molar absorbance coefficients and dissociation constants

The molar absorbance coefficients of the protonated HI™ (¢y;2) and deprotonated 12~ (g2 5) forms of
mCP were calculated from the measured UV-Vis spectra at their maximum absorbance wavelengths
(Table S1). The experimental data fit for the temperature dependent molar absorbance coefficients
are shown in Fig. 2 and listed in Table 1. At temperatures from 25 to 75 °C, the molar absorbance
coefficient of HI™ decreases systematically at its maximum absorbance wavelength A; (egra1; M =
435—428 nm), whereas its molar absorbance coefficient at wavelength A, (egr-»2; A, = 578 nm) shows
the opposite trend (Fig. 2A-B). The molar absorbance coefficient of I>~ decreases also at its maximum
absorbance wavelength A, (ep,2; A, = 578 nm),whereas it increases at wavelength A; (e 515 M =

435—428 nm) with increased temperature (Fig. 2C-D).
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Figure 2. (A-B) Temperature dependence of the molar absorbance coefficients of HI" at wavelength
M (enrag) and Ay (gpr-a2). (C-D) Temperature dependence of the molar absorbance coefficients of 1>
at wavelengths A, (gp-1) and A, (gp-a2). The fitted coefficients of the regressed experimental data are

reported in Table 1. The error bars represent the 16 determined from 3 to 11 replicate experiments.

Table 1. Regressed fits of molar absorbance coefficients of HI- and 1>~ at wavelengths A; and X, as
function of temperature between 25 and 75 °C.

Species Wavelength (nm) Fitted equation? R?
HI~ A1, 435 to 428 enru= 0.1709xT? — 43.86xT + 17600 0.9986
HI~ Ao, 578 ehro= 0.0163xT? + 0.2215xT + 56.33 0.9558
I A1, 435 to 428 €= 0.0555xT? — 1.9192xT + 2175 0.9852
> Ao, 578 en o= 0.6589xT? — 170.7xT + 41997 0.9937

aTemperature T is in °C.

The molar absorbance coefficient ratios ey, e,, and e; need to be evaluated at each temperature
from the experimental data in order to determine the pH (Eq. 4) of an unknown solution using the
UV-Vis/mCP method. The experimental and fitted values determined in the 0.1 mM HCl and 0.01 M

NaOH solutions are shown in Fig. 3 and listed in Table 2. The absorbance coefficient ratios of both

10
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e and e; increase between 25 and 75 °C, whereas the absorbance coefficient ratio e, decreases in this

temperature range. Fits to the experimental data indicate a linear relationship between the absorbance

coefficient ratios e;, e, and e; and temperature with high R? and Pearson correlation coefficient

values. The results of ey, e,, and e; derived from this study are the first data for the mCP absorbance

coefficient ratios above to 30 °C at low ionic strength (< 0.01 mol/L). Comparison to literature values

indicates agreement on the values of e, and e; with the study by Lai et al. '® conduced at 25 and 30 °C

whereas e has a larger discrepancy (Table 2).

v

0.012

0.010

0.008

0.006

0.004

(A) Linear relationship

u
—— Fitted curve
B Experimental data

20 30 40 50 60 70
T(°C)

80

0.17

2.35|(B) Linear relationship (C) Linear relationship
230 o e
295 -~ 0.15
o~ o

Y 220 . wo0.14 .
2.15 0.13
2.10. E

(20 30 40 50 60 70 80 0 I%O 30 40 50 60 70

T(°C)

QY

80

Figure 3. Temperature dependence of the molar absorbance coefficient ratio (A) e;, (B) e,, and (C)

e; of mCP at temperatures of 25—75 °C. The regressions from the fitted curves are reported in Table

2.

11
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Table 2. Molar absorbance coefficient ratios (e;-e3) and logarithmic value of the dissociation constant
of mCP (logK’cp1) regressed from the experimental data (Table S1) as a function of temperatures
between 25 and 75 °C. Both of the ej-e; and logK",,cp 1 are used in Eq. 4 to determine the pH value.
Also listed is a comparison between values derived in our study at 25 and 30 °C and reported values
from Lai et al.'3.

Pearson 25 °C 30 °C

Term Fitted equation® R? correlation .y oielall This  Laielal,
coefficient study  (2016)  study  (2016)

o T LIXNEXTE o0 09726 0.03928 0.006019 0.004572 0.006179
7.052 x 1074

e»  e=—00031xT+2.362 0.9409 —0.9776 2285 2306 2269 2298

es=4.483 x 1076 x T +

0.1176

10gK’ mepr=—1.853 x

logK'mepr 1074 x T2+ 2.372 1072 0.9685 0.7443  —8.64 —8.65 857  —8.6l

xT-9.113

aTemperature T is in °C.

09804 0.9926  0.1288 0.1215  0.1310  0.1242

€3

The dissociation constants of mCP (K'y,cpr) were determined in a series of experiments
between 25 and 75 °C by solving Eq. 4 and using the retrieved molar absorbance coefficients as a
function of temperature (Table 2). The absorbance spectra of mCP were monitored at each
temperature in 0.02 M Tris buffer solutions with known pH values from 7.3 to 8.1 (Table S1). The
absorbance peak of HI™ displays a gradual slight blue shift from 435 nm to 428 nm as well as an
increase in absorbance intensity from 25 to 75 °C, whereas the absorbance of 1>~ decreases at its
maximum absorbance wavelength of 578 nm (Fig. 4). These results indicate that pH of these mCP-
bearing Tris buffer solutions decreases with increasing the temperature from 25 to 75 °C. This trend

is consistent with the pH values determined from potentiometric measurements (Table S1).

12
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Figure 4. UV-Vis spectra of 0.03 mM mCP in 0.02 M Tris-HCI buffer solutions at temperatures
between 25 and 75 °C.

The dissociation constants of mCP retrieved as a function of temperature are shown in Fig. 5.
The logK'mcpr values increase from —8.64 to —8.38 between 25 and 75 °C and are fitted to a
polynomial equation with the coefficients listed in Table 4. The logK"cp 1 values of —8.64 and —8.57
at 25 and 30 °C derived from our study are close to the logK",,cp 1 values of —8.65 and —8.61 reported
in the literature by Lai et al. !8. The logK"\,cpr values derived in our study from 25 to 75 °C can thus
be used to determine solution pH above 30 °C via the combined UV-Vis/mCP method, which was
previously limited to temperatures below 30 °C 8. The pH of a solution is determined from Eq. 4 by
measuring the absorbance ratios of I>* and HI- (R=4,,/4;;) at their corresponding maximum
absorbance wavelengths A, and A; (in nm) and using the mCP optical properties (e;, e,, e3) and
logK’ncpr values listed in Table 2. The uncertainty in pH determination using this UV-Vis
spectrophotometry method was evaluated based on replicate runs of mCP-bearing Tris-HCI buffer,

which were found to be smaller than 0.08 pH units at temperatures between 25 and 75 °C.

13



Dalton Transactions Page 14 of 30

_820 T T T T T T T T T I
— Fitted clitve
B Experimental data
—8.30 1 .
—8.40 o
=
g
Q
% -8.504 " .
=
—-8.60 - _
[
—8.70 | T ' T ! T ! T ' T Y
20 30 40 50 60 70 80

r(°C)

Figure 5. Logarithm of the dissociation constant of mCP (logK’cp 1) determined as a function of
temperature. Experimentally derived logK",,cp 1 data are listed in Table S1, and regressed coefficients

for fitted logK’,cp 1 values are listed in Table 2.

3.2. Erbium hydrolysis at 25 °C

3.2.1. pH determination in Er-bearing solutions

The absorbance intensity of HI- and 1>~ were collected on UV-Vis at 25 °C with varying initial Er
concentrations ranging from 0 to 0.057 mM (Fig. 6; Table S2). Visual inspection of the Er-bearing
mCP-NaOH sample solutions shows that their color gradually changes from purple to yellow with no
obvious changes observed at concentrations above 0.04 mM Er. The resulting UV-Vis absorbance
spectra (Fig. 6) for these solutions indicate a gradual decrease in intensity at 578 nm (i.e., > form of
mCP) coupled to an increase in absorbance intensity at 435 nm (i.e., HI" form of mCP) with an
isosbestic point at 488 nm. These results indicate that addition of Er decreases pH from initially
alkaline (pH of ~9.5) to near-neutral (pH of ~7.0) due to hydrolysis of Er’* ions and deprotonation
according to the reaction R2. The measured UV-Vis spectra of mCP are then combined with the
optical properties of mCP (Table 4) to retrieve in situ pH of the experimental solutions via Eq. 4. The
well-defined isosbestic point in the UV-Vis spectra (Fig. 6) suggests that the mCP concentration

remains constant and mCP therefore does not have any major influence on the Er hydrolysis in the
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experimental solutions. Furthermore, Schwarzenbach and Flaschka mentioned that sulfonphthalein

pH indicators like mCP have no ability to form complexes with metal ions 3°.
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Figure 6. (A) Photograph of varying colors from alkaline (left) to near-neutral (right) solutions

containing 0.03 mM mCP and 0.13 mM NaOH with varying initial Er concentrations ranging from 0

to 0.057 mM. (B) UV-Vis absorbance spectra of 0.03 mM mCP in 0.13 mM NaOH with addition of

varying Er concentrations from 0 mM to 0.057 mM at 25 °C. The compositions of the solutions used

in the UV-Vis experiments are listed in Table S2.

The results from the solution color changes also corroborate with a decrease in the mCP
absorbance intensity ratio (As7s/A43s) at wavelengths of 578 nm (I~ form of mCP) and 435 nm (HI~
form of mCP). This ratio gradually reaches a minimum with addition of Er concentrations close to
0.057 mM (Fig. 7A). We therefore conclude that UV-Vis spectrophotometric determination of pH for
the derivation of the hydrolysis constants of Er using mCP is most reliable between pH values of 7.2
to 9.5 at 25 °C. A comparison between pH determined from UV-Vis spectrophotometry and
potentiometric measurements at 25 °C (Fig. 7B) was used to determine the accuracy of pH values
retrieved in each Er-bearing sample solutions. A stepwise increase of the initial Er concentrations
from 0 to 0.057 mM results in absorbance intensity ratios (As7s/A4ss) displaying a steep decrease and
gradual plateauing at pH below 7.2 (Fig. 7A-B). This effect is due to color oversaturation of the mCP
indicator in the solutions containing the highest Er concentrations and resulting in pH discrepancies
of >2 % when comparing UV-Vis and potentiometric measurements (Fig. 7C). In contrast, at pH from
7.2 t0 9.5, the pH determination by UV-Vis/mCP has a high accuracy with differences <1.5 % in
comparison to potentiometric measurements (Fig. 7B). A similar observation was made in the study

by Lai et al. '8, who determined consistent pH result between UV-Vis and potentiometric
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measurements in phosphate buffer solutions with pH values ranging from 7.5 to 8.1. A lower accuracy
and precision may be present when using unpurified mCP, which results in interference with the
absorbance peak of the protonated HI™ species. Consequently, the smaller mCP absorbance intensity
ratio value (As78/A435) lowers the derived pH values. Thus, the use of purified mCP such as used in
this work is crucial to eliminate any effects on pH measurements using this UV-Vis/mCP method for
the determination of the hydrolysis of REE. In addition to the mCP purity and temperature
dependence, the accuracy of pH measurement using this combined UV-Vis/mCP method may also
depend on the electrolyte and its concentration used in the experiments. DeGrandpre et al. 23 and Lai
et al. '8 reported mCP properties (e; to ez and K,cp) that do not display significant differences at ionic
strength between 0 and 0.005 mol/L. However, the properties for mCP may need to be corrected for

accurate pH measurement in high ionic strength solutions.
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Figure 7. (A) Absorbance intensities ratios at 578 nm to 435 nm (As73/A43s) in the mCP-NaOH
solutions with varying initial Er concentrations (0 to 0.057 mM). (B) Comparison of pH values
determined from potentiometric and UV-Vis spectrophotometric measurements at 25 °C. (C) Percent
pH difference between UV-Vis (pHyy.vis) and potentiometric measurements (pHy,) determined by

the following equation: ([pHuv.vis—pHpoJ/average[pHuv.vis,pPHpot])-

3.2.2. Determination of average OH™ ligand numbers and hydrolysis constants of Er

The calculated average number of OH™ligands bound to Er hydroxyl complexes was determined from
the UV-Vis measurements (Supplementary Materials) are shown in Fig. 8 and listed in Table S2. The
fitted curve demonstrates a gradual increase of average ligand numbers from ~1.0 to 2.5 £ 0.5 at pH
from 7.2 to 9.5 and at 25 °C, suggesting that the Er hydrolysis is dominated by variable proportions
of Er(OH)?*, Er(OH),*, and Er(OH);° species (Reaction R2, for n= 1 to 3). These results are
interpreted to indicate that Er(OH)?" is the predominant species at near-neutral pH and Er(OH)," and

Er(OH);° are predominant at more alkaline pH.
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Figure 8. Calculated average number of OH™ ligand coordinated with Er** and pH determined by
UV-Vis in experimental mCP-NaOH solutions with varying initial Er concentrations (0 to 0.057 mM
Er) and pH values between 7.2 to 9.5. Also shown are the fits to the experimental data, their 95 %
confidence and prediction interval, and the fitted coefficients and equation. The experimental data

are listed in Table S2.

Comparison of our data with the UV-Vis spectrophotometric data by Stepanchikova et al. 3!
for the hydrolysis of Tm3", indicates that the average number of OH™ ligand coordinated to Tm3" is
similar to Er’". Stepanchikova et al. 3! report an average ligand number of ~1.0 at pH of 7.2 to 7.5
and ~2.5 at pH close to 9.5. Their results indicate that Tm(OH)?" is the predominant species at near-
neutral pH, whereas both Tm(OH)," and Tm(OH);° were identified at more alkaline pH. While
Stepanchikova et al. 1> reports hydrolysis constants for Er3*, there are no average ligand numbers
reported in that study.

The hydrolysis constants (log*s,") of Er(OH)?*", Er(OH),", and Er(OH);° were retrieved from
the measured average number of OH- ligand and pH according to Eq. 7. To solve this equation,
requires a large number of experimental solutions with a wide range of pH values and Er
concentrations (Table S2). The retrieved hydrolysis constants at 25 °C are listed in Table 3 and
compared to literature values. Based on the average ligand numbers reaching a maximum of ~2.5 to
3 (Fig. 8), we conclude that the Er(OH)4~ cannot be identified in our experiments at alkaline pH values
up to 9.3. Fig. 9 further shows that our experimental data overlap with the modeled speciation based
on the log*B,” values from this study (Table 3). These results indicate that the logarithm Er molality
versus pH relationship is controlled by the hydrolysis of Er (R2). In contrast, the formation of colloids
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or Er precipitates would result in deviations from the modeled curve in Fig. 9B to lower Er
concentrations for given pH value or displaying a change in slope predicted by the equilibrium
thermodynamics, which are not observed in these experiments. Fig. 9A also shows that the pH from
potentiometric measurements have a wider spread and deviate from both the UV-Vis measurements
and the model at pH below of ~8. This can be related to multiple issues while using a pH electrode in
an open beaker, stirring of the solution and CO,(g) contamination, and longer pH electrode
stabilization times. It is noteworthy that potentiometric measurements deviate from the modeled pH
for solutions with the highest Er concentrations that are buffered by Er hydrolysis over the NaOH
base buffer capacity.

Several other studies 3233 have investigated the solubility of La(OH)s(s), Eu(OH)s(s), and
Am(OH);(s) at 25 °C to discuss the formation of their hydroxyl species at alkaline pH up to 13. The
lack of increased REE hydroxide solubility with pH, even at those alkaline pH values, indicates that
a higher order REE hydroxyl complex such as Eu(OH),™ is unlikely to be stable. The reviews by
Jordan et al. ® and Guillaumont 34 further only recommend the hydrolysis constants of three hydroxyl
species (i.e., B to f3) for Eu and Am at 25 °C based on the studies by Berkopf 33 and Silva et al. .
These observations are in agreement with a lack of the Er(OH),~ species controlling Er hydrolysis in

our experiments (Fig. 9).

Table 3. The logarithmic values of the Er hydrolysis constants (log*f,’, Er** + nH,O = Er(OH),*" +
nH™) determined in this study at 25 °C using UV-Vis spectrophotometry and mCP over the pH range
of 7.2 t0 9.5, and comparison to other data at infinite dilution reported in the literature. The standard
deviation of the mean (1o) is based on multiple UV-Vis experiments for Er-bearing mCP-NaOH
solutions with Er concentration ranging between 0 and 0.057 mM (Table S2).

log*y"  lo *log*fy’ *log*pn’ “log*fy’ Ylog*pn’
0 (This study) (Stepanchikova (Klungness and (Baes and (Haas et al.)
et al.) Byrne) Mesmer)
1 —7.22 0.10 —6.73 —7.52 —7.85 —=7.76
2 —14.52 0.08 —14.20 - —15.90 —15.97
3 —23.24 0.04 —24.38 - —24.20 —24.32

References: 'This study, spectrophotometry; 2Stepanchikova et al. (2014), spectrophotometry; 3Klungness
and Byrne (2000), potentiometry; “Baes and Mesmer (1976), empirical fits and data compilation; Haas
et al. (1995), thermodynamic correlations.
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Figure 9. Comparison between experimental data and GEMS equilibrium speciation model using the
MINES thermodynamic database 3¢ updated with the log*f,” values from Table 3. (A) pH versus total
dissolved molality Er (mol/kg) measured using UV-Vis and potentiometry. (B) Total logarithm
molality Er versus pH measured via UV-Vis and GEMS models of pH controlled by Er hydrolysis
using the log*f,” values from Table 3 and pH controlled by Er hydroxide saturation using the
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3) 13. In contrast, the experimental log*#,” values by Stepanchikova et al. ' are ~0.5 log units larger
than in our experiments, whereas the values from the compilations of Baes and Mesmer '? and Haas
et al. 40 are both ~0.6 log units smaller. The second Er hydrolysis constant (log*f,") derived in our
study is close to the experimental value by Stepanchikova et al. 1>, whereas the compilations by Baes
and Mesmer !> and Haas et al. 4° differ by up to 1.4 orders of magnitude. The third Er hydrolysis
constant (log*B;") derived in our study is about one order of magnitude larger in comparison to the
other data by Stepanchikova et al. 15, Baes and Mesmer !2, and Haas et al. 4. The log*f," to log*f;°
values derived in our study show a close to linear relationship with increased ligand number (Fig.
10A), and both log*p;" and log*s," are close to the experimental results by Klungness and Byrne '3
and Stepanchikova et al.'>, respectively (Fig 10B). In the most recent publication by Jordan et al. °,
the log*f,” value for the Eu(OH)?* species at 25 °C derived from the study of Klungness and Byrne
13 was recommended. These results provide evidence that the UV-Vis/mCP method is reliable to
determine the hydrolysis constants of REE at near-neutral to alkaline solution at 25 °C, and that the
data compiled by Baes and Mesmer !> and Haas et al. 4 need to be revised. Therefore, the UV-
Vis/mCP method developed here and also presented by Klungness and Byrne '3 and Stepanchikova
et al.!’ can now be further applied to the determination of pH and the REE hydrolysis constants up to

75 °C at near-neutral to alkaline pH.

(A) y=—8.244x+1.420 (B)
=h R*= 0.9902 1 =3 s
-10 -10
-15 -15 %
20 % —204
=11} =]
2 2 %
—25+ - —25+ ST14
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Figure 10. (A) Logarithmic values of the hydrolysis constants (log*s,’) of Er (Er’" + nH,0 =
Er(OH),>™ + nH", with n=1 to 3) at 25 °C derived in this study. (B) Comparison between the log*8,’
values derived in this study (Table 3) and literature values. References: [BM76] Baes and Mesmer
(1976); [HA95] Haas et al. (1995); [ST14] Stepanchikova et al. (2014); [KB0O0] Klungness and Byrne
(2000).

20



Page 21 of 30 Dalton Transactions

3.3. Updated Er speciation model at 25 °C and implications for geochemical modeling

Many geochemical modeling programs such as PHREEQC 4! and Geochemist Workbench® 4> make
use of the thermodynamic data for the hydrolysis of REE from the compilation by Baes and Mesmer
12 and the thermodynamic dataset derived by Haas et al. 0. The latter study is widely used in
geochemical modeling databases because it provides the only internally consistent dataset for all of
the REE hydroxyl species with extrapolations to elevated temperature. The aqueous species derived
by Haas et al. 40 also include other sources of data for the REE aqua ions 4%43, which are included in
the program SUPCRT92 % and are collectively referred to here as the Supcrt92 database.

The speciation of Er was calculated at 25 °C as a function of pH using the new hydrolysis
constants derived in this study (Table 3) and compared to predictions using the data from the Supcrt92
database (Fig. 11). At pH below 7.2, Er*" is the major species in both models, but our study displays
a significantly higher Er hydroxyl species stability with a switchover at pH of ~7.2 with both Er(OH)?**
and Er(OH)," species becoming predominant. This contrasts with the speciation model using the
Supcrt92 database, which predicts that the Er hydroxyl complexes start only to predominate at a pH
above 7.8. Speciation calculations based on our experimental data further indicate a large
predominance field of Er(OH)," over a pH range of 7.5 to 8.7, with a switchover to Er(OH);? at a pH
of ~8.7. In contrast, speciation calculations using the data from Supcrt92 predict a narrower
predominance field for all three Er hydroxyl complexes Er(OH)?>*, Er(OH),", and Er(OH);° species
at pH below ~8.5. The hydrolysis constants from Baes and Mesmer !2 are very close to those from
the Supcrt92 database (Table 3), thus resulting in a similar modeled speciation. Therefore, we
recommend updating the REE hydrolysis constant provided from the Supcrt92 database and from
Baes and Mesmer 2 compilation because these will result in considerable under predictions of the
stability of REEOH," and REE(OH);° hydroxyl complexes as illustrated in Fig. 11. Hence, there is
an urgent need to revise the thermodynamic data for the REE hydroxyl complexes to accurately model

the speciation of REE in natural waters.
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Figure 11. Speciation distribution diagrams of Er with pH ranging between 6 to 9.2 at 25 °C.
Diagrams were calculated using GEMS code package #> and a HCI/NaOH titration model using the
thermodynamic properties for Er species based on (A) experimental data derived in this study and
(B) predictions from the Supcrt92 database. Thermodynamic properties for other species were taken

from the MINES thermodynamic database 3°.

4. Implication to heavy REE mobilization in regolith-hosted ion adsorption deposits
The updated Er hydrolysis constants determined in this study suggest that REE hydroxyl complexes
can potentially play a crucial role in the fractionation of light vs. heavy REE in low temperature
critical mineral deposits. In order to evaluate this hypothesis, we simulate the mobility of Er at 25 °C
in natural water compositions from the Zudong deposit in South China ¢, which is one of the world’s
largest produced heavy REE regolith-hosed ion adsorption deposit. The pH of the aquifer
groundwater for this deposit is around 8.5 and its element composition is available from the study by
Li et al. 8. The groundwater contains the following ligands which can form important REE species:
HCO;™, COs%, SO47, CI', and F~. The geochemical model was performed using the GEMS code
package ¥ and the thermodynamic properties of Er hydroxyl complexes determined in our
experiments, and for comparison the predicted values from the Supcrt92 database. Thermodynamic
properties of aqueous species, gases, and minerals involving in the geochemical modeling of the
Zudong deposit groundwater were taken from the MINES thermodynamic database 3°. The sources
for the thermodynamic properties of all other Er aqueous species are listed in Table S3.

The simulated Er speciation in the Zudong deposit aquifer groundwater is shown as a function
of pH in Fig. 12. The Er3" aqua ion and the Er fluoride, sulfate, chloride, and fluoride become replaced

by the Er carbonate complexes from acid to near-neutral. While the latter dominates in a wide pH
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range, an increase from near-neutral to alkaline pH results in an increased competition between the
Er hydroxyl and carbonate complexes in both geochemical models. Li et al. ¢ proposes that the
anomalously high proportion of heavy REE in clay-sorbed fraction of this deposit is attributed to the
sorption of positively charged carbonate complexes on the negatively charged surfaces of clay
minerals (e.g. kaolinite) during weathering and the interaction of the regolith with groundwater. The
heavy REE are released from the primary REE minerals bedrock like synchysite-(Y) and then
combined with ligands such as HCO;™ and CO;?™ to be transported as charged aqueous complexes

(i.e., REECO;* or REE(HCO;)2).
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Figure 12. Geochemical model of Er speciation as a function of pH calculated at 25 °C using the
GEMS code package and the aquifer groundwater of the Zudong heavy REE deposit described in the
study by Li et al. 8. A comparison between predictions using (A) the updated hydrolysis constants
derived in this study and (B) the Supcrt92 database indicates an increased importance of the Er(OH),"
species in the updated model (mildly acidic condition in gray shade and alkaline condition in yellow
shade). Thermodynamic properties for REE and other species were taken from the MINES

thermodynamic database °.
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Recent experiments by Borst et al. suggest that the REE hydroxyl complexes can also easily
adsorb onto clay minerals with an increase in pH to alkaline values 4. Indeed, the updated
geochemical model (Fig. 12A) shows that the Er(OH)," species increasingly predominate at pH of
7.5 to 9.0 followed by the Er(OH);° species which gradually dominate in more alkaline aqueous
solutions. Thus, another possible explanation for the anomalously high proportion of heavy REE in
clay-sorbed fraction of Zudong deposit is that the charged Er(OH)," species also contributes to the
mobilizations and adsorption of REE during regolith-groundwater interaction. The modeling results
reinforce the importance of accurate experimentally derived thermodynamic properties for the REE
aqueous species to delineate the controlling fluid-rock interaction processes that form these deposits
in natural systems. Other potential applications of predictive REE speciation modeling include
improvements in the chemical separation and extraction technologies, the synthesis of REE-bearing

phases, as well as extraction from new sources such as thermal waters and acid mine drainage.

5. Conclusions

This work demonstrates a combined UV-Vis/mCP spectrophotometry method to determine the
hydrolysis constants of Er hydroxyl complexes at 25 °C and at near-neutral to alkaline pH. We
investigated the optical properties of mCP which permits deriving a new set of dissociation constants
as a function of temperature up to 75 °C. Comparison of the measured pH by potentiometric method
and pH determined by the UV-Vis/mCP method indicates a close agreement at pH ranging between
7.2 to 9.5. Therefore, the UV-Vis/mCP method developed here can now be further applied to the
determination of pH and the REE hydrolysis constants up to to 75 °C at near neutral to alkaline pH.
The major species at those conditions were found to be Er(OH)?*, Er(OH),", and Er(OH);° at 25 °C,
in contrast with predictions based on the Supcrt92 database or the dataset derived by Haas et al. that
significantly underpredict the stability of the Er(OH)," and Er(OH);° species. Therefore, there is an
urgent need for revising the thermodynamic properties of REE aqueous complexes implemented in
popular geochemical modeling programs, even at ambient temperature. These thermodynamic data

are needed to accurately simulate the behavior of the REE in natural systems.
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