Electronic Supplementary Material (ESI) for Dalton Transactions.
This journal is © The Royal Society of Chemistry 2024

UV-Vis spectrophotometric determination of rare earth elements
(REE) speciation at near-neutral to alkaline pH. Part I: m-cresol

purple properties from 25-75 °C and Er hydrolysis

Hannah Juan Han*?, Alexander Gysi®®

"New Mexico Bureau of Geology and Mineral Resources, New Mexico Institute of Mining and
Technology, 801 Leroy Place, Socorro, NM 87801, USA

*Department of Earth and Environmental Science, New Mexico Institute of Mining and Technology,
801 Leroy Place, Socorro, NM 87801, USA
* Corresponding authors: hannah.juan.han@nmt.edu

KEYWORDS: Hydrolysis, erbium, rare earth elements; UV-Vis spectrophotometry, meta-cresol
purple, pH measurement



Determination of average number of OH- ligand (17) coordinated to Er3*
In the Er-absent mCP-NaOH solutions, the total molar amount of OH™ in solutions (Mon-) depends

on the dissociation/association of mCP (R1), NaOH, and H,O (RS1-RS2),

NaOH = Nat + OH (RS1)
H,O — H* + OH (RS2)

Therefore, Mon- is calculated from the molar concentration of NaOH (Mnaon) added in each
experimental solution, the molar concentration of the I~ form of mCP (M), and the OH™ released

from the dissociation of water (Mown w),

Mon = Myaon Mpe + Moy (S1)

In the presence of Er** ions in the mCP-NaOH solutions, the hydrolysis of Er*" in the reaction R2
produces protons, decreases pH, and consumes OH™. Hence, the Er hydrolysis drives reaction R1 for
mCP to the left, resulting in stabilization of HI, i.e. the protonated form of mCP. Thus the amount of
OH™ ligand bound to Er hydroxyl complexes (3n[Er(OH),*"]) permits reformulating Eq. S1 as
follows,

! /

MOH = MNaOH - MI

. = 2n[Er(OH),’ "+ Mgy (S2)

where the prime signs indicates the concentrations in the Er-bearing mCP-NaOH solutions. Finally,
the number of OH™ ligand bound to Er hydroxyl complexes (Y n[Er(OH),>"]), can be found by the
difference between Egs. S1 and S2,

Zn[Er(OH)f n} :MOH M,OH Miz -I-MIZ -I-M,OH W MOH w (83)

The number of OH™ ligand bound to the Er hydroxyl complexes (3> n[Er(OH)>™"]) in the experimental

solution is averaged by the total Er concentration [Er] in solution according to,

— _ Y n[Er(OH)3™
7= n[E—ﬂl (S4)

The total Er concentration [Er] is the sum of the concentrations of Er in the Er hydroxyl complexes

and Er aqua ion,



[Er] = [Er3*] + [Er(OH)?*] + [Er(OH)$] + [Er(OH)3] (S5)

With an assumption of the mass balance for the Er concentration in mCP-NaOH solutions, the total
Er concentration [Er] is the same with the molar concentration of ErCls added. Therefore, the average
number of OH™ ligand (77) coordinated to Er’* for each of Er-bearing mCP-NaOH solutions can be

determined by reformatting the Eqs. S4 with S3 as shown.

_,_ Mon-Moy--Mp + Mpa. + Moy - Mon-, w
n = (S6)
[Er]

The amount of OH™ in each of Er-absent (Mon—) and Er-bearing (M'on—) mCP-NaOH solutions
were determined by pH determination using the UV-Vis/mCP method from Eq. 4.



Table S1. UV-Vis spectrophotometric experiments of 0.03 mM mCP in HCI, NaOH, and Tris solutions at temperatures from 25 to 75 °C.

Acidic pH Alkaline pH pH of known buffer solution
Exp (02) HCI? Absorbance Absorbance NaOH? Absorbance Absorbance Tris? pH by . Absorbance Absorbance
(mM)  ofHI  of> (M)  ofHI of - vy ~ potentiometric ey of -
measurement

1 25 0.10 0.4789 0.0022 0.01 0.0683 1.2590 0.02 8.07 0.4099 0.2437
2 25 0.10 0.4956 0.0022 0.01 0.0626 1.1737 0.02 8.08 0.4023 0.2569
3 25 0.10 0.4978 0.0019 0.01 0.0641 1.1514 0.02 8.08 0.3639 0.2286
4 25 0.10 0.5109 0.0039 0.01 0.0638 1.1526 0.02 8.06 0.4330 0.2372
5 25 0.10 0.5077 0.0035 0.01 0.0638 1.1545 0.02 8.05 0.4223 0.2408
6 25 0.10 0.5048 0.0023 0.01 0.0594 1.1150 0.02 8.05 0.4247 0.2434
7 25 0.10 0.4941 0.0018 0.01 0.0594 1.1223 0.02 8.02 0.4207 0.2310
8 25 0.10 0.4937 0.0011 0.01 0.0592 1.1193 0.02 8.06 0.4101 0.2432
9 25 0.10 0.4956 0.0009 0.01 0.0638 1.1164 0.02 8.05 0.4205 0.2091
10 25 0.10 0.4995 0.0019 0.01 0.0642 1.1197 0.02 8.08 0.4094 0.2378
11 25 0.10 0.4978 0.0025 0.01 0.0641 1.1237 0.02 8.13 0.3973 0.2733
12 25 0.10 0.4996 0.0022 0.01 0.0660 1.1579 0.02 8.12 0.3967 0.2543
13 25 0.10 0.5054 0.0011 0.01 0.0656 1.1533 0.02 8.08 0.4262 0.2249
14 25 0.10 0.5036 0.0008 0.01 0.0652 1.1484 0.02 8.08 0.4287 0.2180
15 25 0.10 0.5057 0.0006 0.01 0.0649 1.1190 0.02 8.07 0.4265 0.2177
16 25 0.10 0.4990 0.0031 0.01 0.0637 1.1174 0.02 8.07 0.3960 0.2925
17 25 0.10 0.5004 0.0033 0.01 0.0628 1.1166 0.02 8.09 0.3956 0.3084
18 35 0.10 0.4946 0.0067 0.01 0.0674 1.1004 0.02 7.82 0.4207 0.2040
19 35 0.10 0.4901 0.0025 0.01 0.0655 1.0961 0.02 7.86 0.4249 0.2179
20 35 0.10 0.4928 0.0028 0.01 0.0643 1.0962 0.02 7.84 0.4287 0.2103
21 35 0.10 0.4882 0.0008 0.01 0.0633 1.1077 0.02 7.87 0.4087 0.2095
22 35 0.10 0.4901 0.0003 0.01 0.0634 1.1079 0.02 7.80 0.4152 0.1850
23 35 0.10 0.4905 0.0002 0.01 0.0631 1.1021 0.02 7.86 0.4099 0.2063
24 35 0.10 0.4919 0.0036 0.01 0.0657 1.1022 0.02 7.89 0.4029 0.2312
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Concentration at room temperature.



Table S2. UV-Vis spectrophotometric experiments of solutions containing mCP and NaOH with addition of varying Er concentrations from 0.0 to ~0.057
mM at 25 °C (Er** + nH,0 = Er(OH),>™ + nH", with n=1 to 3).

NaOH Er mCP pH by potentiometric pH by Average number
Exp (mM) (mM) (mM) Absassom  AbSs7gm R measurement UV-Vis of OH™ ligand ()

Er-a-0 0.125 0.000 0.029 0.1109 1.0605 9.56 9.64 9.60 -

Er-a-1 0.125 0.011 0.029 0.1392 0.9355 6.72 9.42 9.32 3.11
Er-a-2 0.125 0.017 0.029 0.1975 0.7811 3.95 9.07 8.99 2.93
Er-a-3 0.126 0.023 0.029 0.2769 0.5773 2.08 8.77 8.66 2.67
Er-a-4 0.125 0.029 0.029 0.3876 0.2850 0.74 8.24 8.17 2.49
Er-a-5 0.126 0.034 0.029 0.4534 0.1144 0.25 7.39 7.69 2.24
Er-a-6 0.126 0.040 0.029 0.4738 0.0701 0.15 7.18 7.45 1.96
Er-a-7 0.125 0.046 0.029 0.4755 0.0523 0.11 7.07 7.31 1.72
Er-a-8 0.126 0.051 0.029 0.4816 0.0444 0.09 7.03 7.23 1.54
Er-a-9 0.125 0.057 0.029 0.4848 0.0351 0.07 6.96 7.12 1.38
Er-b-0 0.125 0.000 0.029 0.1084 1.0200 941 9.65 9.56 -

Er-b-1 0.126 0.006 0.029 0.1323 0.9636 7.28 9.31 9.38 2.79
Er-b-2 0.125 0.012 0.029 0.1696 0.8649 5.10 9.16 9.14 2.48
Er-b-3 0.125 0.017 0.029 0.2331 0.7067 3.03 8.81 8.85 2.27
Er-b-4 0.125 0.023 0.029 0.3408 0.4199 1.23 8.38 8.41 2.21
Er-b-5 0.125 0.029 0.029 0.4386 0.1644 0.37 7.29 7.86 2.06
Er-b-6 0.125 0.035 0.029 0.4662 0.0898 0.19 6.96 7.57 1.79
Er-b-7 0.126 0.040 0.029 0.4789 0.0591 0.12 6.91 7.36 1.57
Er-b-8 0.125 0.046 0.029 0.4796 0.0474 0.10 6.86 7.26 1.37
Er-b-9 0.125 0.052 0.029 0.4843 0.0416 0.09 6.71 7.20 1.23
Er-b-10 0.125 0.058 0.029 0.4831 0.0362 0.07 6.70 7.14 1.10
Er-c-0 0.128 0.000 0.029 0.1079 1.0361 9.60 9.68 9.61 -

Er-c-1 0.128 0.011 0.029 0.1789 0.8630 4.83 9.16 9.11 2.79
Er-c-2 0.128 0.017 0.029 0.2497 0.6789 2.72 8.72 8.79 2.52

Er-c-3 0.128 0.023 0.029 0.3396 0.4472 1.32 8.23 8.44 2.30
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Table S3. Sources of thermodynamic data from the Supcrt92 dataset considered in the Er aqueous
speciation as function of pH calculated at 25 °C using GEMS code package and the aquifer
groundwater of the Zudong heavy REE deposit described in the study by Li et al. ®.

Species Refs.
Er** 1,2
Er(OH)2+, Er(OH),", Er(OH)30, Er(OH)4~ 3
+ 2+
Er-species Er(CO3)]£rIIE:zSHCO3) j
ErCI> 5
Er(SO4)" 6
Other species H', OH" 1,2

References: 'Shock et al. (1997); 2Shock and Helgeson (1988); *Haas et al. (1995); *Sverjensky et
al. (1997); *Migdisov et al. (2009); ‘Migdisov et al. (2016).



