ELECTRONIC SUPPORTING INFORMATION

Uncharted Waters — Determining the influence of polar solutes on
lanthanide solvent extraction by hydrophobic eutectic solvents

Rodrigo Colhe?, Amélie Tropres®, Maisa Saldanha Pinheiro?, Thais S. Soares,® Takafumi Hanada®,
Duarte Ananias?, Felipe Olea?, Inés Vaz?, Jodo A.P. Coutinho?, Nicolas Schaeffer®*

2CICECO - Aveiro Institute of Materials, Department of Chemistry, University of Aveiro, 3810-193
Aveiro, Portugal

®Université Claude Bernard, 69622 Villeurbanne, Lyon, France

¢ Group of Analysis and Education for Sustainability (GAES), Chemistry Department, Federal
University of Vigosa (UFV), Vicosa, MG 36570-900, Brazil

4 Department of Applied Chemistry, Graduate School of Technology, Industrial and Social Sciences,
Tokushima University, 2-1 Minamijosanjima, Tokushima 770-8506, Japan

* Corresponding email: nicolas.schaeffer@ua.pt

S1



PHASE DIAGRAM

Table S1. Experimental (xroro, T) and calculated (i) data of the SLE of systems involving
trioctylphosphine oxide (TOPO) with acetic acid (AceA) or hexanoic acid (HexA).

HBD AceA HexA

xtoro T (K) peroro peBp T (K) petOPO  YeHBD

0.0 289.8 1.00 - 269.20 1.00 -

0.1 277.28  0.89 - 263.68 0.95 -

02 26446 0.78 - 254.11 0.81 -

0.3 249.65 0.65 0.02 24478  0.69 0.01
0.4 253.8 - 0.02  254.36 - 0.02
0.5 287.61 - 0.21  269.90 - 0.06
0.6 30492 - 0.52  312.57 - 0.80
0.7  315.55 - 0.81 317.29 - 0.89
0.8  320.25 - 0.92  319.55 - 0.88
0.9 32220 - 091 323.40 - 0.97
1.0 326.10 1.00  326.10 1.00

Table S2. Melting temperature (7)) and melting enthalpy (4H,,) for the HES pure components

Component Twm (K) AH,, (kJ-mol') Reference
TOPO 326.1 45.7 Measured
AceA 289.8 10.83 [1]
HexA 269.2 16.40 [2,3]
DecA 304.8 27.50 4]
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SOLVENT EXTRACTION

Table S3. Distribution factors of five lanthanide cations, in the TOPO + C,H@n+1)COOH
systems (n =1, 5, or 9) as a function of the HES xtopo molar fraction for [HNO3] = 1.0 mol-L-

I T=298 K, [Ln*"]=7.5 mmol-L"!, and O/A =0.5.

HBD XT0PO DLa Dna DEu D1p Dru
0.3 7.85+035 50.8+0.81 793+1.76 103+0.50 47.9+0.64
AceA 0.5 7.27+0.03 251+0.73 107+247 104+1.01 19.8+0.23
0.3 0.04+0.01 0.19+0.02 0.69+0.11 0.77+0.01 0.48+0.01
HexA 0.5 0.87+0.01 6.29+0.06 156+0.73 149+0.10 4.46+0.03
0.3 0.19+0.02 0.20+0.04 0.23+0.02 0.19+0.09 0.25+0.05
Dee 0.5 1.00+0.12 3.16+0.22 8.16+0.19 7.43+0.26 6.72+0.28

Table S4. Distribution factors of five lanthanide cations, in the TOPO + C,H@n+1)COOH
systems (n =1, 5, or 9) as a function of the HES xtopo molar fraction for [HNO3] = 6.0 mol-L"

I, T=298 K, [Ln*"]= 7.5 mmol-L"!, and O/A = 0.5.

HBD XT0PO Dia Dna DEu Db Dru
0.3 0.62+0.09 1.13+£0.09 1.43+0.12 1.45+0.10 5.21+0.14
Ace 0.5 0.21+0.05 0.47+0.05 1.03+0.05 0.66+0.03 2.33+0.03
0.3 0.17+£0.04 0.10£0.06 0.12+0.05 0.15+0.01 1.32+0.26
HexA 0.5 0.10£0.03 0.17£0.13 0.55+0.01 1.22+0.06 0.90+0.01
0.3 0.11+0.07 0.11+0.14 0.04+0.03 0.08+0.04 0.87+0.08
Dee 0.5 045+0.01 041+0.50 047+0.07 0.54+0.03 1.56+0.11
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Table S5. Separation factor Dgu / Dry in the TOPO + ChH2n+1)COOH systems (n =1, 5, or 9)
as a function of the HES xtopo molar fraction for [HNOs3] = 1.0 mol-L™!, 7= 298 K, [Ln**] =
7.5 mmol-L!, and O/A =0.5.

HBD XTOPO DEu/ DLa DEu / DNa Dgu/ Do DEu/ DLu
0.3 10.13 1.57 0.77 1.66
AceA
0.5 14.72 4.27 1.03 5.40
0.3 19.87 3.62 0.90 1.44
HexA
0.5 17.91 2.48 1.05 3.49
0.3 1.23 1.15 1.21 0.92
DecA
0.5 &.16 2.58 1.10 1.21

Table S6. Separation factor Dy / Dra in the TOPO + CyH2n+1)COOH systems (n =1, 5, or 9)
as a function of the HES xtopo molar fraction for [HNOs3] = 6.0 mol-L™!, 7= 298 K, [Ln*'] =
7.5 mmol-L!, and O/A =0.5.

HBD XTOPO DEu/ DLa DEu / DNa Dgu/ Do Dgu/ DLu
0.3 2.30 1.26 0.99 0.27
AceA
0.5 4.90 2.19 1.57 0.44
0.3 0.72 1.25 0.85 0.09
HexA
0.5 5.78 3.26 0.45 0.61
0.3 0.32 0.33 0.43 0.04
DecA
0.5 1.03 1.13 0.87 0.30
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Figure S1. *'P-NMR spectra of TOPO in the TOPO + CyH2n+1)COOH systems (n = 1, 5, or 9)
after equilibration with H>O in the absence of metal salts (O/A=0.5, 298.15 K) as a function of
the HBD selection (AceA — red, HexA — blue, DecA — green) and xtopo.
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Figure S2. 3'P-NMR spectra of TOPO in the TOPO + C,H(20+1)COOH systems (n = 1, 5, or
9) after equilibration with 1.0 mol-L"! HNOj in the absence of metal salts (O/A=0.5, 298.15
K) as a function of the HBD selection (AceA — red, HexA — blue, DecA — green) and xtopo.
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Figure S3. *'P-NMR spectra of TOPO in the TOPO + CyH2n+1)COOH systems (n =1, 5, or
9) after equilibration with 6.0 mol-L"! HNOj in the absence of metal salts (O/A=0.5, 298.15
K) as a function of the HBD selection (AceA — red, HexA — blue, DecA — green) and xtopo.
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LOADING CAPACITY

Table S7. Eu(NOs3); loading test in the TOPO + CnH2a+1)COOH systems (n = 1, 5, or 9) and
corresponding viscosity of the phase as a function of the HBD selection and xtopro, after
equilibration with an [Eu®*Jagini = 0.2 mol-L! solution at 1.0 mol-L™! NOs™ and O/A = 0.5. The
concentration of bound TOPO to Eu** was calculated from the total TOPO concentration in the
HES, the final extracted Eu®>* concentration and assuming a 3:1 TOPO:Eu stoichiometry of the

complex.
TOPO]Boun
HBD  xroro  [Euluess(gkg?) E (%) [ (mol-k];l) “  n(mPas)
0.3 55.7+0.16 82.4 1.00 219+8.2
AceA '
0.5 53.22 +0.04 78.7 0.96 228+ 18.2
0.3 10.3+0.11 64.3 0.18 29.9 + 1.41
HexA '
0.5 31.0£0.11 13.8 0.55 414+ 1.11
0.3 9.09 % 0.61 53.0 0.16 44.1+0.1
DecA '
0.5 15.7 + 1.43 7.26 027 86.0 = 0.9
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Figure S4. Stripping efficiency (%) of Eu** from the loaded TOPO + CyH2n+1)COOH systems
(n=1, 5, or 9) as a function of A) HBD selection, B) HCI concentration from the TOPO +
AceA system, and C) stripping phase composition from the TOPO + AceA system. Constant
stripping conditions of O/A= 0.5 and 7= 298.15 K were maintained.
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LUMINESCENCE MEASUREMENTS

10000 - 10000 -
E ® Experimental AceA (0.5) % e Experimental AceA (0.7)
w
§ 1000 - * Fitted AceA (0.3) § 1000 A » Fitted AceA (0.7)
= =
F
£ 100 2 100
[ [
£ E
= -

2 2
= 10 = 104
o =)
S S

1 1

0 5 10 15 20 D 5 10 15 20
Time (ms) Time (ms)
10000 1 : 10000
E e Experimental HexA (0.5) E o Experimental HexA (0.7)
7] ® Fitted HexA (0.5) -
_51000 . £1000 1 * Fitted HexA (0.7)
£ E
2 3
—— i L]
= 100 ﬁ 100 -
E E
2 S
= 10 “; 10 -
= o
3 S
1 ' 1 . .
0 5 10 15 20 0 5 10 15
Time (ms) Time (ms)

Figure S5. Normalized Eu** °Dy decay curves detecting the emission at 617.4 nm, using the
SpectraLED-355 as excitation source, as a function of HBD selection and xropo in the TOPO
+ carboxylic acid systems with H>O, along with the single exponential decay fit. SX conditions
are equal to those in Figure 4 of the manuscript.
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Figure S6. Normalized Eu** °Dy decay curves detecting the emission at 617.4 nm, using the
SpectraLED-355 as excitation source, as a function of HBD selection and xtopo in the TOPO
+ carboxylic acid systems with D0, along with the single exponential decay fit. SX conditions
are equal to those in Figure 4 of the manuscript.
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POLAR SOLUTE CO-EXTRACTION

Table S8. Polar solute concentration in the HES phase as a function of the HBD and xtopro
after equilibration with an aqueous phase of H>O or 1.0 mol-L! HNOj3 in the absence of Ln**
ions at O/A = 0.5 and 7 = 298 K. The associated error with the determination of HBD loss in
1.0 mol-L! HNO3 meant these were only determined after contact with H>O.

H>O aqueous phase

1.0 mol-L! HNOj; aqueous phase

HBD XTO0PO [H2O]nEs ¢ [HBD]aqs [H2O]uEs ¢ [HNOs]ues s
(mol-kg™) (mol-kg™) (mol-kg™) (mol-kg™)
0.3 226+0.15 1.03 +£0.04 1.64 +0.09 0.832 +0.085
AceA
0.5 1.80+£0.12 0.35+0.03 1.52 +£0.28 0.818 £ 0.058
0.3 1.53+0.12 0.027 +0.009 091 +£0.21 0.395+0.028
HexA
0.5 1.47 £0.24 0.007 £ 0.001 1.07+0.34 0.492 + 0.056
0.3 1.31+0.24 0.001 +£0.001 0.58 £0.04 0.209 + 0.029
DecA
0.5 1.07 £0.09 0.001 +0.001 0.75£0.02 0.360 +0.074
1,00 0,00 090
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Figure S7. Comparison of the experimental (red) and COSMO-RS predicted (black) liquid-
liquid phase diagram of the ternary water/TOPO/HBD system (in molar fraction) as a function
of the HBD alkyl chain length for 7= 298.15 K.
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Figure S8. Aqueous phase concentration of the carboxylic acid (AceA, HexA, and DecA) after
equilibration of the TOPO+ Carboxylic acid HES with H>O as a function of the logarithm of
the octanol/water partition (logioPow) for the three protonated forms of the HBD, taken from
ref [5] (xroro= 0.5, T=298 K, and O/A =0.5)
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MOLECULAR DYNAMIC SIMULATION

Table S9. System composition of the TOPO + AceA and TOPO + DecA systems for xtopo of
0.3 or 0.5 with increasing water content at 298 K. All systems contain a total of 1000 HES
molecules with varying water content. The xtopo corresponds to the HES composition before
water addition. Vyox corresponds to the final simulation box volume, whilst Naomain and V domain
correspond to the time averaged polar domain number and polar domain volume. All analysis
was carried out on the last 20 ns of the simulation run. Polar domain is defined as the P=0O
group of TOPO, COOH group of the carboxylic acid, and water molecules.

[HZO] [HZO] Vbox  Vdomain

HBD xroro n(TOPO) n(HBD) n(H:0) oo (50 (5 M Naomain
0.3 300 700 0 0.0 00 6602 757 109
0.3 300 700 500 33.3 54 6715 202 55
Acoh 0.5 500 500 0 0.0 0.0 7468 043 147
0.5 500 500 100 9.1 0.8 7487 057 116
0.5 500 500 300 23.1 24 7521 0.93 77
0.5 500 500 500 33.3 3.9 7557 141 55
0.3 300 700 0 0.0 0.0 7.619 0.105 362
0.3 300 700 300 23.1 22 7.674 0.178 261
DecA 0.5 500 500 0 0.0 0.0 8.076 0074 485
0.5 500 500 100 9.1 0.6 8091 0.088 443
0.5 500 500 300 23.1 1.9 8123 0.118 376
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Figure S9. Radial distribution functions (RDFs) and associated coordination number for TOPO
+ AceA system with increasing of water content for an initial xtoro = 0.5. The xrtoro
corresponds to the HES composition before water addition.
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Figure S10. Radial distribution functions (RDFs) and associated coordination number for
TOPO + DecA system with increasing of water content for an initial xtoro = 0.5. The xroro
corresponds to the HES composition before water addition.
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TERNARY SYSTEMS

Table S10. Polar solute concentration (mol-kg™!) in the ternary TOPO/AceA/DecA HES phase
as a function of the AceA to DecA molar ratio after equilibration with an aqueous phase of
H,0 or 1.0 mol-L"! HNOs in the absence of Ln*" ions at O/A = 0.5 and 7 = 298 K. The
associated error with the determination of HBD loss in 1.0 mol-L"' HNO3s meant these were
only determined after contact with H>O.

H>O aqueous phase 1.0 mol-L! HNO; aqueous phase

XA ceA/ (xDecA +

X4 ceA)

[HBD]aq,¢ [H2O]uEs ¢ [H2O]uEs ¢ [HNOs]nEs,¢
0.00 0.001 + 0.001 1.07 £0.09 0.75 £0.02 0.36 £0.07
0.25 0.121 £ 0.001 1.29+0.28 0.97+0.10 0.52+0.01
0.50 0.199 £ 0.003 1.70£0.11 1.16 £0.13 0.65+0.01
0.75 0.307 £ 0.002 1.84 +£0.13 1.39+0.12 0.78 £0.01
1.00 0.350+0.030 1.80+0.12 1.52+0.28 0.82 +£0.06
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