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Abstract

This article describes the development of a procedure for the bulk separation and
determination of rare earth elements in soils by combining alkaline fusion, cloud point
extraction, and inorganic mass spectrometry. The proposed cloud point extraction
method uses a diglycolamide derivative as the chelating agent, which has a well-
established affinity for rare earth elements. The method integrates bromine shielding to
achieve efficient phase separation at highly acidic pH values. The methodology led to
very low detection limits (0.2 to 30 ng/L), quantitative extraction (>97%) for soils, and a
high preconcentration factor (up to 140). Decontamination factors were assessed for the
most abundant elements, including trivalent ions such as A** and Fe**. A reduction in
concentration of up to 180-fold was measured for some elements. Quantitative
recoveries for most rare earth elements in highly acidic conditions were achieved and
validated using sediment reference material (NIST-2709a). There was excellent
agreement between the expected and measured concentrations for all 16 rare earth
elements evaluated. The superior analytical figures of merit enabled rare earth element

determination at ultra-trace levels in environmental samples.
Keywords

Cloud Point Extraction, Rare Earth Elements, Soil, ICP-MS, Fusion
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Introduction

Rare earth elements (REE) have important physical and chemical properties that make
them suitable for many modern applications, including electronics, magnets, and
fluorescence probes." The mining industry is hence motivated to identify deposits, even
marginal ones.? REE also have a nuclear origin, as they are also found as uranium and
plutonium fission products.® The ability to quantify them both isotopically and in absolute
quantities is essential in the assessment of nuclear fallout or nuclear emergencies. For
example, during the Fukushima-Daiichi accident, significant quantities of cerium (***Ce)
and lanthanum (**°La) were released.* As REEs are typically found at trace levels in
most environmental matrices, they often require a high degree of enrichment for proper

quantification.®

Many strategies have already been proposed for the isolation of lanthanides from
solid samples.® Methods with demonstrated extractive capabilities for soil samples
garner the most interest, as they are expected to be compatible with simpler matrices.
Common separation strategies such as liquid-liquid extraction (LLE)’, chromatographic
separations, and cloud point extraction (CPE)9 have been developed to isolate and
preconcentrate lanthanides from various environmental matrices. Until recently, focus
was essentially on LLE and chromatographic approaches, as these techniques are well
established for REE isolation.’® However, these approaches are not without drawbacks.
LLE, for example, uses large quantities of flammable, volatile, and often toxic solvents"’
but ion-exchange chromatography has limited REE capacities. Greener alternatives
should be explored. An alternative to traditional liquid-liquid extraction is to replace the
organic phase solvents with ionic quuids.12 This alternative has shown great promise,
however, the green potential of the most promising strategy for lanthanides so far is
limited, as it uses a mixed solution of an ionic liquid in an organic solvent, such as

dichloroethane.™ Further development is required.

Analytical schemes using Extraction Chromatography (EXC) have also been developed
for REE preconcentration.’*'® Most of them were designed around diglycolamide (DGA)

analogue resins. These resins have shown excellent affinities with REE and minor

3
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actinides using either N, N, N’, N’ — tetraoctyl diglycolamide (TODGA) or N, N, N’, N’ —
tetra(2-ethyl-hexyl) diglycolamide (TEHDGA) as ligands. They demonstrated good
selectivity for lanthanides over the rest of the matrix.’ 7 For soil, a synergetic
enhancement on the extraction of lanthanides in the presence iron as also been
reported.”® EXC using bis(2-ethylhexyl) phosphate as the ligand has also been
commercialised for the extraction of REE. It is has been used for the determination of
fission product components by measuring the lanthanide isotopic ratios.'® In addition,
EXC resins exhibit selectivity towards REE, enabling some level of separation with the
other constituents of the matrix. Unfortunately, due to the bulky nature of the solid
support used in EXC, large dead column volumes are observed, which translate to

limited preconcentration factors.

One preconcentration/isolation strategy that has gathered attention in the last decade is
cloud point extraction (CPE). CPE is a micellar extraction based on the hydrophobic
nature of the micelle core. After the extraction of the hydrophobic compound, phase
separation is achieved by modifying the temperature or the salt concentration in solution
to induce the micelle aggregation.20 Although CPE may lead to a high preconcentration
factor, very few strategies have been developed for the total assessment of REE

concentration in the environment.® 2126

As this technique does yield a high level of enrichment compared to other
preconcentration techniques, CPE appears as a worthy alternative to the existing
chromatographic approach, however, existing procedures show limitations as extraction
occurs in slightly acidic pH, which is incompatible with digested solid samples. Though

the method proposed by Ohashi et al.?*

shows good extraction in a more acidic media,
(pH=3), higher concentrations of surfactant were needed to counter the effect of the
acidic media on the extraction. Hence, with this approach, worse detection limits would
be achieved as the preconcentration factor would be minimised and higher matrix effects

would be expected from the amount of surfactant in solution.

The other CPE strategies for neutral-to-basic media mostly rely on non-selective agents

for the extraction with demonstrated affinities for highly abundant metals, for example,

4
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iron in the presence of 8-hydroxyquinoline.® ? For this reason, appreciable
decontamination factors (DF) should not be expected and applicability in more complex

matrices should not be assumed.

Furthermore, most of the CPE methodology has a demonstrated affinity with selected
lanthanides, but the extraction is not demonstrated for all the REEs, which greatly
hinders the application for total REE extraction.?" Extraction for Sc and Y should not
be assumed as they are outside of the lanthanide family and divergence in the reactivity
may occur. The same caution should be raised for the extraction of REEs which exhibit

alternative oxidation states. (i.e. Ce**, Eu?*, Sm?*)?®

This report presents the development of cloud point extraction using N,N,N',N’ —
tetraiospropyl diglycolamide ((i-pr)DGA) as a ligand, with the goal of enhancing the
selectivity. The impact of acid concentration on extraction efficiency will also be
investigated. The applicability of the proposed method will be validated with soil by using
reference materials. Analytical figures of merit and decontamination factors from ions
generating the most significant interferences will be determined. Finally, the method will

also be compared to the existing CPE methods for REEs.

Experimental

Instrumentation

The mass spectrometer used for the REE sample measurements was an ICP-QQQ-MS
(Inductively Coupled Plasma coupled to a Triple Quadrupole Mass Spectrometer)
(Agilent 8800, Mississauga, ON, Canada). The optimised conditions for the
measurement of REE concentrations are presented in Table 1. Note that the octopole
reaction system was not used for this analysis. The phase separation process was
enhanced using a centrifuge (Thermo Fisher Scientific Sorvall Legend XTR, Bremen,
Germany). The centrifuge was also used in the soil sample preparation with the
appropriate rotor for the volume of the samples. Soil samples were prepared using an
automated fusion unit (M-4 fluxer, Corporation Scientifique Claisse, Québec, Canada).
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The parameters used for the sample preparation via fusion are shown in ESI (Table
S1).

Reagents

High purity water with a resistivity of 18.2 MQecm was produced in-house through a
Milli-Q water purification unit (Millipore, Etobicoke, ON, Canada). Solutions of individual
REE and Rh were purchased from SCP Science (Baie D’Urfé, QC, Canada).
Throughout this experiment, rhodium was used as an internal standard during the mass
spectrometric measurements. A stock solution of reagent grade Triton X-114 (Sigma-
Aldrich Canada, Oakville, ON, Canada) was used as a surfactant in the CPE. Other
reagents used for the system included: KBr (Anachemia Chemical, Montreal, QC,
Canada), KBrO3; (J.T. Baker Chemical co., Phillipsburg, NJ), and cetyl trimethyl
ammonium bromide (CTAB) (Acros Chemicals, Ottawa, ON, Canada). These reagents

were used as received, without further purification.

Reference materials of coastal origin IAEA-384 and soil of San Joaquin NIST-2709a
were purchased from the International Atomic Energy Agency (IAEA, Monaco) and
National Institute of Standards and Technologies (NIST, Gaithersburg, MD),
respectively. Bauxite residue samples of unknown origin were provided by Rio Tinto
Alcan (Montreal, QC, Canada). The DGA derivative was synthesised using a original
procedure proposed by Horwitz et al.” for TODGA, modified by using the appropriate
amine to yield (i-pr)DGA. The synthesis was performed using Sigma-Aldrich reagents
(Sigma-Aldrich Canada, Oakville, ON, Canada). Purity was assessed via NMR
spectroscopy using a Bruker AC 300 MHz NMR 'H. (i-pr)DGA was dissolved in an
aqueous solution of Triton X-114 to enhance its solubility. Sample fusion was performed
using either lithium metaborate or a mix of lithium tetraborate and lithium metaborate,
according to the nature of the sample. A flux/sample mass ratio of 3.4/0.5 was used
throughout the experiment. The fused sample was then subjected to a silica
condensation procedure® to eliminate silica and nebuliser clogging before being pre-
concentrated by CPE.

Page 6 of 23
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CPE system

Aliquot samples with volumes of 6.5 mL were adjusted to approximately 1-3 M HNO3
through the addition of acid. Typical parameters were calculated for the aforementioned
sample solution volumes, even though a scaled-up version of the procedure could be
used to perform the analysis on larger volumes. 100 uL of a solution of 0.01 M of CTAB
was added to the aliquoted samples, followed by 400 pL of an aqueous solution
containing 4.3 mM of the DGA derivatives dissolved in 22 mM of TTX-114. 0.15 mL of
0.1 M KBrO3 and 0.5 ml of 0.2 M KBr were added to complete the CPE system.

After the addition of all reagents, the solution was left to stir in a sealed falcon tubes in
an ice-water bath for 30 minutes to reach equilibrium. Following this equilibration period,
the solution was left to settle until it reached room temperature. Then, the solutions were
centrifuged at 4700 G for 10 minutes at a temperature of 20°C. Finally, the surfactant
rich phase (SRP) was isolated from the supernatant by removing the latter phase. Both
of these solutions were analysed by ICP-MS, following dilution with the appropriate
molarity of HNO3, without any other treatment.

A summary of the optimal CPE system conditions is presented in Table S2.* Using these
conditions, analytical figures of merit were calculated using the equations presented in
ESI?

Results and discussion

Optimisation of CPE Conditions

Effect of the chelating agent

The choice of (i-pr)-DGA (structure shown in Fig. 1) as a ligand is based on the
knowledge that numerous members of the DGA family have demonstrated affinity for
REEs, especially the octyl derivative®®. For CPE applications, the selection of a
derivative with a shorter side chain is necessary to ensure a balance between

hydrophilicity and hydrophobicity. First, sufficient hydrophilicity is needed to ensure

7



©CoO~NOUTA,WNPE

179
180
181
182
183
184

185
186
187
188
189
190
191
192
193
194

195
196
197
198
199
200
201

202

203
204
205
206

Analytical Methods

interaction between the ligand and the analyte, while hydrophobicity is required to
maintain the complex formed within the micelle resulting in a proper extraction.
Therefore, the long chains of TEHDGA were dramatically shortened to enhance
hydrophilicity, resulting in an increase aqueous solubility.>> *' The isopropyl chains were
also chosen because of their branched nature, which is expected to impact the bite
angle. This mimics the TEHDGA used in a commercial solid phase extraction cartridge.

Using (i-pr)DGA as a ligand, the method was highly efficient for lanthanide extraction as
a plateau was obtained for a relatively low concentration of ligand (Fig. 2a) and was
maintained as the ligand concentration increased. In fact, the extraction was quantitative
for all lanthanides except for Gd. (Fig. 2a) A drop-off in extraction for Sm, Eu, and Gd
compared to other lanthanides has already been reported using DGA analogues.30 A
DGA derivative using an isopropyl side chain attached to calixarene core, also showed
some reduction of complexation for Gd *? and lighter REEs in comparison to heavier
REEs, which was not observed in our CPE system. This discrepancy could be attributed
to the absence of a macromolecular structure, which restricts the possible molecular

arrangement.

Extraction was attempted without a chelating agent to ensure that the extraction was in
fact due to (i-pr)DGA and not to other components of the CPE method. Aside from Sc,
the extraction was less than 5 % for all REEs, highlighting that the ligand is the driving
force of the extraction process. This should translate into enhanced method selectivity
(see Figures of Merit section). Furthermore, the increase in the ligand concentration did
not impact the formation of micelles even at concentrations as high as 180 yM. For the
other experiments, the (i-pr)DGA concentration was fixed at 165 pM. (see Table S2)

Effect of Bromate

Labrecque et al. recently demonstrated the use of bromate as an agent to induce the
extraction of plutonium at highly acidic pH values.>®* Bromate, in the presence of an
excess of bromide, comproportionates to form bromine, which efficiently shields the
micelles from the disrupting effect of high-solids matrices in highly acidic conditions. The

Page 8 of 23
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bromine formed has a tendency to stay at the water-micelle interface, due to its high
polarisability. This results in an apparent constant chemical environment, which is
desirable for the micelles. However, in our previous studies on plutonium, it was
impossible to discriminate between the protective (via bromine formation) and oxidative
role of bromine with Pu(lV). Since rare earth elements all exhibit a trivalent oxidation
state (with the exception of Ce in specific redox conditions), the fact that extraction
efficiency increases with the addition of bromate (Fig. 2b) confirms the protective effect
of bromine on the micelles in highly acidic environments. Furthermore, the quantitative
extraction of Ce also indicates that the presence of bromate is not sufficient to oxidise
Ce>* to Ce™. For the remaining experiments, KBrOs and KBr concentration were fixed at

1.5 mM and 10 mM, respectively.

Effect of the nature and concentration of the acid

Tests were performed to determine the impact of the type of acid (HNO3; and HCI) on
extraction, as well as at which concentration it is maximal. (Fig. 2c and 2d) Extraction
was quantitative between 0.1 and 2 M, independently of the nature of the acid.
Extraction also decreased drastically above the aforementioned concentration for both

acids.

The quantitative extraction behaviour observed in acidic conditions is much better than
other CPE systems which operate in neutral-to-basic media (Table 1). Indeed, it was
demonstrated that acidic conditions increase the selectivity of CPE by decreasing the

d,3* 3% which should have a direct

number of ions that were chelating with the ligan
impact on the decontamination factor. Furthermore, the acidic character of the CPE
solution significantly reduced the potential formation of hydroxide, thus decreasing the
precipitation of those hydroxides in the coacervate. For the remaining experimentation,

acid concentrations were fixed between 1 and 2 M HNOs.
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Effect of the surfactants

Tests were performed to determine the optimal concentration of both the cationic and
non-ionic surfactants. (fig. 2e and f) CTAB was added, as it has a demonstrated ability to
enhance the solubility of polar molecules. It was also presupposed to be an efficient way
to tune the cloud point temperature of the system. However, as illustrated in Fig 2e, the
presence of CTAB had little effect on extraction efficiencies, suggesting that with the
current experimental conditions, the cloud point temperature was already tuned to the
appropriate temperature. Nonetheless, small quantities (100 mM) were added to the
extraction system, as it can induce a charge in the micelles, creating repulsion of the
micelles and of the ion in solution®®, which is a desirable feature in digested solid

samples.

TTX-114 was chosen as a non-ionic surfactant due to its near-ambient cloud point
temperature (CPT) and its well-established physical properties and behaviour in an
extractive system.20 The response in extraction efficiencies as a function of TTX-114
concentration are in agreement with the established critical micelle concentration (cmc)
of 0,8 mM. In fact, the best results are obtained when the surfactant concentration
approaches this value. However, extraction is possible for concentrations below the
cmc, which could be due to the addition of CTAB. Although parameters are shown to be
optimised individually, the multivariate nature of such a system cannot be denied.
Furthermore, at higher concentrations of surfactant, the CPT was shown to increase,
thus diminishing the extraction efficiency.”® For the remaining experimentation,
surfactant concentrations were fixed at 100 yM for CTAB and at 1.07 mM for TTX-114.

Analytical Figures of Merit

The proposed methodology combines cloud point extraction and ICP-MS, enables low
detection limits (Table 2), selectivity (Table 3), and high recoveries for environmental
samples (Table 4-5). Details of its features follow. While most published CPE
methodologies for REE yielded quantitative extraction efficiency similar to that reported
for the proposed approach (>97%), they generally lack the high level of preconcentration

10
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achieved here (>140). This is due to the fact that large volumes of surfactants are
required to maintain the stability of the micellar structure in acidic conditions. The in situ
formation of Br,, which acts as a protective barrier to significantly enhance stability,
reduces the amount of surfactant needed. This directly translates to a smaller

coacervate phase and thus a higher preconcentration factor.

When comparing CPE methodologies for REE, the type of sample matrices on which the
separation is performed must be taken into consideration. With the exception of the
approach proposed by Li and Hu®, all other published CPE methodologies targeted
liquid samples, avoiding the issue of compatibility with chemical dissolution approaches.
In this study, borate fusion was investigated as a chemical dissolution strategy. The
main reasons for selecting this dissolution method over acid digestion were its
robustness, high analytical throughput, and ability to completely dissolve soil samples,

including refractory fractions.

The latter aspect is critical as it has previously been demonstrated that lanthanide
oxides are also refractory; 37 they could therefore be found in undissolved residues, and
this resulted in an underestimation of the REE content. Detection limits (Table 2) were
determined for solutions containing borate fusion flux, representative of digested soil
samples. The reported detection limits are lower than those of previous CPE methods by
up to 2 orders of magnitude, and are lower than those obtained from direct analysis of
an LiBO, matrix by ICP-MS (0.9 to 400 ng L™"). These results provide evidence that the
developed method is effective at preconcentrating REEs and reducing potential
interference. However, as expected, the method showed detection limits slightly higher
than the ones calculated for pure acid solutions (0.1 to 30 ng L™"). As the detection limits
for the CPE approach are lower than the ones from direct analyses of the flux solutions,
it also indirectly demonstrates that the proposed method leads to the exclusion of many
of the major constituents of the matrix. This is confirmed by the assessment of
decontamination factors. (Table 3) Even if the proposed method was developed with the
objective of providing preconcentration for solid environmental matrices, it could be used

for liquid samples with little modification.

11
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The selectivity is an important feature of CPE as matrix ions can greatly interfere with
measurement. In fact, the presence of Ba has been proven to induce interference for
masses between 145 and 155 (Nd, Sm, and Eu) due to the formation of oxide/hydroxide,
which limits trace determination.’® Furthermore, the presence of high-solids matrices
affects the plasma, as a result of the high mass loading. Decontamination factors are a
parameter of choice to measure the method selectivity. DF represents the ratio of the
concentration of an element in the aqueous phase on the one in the coacervate. For
example, a DF of 2 indicates that 66% of an analyte remains in the aqueous phase, a
proportion that could increase to 95% for a DF of 20. The proposed method successfully
removes ions from the matrix and provides fractions less loaded with inorganic ions than
the initial sample, as displayed by the DFs (Table 3). Such DFs are particularly
interesting as one of the main drawbacks of the use of lithium fusion as a digestion
strategy is that it induces a high concentration of lithium and boron into the solution. As
the DF for Li* and B** are high (>50), this tends to minimise the level of these ions in the

nebulised solution.

Furthermore, high DFs are obtained for the most abundant alkaline earth and transition
metals analysed. For Ba and Zn, DFs are lower; their concentrations in solution
approach the detection limits, which hamper the calculation of a more precise DF.
Finally, even with their analogous oxidation states, ions such as Fe**, Cr**, and AP
were not found to interfere in the extraction of REEs and showed excellent DF(>50).
Samples of coastal sediments (IAEA-384) and soils (NIST-2709a) were measured to
confirm that the REE recoveries were high for samples of different origins.

12
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To confirm the method’s performance, two approaches were tested: standard addition,
and validation through the use of a reference material. The standard addition approach
showed that the extraction yields are quantitative (>94%) for all REEs except Sc in the
IAEA-384. (Table 4) This behaviour is expected as lighter REEs tend not to bind as
strongly with DGA derivatives.®® For NIST-2709a, recoveries assessed by standard
addition displayed high extractions (>90%) for all REEs except La, Ce, and Tb.

The proposed CPE strategy was used to quantify REEs in various environmental
matrices. (Table 5) REE concentrations from nanograms to tens of milligrams per
kilogram were measured in the digested samples. For NIST-2709a, agreement was
obtained between the experimental data, and reference and information values.®®
Quantitative results from bauxite residues show concentrations of REEs comparable to
those reported in Indian bauxite®, but approximately one order of magnitude lower than
those reported by Wagh and Pinnock for Jamaican bauxite residues.*® Furthermore, the
determination of REEs in these samples shows the potential applicability of the CPE

methodology in industrial waste and effluent.

The concentrations of lanthanides in IAEA-384 determined by our approach were similar

. 41

to those reported by Dupuy et a in samples collected in the region. The lanthanide

profile they observed also matched the one determined over the course of this analysis.
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Conclusions

A new cloud point extraction method was developed for the preconcentration and
subsequent analysis of rare earth elements in solid environmental samples by ICP-MS.
This method, compatible with digested environmental matrices, results in quantitative
recoveries, as validated with a standard reference material, and a high preconcentration
factor. There are many other potential applications for this preconcentration approach.
These include the determination of precise isotopic signature of REEs, which could

confirm nuclear anthropic contamination, and recycling of REEs from e-waste.
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436 Table 1 : ICP-MS conditions used for rare earth elements analysis
437
Tune Parameters
Parameter Value Parameter Value
Plasma parameters Acquisition
45, 89, 103, 139,
140, 141, 146,
IPlasma Mode Hot IMonitored masses 153, 157, 163,
165, 166, 169,
172,175
IPlasma Gas Flow Rate 15.1 L'min-1 [Reading mode Peak hoping
)Auxiliary Gas Flow Rate 0.7 L'min-1 [Detector mode Pulse counting
Makeup Gas Flow Rate 0.44 L'min-1 [Integration time 120 msec
RF Power 1500 W Dwell time 12 msec
Reflected Power >5W
Lense Parameters (volts) Q1 parameters (volts)
[Extract 1 6.7 Q1 bias -8.0
[Extract 2 -230 Q1 pre-filter bias -44.0
Omega Lens 27.2 Q1 post-filter bias -26.0
Q1 Entrance -3
Q1 Exit 2
Cell focus -1.0
Deflect 13.8
OctP RF 150
[Energy Discrimination 5.0
438
439
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440 Table 2: Analytical Figures of Merit for the proposed methodology in comparison
441 with other published CPE approaches for REE preconcentration and analysis.

. Extraction
Type of Instrument LOD Preconcentration Efficiency Reference
Sample (ng/L) factor 0
w0 (%)

11 Soils ICP-MS 0.2 to 30 >140 >97 This work

©CoO~NOUTA,WNPE

13 River Water | ICP-OES | 2to 103 15 91 to 100 Depoi et al.”!

14 Tea leaves
15 and ICP-OES | 69 to 600 5-9 quantitative Li and Hv’
16 mushroom
17 442 LOD = Limit of detection.

19 443 Table 3: Decontamination factors of various ions found in solid
21 444 environmental matrices (average for NIST-2709a and bauxite residues)

o3 445 digested by lithium fusion

25 IDecontamination

26 Element Factor
27 n=8

AP 61+4

30 B 5343

32 Ba*" >20

34 Ca** 36+3

cr’t 180 + 50

37 Fe** 53+ 4

39 Li" 57+9

41 Mg”" 171+17

Mn?* 25.8+0.2

44 St 65+ 14

46 Ti* 63+15

48 Zn* > 24

50 446

53 447

59 19
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448
449

450

451

20

Table 4: REE recoveries determined by standard addition in environmental

Analytical Methods

samples using CPE.

Recovery
Element IAEA-384(% : SDI\)IIST—27O9a
n=4 n=4
Sc 78 +2 10749
v 103 +4 94+ 10
La 94+9 78+12
Co 96+ 9 84+ 11
Pr 99 +5 103 + 14
Nd 101 + 10 92+13
Sm 99 +5 90+ 13
Eu 99 +4 97 +11
Gd 98+£5 101+13
Tb 99 4 86 +12
Dy 99 + 4 92+12
Ho 100 + 4 93+12
Er 98 + 4 99+ 12
Tm 99 + 4 102+ 12
Yb 97 £ 4 100+ 13
Lu 98 +4 99+ 11
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452 Table 5: Concentration (mg kg™') of REEs in environmental matrices and
453 reference material

NIST-2709a (n =4)" Bauxite residue IAEA-384
(n=4) (n=4)

©CoO~NOUTA,WNPE

Element
10 Measured Expected™

11 Sc 11.840.6 11.1+0.1. 50+ 1 10+5

13 Y 12.1+£0.2 N.A. 71+1 2.0+0.8

15 La 204 21.7£0.4 50+1 19+2

Ce 43 +4 42 +1 93+ 1 0.22+0.05

18 Pr 54+04 N.A. 8.8+£04 0.052 +0.009

20 Nd 22+£2 17 282+09 0.04 + 0.009

Sm 43+0.2 4 59+04 0.017 +0.004

23 Eu 0.9+0.1 0.83 +0.02 1.3+£0.4 0.014 + 0.001

25 Gd 43402 3.0+0.1 8.0+0.3 0.032 % 0.005

Tb 0.50 £0.02 0.5 1.3£04 0.030 + 0.003

28 Dy 32+04 3 11.2+03 0.020 + 0.003

30 Ho 0.60 £ 0.06 N.A. 23+£02 0.029 +0.003

Er 2+04 N.A. 8.5+£03 0.018 +0.002

33 Tm P N.A. 13+0.2 0.017 + 0.002

35 Yb 20+£0.2 2 10.3+£0.3 0.012 £ 0.004

37 Lu 0.5+0.09 0.3 1.2+0.2 0.016 + 0.005

38 454 N.A. — not available
39 455 a. Values in italic are information values
40 456 b. Tm was used as a recovery tracer

41 457
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Figure 1: Structure of the (i-pr)-DGA ligand.
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464

465
466
467

Figure 2 Influence of various parameters [a) ligand, b) KBrOs3, ¢) nitric acid, d) hydrochloric acid, e) CTAB and f) TTX-114

concentrations] on the extraction of selected REEs with other parameters being kept constant (at the concentration shown
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in Table S2), using nitric acid. The optimal conditions used are represented as a dashed line.
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