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Improved rare earth element recycling using a
sustainable diglycolamide-based hydrophobic
eutectic solvent

B. Bernicot, a G. Arrachart, a S. Dourdain, a N. Schaeffer, *b A. C. Dias c

and S. Pellet-Rostaing a

The sustainable recycling of rare earth elements (REEs) is essential for environmental preservation due to

their significant role in facilitating green technologies. These elements are crucial for the ecological tran-

sition, especially in renewable energy systems. Hydrometallurgical techniques, such as liquid–liquid

extraction, are commonly used but often rely on a large volume of environmentally harmful volatile sol-

vents. Growing environmental concerns are encouraging industries to reduce their reliance on these

compounds, challenging the traditional extraction methods. Neoteric systems, such as deep eutectic sol-

vents (DESs), offer promising alternatives with advantageous physical properties and, in some cases,

better extraction performance. Despite their potential, they remain underutilized because they require

further optimization and understanding. This study focuses on the hydrophobic eutectic solvent (HES)

N,N,N’,N’-tetraoctyldiglycolamide (TODGA) and decanoic acid for the extraction of REEs from a nitric acid

leachate. The results are complemented by a systematic comparative study between the hydrophobic

eutectic solvent and the traditional solvent equivalent for REE extraction. The HES exhibits enhanced

extraction performance and achieves extraction efficiencies for the lanthanides with distribution coeffi-

cients ranging from 30 to 20 000. Under the conditions considered, the extraction efficiencies are greater

than 96%, demonstrating selectivity against iron, with a SFDy/Fe > 10 000. UV-vis-near infrared measure-

ments support the hypothesis of a similar extraction mechanism to that in the conventional reference

solvent, attributing the higher obtained extraction efficiency to the greater concentration of TODGA in

the HES, without the need for a phase modifier to prevent phase separation. The eutectic mixture also

exhibits lower volatility (16 times less than the conventional system studied) as measured by thermal gravi-

metric analysis (TGA), improving the operational safety and environmental sustainability of the extraction

process. A life cycle assessment further demonstrates this improvement, showing more favourable results

for the HES system to purify 1 kg of neodymium (Nd).

Green foundation
1. This work investigates the recovery of rare earth elements by solvent extraction from waste permanent magnet leachates using a hydrophobic eutectic
solvent (HES) composed of N,N,N′,N′-tetraoctyldiglycolamide (TODGA) and decanoic acid.
2. Compared to conventional diluent-based solvent extraction, the HES system exhibited a similar extraction mechanism but an enhanced extraction perform-
ance, with excellent selectivity against iron and boron without the need for diluents or phase modifiers.
3. A comparative life cycle analysis of the separation indicates a lower environmental impact of the HES to purify 1 kg of neodymium relative to a traditional
solvent extraction phase due to its lower volatility and greater metal loading capacity.

1 Introduction

The production of minerals and metals currently accounts for
approximately 10% of global energy-related greenhouse gas
emissions, due to its high energy demand.1 In 2022,
96 million tons of electronic goods were placed on the market,
generating 62 million tons of e-waste, an issue that is expected
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to increase to 82 million tons by 2030. Recycling rates for
metals, such as rare earth elements (REEs), remain below 1%,
highlighting the need for significant progress to achieve a truly
circular economy.2 The specific case of REEs is crucial for
environmental sustainability due to their role in enabling
green technologies and sustainable solutions. Sustainable
extraction and recycling of REEs is therefore necessary to close
the resource cycle, both by targeting extraction processes with
low environmental impact and by recovering metals from end-
of-life devices.

Among the various metallurgical processes, hydrometal-
lurgy is recognized as an environmentally friendly alternative
due to its ability to recover metals from low-grade matrices,
milder process conditions, greater flexibility, solvent regener-
ation, and limited gaseous emissions.3,4 Solid–liquid extrac-
tion with ion-exchangers or sorbents is often considered as it
is an efficient method that uses small amounts of sorbents
and exhibits proper regeneration and good stability. However,
it provides reduced loading capacity and selectivity compared
to the liquid–liquid extraction process.5,6 Ion foam flotation
techniques7,8 are also increasingly being investigated as they
allow effective regeneration of the extracted material and
minimal waste generation, but they still have limited applica-
bility. As such, the current industrial hydrometallurgical
process primarily relies on solvent extraction to transfer metal
ions, such as lanthanides9 or actinides10–12 from leachates to
an immiscible organic phase.13 However, solvent extraction
has important drawbacks such as the use of significant
volumes of effluents, which are often environmentally toxic
and volatile. Traditional solvents commonly used in solvent
extraction such as kerosene, tetrahydrogenated propylene,
n-dodecane, n-hexane, chloroform and toluene are widely
known to pose environmental and health risks: volatility,
flammability, and toxicity.14 These effluents are associated
with air pollution issues such as smog and ozone depletion
and groundwater contamination.15,16 In this context, the devel-
opment of new types of solvents with higher efficiency and a
lower environmental impact is crucial.

The quest to reduce the impact of organic compounds in
metal recovery has led to the exploration of various alterna-
tives. Solvents presenting lower volatilities, including ionic
liquids, have emerged as advanced options.15 Despite their
widespread application in metal recovery,17–19 these solvents
face limitations in large-scale implementation owing to their
resource-intensive synthesis, high cost, and increased viscosity
compared to conventional solvents. Recently, hydrophobic

eutectic solvents (HESs) have gained attention as a promising
substitute for traditional organic phases in solvent extraction
following their introduction by van Osch et al.20 HESs are
characterized as low-melting binary mixtures21 consisting of a
hydrogen bond acceptor (HBA) and a hydrogen bond donor
(HBD), with hydrogen bonding between these components
resulting in potential deviations to ideality.22 The unique
liquefaction property of HESs enables it to incorporate sub-
stantial amounts of extractant molecules as either HBA or
HBD. Initial research focused on HESs incorporating ionic
quaternary ammonium and carboxylic acids for the extraction
of various metals, including chromium, iron, platinum group
elements, and other metals.23,24 However, HESs encountered
challenges similar to ionic liquids, such as high viscosity and
substantial cost. The concept of deep eutectic solvents has
since evolved to include type V systems,25–27 which are mix-
tures of two non-ionic compounds that exhibit significant devi-
ations from ideal behavior due to enhanced intermolecular
hydrogen bonding. This non-ionic nature addresses traditional
issues associated with ionic HESs and expands potential appli-
cations. For instance, researchers have employed an HES com-
posed of trioctylphosphine oxide (TOPO) as the acceptor and
bio-derived donors such as fatty alcohols or acids to extract
transition and platinum group metals,25 as well as the uranyl
cation28 or lanthanides.29,30 These studies have yielded prom-
ising results in terms of loading capacity and selectivity,
although the efficacy of HESs is strongly influenced by the
specific compounds used in their formulation. In addition to
their performance, several advantages are commonly cited to
justify the use of HESs, including low volatility, the absence of
third-phase formation, potential biosourcing of HES com-
ponents, reduced toxicity, and lower viscosity compared to
ionic systems.29 However, comprehensive studies evaluating
these claims are still lacking.

With this in mind, our study aims to investigate new HES
systems for lanthanide recovery. We selected the N,N,N′,N′-tet-
raoctyldiglycolamide (TODGA) and decanoic acid (DA) HES
system, which was previously described to form a eutectic
mixture31 but has never been used as an extracting phase for
lanthanide extraction (component structure presented in
Fig. 1). TODGA was chosen for its well-known efficacy as an
extractant for lanthanide and actinide(III) recovery32–34 and its
excellent HBA capability. DA is a biosourced compound that
was applied as an HBD in HES mixtures as it is more resistant
to chemical degradation under acidic and/or oxidizing con-
ditions compared to alcohol or phenolic HBDs.30 The HES

Fig. 1 Compounds of the HES.
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mixtures of TODGA and DA were evaluated under various con-
ditions to assess their potential as a replacement for conven-
tional systems for the recovery of REEs from real permanent
magnet leachates. The extraction of REE elements and com-
petitive metals was measured for the TODGA/DA mixtures after
their contact with different aqueous REE leachates. Key para-
meters such as loading capacity, metal stripping efficiency,
solvent reuse, viscosity, volatility and phase separation were
investigated. The results were systematically compared with
those obtained using a reference organic phase simulating a
conventional process (TODGA in dodecane with a phase modi-
fier). The key point of this study is to compare the feasibility of
a lanthanide recycling process using eutectic solvents with a
conventional process using a diluent and an extractant. A pre-
liminary mechanistic study was performed to explain the
superior performance of the HES. Finally, since the HES
systems are often claimed to be more sustainable, a life cycle
assessment (LCA) was conducted to objectively compare the
environmental sustainability of the HES system with that of
the conventional extractant system.

2 Methodology
2.1 Materials

Aqueous phase. Lanthanide nitrate salts with a purity of
>99% (Ln(NO3)3·xH2O: La, Nd, Eu, Dy, Gd, Y, and Yb) and Fe
(NO3)3 were purchased from Sigma-Aldrich and used without
further purification.

Leaching agents. Nitric acid (69.5%), acetic acid (99%), sul-
furic acid (96%), and hydrochloric acid (37%) were purchased
from Carlo Erba and used without any further purification.

Organic phase. Decanoic acid (DA), 1-octanol, and
n-dodecane were purchased from Sigma Aldrich and used
without any further purification. N,N,N′,N′-tetraoctyl-3-oxapen-
tanediamide (TODGA) was synthesized (purity > 95%) accord-
ing to a procedure adapted from the literature35–37 with 1H
and 13C NMR spectra in agreement with those reported in the
literature. Synthesis details are provided in the SI.

Stripping agent. Ethylenediaminetetraacetic acid (EDTA)
was purchased from Sigma Aldrich and used without any
further purification. N,N,N′,N′-tetraethyl-3-oxapentanediamide
(TEDGA) was synthesized (purity > 95%) according to a pro-
cedure adapted from the literature.35–37

2.2 Analytical methods

Concentrations of metals in the aqueous phase were measured
by inductively coupled plasma/optical emission spectroscopy
(ICP-OES Spectro Arcos – AMETEK Materials Analysis). The ICP
calibration samples were prepared from 1000 ± 4 mg L−1 iron,
lanthanum, neodymium, europium, dysprosium, gadolinium,
ytterbium and yttrium standard solutions (SCP Science Plasma
Cal). Uncertainties in metal concentrations were statistically
determined by repeated measurements. As commonly defined
in liquid–liquid extraction, the distribution ratio DM of an
element M corresponds to the ratio between the concen-

trations of this element in the organic and aqueous phases at
equilibrium. The metal concentration in the organic phase at
equilibrium, [M]org, eq was estimated by the difference between
the initial concentration in the aqueous phase, [M]aq, ini, and
the concentration at equilibrium, [M]aq, eq (eqn (1)).

DM ¼ ½M�org; eq
½M�aq; eq

¼ ½M�aq; i � ½M�aq; eq
½M�aq; eq

� Vaq
Vorg

ð1Þ

DM: distribution coefficient of metal M, [M]org and [M]aq: con-
centration of metal M in the organic phase and in the aqueous
phase, i and f are the initial and final concentrations, [M]aq, i

and [M]aq, f are determined by ICP-OES. A previous study on
the HES system shows that the two phases are not significantly
miscible,31 and the absence of a third phase allows reliable
mass balance to determine the distribution coefficient.

Furthermore, the separation factor for a specific metal con-
cerning another metal is defined by the ratio of their respect-
ive distribution coefficients (2):

SFM1=M2 ¼ DM1

DM2
ð2Þ

The viscosity measurement was performed with a Microvisc
from Rheosense at a temperature between 25 °C and 50 °C
with a shear rate of 200 s−1; two microchips were used, one for
a viscosity range from 0 to 100 mPa s and the other one with a
range from 60 to 5000 mPa s when the samples show a higher
viscosity than 100 mPa s. Measurements were made 5 times
with an error of less than 5%. 100 µL of samples from the
organic phase after contact with metallic solutions at different
concentrations were used for the different experiments.

UV-vis-near infrared spectra (NIR) were recorded between
350 nm and 850 nm with a Shimadzu UV-3600 spectrometer
and a deuterium source for UV measurements and a tungsten
source for the vis-NIR region, in quartz cells with a 2 mm
optical path. The absorbance of contacted, pre-contacted, and
non-contacted samples was measured using an empty cell in
the second beam as a reference. Subtractions were calculated
post-processing.

2.3 Leaching of permanent magnets

NdFeB magnet powder was used as the NdFeB waste stream in
its original form (as received from Terra Nova Development
TND, particle size <1 mm). The extraction experiments focused
on extraction in a real NdFeB permanent magnet leachate in
different inorganic acid media, namely HCl, HNO3, and
H2SO4, for a fixed acid concentration of 1.0 mol L−1. The
magnet powder is placed in the acid medium and then stirred
at 200 rpm for 16 h at 25 °C with a solid to liquid ratio of 0.07
(S/L = 1/14 g mL−1). After centrifugation at 4000 rpm for
20 min, the supernatant was collected and filtered (Vivaspin
20 PES 30 kDa MWCO) before being placed in contact with the
eutectic mixture for extraction. A modified protocol was
applied for acetic acid leaching, where the magnetic powder
was contacted with 1.6 mol L−1 acetic acid heated to 60 °C for
24 hours with a solid to liquid ratio of 0.02 (S/L = 1/50 g mL−1).

Green Chemistry Paper

This journal is © The Royal Society of Chemistry 2025 Green Chem.

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 3

1 
Ju

ly
 2

02
5.

 D
ow

nl
oa

de
d 

on
 9

/8
/2

02
5 

10
:3

2:
24

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5gc01707f


After stirring, the solution obtained is centrifuged at 11 000
rpm for 5 minutes and the supernatant is filtered through cell-
ulose (0.45 μm). This solution was then used to perform the
solvent extraction step with the eutectic system.

2.4 Solvent extraction procedure

Eutectic preparation. The mixtures of TODGA (HBA) with
DA, by varying the HBA molar fraction (xHBA), were prepared
gravimetrically in glass vials (10 g). They were mixed by mag-
netic stirring (300 rpm) and heated at 60 °C until they lique-
fied and then allowed to cool at room temperature for 8 hours.
If no demixing or recrystallization was observed, the mixture
was then used for the liquid–liquid extraction step.

For extractions using synthetic leachates, the aqueous
phases were prepared by dissolving the salts of rare earth
nitrates and iron(III) nitrates in water at the desired concen-
tration. The REEs selected are: La, Nd (light rare earths), Eu,
Gd, Dy, Y, and Yb. Concentrated nitric acid (69%) was then
added to obtain a solution of REEs at the desired nitric acid
concentration. The solutions were then titrated to determine
the actual concentration of nitric acid in the solution.

Equilibration. Before contacting the aqueous metal solution,
we first carried out a pre-contact step between the HES and the
aqueous phase containing the same acid concentration as the
metal solution. This step allows the HES to be balanced in
terms of water and acid. Contact and pre-contact are carried
out with an organic to aqueous (O/A) ratio of 1/2. The pre-
contact stage is carried out with stirring at 250 rpm for 1 hour
at 25 °C. This was followed by centrifugation at 8000 rpm for
10 min. Solvent extraction experiments were carried out in
5 mL Eppendorf vials. The acid-equilibrated organic phase was
then separated from the aqueous pre-contact phase and con-
tacted with the metal solution. Each extraction was carried out
by contacting an aqueous phase with an organic phase pre-
equilibrated in a 5 mL flask stirred at 250 rpm in a thermosta-
tically controlled cell (Infor-ht® ecotron) at 25 °C for 1 hour
and aqueous and organic phases were separated by centrifu-
gation at 8000 rpm for 10 min (Rotina 380R).

Optimization. A kinetic study of REEs and Fe extraction was
conducted to ensure that equilibrium is reached in all extrac-
tion experiments. Different HES mixtures with xTODGA = 0.3
were contacted with an aqueous phase (HNO3 1 mol L−1) con-
taining 0.005 mol L−1 Fe, La, Nd, Eu, Gd, Dy, Y and Yb, for dur-
ations ranging from 1 minute to 2 hours at 250 rpm.
Subsequently, the samples were centrifuged at 8000 rpm for
1 minute prior to phase separation. Fig. S1 demonstrates that
thermodynamic equilibrium is reached in less than 1 minute
for the various REEs, except for lanthanum which requires 5 to
10 minutes to reach equilibrium after contact.

The aqueous phases obtained from the extractions were
diluted in 1% nitric acid and analyzed by ICP-OES.

Stripping and reuse. Each stripping was carried out by con-
tacting an aqueous stripping phase with the organic loaded
phase in a 5 mL flask stirred at 250 rpm in a thermostatically
controlled cell (Infor-ht® ecotron) at 25 °C. At the end of the
shaking period, the mixture was centrifuged (8000 rpm –

10 min) and the aqueous and organic phases were separated
from each other.

The aqueous phases obtained from the extractions were
diluted in 1% nitric acid and analyzed by ICP-OES.

The stripping yield corresponds to the ratio between the
concentrations of this element in the aqueous phase after
stripping and in the loaded organic phase before stripping at
equilibrium, expressed in % and equal to (3):

% Stripping ¼ ½M�aq; sp
½M�org; load

� Vaq

Vorg
� 100 ð3Þ

where [M]aq, pt and [M]org, load are the concentrations of the
metal ions in the stripping aqueous phase after stripping and
in the loaded organic phase before stripping, respectively.

The recyclability of the organic phase was evaluated
through 5 cycles of extraction and stripping with the same pro-
tocol as above, and after each step, the metal concentration
was determined by ICP-OES with the aqueous phase obtained
from the extraction and diluted with 1% nitric acid.

2.5 Determination of extraction system stability over time

To evaluate the environmental impact of the HES systems com-
pared to a reference one containing the same TODGA extrac-
tant (0.25 mol L−1) in dodecane with 5% octanol as a phase
modifier, two experiments were carried out to evaluate the
thermal stability and volatility. Analysis was performed on pre-
pared solvents in the absence of metal ions. Thermogravimetric
analysis (TGA) was performed on a Mettler Toledo (Greifensee,
Switzerland) TG device using STARe V 13.00 software.
Measurements were conducted in 150 μL alumina crucibles.
The mass loss was measured between 25 and 700 °C with a
ramp of 10 °C per minute. After the experiment, the crucible
was cooled down under air flow. To determine the sample vola-
tility closer to industrial application, 1 gram of HES sample for
xTODGA = 0.3 and 0.45, as well as the reference systems, was
kept in an oven (Venticell® from MMM Medcenter, Germany)
at a fixed temperature of 50 °C for 2 months and weighed daily
with a Mettler Toledo XS205 analytical balance with an accu-
racy of ±0.00001 g.

2.6 Environmental impact

The environmental impact was evaluated at the laboratory
scale by applying the LCA methodology according to ISO
1404038 and ISO 1404439 standards. LCA involves quantifying
the environmental impacts of products, processes or systems
throughout their life cycle. A cradle-to-gate approach was
adopted including the raw material production and solvent
extraction stages. Data on the amounts of chemicals and elec-
tricity consumed, as well as volatile organic compounds
(VOCs) emitted during the solvent extraction stage, were
measured during the experiments (Tables S1 and S2). Data on
the environmental impacts of the production of the reagents
and electricity consumed were sourced from the ecoinvent
v.3.9.1 database40 (Table S3). The impact assessment method
selected to convert the consumption of resources and emis-
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sions into environmental impacts was the Environmental
Footprint 3.1.41

3 Results and discussion
3.1 Extraction and separation

An important aspect of extraction with an HES is the effect of
the ratio of HBD to HBA components. In this section, the
ability of an HES to extract REEs and iron (Fe) was evaluated as
a function of the nitric acid concentration using three
different molar ratios for the TODGA/DA system (xTODGA = 0.3,
0.45 or 0.7). The results are compared with a reference system
consisting of 0.25 mol L−1 TODGA in dodecane with 5%
octanol, which is commonly used as a phase modifier to
prevent third phase formation (Fig. 2 and Fig. S2, S3). The
experiments were conducted with different acidities in the
aqueous phase (0.1, 1.0 and 3.0 mol L−1 HNO3) and with a con-
stant concentration of 0.005 mol L−1 for all cations (Fe, La, Nd,
Eu, Dy, and Y) in the multi-element solution. The purpose of
extending the study to other REEs beyond those found in per-
manent magnets is to evaluate the potential of the HES for

intra-lanthanide separation as well as their separation from
other trivalent cation contaminants, represented by Fe.

Fig. 2 shows that the extraction of Fe remains consistently
low (D < 1) across all ratios and acidity conditions tested. In
contrast, the extraction of REEs is remarkably efficient for the
HES mixtures, with distribution coefficients ranging from 30
to an impressive value of 20 000, corresponding respectively to
extraction efficiencies of 96.77% and 99.99%, respectively
(Fig. S2). In addition, nitrates are conventionally known to play
a crucial role in the REE extraction mechanism with TODGA.
Consequently, the extraction efficiency increases with higher
concentrations of nitric acid in the initial aqueous phase and
is supported by the literature.42,43

In comparison, the reference system extracts significantly
fewer REEs, with a greater variation between light and heavy
REEs. In contrast to the HES systems, significant extraction of
heavy lanthanides occurs when HNO3 concentration in the
aqueous phase exceeds 1 mol L−1, while light REEs are
extracted to a lesser extent (with extraction percentages less
than 50%). These results are consistent with data from the lit-
erature, which reports that TODGA selectively extracts REEs
with a preference for of heavy REEs over light ones.44–46

Comparing the TODGA/DA mixtures with the reference system

Fig. 2 Distribution coefficient of lanthanides and iron for TODGA/DA systems at 0.1, 1.0, and 3.0 mol L−1 HNO3: (a) xTODGA = 0.3 ([TODGA] =
0.91 mol L−1), (b) xTODGA = 0.45 ([TODGA] = 1.13 mol L−1), (c) xTODGA = 0.7 ([TODGA] = 1.37 mol L−1) and (d) reference system TODGA at 0.25 mol L−1

in dodecane with 5% volume of octanol.
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(0.25 mol L−1 TODGA), it can also be observed that the
efficiency of REE extraction improves with increasing TODGA
content. The TODGA concentrations are 0.9, 1.13 and 1.37 mol
L−1 for the TODGA/DA mixtures (xTODGA = 0.3; 0.45; 0.7),
respectively. This observation supports the expectation that
TODGA acts as a primary promoter in the metal extraction
process. The HES systems also demonstrate greater values of
separation factors (Fig. S3) between lanthanides and Fe and
lower values for intra-lanthanide separation. This is consistent
with the higher TODGA concentration in the HES systems,
which enhances lanthanide extraction without significantly
discriminating between individual lanthanides. Conversely,
the reference system achieves greater lanthanide separation at
low acidity (Fig. S3a), with a separation factor of 7 at 0.1 mol
L−1 HNO3 between Eu and Dy, which are two of the more
closely related lanthanides. This is notably higher than the
separation factors below 2 observed for the HES. This effect is
even more pronounced with the separation factor between Dy
and La, which is about 1000 in the reference system compared
to just 10 in the HES system. An HES system could therefore
be advantageously applied to accumulate large amounts of
lanthanides and no Fe, while the reference system at low
acidity could be used as a secondary step to separate heavy
and light lanthanides.

3.2 Loading capacity

To evaluate the interest of the HES TODGA/DA system, it is
essential to quantify the maximum extraction of metal. The
loading capacity of Dy was measured by bringing the organic
phases in contact with the aqueous phases of increasing Dy
concentration. Different TODGA/DA mixtures (of xTODGA = 0.3,
0.45, and 0.7) were agitated for 1 hour at 250 rpm with an
aqueous phase (HNO3 1 mol L−1) containing Dy concen-
trations ranging from 0.1 g L−1 to 50 g L−1. These results were
compared with two reference systems using TODGA at
0.25 mol L−1 or 0.91 mol L−1 in dodecane containing 5% of
octanol.

Fig. 3 illustrates that the TODGA/DA (xTODGA = 0.3) system
can achieve a remarkable Dy recovery of up to 38 g L−1 at satur-
ation. This performance is further enhanced in the TODGA/DA
(xTODGA = 0.45) and TODGA/DA (xTODGA = 0.7) systems, which
can reach Dy recoveries of up to 54 g L−1 and 62 g L−1, respect-
ively. These extraction capacities significantly exceed those of
the conventional TODGA system (0.25 mol L−1) in dodecane
with 5% octanol, which reaches 13 g L−1. In particular, the
DES system with 30% of TODGA increases the extraction
capacity by a factor of 3 compared to the conventional system.
When comparing the performance at an equivalent TODGA
concentration (0.91 mol L−1) corresponding to xTODGA = 0.3,
the HES system and the conventional aliphatic solvent exhibit

comparable extraction efficiencies, with a
½Dy�

½TODGA� ratio of 3

to 4 for both systems as observed in previous studies.47–49

Although TODGA in the HES system does not provide a
superior extraction efficiency when using an equivalent

amount of TODGA in dodecane, the use of the HES system
offers distinct advantages over the conventional system: it
eliminates the need for a phase modifier to prevent third-
phase formation, allows the use of significantly higher extrac-
tant concentrations, and increases the metal loading capacity
without any issue related to phase demixing.50–52

As it can influence the mass transfer rates and the overall
efficiency of the extraction process, viscosity can be considered
as one of the main drawbacks of the HES compared to
the usual organic solvent/diluent used in liquid–liquid
extraction.28,29,53 Therefore, it is crucial to thoroughly evaluate
the rheological behavior of the HES to assess its suitability and
reliability for industrial processes. A comprehensive study of
HES viscosity, including temperature and concentration
dependencies, was therefore conducted. Using the same
organic phase that was used in the loading capacity experi-
ments at 25 °C, the viscosity was measured as a function of
temperature (Fig. S4) and of the Dy loading in the organic
phase (Fig. 4).

Fig. S4 and Fig. 4 show that the viscosity is consistently
higher for the HES than for the reference system, with values
increased by a factor of 2 to 3. However, this behavior, which
could pose challenges for the application, can be mitigated by
increasing the temperature. As illustrated in Fig. S4, the vis-
cosity decreases significantly, from 400 to 100 mPa s, when the
temperature is raised from 25 to 50 °C for an HES loaded with
50 g L−1 Dy. Both figures also show that the viscosity is highly
dependent on the metal extraction. In Fig. 4, a significant
increase in viscosity is observed after metal saturation, which
occurs around [Dy]aq, ini = 20 g L−1. The viscosity increases by a
factor of 4 compared to its initial value before contact, rising
from 71 mPa s to over 375 mPa s. This significant increase is
attributed to the transition from a system dominated by hydro-
gen-bonding interactions prior to extraction to one presenting
ionic interactions between TODGA–Dy clusters after
extraction.54,55 The emergence of these ionic interactions sig-
nificantly alters the rheological properties of the solution,

Fig. 3 Loading capacity of the Dy of TODGA in the HES and the con-
ventional system.
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highlighting the importance of understanding the molecular
interactions within the system to optimize the extraction
process and ensure an efficient phase separation. It is impor-
tant to note that the viscosity of organic phases can be signifi-
cantly affected by their interaction with aqueous phases,
especially after metal extraction.

In an industrial application, such increased viscosity could
hinder the efficiency of the extraction process. However, tra-
ditional mixer-settler systems could be replaced by centrifu-
gation to achieve clear phase separation. Furthermore, kinetic
experiments presented in Fig. S1 show that diffusion rates and
kinetics are not affected in this viscosity range.

3.3 Determination of metal speciation by UV-vis
spectroscopy

UV-vis spectroscopy experiments were performed to compare
the extraction mechanism of Nd in the HES system and in the
reference organic phase as it provides a unique signature of
the complex formed with the extracted metal. The UV-vis spec-
trum of Nd complexes was also measured in the initial
aqueous phase for comparison (Fig. 5). Nd was chosen as a
representative element for REEs and exhibits hypersensitive
transitions in the visible wavelength region that are affected by
complexation and notably by diglycolamide extractants.56,57

The UV-vis spectral signals indicate differences between the
aqueous and the organic phases, as evidenced by the shift of
peaks at 575 nm and 800 nm to higher wavelengths. This
observation is consistent with a distinct Nd environment in
the aqueous phase and its dehydration when it is chelated by
the TODGA extractant in the organic phase, as observed in pre-
vious studies.57

When comparing the spectra obtained from the HES and
the reference organic phase, it is evident that the spectral fin-
gerprints are identical, with no shift of the different peaks.
This indicates that the Nd environment remains unchanged

and that the DA is not directly involved in the metal extraction
process. Based on the results obtained for the loading capacity
and on the TODGA/REEs spectroscopic studies from the
literature,56,58,59 it can be hypothesized that Nd is extracted by
three TODGA molecules in the same metal environment in the
eutectic mixture and in the conventional organic phase. Since
DA is not involved in the extraction mechanism, the extraction
is only due to the TODGA component in the HES system,
which operates by solvation in the same way as in a conven-
tional solvent according to the eqn (4):

3TODGAðorgÞ þ Ln3þðaqÞ þ 3NO3
�ðaqÞ ! TODGAðNO3Þ3LnðorgÞ

ð4Þ
In order to evaluate the potential of the HES TODGA/DA

system as an alternative to a conventional organic phase,
additional key parameters essential for an efficient extraction
process are investigated in the following sections.

3.4 REE stripping and HES recycling

An important aspect to verify before asserting the reliability of
the process is the feasibility of back extraction, also known as
the stripping step. In industry, various reagents such as
nitrates, chlorides, sulfates, and also extractants are used as
stripping solutions.60–63 Therefore, a preliminary screening of
various stripping agents was first carried out. After prior
contact with an aqueous metal solution of 1 mol L−1 HNO3

containing 1000 mg L−1 Nd, the TODGA/DA HES phase
(xTODGA = 0.3) loaded with lanthanide ions was back-extracted
in a single contact using different aqueous stripping phases,
namely, pure water, 1 mol L−1 HNO3, 0.05 mol L−1 ethylenedia-
minetetraacetic acid (EDTA), and 0.1 to 1.0 mol L−1 N,N,N′,N′-
tetraethyl diglycolamide (TEDGA) in 1 mol L−1 HNO3. EDTA is
commonly used as a metal complexing agent, particularly for

Fig. 4 Evolution of the viscosity of the organic phase after contact with
an aqueous phase containing different concentrations of Dy for the HES
system (TODGA/DA (xTODGA = 0.3; [TODGA] = 0.91 mol L−1)) and the
conventional system (TODGA 0.91 mol L−1 in dodecane + 5% octanol). Fig. 5 UV-vis-NIR spectra of Nd in the HES (blue, [Nd] = 40 g L−1 in the

HES phase), reference 0.25 mol L−1 TODGA in dodecane with 5 vol%
octanol (red, [Nd] = 12 g L−1 in an organic phase), and in an aqueous
phase (black, [Nd] = 50 g L−1 in 1 mol L−1 HNO3).
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transition metals,18,64 while TEDGA60 is a water soluble analog
of TODGA. Their structures are shown in Fig. S5 of the SI. As
shown in Fig. S6, this screening test demonstrates that the
best results were obtained with a solution of 1 mol L−1 TEDGA
diluted in 1 mol L−1 nitric acid, which allowed the recovery of
95% of the extracted Nd after one cycle. This solution was
therefore applied to successive extraction and stripping (back-
extraction) cycles to evaluate the recyclability of the HES.

Fig. 6 shows the extraction efficiencies of 1000 mg L−1 each
of Fe, La, Nd, Eu, Gd, Dy, Y and Yb from 1 mol L−1 HNO3 solu-
tions after 5 extraction and stripping cycles. With the exception
of Fe, which is not extracted, each extraction cycle recovers
95–100% of the REEs examined. Notably, the extraction
efficiency for lanthanum decreases to 70% after the second
cycle. This decrease is consistent with the preference of the
TODGA system and the TODGA/DA system for heavy REEs.65

Regarding the stripping cycles, the back-extraction process is
very efficient for light REEs and less quantitative for some
heavy REEs, such as Yb and Dy. This incomplete stripping
slightly reduces the available extractants for the subsequent
cycles, an issue that could be overcome in a real process by
employing multiple stripping stages. Overall, this experiment
demonstrates that the HES TODGA/DA mixture is reusable and
remains highly effective after five cycles. This solvent recycling
is a critical factor in the overall sustainability and cost-effec-
tiveness of the extraction process. The ability to maintain high
extraction efficiencies over multiple cycles reduces the need for
frequent replacement of the extracting system, thereby redu-
cing operating costs and waste generation.

3.5 Validation of real leachate

To validate the capacity of the HES for the recycling of REEs
from permanent magnets, an extraction experiment was per-

formed with HES systems composed of TODGA and DA
(xTODGA = 0.3), which were contacted with different leachates
derived from permanent magnets. These leachates were
obtained from dissolution experiments conducted on NdFeB
magnet powders using classical mineral acids, such as hydro-
chloric acid (HCl), nitric acid (HNO3), sulfuric acid (H2SO4) at
a concentration of 1 mol L−1, and acetic acid (AcOH) at a con-
centration of 1.6 mol L−1. The resulting leachates contained
neodymium (Nd), iron (Fe), boron (B), praseodymium (Pr), and
dysprosium (Dy) at the concentrations listed in Table 1. It is
worth emphasizing that the optimization of leaching con-
ditions is not considered, as the purpose of this study is to
understand the metal partition in these leachate compo-
sitions. After contact with the HES system (TODGA/DA,
xTODGA = 0.3), the extraction efficiencies for Nd, Dy, Pr, Fe and
B were determined by ICP-OES measurements and plotted as
distribution coefficients in Fig. 7 and also plotted as extraction
percentages in Fig. S7.

These extraction results from real leachates show signifi-
cant extraction of Pr, Dy, and Nd (with distribution coeffi-
cients, D > 10) when the extraction is performed with acetic
acid or nitric acid solutions. A better selectivity towards Fe is

Fig. 6 (a) Extraction cycle of Fe and REEs with the TODGA/DA system (xTODGA = 0.3) and (b) stripping cycle of extracted REEs with TEGDA 1 mol L−1

after contact with TODGA/DA (xTODGA = 0.3).

Table 1 Compositions of the leachates in the various tested leach solu-
tions in mg of element leached for 1 g of magnets

Element
HCl
(1 mol L−1)

H2SO4
(1 mol L−1)

HNO3
(1 mol L−1)

Acetic acid
(1.6 mol L−1)

B 7.93 8.02 2.95 26.02
Fe 244.95 559.32 203.04 600.03
Dy 5.48 8.07 3.22 23.16
Nd 227.37 241.68 115.72 868.75
Pr 38.02 41.82 19.36 146.18
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obtained with the nitric acid leachate compared to acetic acid.
In contrast, the extraction of Pr, Nd, and Dy is significantly
lower (D < 1) with leached solutions of HCl or H2SO4. Overall,
the extraction efficiency of REEs follows the order HNO3 >
AcOH > HCl > H2SO4. This trend suggests that in a nitrate-rich
medium both extraction efficiency and selectivity towards iron
are enhanced, which is consistent with previous studies
demonstrating the high efficacy of TODGA in extracting REEs
from nitrate-containing media compared to the sulfuric or
hydrochloric media.66,67 The different extraction experiments
therefore confirm that the HES mixture can be applied as suit-
able media for lanthanide recovery. The distribution coeffi-
cient measured at 1 mol L−1 HNO3 for the model solution is
comparable in magnitude to that obtained from the real lea-
chates. This further supports the suitability of the HES
mixture for lanthanide recovery.

3.6 Comparison of volatility between the HES and the
reference systems

Hydrophobic eutectic solvents are often praised for their low
volatility. If this is true, low volatility in solvent extractions is
particularly advantageous in applications aiming at reducing
VOC emissions, contributing to safer and more environmen-
tally friendly processes. However, it was shown that the vola-
tility of the non-ionic HES is determined by the volatility of the
component with the highest vapor pressure.68 To compare the
volatility of the HES and conventional extraction processes,
thermogravimetric analyses were performed on the TODGA/DA
system, in two compositions, as well as on the reference
systems TODGA in dodecane without and with the octanol (5%
v/v) phase modifier (Fig. 8a).

The results demonstrate that the reference system TODGA
in dodecane (depicted in blue) undergoes significant evapor-
ation and degradation, with over 80% of the substance evapor-
ated at 163 °C. In contrast, the HES mixtures exhibit signifi-
cantly higher thermal stability, with evaporation and degra-
dation occurring at 150 °C with almost 60% of the substance
evaporated at 350 °C for xTODGA = 0.3 and 50% for xTODGA =
0.45 °C. This observation is further supported by the onset
decomposition temperature, which corresponds to the temp-
erature at which 5% mass loss occurs. The onset decompo-
sition temperature is 100 °C for the reference system and
180 °C and 190 °C for the two tested HES systems, which
further demonstrates the higher thermal stability of the eutec-
tic mixtures. To more accurately represent industrial con-
ditions, an additional experiment was performed by maintain-
ing the sample at a constant temperature of 50 °C for several
days, with periodic weight measurements (Fig. 8b). Under
these conditions, TODGA in dodecane exhibited significant
mass loss, with 80% of its mass evaporating within 30 days
corresponding to the total loss of dodecane. In stark contrast,
the HES mixtures demonstrated remarkable stability, with a

Fig. 7 Extraction of cations (Pr, B, Nd, Dy, and Fe) from various leaching
solutions by the HES system with TODGA/DA (xTODGA = 0.3).

Fig. 8 (a) Thermogravimetric analysis of TODGA/DA mixtures at various TODGA molar percentages and of the reference system TODGA in
dodecane. (b) Mass loss due to evaporation in an oven at 50 °C for each system.
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mass loss of only 5% after 50 days. Considering the mass loss
after 30 days at 50 °C, it can be estimated that the volatility of
this HES has been reduced by a factor of 16, suggesting that
the HES system could significantly reduce the evaporation of
organic compounds if the HES precursors are carefully
selected.

3.7 Environmental impact comparison of HES and reference
systems using the LCA methodology

The lower volatility of the HES system provides a significant
operational advantage. It improves safety by minimizing the
risk of vapor-related incidents and increases the process
efficiency by reducing solvent losses through evaporation.
To determine whether the lower volatility of the HES makes it
a more sustainable solution, it is also important to evaluate
the upstream impact of the solvent and chemical reagents
required for its synthesis. This evaluation should include an
analysis of the environmental footprint of the raw materials
and the energy consumed in their production. Additionally,
the extra energy requirements associated with centrifugation
must be taken into account, as these factors could offset some
of the environmental benefits gained from the lower volatility
of the HES.

To validate the environmental benefits of replacing a con-
ventional solvent with the proposed HES, a comparative LCA
was conducted. LCA is inherently a multi-criteria approach
that requires making several methodological choices. The pro-
posed LCA does not represent a full-scale analysis capable of
capturing the environmental impact of an industrial process.
Rather, it compares two laboratory-scale processes that use
either a conventional solvent or the proposed HES systems to
extract 1 kg of Dy. Since these solvents are not currently
applied at an industrial scale (for example, in Dy recycling
from magnet leaching or Dy extraction from ores), it is cur-
rently impossible to accurately account for the parameters of a
full-scale industrial process. Critical parameters such as
solvent flows and volumes under industrial conditions are
highly context-dependent and would be extremely difficult to
estimate reliably.

Therefore, the LCA addresses a smaller scale, which still
offers a meaningful representation of the environmental
impact of replacing a conventional solvent with the proposed
eutectic mixtures. The primary parameters to be assessed are
those expected to differ the most between systems: the extrac-
tion efficiency, the chemical nature of the solvents, their vis-
cosity, and their volatility. Indeed, the HES system exhibits
extraction capacities that increase by a factor of 4, and due to
the presence of dodecane, the volatility is 16 times higher for
the reference system. This will have an effect on the compara-
tive environmental impact study. In this comparative study, it
is assumed that all other process parameters would remain
constant in a hypothetical application. The LCA included the
chemical production required to provide one ton of each
solvent, as well as subsequent VOC emissions. These emis-
sions were calculated based on the evaporation losses shown
in Fig. 9. The LCA also considered the increased energy

demand of the centrifuge system required to separate the HES
from the aqueous phases due to its viscosity, which is two to
three times higher than that of the reference system. LCA
inventory parameters are reported in Tables S1 and S2 for the
conventional solvent extraction system (based on TODGA in
dodecane with 5 vol% of octanol) and for the HES system at
three ratios of TODGA (xTODGA = 0.3; 0.45; 0.7).

The input and output flows were initially estimated per ton
of solvent for the four systems, as shown in Fig. S8 and S9.
To reflect a functional unit representative of the extraction
process efficiency, these flows were subsequently recalculated
per kilogram of Dy extracted by each system, based on their
respective extraction efficiencies at 1 mol L−1 HNO3 (extracted
from Fig. 2). Seven impact categories were assessed based on
the functional unit of 1 kg of Dy extracted under conditions of
1 mol L−1 HNO3. The impact factors representing significant
environmental concerns related to chemical production and
solvent use are illustrated in Fig. 9. The other impact cat-
egories, such as the resource use in terms of fossil fuels, min-
erals and metals, and marine eutrophication, are presented in
the SI (Fig. S10).

The results indicate that the primary impact is attributable
to the TODGA synthesis (synthesis details are provided in the
SI), as it relies on the use of solvents such as dichloromethane
or ethyl acetate. These substances not only involve substantial
upstream emissions but are also associated with high vola-
tility, leading to the release of VOCs during the synthesis.
Conversely, for photochemical ozone formation, the impact is
mainly due to the volatility of the solvent, which results in the
emission of VOCs. The reference system exhibits the highest
environmental impact across all categories studied. In the
climate change category, the reference system shows the
largest carbon footprint, primarily driven by VOC emissions
and energy-intensive synthesis steps related to the amount of
TODGA needed to extract 1 kg of Nd. This is further exacer-
bated by the use of dodecane as a diluent.

Overall, the analysis shows that the use of HES systems
reduces the global impact indicators studied. Specifically, the
photochemical ozone formation is reduced by a factor of 9.
Acidification is also reduced, with the impact decreasing from
13.5 mol H+ eq. to 10 mol H+ eq. and further to 6 mol H+ eq.
for the system at 70% molar TODGA. The reduction in acidifi-
cation potential is crucial for minimizing soil and water acidi-
fication, which can have detrimental effects on ecosystems.
Eutrophication of freshwater is another impact category that
shows improvement with the use of HES systems. It is reduced
from 0.065 kg P eq. to 0.050 kg P eq., highlighting a reduction
in nutrient pollution that can lead to ecological imbalances in
aquatic environments. The climate change impact, the most
commonly cited indicator, is also significantly reduced when
using HES systems. It decreases from 2300 kg CO2 eq. to
1600 kg CO2 eq. for the HES (xTODGA = 0.3) system and further
to 1000 kg CO2 eq. for the HES (xTODGA = 0.7) system.

When comparing the impacts of producing one ton of
solvent (as presented in Fig. S8 and S9), it is interesting to
note that the HES system only demonstrates an advantage in
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terms of photochemical ozone formation. This impact is
reduced by a factor of three for the HES system due to its lower
volatility. For the other impact categories, the HES system per-
forms worse in all cases due to the larger amount of TODGA
required by the HES system compared to the reference system.
As previously described by Guerinoni et al.,69 reducing the
evaporation of the organic phase is not sufficient for develop-
ing a more environmentally sustainable solvent extraction
system. The less volatile system should also extract metals
more efficiently.

Since the main impact arises from the extractant synthesis,
even better results could be achieved by using bio-sourced pro-
ducts or with products that do not require environmentally
toxic solvents for their synthesis. For the HES proposed in this
study, the sole bio-sourced component is DA, which can be
derived from coconut oil or palm kernel oil.64 To improve the
sustainability of our system, the primary challenge would be
TODGA synthesis, which requires significant amounts of
dichloromethane or ethyl acetate for the synthesis or
purification.

As mentioned above, this comparative study considers only
lab scale parameters and assumes that all other process para-
meters would remain constant in a hypothetical application.
To refine this analysis, it would be necessary to apply data
obtained at the industrial scale in order to more accurately
assess the impact of substituting traditional solvent mixtures
with eutectic mixtures. This approach was not feasible in the
preliminary analysis due to the necessity of estimating solvent
flows and volumes under industrial conditions, which can vary
significantly based on specific operational parameters and
process scale. Applying such a lab scale approach is a signifi-
cant approximation, but we believe the results of this LCA
study still provide valuable insights into the potential
environmental benefits of using eutectic mixtures over
conventional solvents. Additionally, using the same solvent
volume for both systems is an approximation, as in a real
process, a lower volume would be used for the more efficient
HES system. This effect could be taken into account in a sensi-
tivity analysis, but it would not change the conclusion of this
LCA study.

Fig. 9 LCA assessment comparison between reference and HES systems to extract 1 kg of Dy.
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4 Conclusion

This study highlights the potential of a hydrophobic eutectic
solvent (HES) composed of DA and TODGA as a sustainable
and efficient alternative for lanthanide extraction from nitric
acid leachates. The investigated HES demonstrates highly
efficient extraction of REEs, even at low acid concentrations,
allowing a significant reduction of acid consumption and
associated environmental impact.

This innovation offers distinct advantages over convention-
al organic phases by eliminating the need for volatile diluents
and phase modifiers, thus simplifying the process and redu-
cing the environmental and health risks. Key findings confirm
that the HES provides higher extraction due to its ability to
increase the extractant concentration without causing a third-
phase issue. As verified by UV-Vis analysis, HES systems con-
taining a comparable extractant concentration achieve similar
extraction performance to conventional TODGA-based systems
due to the same metal-complex formation mechanisms.
Importantly, it was pointed out that the hydrogen bond donor,
DA, is not directly involved in the metal extraction process but
contributes to the overall solvent behavior.

This study further shows that the HES extracted lanthanides
can be effectively stripped using an aqueous TEDGA solution
and that the HES can be reused at least five times with negli-
gible loss of extraction performance. While the HES viscosity
was found to be 2–3 times higher than that of conventional
systems, this did not affect the extraction kinetics nor efficient
metal transfer. In the case of an industrial scale issue for easy
phase separation, it could be mitigated by increasing the temp-
erature or using centrifugation.

TODGA-based HES systems are therefore demonstrated to
be a very efficient alternative to replace the conventional
organic phases, which often rely on volatile diluents. Indeed, it
has been quantified that the HES reduces the volatility of a
classical organic phase by a factor of 16 thanks to a total mass
loss reduced from 80% to 5%. Additionally, an LCA was con-
ducted to objectively compare the environmental impact of the
HES system with that of the extractant system conventionally
used for REE extraction. Considering the input and output
flows in kilograms for the production of 1 kg of Nd by three
HES mixtures and by a reference system TODGA in dodecane,
a series of seven environmental indicators demonstrated that
the HES system significantly improves the sustainability of the
process.

Despite the high impact of extractant synthesis, which is
used in higher amounts in the HES, the new systems are less
harmful to both the environment and human health, thanks
to a higher Nd extraction capacity and highly reduced emis-
sions of organic volatile compounds. Notably, the impact of
additional centrifugation associated with the higher viscosity
of the HES system, a common step in the extraction process,
was found to be negligible.

Overall, the findings of this study show that the HES system
composed of DA and TODGA offers a promising alternative for
the extraction of lanthanides from nitric acid leachates. Its

ability to maintain high extraction capacity, selectivity, re-
usability, and effective stripping capabilities without the need
for volatile diluents and phase modifiers, coupled with its
stability at elevated temperatures, makes it an attractive option
for sustainable industrial processes. This innovative approach
improves not only the efficiency but also the sustainability of
lanthanide extraction.

Continued research into the fundamental interactions
within HESs will pave the way for even greater efficiencies and
broader applications. Investigating the interactions between
solvent components, particularly after metal and acid extrac-
tion, will optimize both structural stability and efficiency. The
development of bio-sourced extractants could further increase
the sustainability of HES systems. Addressing the impact of
metal extraction on viscosity will also be critical to maintain-
ing scalability and operational efficiency. This dual focus on
mechanistic understanding and material innovation ensures
that HESs will play a key role in the future of solvent extraction
technologies.

Conflicts of interest

There are no conflicts of interest to declare.

Data availability

Data for this article, including metal partition results, solvent
viscosity, UV-vis spectra, and LCA data, are available in the SI
and/or at Zenodo at URL – https://zenodo.org/communities/
designsx/.

Supplementary information is available and includes mole-
cular structures of relevant compounds, extration kinetics,
extraction efficiencies and separation factors, viscosity of the
HES phase before and after loading, and a detailed descritpion
of the LCA. See DOI: https://doi.org/10.1039/d5gc01707f.

Acknowledgements

The authors would like to thank the French Government and
ED 459 Sciences Chimiques Balard for the funding of the
project and the attribution of a PhD fellowship and mobility
grant. N. S. acknowledges the European Union for funding
(ERC-StG, DESignSX-101116461, https://doi.org/10.3030/
101116461). Views and opinions expressed are however those
of the author only and do not necessarily reflect those of the
European Union or the European Research Council. Neither
the European Union nor the granting authority can be held
responsible for them. Ana C. Dias thanks FCT – Fundação para
a Ciência e a Tecnologia for the financial support to CESAM
(UID Centro de Estudos do Ambiente e Mar (CESAM) + LA/P/
0094/2020), through national funds. The authors are especially
grateful to Cyrielle Rey for TGA measurements and Béatrice
Baus-Lagarde for ICP analyses. This work was developed
within the scope of the project CICECO-Aveiro Institute of

Paper Green Chemistry

Green Chem. This journal is © The Royal Society of Chemistry 2025

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 3

1 
Ju

ly
 2

02
5.

 D
ow

nl
oa

de
d 

on
 9

/8
/2

02
5 

10
:3

2:
24

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online

https://zenodo.org/communities/designsx/
https://zenodo.org/communities/designsx/
https://zenodo.org/communities/designsx/
https://doi.org/10.1039/d5gc01707f
https://doi.org/10.1039/d5gc01707f
https://doi.org/10.3030/101116461
https://doi.org/10.3030/101116461
https://doi.org/10.3030/101116461
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5gc01707f


Materials, UIDB/50011/2020, UIDP/50011/2020 & LA/P/0006/
2020, financed by national funds through the FCT/MEC
(PIDDAC).

References

1 S. de Haes and P. Lucas, Hague PBL Neth. Environ. Assess.
Agency, 2024.

2 C. P. Baldé, R. Kuehr, T. Yamamoto, R. McDonald,
E. D’Angelo, S. Althaf, G. Bel, O. Deubzer, E. Fernader-
Cubillo, V. Forti, V. Gray, S. Herat, S. Honda, G. Iattoni,
D. S. Khetriwal, V. Luda Di Cortemiglia, Y. Lobuntsova,
I. Nnorom, N. Pralat and M. Wagner, Int. Telecommun.
Union ITU U. N. Inst. Train. Res. UNITAR, 2024.

3 V. Gunarathne, A. U. Rajapaksha, M. Vithanage,
D. S. Alessi, R. Selvasembian, Mu. Naushad, S. You,
P. Oleszczuk and Y. S. Ok, Crit. Rev. Environ. Sci. Technol.,
2022, 52, 1022–1062.

4 Y. Yao, M. Zhu, Z. Zhao, B. Tong, Y. Fan and Z. Hua, ACS
Sustainable Chem. Eng., 2018, 6, 13611–13627.

5 R. J. Wakeman, in Kirk-Othmer Encyclopedia of Chemical
Technology, John Wiley & Sons, Ltd, 2000.

6 N. N. Hidayah and S. Z. Abidin, Miner. Eng., 2017, 112,
103–113.

7 C. Micheau, O. Diat and P. Bauduin, J. Mol. Liq., 2018, 253,
217–227.

8 K. Skorzewska, A. Jonchère, C. Pasquier, L. Girard and
P. Bauduin, Sep. Purif. Technol., 2023, 323, 124284.

9 M. K. Jha, A. Kumari, R. Panda, J. R. Kumar, K. Yoo and
J. Y. Lee, Hydrometallurgy, 2016, 165, 2–26.

10 J.-M. Adnet, M. Miguirditchian, C. Hill, X. Heres,
M. Lecomte, M. Masson, P. Brossard and P. Baron,
Development of new hydrometallurgical processes for acti-
nide recovery: GANEX concept, in Atomic Energy Society of
Japan, 2005, p. 4.

11 E. Abboneau, Treatment and recycling of spent nuclear
fuel: actinide partitioning – application to waste manage-
ment, CEA and Editions du Moniteur, for the
Commissariat à l’énergie atomique, Paris, 2008.

12 Solvent Extraction Principles and Practice, Revised and
Expanded, ed. J. Rydberg, M. Cox, C. Musikas and
G. R. Choppin, CRC Press, Boca Raton, 2nd edn, 2004.

13 B. L. Bonnett, D. Sheyfer, P. N. Wimalasiri, S. Nayak, J. Lal,
Q. Zhang, S. Seifert, G. Brian Stephenson and M. J. Servis,
Phys. Chem. Chem. Phys., 2023, 25, 16389–16403.

14 S. Chen, S. Su, Y. Huang, B. Liu, H. Sun, S. Yang and
G. Han, Int. J. Miner., Metall. Mater., 2025, 32, 1–19.

15 G. Arrachart, J. Couturier, S. Dourdain, C. Levard and
S. Pellet-Rostaing, Processes, 2021, 9, 1202.

16 M. C. Cann and M. E. Connelly, Real-world Cases in Green
Chemistry, American Chemical Society, 2000.

17 A. Rout, J. Kotlarska, W. Dehaen and K. Binnemans, Phys.
Chem. Chem. Phys., 2013, 15, 16533–16541.

18 L. Y. Lee, N. Morad, N. Ismail, A. Talebi and M. Rafatullah,
Int. J. Mol. Sci., 2020, 21, 6860.

19 K. Wang, H. Adidharma, M. Radosz, P. Wan, X. Xu,
C. K. Russell, H. Tian, M. Fan and J. Yu, Green Chem., 2017,
19, 4469–4493.

20 D. J. G. P. van Osch, L. F. Zubeir, A. van den Bruinhorst,
M. A. A. Rocha and M. C. Kroon, Green Chem., 2015, 17,
4518–4521.

21 D. O. Abranches, M. A. R. Martins, L. P. Silva, N. Schaeffer,
S. P. Pinho and J. A. P. Coutinho, Chem. Commun., 2019,
55, 10253–10256.

22 D. J. G. P. van Osch, C. H. J. T. Dietz, S. E. E. Warrag and
M. C. Kroon, ACS Sustainable Chem. Eng., 2020, 8, 10591–
10612.

23 Y. Geng, Z. Xiang, C. Lv, N. Wang, Y. Wang and Y. Yang,
Hydrometallurgy, 2019, 188, 264–271.

24 Y. Shi, D. Xiong, Y. Zhao, T. Li, K. Zhang and J. Fan,
Chemosphere, 2020, 241, 125082.

25 S. J. R. Vargas, G. Pérez-Sánchez, N. Schaeffer and
J. A. P. Coutinho, Green Chem., 2021, 23, 4540–4550.

26 G. Mannucci, G. Teixeira, F. H. B. Sosa, M. Palluzzi,
M. Busato, J. A. P. Coutinho and P. D’Angelo, ACS
Sustainable Chem. Eng., 2024, 12, 2862–2870.

27 G. Teixeira, D. O. Abranches, O. Ferreira and
J. A. P. Coutinho, Ind. Eng. Chem. Res., 2023, 62, 14638–14647.

28 M. Gilmore, É. N. McCourt, F. Connolly, P. Nockemann,
M. Swadźba-Kwaśny and J. D. Holbrey, ACS Sustainable
Chem. Eng., 2018, 6, 17323–17332.

29 T. Hanada, N. Schaeffer, M. Katoh, J. A. P. Coutinho and
M. Goto, Green Chem., 2024, 26, 9671–9675.

30 U. G. Favero, N. Schaeffer, H. Passos, K. A. M. L. Cruz,
D. Ananias, S. Dourdain and M. C. Hespanhol, Sep. Purif.
Technol., 2023, 314, 123592.

31 B. Bernicot, G. Arrachart, S. Dourdain, N. Schaeffer,
G. Teixeira and S. Pellet-Rostaing, J. Mol. Liq., 2025, 427,
127332.

32 Y. Sasaki, Y. Sugo, S. Suzuki and S. Tachimori, Solvent Extr.
Ion Exch., 2001, 19, 91–103.

33 Y. Sasaki, M. Kaneko, M. Matsumiya, M. Nakase and
K. Takeshita, Solvent Extr. Ion Exch., 2022, 40, 620–640.

34 S. A. Ansari, P. N. Pathak, V. K. Manchanda, M. Husain,
A. K. Prasad and V. S. Parmar, Solvent Extr. Ion Exch., 2005,
23, 463–479.

35 S. Belfqueh, PhD Thesis, Montpellier University, 2022.
36 D. D. Dicholkar, P. Kumar, P. K. Heer, V. G. Gaikar,

S. Kumar and R. Natarajan, Ind. Eng. Chem. Res., 2013, 52,
2457–2469.

37 E. A. Mowafy and H. F. Aly, Solvent Extr. Ion Exch., 2007, 25,
205–224.

38 International Organization for Standardization, Geneva,
Switzerland, ISO 14040, https://www.iso.org/standard/
37456.html, (accessed March 26, 2025).

39 International Organization for Standardization, Geneva,
Switzerland, ISO 14044, https://www.iso.org/standard/
38498.html, (accessed March 26, 2025).

40 M. A. J. Huijbregts, Z. J. N. Steinmann, P. M. F. Elshout,
G. Stam, F. Verones, M. Vieira, M. Zijp, A. Hollander and
R. van Zelm, Int. J. Life Cycle Assess., 2017, 22, 138–147.

Green Chemistry Paper

This journal is © The Royal Society of Chemistry 2025 Green Chem.

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 3

1 
Ju

ly
 2

02
5.

 D
ow

nl
oa

de
d 

on
 9

/8
/2

02
5 

10
:3

2:
24

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online

https://www.iso.org/standard/37456.html
https://www.iso.org/standard/37456.html
https://www.iso.org/standard/37456.html
https://www.iso.org/standard/38498.html
https://www.iso.org/standard/38498.html
https://www.iso.org/standard/38498.html
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5gc01707f


41 European Commission: Joint Research Centre, S. Andreasi
Bassi, F. Biganzoli, N. Ferrara, A. Amadei, A. Valente,
S. Sala and F. Ardente, Updated characterisation and normal-
isation factors for the environmental footprint 3.1 method,
Publications Office of the European Union, 2023.

42 A. Sengupta, Sk. M. Ali and K. T. Shenoy, Polyhedron, 2016,
117, 612–622.

43 P. N. Pathak, S. A. Ansari, S. V. Godbole, A. R. Dhobale and
V. K. Manchanda, Spectrochim. Acta, Part A, 2009, 73, 348–
352.

44 P. Zsabka, K. Van Hecke, L. Adriaensen, A. Wilden,
G. Modolo, M. Verwerft, K. Binnemans and T. Cardinaels,
Solvent Extr. Ion Exch., 2018, 36, 519–541.

45 A. N. Turanov and V. K. Karandashev, Solvent Extr. Ion
Exch., 2023, 41, 885–904.

46 C.-Z. Wang, J.-H. Lan, Q.-Y. Wu, Y.-L. Zhao, X.-K. Wang,
Z.-F. Chai and W.-Q. Shi, Dalton Trans., 2014, 43, 8713.

47 S.-A. Hsieh, T. Ash, T. L. Windus, D. Jing, T. Prozorov and
J. L. Anderson, ACS Omega, 2024, 9, 40134–40144.

48 K. Shimojo, K. Kurahashi and H. Naganawa, Dalton Trans.,
2008, 5083–5088.

49 M. R. Antonio, D. R. McAlister and E. P. Horwitz, Dalton
Trans., 2014, 44, 515–521.

50 L. Berthon, A. Paquet, G. Saint-Louis and P. Guilbaud,
Solvent Extr. Ion Exch., 2021, 39, 204–232.

51 A. Rout, K. A. Venkatesan, T. G. Srinivasan and
P. R. Vasudeva Rao, Sep. Purif. Technol., 2011, 76, 238–243.

52 D. Whittaker, A. Geist, G. Modolo, R. Taylor, M. Sarsfield
and A. Wilden, Solvent Extr. Ion Exch., 2018, 36, 223–256.

53 Deepika, S. Juneja and S. Pandey, J. Chem. Eng. Data, 2022,
67, 3400–3413.

54 M. Pleines, PhD Thesis, Montpellier University, 2018.
55 M. Pleines, M. Hahn, J. Duhamet and T. Zemb, EPJ Nucl.

Sci. Technol., 2020, 6, 3.

56 A. Sengupta, A. Bhattacharyya, W. Verboom, Sk. M. Ali and
P. K. Mohapatra, J. Phys. Chem. B, 2017, 121, 2640–2649.

57 S. A. Ansari, R. B. Gujar and P. K. Mohapatra, Dalton Trans.,
2017, 46, 7584–7593.

58 R. J. Ellis, D. M. Brigham, L. Delmau, A. S. Ivanov,
N. J. Williams, M. N. Vo, B. Reinhart, B. A. Moyer and
V. S. Bryantsev, Inorg. Chem., 2017, 56, 1152–1160.

59 A. G. Baldwin, A. S. Ivanov, N. J. Williams, R. J. Ellis,
B. A. Moyer, V. S. Bryantsev and J. C. Shafer, ACS Cent. Sci.,
2018, 4, 739–747.

60 S. Chapron, C. Marie, V. Pacary, M.-T. Duchesne,
G. Arrachart, S. Pellet-Rostaing and M. Miguirditchian,
Procedia Chem., 2016, 21, 133–139.

61 M.-C. Charbonnel, C. Berthon, L. Berthon, N. Boubals,
F. Burdet, M.-T. Duchesne, P. Guilbaud, N. Mabille, S. Petit
and N. Zorz, Procedia Chem., 2012, 7, 20–26.

62 H. Narita and M. Tanaka, Solvent Extr. Res. Dev., Jpn., 2013,
20, 115–121.

63 V. V. Belova, A. A. Voshkin, A. I. Kholkin and
A. K. Payrtman, Hydrometallurgy, 2009, 97, 198–203.

64 L. Di Palma, P. Ferrantelli, C. Merli and F. Biancifiori,
J. Hazard. Mater., 2003, 103, 153–168.

65 S. Belfqueh, S. Chapron, F. Giusti, S. Pellet-Rostaing,
A. Seron, N. Menad and G. Arrachart, Sep. Purif. Technol.,
2024, 339, 126701.

66 Y. Sasaki, M. Matsumiya and Y. Tsuchida, Anal. Sci., 2020,
36, 1303–1311.

67 Z.-X. Zhu, Y. Sasaki, H. Suzuki, S. Suzuki and T. Kimura,
Anal. Chim. Acta, 2004, 527, 163–168.

68 K. Xin, I. Roghair, F. Gallucci and M. van Sint Annaland,
J. Mol. Liq., 2021, 325, 115227.

69 E. Guerinoni, S. Dourdain, L. Zijun, F. Giusti, G. Arrachart,
J. Couturier, D. Hartmann and S. Pellet-Rostaing,
Hydrometallurgy, 2024, 224, 106257.

Paper Green Chemistry

Green Chem. This journal is © The Royal Society of Chemistry 2025

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 3

1 
Ju

ly
 2

02
5.

 D
ow

nl
oa

de
d 

on
 9

/8
/2

02
5 

10
:3

2:
24

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5gc01707f

	Button 1: 


