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Agile synthesis and automated, high-throughput
evaluation of diglycolamides for liquid—-liquid
extraction of rare-earth elementsf

2 Yue Yao,1° Tyler B. Hall,? Fu Zhao**< and Long Qi (2 *®

Liquid—liquid extraction is one of the most scalable processes to produce rare-earth elements (REEs) from
natural and recycled resources. Accelerating the research, development, and deployment (RD&D) of sustain-
able processes to manufacture REEs requires both facile synthesis of extractive ligands at scale and fast
evaluation of process conditions. Here, we establish an integrated RD&D methodology comprised of agile
ligand synthesis and automated high-throughput extraction studies. Using diglycolamides (DGAs) as an
example, we first developed a method for DGA synthesis (scalable to 200 g) by directly coupling diglycolic
acid and secondary amines via the solvent-free melt-amidation reaction. A substrate scope of the melt-ami-
dation synthesis was demonstrated for 9 different DGAs with good yields (85-96%) and purities (88—96%)
without any post-reaction workup or purification process. Life cycle assessment shows that our synthesis

method outperforms the prior-art pathway in each environmental impact category, especially showing a
67% reduction in global warming potential. Furthermore, we investigate the structure—activity relationship of
various alkyl-substituted DGAs using an automated, high-throughput workflow for liquid—-liquid extraction,
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1. Introduction

Rare-Earth Elements (REEs) constitute a group of 17 metals
that manifest unique physical and chemical properties,
leading to their unsubstituted applications in modern society
with increasing demands.” Contrary to their name, REEs
aren’t rare when considering their abundance in the Earth’s
crust.® For instance, cerium ranks as the 25 most abundant
element, surpassing copper in prevalence. However, unlike the
main-group and transition metals, REEs are dispersed and
mixed in Earth’s crust rather than concentrated in ore depos-
its. Furthermore, the similar physical properties of these
REEs present additional challenges to separating them from
one another, particularly among adjacent lanthanides (Ln) in
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achieving over 180 runs in 48 hours. The acquired data enables the development of a promising flowsheet
for separating light and heavy REEs. The integrated RD&D method of agile synthesis and automated, high-
throughput extraction studies paves the way for future iterative development of sustainable production of
REEs and other critical materials to meet the needs for clean energy transformation.

the periodic table.” Over the past decades, several techniques
have been developed to achieve efficient REE separation,® of
which hydrometallurgical methods via liquid-liquid (L-L)
extraction are extensively studied processes with large-scale
industrial applications.” In this process, REE minerals are first
leached in inorganic acids and concentrated. The resulting
aqueous metal solutions are mixed with an immiscible
organic phase containing lipophilic extractants (ligands) and
phase modifiers, which selectively bind and transfer REEs into
the organic phase to realize separation. Among the diverse
lipophilic ligands utilized in L-L extraction process,®** digly-
colamides (DGAs) have recently received broad attention due
to their chemical stability, high affinity to trivalent metal ions,
neutral structure, and facile structural modifications.*>*®

In facing diverse natural and recycled feedstocks of varied
REE compositions, fast development of new separation
methods requires rapid evaluation of process parameters.'”
These process parameters include but are not limited to types
of ligands, concentrations of organic phase modifiers, types of
inorganic acids, and pH of the aqueous phase. In a recent
example, Schelter and co-workers demonstrated the high
throughput optimization of acid concentrations for ligand-
assisted precipitation of REEs.'® With the help of automated

This journal is © The Royal Society of Chemistry 2024
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instrumentation, the screening workflow (dissolution, dilution,
mixing, and sample taking) can be envisioned. However, the
consumption of ligands is drastically increased and normally
beyond gram scale. Therefore, it is critical to synthesize a series
of separation agents at the scale of 10 g and above. In this
context, developing an environment-friendly general method to
synthesize a series of ligand derivatives with identical binding
sites is highly desirable to minimize efforts for further scaling
up and accelerate process development.

DGAs exemplify a promising candidate in further explora-
tion and development for REE separation.'® However, their
widespread application remains constrained because of
limited commercial availability and high cost. For example,
the well-established Schotten-Baumann approach requires
pre-activating diglycolic acid to diglycolic chloride to promote
the amide bond formation with alkyl amines (Scheme 1a).>°
This multi-step method suffers from the use of moisture-sensi-
tive reactants, including thionyl chloride (SOCl,), oxalyl chlor-
ide (COCl), and intermediate (diglycolic chloride), and anhy-
drous solvents with the emission of toxic side-products (SO,,
CO, and HCI). To overcome the drawbacks of the Schotten-
Baumann approach, Verboom and co-workers reported direct
amidation of the diglycolic esters mediated by aluminum
chloride (AICl;) (Scheme 1b),*! allowing the one-step trans-
formation of stable diesters into the desired DGAs and elimi-
nating the preparation of the diglycolic chlorides. However,
this method still requires an excessive amount of hygroscopic
AICl;. The direct amidation of carboxylic acids with amine, cul-
minating in the exclusive generation of water as a byproduct,
represents the most straightforward approach for amide syn-

a. DGA Synthesis via Schotten-Baumann Approach
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Scheme 1 Comparison of different methods for DGA synthesis via (a)
the Schotten—Baumann approach, (b) amidation of diglycolyl esters, (c)
thermal amidation using Dean-Stark apparatus, and (4) the new
solvent-free melt amidation method.
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thesis owing to its simplicity and superior atom economy.****
In the seminal report, Filachione et al. presented the synthesis
of lactamides by dehydration of lactic acid and amines.>® In
the following work, Jansone-Popova and co-workers reported a
one-step DGA synthesis by coupling diglycolic acid and sec-
ondary dialkyl amines through nucleophilic substitution
(Scheme 1c).>® The use of xylenes as the reaction media, a
high-boiling and toxic organic solvent,>” in conjunction with
the Dean-Stark setup apparatus, may potentially impede its
scalability. Moreover, direct amidation of carboxylic acids
under solvent-free conditions has been reported under micro-
wave irradiation®® and radiofrequency heating conditions.*®
The reported direct amidation primarily focused on monocar-
boxylic acids with primary or secondary cyclic amines instead
of dicarboxylic acids and secondary acyclic amines.**!

Here, we report a new method for DGA ligand synthesis by
directly coupling two readily available precursors, diglycolic
acid and dialkyl amines, under melting conditions for one-
step amidation (Scheme 1d). The two precursors are mixed to
yield the ammonium carboxylate salt before being heated to
melt and converted into DGAs under flowing nitrogen gas (N,).
The current process is simple and readily scalable without any
pre-activation step or post-reaction purification. The low-cost
synthesis involving no solvent or catalyst is green. Life cycle
analysis (LCA) was carried out to quantify the environmental
benefit of this newly proposed synthetic method. Furthermore,
we also established an automatic high-throughput L-L extrac-
tion workflow to accelerate the evaluation of the structure-
activity relationship and the development of the REE separ-
ation process with the as-synthesized DGAs.

2. Results and discussion
2.1. Melt-amidation synthesis of DGAs

We first established the viability of the melt amidation method
utilizing diglycolic acid dihexylammonium salt (3a) as a repre-
sentative model substrate, as delineated in Table 1. The

Table 1 Optimization of the melt-amidation synthesis of DGAs?

(o] o] [o] o
(7))1\/0\*6 & n-Hex\Nk/O\)Lw,n-Hex + 2H0
HaN(n-Hex),  HoN(n-Hex), -Hex n-Hex
3a 4a

Flowing Conversion, Purity,
Entry Gas Temperature Time % %
1 N, 150 °C 12 h <2 —
2 N, 180 °C 12 h 75 —
3 N, 200 °C 12 h 100 91
4? N, 200 °C 12 h 100 75
5¢ Air 200 °C 12 h 100 42
67 N, 200 °C 24 h 100 92

“Reaction conditions: 3a (505 mg, 1 mmol), N, flow rate 50 ccm, all
temperatures are the bath oil temperature; conversion and purity were
determined by "H NMR. ?In a 25 mL sealed tube under N, atmo-
sphere, no gas flow.  Open to air, no gas flowing. ¢ 50 mmol scale.
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ammonium salt was synthesized in quantitative yield by
mixing diglycolic acid (1) and dihexylamine (2a) at room temp-
erature using an environmentally friendly solvent such as
water, ethanol, or 2-propanol. The solvent-free salt (3a) was
transferred to a round bottom flask fitted with an air conden-
ser (Fig. S17). Industrial-grade N, (99.9 vol%) was introduced
into the system at a flow rate of 100 cubic centimetres per
minute (ccm), ensuring a consistent N, atmosphere. The
flowing N, prevents the oxidation of nitrogen-containing
species at higher temperatures and continuously removes the
by-product water to drive the reaction equilibrium toward the
amide product.

Initial screening efforts showed that the melt amidation
reaction is sensitive to reaction temperatures. Less than 2%
conversion of the starting material 3a was observed with no
formation of product N,N,N',N-tetra(n-hexyl)diglycolamide
(THDGA) 4a at 150 °C in 12 h (entry 1, Table 1). Increasing the
reaction temperature to 180 °C resulted in a 75% conversion of
3a (entry 2). Full conversion was achieved at 200 °C, with the
production of 4a in 91% purity (entry 3).

N, flow was also essential to the reaction efficiency: inferior
purity (75%) was observed under static instead of flowing N,
(entry 4). The purity of the product decreased further to 42%
when the reaction was exposed to air (entry 5), resulting in a
mixture of black color, suggesting a partial oxidation of the
nitrogen-containing groups. Further efforts attempted to scale
up the synthesis to 50 mmol (25.3 g) show no observable
difference in the yield and purity of compound 4a (entry 6),
thus demonstrating the scalability of the proposed method.

With the optimized conditions, we successfully explored the
substrate scope of the melt-amidation reaction as shown in
Scheme 2. Compared to 3a, the ammonium salt 3b, derived
from the less sterically hindered dibutyl alkyl groups, yielded
only 50% of DGA 4b with a purity of 70%, even though the start-
ing material underwent quantitative conversion. As this amida-
tion reaction involves equilibriums among free carboxylic acid,
amine, and ammonium salt (Scheme S1t), we hypothesize that
the diminished yield is attributed to the low boiling point of
dibutyl amine (~159 °C), causing its loss upon evaporation
under the N, flow at 200 °C. Indeed, the presence of dibutyl-
amine in the N, flow was verified through solution "H NMR ana-
lysis of the collected condensed vapor. After condition optimiz-
ation, we found that adding one more equivalent of dibutyl
amine after 24 hours gave 4b in 89% yield with 96% purity.

N,N,N',N'-tetraoctyl diglycolamide (TODGA, 4c),'® one of the
most studied DGA ligands, was obtained in 93% yield and
95% purity at a 300 mmol scale. Ammonium salts with longer
carbon chains, derived from didecylamine and didodecyla-
mine (3e and 3f, respectively), can be converted to the corres-
ponding TDecDGA (4e) and TDodDGA (4f) in comparable
yields with high purity. Secondary amines with two different
alkyl groups also gave good yields and purities (4d). Besides
linear secondary ammonium salts, a branched alkyl analogue
also underwent the reaction smoothly, producing 4h in 96%
yield with 90% purity. In addition to linear and branched
chain dialkyl amines, cyclic alkyl amines were effectively con-
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Scheme 2 The substrate scope of the current melt-amidation method.
Refer to part 2.4 of ESI for reaction condition details.

verted to the desired product with high purity (4g). The current
melt-amidation condition can be applied to synthesizing DGA
4i (93% yield and 88% purity), which has a secondary coordi-
nation sphere. Overall, the general synthetic method works
well for both linear and branched secondary amines. Observed
purities of 88-96% fall in the range for diglycolamides indust-
rially produced at tonne scale.

To further highlight the versatility and scalability of the
current melt-amidation approach, we integrate the two-step
synthesis of DGA via diglycolate dialkylammonium salt into a
one-pot process using THDGA as an example (Scheme S27).
This method further reduces the cost and process time for
DGA synthesis with simple reaction set-up, no product purifi-
cation, and feasible scale-up, indicating significant potential
for industrial-scale DGA production. In comparison, prior art
DGA synthesis is challenged by (1) pre-activation of diglycolic
acid, (2) use of toxic organic solvents, (3) production of toxic
side-products as waste, and (4) tedious purification steps.

3. Life cycle assessment studies
3.1 Goal and scope definition

To understand the potential advantages and/or disadvantages
of the innovative system, an LCA study was carried out to

This journal is © The Royal Society of Chemistry 2024
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identify the environmental hotspots in the new DGA synthesis
method (Scheme 1d) compared to the prior art (Scheme 1a).
The functional unit of both DGA synthesis systems is defined
as 1 kg TODGA (95% purity) production using di-octylamine
based on the data collected in the United States of America.
The scope of this LCA study is defined as “cradle-to-gate”.

3.2 Inventory analysis

Within the boundary of the novel TODGA synthesis system
(Scheme 1d), we consider diglycolic acid production, di-octyla-
mine production, and TODGA production. For the prior art
TODGA synthesis system (Scheme 1a), we include the pro-
duction of diglycolic chloride, di-octylamine, and TODGA in
the assessment. All emissions related to the material pro-
duction and energy consumption in the reaction are con-
sidered in the study. We assume the transportation of
materials is the same for both synthetic pathways; thus, rele-
vant emissions are ignored in this study. The production of
the experiment apparatus (reaction vessel, magnetic stir bar,
etc.) is cut off in the system boundary due to the small amount
of use. The background data of unit processes are extracted
from Ecoinvent v3.8 and US-EI 2.2, while the foreground data
of the prior art and novel methods are collected from relevant
literature and experimental studies, respectively. Each unit
process of the product system is modeled by the Simapro soft-
ware. Detailed data related to life cycle inventory (LCI) tables
(Tables S1-S771) and assumptions (Tables S8 and S97%) for 1 kg
TODGA production (95% purity) using prior-art and novel
methods are included in ESL ¥

3.3 Impact assessment

Ten impact categories from the TRACI 2.1 v1.07 (US 2008)
method are analyzed, including ozone depletion, global
warming, smog, acidification, eutrophication, carcinogenic,
non-carcinogenic, respiratory effects, ecotoxicity, and fossil
fuel depletion.** The LCI results are automatically classified
into these impact categories using Simapro software. The
characterization factors from TRACI are applied to convert LCI
results to impact scores. The contribution analysis is per-
formed based on the impact scores after characterization for
all the impact categories considered in the assessment.

3.3.1 Environmental impact contribution analysis. For the
novel TODGA synthesis system (Fig. S2 and Table S10%), di-
octylamine production dominates the overall impacts, which is
approximately 86-93% on all categories, since a large amount
of 1-octanol with relatively high environmental impact is used
in the production process. Furthermore, electricity consump-
tion accounts for 4%-8% of the total impacts due to the ineffi-
cient energy use at the lab scale, while diglycolic acid pro-
duction contributes to almost all the rest of the impacts (less
than 10%) due to the use of diglycol in the production
process. For the traditional method (Fig. S3 and Table S11%), it
is observed that hexane production accounts for almost 46%
of ozone depletion since hexane production has a high
environmental impact potential, especially for the formation
of photochemical smog.**** While for other impact categories

This journal is © The Royal Society of Chemistry 2024
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except for ozone depletion, the use of organic solvents (diethyl
ether, ethyl acetate, and hexane) contributes to a total impact
of 35%-70% because a substantial amount of them are used
to dissolve reactants and purify products. Besides, inorganic
additives and desiccants (sodium hydroxide, hydrogen chlor-
ide, sodium bicarbonate, sodium chloride, and sodium
sulfate) used for dissolving, washing, and drying in the syn-
thesis process account for 4%-32%. Moreover, it is worth
noting that the contribution by reactants (diglycolic chloride
and di-octylamine) is in the range of 14%-39%, which is less
significant than the heavy impact of all solvents and
desiccants.

3.3.2 Comparison with traditional production pathway.
Comparing the LCA results of the two synthesis systems, it is
evident that the new TODGA synthesis method has an over-
whelming advantage over the prior art from the environmental
perspective, only accounting for no more than one-third of the
impact of the traditional method on each category (Fig. 1 and
Table S12}). The new TODGA synthesis method shows a 67%
reduction in the category of global warming, which is still the
lowest among all categories; it presents an LCA hotspot for
more detailed analysis. Therefore, the novel TODGA synthesis
method has the potential to significantly reduce the environ-
mental impacts by eliminating the use of organic solvents in
the pre-activation and purification steps.

3.3.3 Global warming hotspot analysis. To further under-
stand the impact on global warming, Fig. 2 and Table S13}
show the contribution of reactants production (group 1), sup-
porting materials production (group 2), and energy consump-
tion (group 3) by comparing the new and traditional TODGA
synthesis methods. For group 1, the new method has an
advantage over the prior art one because diglycolic acid manu-
facturing has a relatively lower effect compared to diglycolic
chloride manufacturing, while the impacts of di-octylamine
production are similar for each method. For group 2, the new

—-=DGA Synthesis via Melt-Amidation
Ozone depletion
100%
90%
80%
70%
60%
50%
40%
Ecotoxicity 30%
20%
10%

8°

Fossil fuel depletion Global warming

Smog

Respiratory effects Acidification

Non carcinogenics Eutrophication

Carcinogenics

Fig.1 Comparative characterization results for two DGA synthesis
methods: the new metal-amidation method and the traditional
Schotten—Baumann approach.
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Fig. 2 Comparative LCA contribution analysis between two DGA syn-
thesis methods on global warming.

TODGA synthesis method shows negligible impact considering
the higher impact of the traditional one because of the
primary effect of organic solvents and inorganic salts applied
for the conventional method. In contrast, the slight usage of
inorganic supporting materials (such as silicone oil) can
hardly show a noticeable impact on the novel TODGA synthesis
method. For group 3, the new synthesis method shows a lower
impact, taking advantage of the simple reaction setup.
Therefore, only a small amount of energy is consumed in the
new pathway. While intensive use of vacuum evaporation and
organic solvent regeneration are necessary for the prior art
pathway, these energy-intensive processes lead to a signifi-
cantly higher impact than the novel pathway. Thus, the novel
TODGA synthesis method outperforms the traditional pathway
in each group.

3.4 Interpretation

As can be seen from the global warming hotspot analysis, the
new TODGA synthesis pathway has a significant advantage

7192 | Green Chem., 2024, 26, 7188-7197
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over the prior art one regarding the production of reactants
and other chemicals, and energy consumption. For the prior
art, the use of toxic reagents (e.g., thionyl chloride) in diglyco-
lic chloride manufacturing greatly increases the impacts of
reactants production. At the same time, the use of organic sol-
vents and inorganic additives/desiccants as supporting
materials is responsible for a large proportion of the overall
impacts. Furthermore, the energy consumption of complex
purification and organic solvent regeneration steps occupies a
noticeable part of the total results. Therefore, it is apparent
that the novel pathway has preferable environmental perform-
ances as a result of the simple reaction set-up, solvent-free
reaction condition, and easy product separation. In addition, it
is worth noting the novel method still has the potential to
further improve the environmental profiles for industrial-scale
production since the higher efficiency of energy consumption
will further reduce the environmental impacts.

4. Rare-earth elements extraction
studies

4.1. Automated high-throughput platform for REEs
extraction

Our facile, scalable synthesis of DGAs provides abundant
ligands in variety to accelerate the L-L extraction studies by
systematic evaluation of process parameters using an auto-
mated high-throughput workflow. Using a Chemspeed Swing
platform, we successfully implemented an automated work-
flow for solid dosing, liquid transfer, and on-demand
sampling/dilution, constituting the three main experiment
steps for REE separation studies (Fig. S41). The extraction
experiments were modified based on the literature method.*®
In a typical experiment, isoparaffinic C11-C13 hydrocarbon
(Isopar L) mixed with 30% (v/v) isotridecanol (Exxal 13) was
used as the organic phase, and 3.0 M hydrochloric acid (HCI)
or nitric acid (HNO;) containing the REE chlorides or nitrates
salts as the aqueous phase. After mixing, a quantitative
portion of the aqueous phase is sampled and diluted before
concentration measurement with inductively coupled plasma
optical emission spectroscopy (ICP-OES). The concentrations
of REEs in the organic phase were further calculated by sub-
tracting the amount of REEs remaining in the aqueous phase
from the initial amount of REEs. Extraction efficiencies (E) are
employed to evaluate the extractive capacity of DGAs, quantify-
ing the ratio of REE concentrations extracted into the organic
phase relative to the initial REE concentration in the aqueous
phase. Distribution ratios (D) are utilized to describe the distri-
bution of metal ions in the organic phase relative to their con-
centrations in the corresponding aqueous phase, which are
plotted in their logarithmic form (Log D).

Prior to the high throughput method, it is critical to vali-
date that the DGAs produced using the new melt-amidation
method have similar REE extraction capabilities as DGAs from
other sources; thus we first manually carried out side-by-side
experiments comparing TODGAs from three sources: (1) syn-

This journal is © The Royal Society of Chemistry 2024
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Fig. 3 (a) Validation of the extraction efficiency of TODGAs from different sources, synthesized through the current melt-amidation method
g y Y o]

(TODGA-1), synthesized using the Schotten—Baumann method (TODGA-2), and commercially available TODGA-3 in 3.0 M HCl and Isopar L/Exxal 13
(7/3). (b) Comparison of the Log D value of manual and robotic experiments using TODGA and DMDODGA in 3.0 M HCl and Isopar L/Exxal 13 (7/3).
(c) Comparison of the Log D values of sequential and direct sampling methods. (d) The effects of Isopar L and Exxal 13 ratio on the extraction experi-
ments of TODGA in 3.0 M HCL. (e) The concentration of HCl on the extraction efficiency of TODGA. (f) The effect of acid media and counter anion
on the extraction experiments of TODGA. All experiments are triplicated by repeating the whole liquid-liquid extraction process, and uncertainty is,

in general, too small to be shown (see ESI Tables S14-S197 for details).

thesized through our melt-amidation method (TODGA-1), (2)
synthesized using the Schotten-Baumann method (TODGA-2),
and (3) acquired from a commercial vendor (TODGA-3). As
illustrated in Fig. 3a, all three TODGAs gave similar extraction
efficiencies for all lanthanides(m) under manual conditions,
demonstrating the high quality of DGAs using our synthetic
method.

We then establish the automated high-throughput workflow
for L-L extraction by automating the solid dosing and liquid
transfer through the gravimetric dispensing unit and liquid
dispensing tool. As shown in Fig. 3b, extraction data obtained
through automated workflow using TODGA and DMDODGA as
ligands are consistent with those by manual operations (see
ESIT for details), which substantiates the reliability of our auto-
mated workflow.

For the ICP sample preparation after the extraction step,
two distinct sampling approaches were tested: direct sampling
and sequential sampling. The direct sampling involves the use
of a sampling needle inserted by the robotic arm directly
through the upper organic layer into the lower aqueous phase
for sample collection. For the sequential sampling, the upper
organic layer was removed before sampling the aqueous
phase. Fig. 3c illustrates the results obtained from these
experiments, wherein it can be observed that sequential

This journal is © The Royal Society of Chemistry 2024

sampling generally gave better and more consistent results
than direct sampling. The plausible explanation for this obser-
vation is that the sample solution obtained via direct sampling
may have been contaminated when the needle head passed
through the upper organic layer, which typically contains a
higher concentration of rare earth elements.

4.2. Optimization of extraction parameters

Introducing automated high-throughput platform for REE
extraction has considerably accelerated the process evaluation,
thus allowing us to optimize various extraction process para-
meters (such as solvent composition, counter anions, and acid
type) within 24 h.

Notably, the compositions of both organic and aqueous
phases play a pivotal role in influencing extraction efficiencies
and distribution factors.>® Aliphatic alcohols (such as Exxal 13)
are often included in the organic phase as a phase modifier to
preclude the formation of an emulsion phase.’” As the volu-
metric ratio of Isopar L to Exxal 13 was adjusted at 5:5, 7:3,
and 9:1, the highest extraction efficiency was observed at the
medium Exxal 13 concentration (Fig. 3d); thus the solvent with
Isopar L to Exxal 13 of 7:3 volumetric ratio was chosen for
future studies. Even at a 9: 1 ratio, no phase disengagement or
emulsion formation was observed. Consequently, the
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enhanced extraction observed with higher Exxal 13 ratios prob-
ably arises from other causes, such as solvent modification®®>°
and kinetic enhancement.***'

We further varied the concentrations and types of inorganic
acids. Conventionally, for REE extraction experiments with
DGAs, both HClI and HNO; have been used as acidic
media.*>** First, hydrochloric acid was examined at concen-
trations of 0.1, 1.5, and 3.0 M. As illustrated in Fig. 3e, higher
acid concentration in the aqueous phase facilitates the
migration of metal ions from the aqueous to the organic phase
and drastically increases the distribution ratios.***> For
example, the D value for Dy is increased from 3.1 to 94.1 by
doubling the HCI concentration from 1.5 M to 3.0 M.

Counter anions in the metal salt and acid media, as
ligands, can influence the phase transfer of metal cations. We
then compared HCI and HNO; as acid media with the respect-
ive Ln chloride or nitrate salts, showing that HNO; outper-
formed HCI in both distribution ratios and extraction efficien-
cies (Fig. 3f). For TODGA, the extraction efficiency of La
increased from 22% to 94% when the counter anion in both
metal salts and acid media was switched from chloride to
nitrate, at the acid concentration of 3.0 M. Compared to REE
chlorides, REE nitrates typically display higher ionization
potential*®*” but weaker hydration energy,*® thereby improv-
ing the extraction efficiency of the nitrate complex into the
organic phase.” Interestingly, TEHDGA, found to be an
ineffective ligand for all 14 Ln chloride salts in HCI, was sig-
nificantly improved when switched to nitrate as the counter
anion (Fig. 3f). For instance, the extraction efficiency of La
increased from 5% to 52%, that of Nd rose from 9% to 74%,
and the E for Dy boosted from 27 to 97%, when switching
from CI” to NO;3~ in both metal salts and acid media. This
observation underscores the salient role of extraction media in
the extraction process. Such key insights suggest that simple
adjustments to extraction parameters, such as aqueous media
and acid concentration, could yield extraction and separation
improvements on par with or surpassing those achieved
through structural modifications of DGAs, which often require
extensive synthetic efforts. Moreover, the former approach may
also lead to reduced process development costs. It is worth
noting that, in the current study, the improvement in extrac-
tion efficiencies by varying the acid media is general to all
REEs.

4.3. Experimental sidechain effect on extraction studies

With the optimized process conditions, our research further
delved into understanding structure-activity relationships on
the extraction performance of DGAs. It has been hypothesized
that the coordination affinity of DGAs is pivotal in modulating
their REE extraction efficiency.®” This affinity can be adjusted
by altering the chain length and branching of N-alkyl substitu-
ents in DGAs, thereby affecting the first coordination sphere.
TODGA (4c) was selected as a representative to examine the
impact of sidechain variations on REE extraction. When com-
paring 4c with its branched isomer TEHDGA (4h), a marked
reduction in the D value for all 14 Ln was observed, Fig. 4.
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Fig. 4 Comparison of the extraction efficiency of 4c, 4d, 49, 4h, and 4i
in 3.0 M HCl and Isopar L/Exxal (7/3). See Table S207 for details.

This decrease is attributed to the steric hindrance caused by
ethyl groups at the B position, which undermines the inter-
action with the Ln ions.

Conversely, substituting one octyl group on each N atom in
4c with a methyl group (4d) significantly enhances D for all 14
lanthanides, which is attributable to the reduced steric
impact. A deviation was noted with 4g, where shrinking the N
substituents to a cyclic hexyl group surprisingly exhibited
slightly better extraction capability than 4h. This lower extrac-
tion efficiency in 4g compared to 4¢ and 4d is hypothesized to
stem from increased aqueous solubility due to shorter hydro-
phobic alkyl chains, which exert a higher impact on the extrac-
tion capability relative to the steric effect.”” The solubility
factor also plays a crucial role in the performance of 4i.
Originally designed to incorporate additional coordination
sites in the secondary coordination sphere beyond the primary
sphere, 4i was aimed to enhance interaction with Ln(u) and
improve extraction efficiency. However, 4i demonstrated lower
REE extraction efficiency among the substrate scope, most
likely also caused by increased aqueous solubility because of
its hydrophilic methyloxyl substituents.

Overall, the separation study of different N-substituted
DGAs suggests that decreasing steric hindrance around the
primary coordination sphere (4d < 4c < 4h) leads to a signifi-
cant enhancement in extraction strength (4d > 4c > 4h), as
illustrated in Fig. 4. Aqueous solubility also plays a substantial
role in determining the REE extraction efficacy of DGAs.>°

4.4. Stripping studies

The stripping and recovery of REEs from the organic phase is a
crucial step to complete the separation process, as recovery of
the separated REE metals allows repeated use of the valuable
ligands.'>'™** Using the automated workflow, we evaluated
the stripping of the lanthanides in the organic phase with an
aqueous solution of varied acid concentrations. The stripping
efficiency (Es) is defined as the ratio of Ln(ir) concentration in
the aqueous stripping solution to that in the organic phase.
When TODGA was used in the extraction study (Fig. 3f), mod-
erate extraction efficiency was achieved for light lanthanides

This journal is © The Royal Society of Chemistry 2024
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Fig. 5 Stripping 14 lanthanides from the organic phase to the aqueous
phase under different HCl concentration conditions.

(La to Sm), with E values of over 90% for the medium and
heavy ones. In contrast to the Ln(m) extraction, we found that
optimal stripping occurred at low acid concentrations, as
shown in Fig. 5. Specifically, at a 0.1 M HCI condition, we
achieved over 80% E; for all 14 Ln(m) elements in one hour of
mixing time. Under 1.5 M HCI conditions, we achieved over
70% Eg for La-Sm, while Ho-Lu exhibited approximately 30%
Es. The highest selectivity was attained at 3.0 M HCI, with over
95% Eg for La and moderate Eg (45-60%) for Ce, Pr, and Nd
while stripping efficiencies were significantly less than 10%
for the heavy Ln(m) elements.

Integrating selective extraction and stripping using aqueous
solutions of optimal acid concentrations enables a new flow-
sheet to separate light and heavy REEs (Scheme 3). The
residual aqueous solution from the extraction process and the
used stripping solution are rich in light REE and can be com-
bined. The light REEs can be recovered by further coupling
with selective precipitation.>® Similarly, the heavy REE in the
organic phase can be stripped using aqueous solutions of low
acid concentration and precipitated. Thus, aqueous solutions
can be recycled without neutralization/reacidification, and
organic ligands can be reused without purification. It becomes

¢ Organic Organic
Enriched

Tobea | Pase | Enriched Phase
Extraction heavy REE heavy REE
Aqueous Aqueous
phase

phase
Enriched
light REE

3M HCI
Stripping

REE mixtures

Enriched

Precipitation

Heavy REE
release

light REE

Light REE

-
release

Precipitation

Scheme 3 Selective separation of heavy and light Ln() elements via
cascade extraction and stripping. The recycling of the organic and
aqueous phases is not illustrated.
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possible to achieve selective separation of heavy and light Ln
() elements by fine-tuning the acid media while maintaining
maximum extraction efficiency.

5. Conclusions

We have demonstrated a scalable and sustainable approach to
accelerate the liquid-liquid extraction of REEs through the
integration of agile ligand synthesis and automated high-
throughput extraction studies. The novel green synthesis of
diglycolamides via solvent-free melt-amidation reaction is
marked as a significant advancement with its simplicity, high
yield, and purity. The ability to scale this synthesis up to
200 grams without compromising yield or purity highlights its
industrial feasibility, offering a practical solution for large-
scale REE extraction processes. This aspect is further comple-
mented by the sustainability of the process, as evidenced by a
significant 67% reduction in global warming potential based
on a comprehensive life cycle assessment. Furthermore, a
high-throughput workflow for liquid-liquid extraction is
demonstrated to accelerate the understanding of the impact of
process parameters and the structure-activity relationship of
ligands on liquid-liquid separation. Consequently, this inte-
grated approach enables the rapid determination of optimal
conditions for REE separation and stripping studies, leading
to a simple workflow for separating light and heavy REEs. Our
approach can be readily applied to the research, development,
and deployment of other critical materials, including Li, Co/
Ni/Mn, and others associated with natural or reclaimed
materials, to meet the growing needs of clean energy
transformation.
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