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process and places an upper boundary on the applicable metal
concentration in the feed solution.[4,10–13] In contrast to the
undesired aggregation resulting in the organic phase separation,
acidic aqueous biphasic systems (AcABS) rely on the inorganic
acid content to drive the desired and reversible phase transition
of a hydrophilic quaternary ammonium or phosphonium ionic
liquids (ILs), thereby substituting the inorganic salt in traditional
ABS.[14] The acid driven self-assembly of AcABS from a mono- to
biphasic system overcomes the traditional instability of ABS at low
pH values whilst retaining their advantageous qualities, namely
the use of water as the primary component, avoidance of volatile
organic diluents, rapid mass transfer and the potential integration
of the leaching and separation step within one solution. [15] Such
systems could provide a more benign and tuneable alternative to
traditional solvent extraction; the efficacy of the thermoresponsive AcABS composed of tributyltetradecylphosphonium
chloride ([P44414]Cl) and HCl was previously demonstrated for the
recovery of CoII and PtIV.[14–16]

Abstract: An acidic aqueous biphasic system (AcABS) presenting a
desired and reversible phase transition with HNO 3 concentration and
temperature is presented herein as an integrated platform for metal
separation. The simple, economical, and fully incinerable (C,H,O,N)
AcABS composed of tetrabutylammonium nitrate ([N 4444][NO3]) +
HNO3 + H2O is characterised and presents an excellent selectivity
towards CeIV against other REEs and transition metals from both
synthetic solutions and nickel metal hydride (NiMH) battery leachates.
The acid driven self-assembly of AcABS bridges the gap between
traditional ABS and liquid-liquid extraction whilst retaining their
advantageous qualities including compatibility with highly acidic
solutions, water as the primary system component and the avoidance
of organic diluents, rapid mass transfer and the potential integration
of the leaching and separation steps.

Introduction
Although rare earth elements (REEs) are characterised by similar
physico-chemical properties, certain lanthanides have accessible
redox transitions permitting their separation from the other REEs
in their +3-oxidation state.[1] Examples include the reduction and
precipitation of europium(II) sulfate[2] or the oxidation of
cerium(IV) followed by its solvent extraction separation. [3–7]
Cerium(IV) oxide, or ceria, is an industrially important material
with applications in glass polishing, organic catalysis,
environmental remediation, solid-oxide fuel cells and as possible
partial replacement for neodymium in NdFeB magnets.[8,9] Beyond
its practical end-usage, the ability to easily cycle between the +3
and +4 oxidation states lead to the use of Ce as a proxy element
in studies of valence-controlled solvent extraction separation of
trivalent and tetravalent actinides and lanthanides in the PUREX
(Plutonium Uranium Reduction EXtraction) process for nuclear
fuel reprocessing.[3,6–8,10]

In this work, the simple, economical, and fully incinerable
(C,H,O,N) ternary AcABS composed of tetrabutylammonium
nitrate ([N4444][NO3]) + HNO3 + H2O is characterised and
investigated for the separation of Ce(IV) from other REEs and
transition metals. The choice of system stems from the large
spectrum of available cerium(IV) nitrato complexes[6,7,17,18] whilst
nitrate-based
ILs,
including
[N4444][NO3]
diluted
in
dichloromethane,[4] were previously shown to extract REEs from
nitrate salt solutions.[19–21] It is important to emphasise that the
potential selection of hydrophilic ILs is restricted by its structural
requirements for AcABS formation to overcome the salting-in
nature of inorganic acids,[22] namely the presence of a localised
cationic charge embedded within a bulky apolar volume. [23]
Although tetrabutylammonium salts are not traditional
amphiphiles, the balance between core electrostatic interactions
with water and the hydrophobic interactions of alkyl tails results in
their loose self-assembly at higher IL concentrations into a
continuous cationic network characterised by a dynamic structure
similar to hydrated clathrates.[24–26] The final manifestation of their
self-aggregation is their entropically-driven lower critical solution
temperature (LCST) phase transition.[26]

Solvent extraction processes for CeIV recovery using solvating
extractants such as tributylphosphate (TBP) or diglycolamides in
organic diluents are unstable at high acid or metal loading,
manifested by the splitting of the organic phase into a dense
metal/acid-rich phase and a light diluent phase. Third-phase
formation is triggered by the polar solute-induced aggregation of
the amphiphilic ligand upon extraction into the organic phase and
the eventual coalescence of reverse micellar aggregates into
larger-scale assemblies, resulting in a failure of the extraction

Results and Discussion
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Figure 1. A) Phase diagram of the [N 4444 ][NO3 ] + HNO3+ H2 O system as a function of temperature; the monophasic and the biphasic region at a given temperature
are to the left and right of the binodal respectively Inset picture: AcABS composed of 20.0 wt.% IL and 8.0 wt.% HNO 3 containing 2.0 mmol kg-1 of Ce(IV) at 293 K
and 323 K. B) Deconvoluted Raman spectra of the IL-rich phase of the AcABS composed of [IL]=[HNO 3]= 20.0 wt.%. Red line corresponds to the deconvoluted fit.
MD analysis of the system composed of [IL]=[HNO 3]= 20.0 wt.% containing 25% undissociated HNO 3 including C) snapshot of the equilibrated system showing the
[N4444]+ cation in green and undissociated HNO 3 in orange (all other molecules were omitted for clarity), D) radial distribution function between the central nitrogen
atom of [N4444]+ and the other species and E) partial density profile. F) MD-derived solvent accessible surface area (SASA) of 20.0 wt.% [N 4444][NO3 ] in (1) H2O, (2)
in 4.5wt.% dissociated HNO 3, (3) in 4.5 wt.% undissociated HNO 3 and in (4) 20.0 wt.% HNO 3 (25% undissociated). All MD systems contain a fixed 200 [N 4444][NO3]
ion pairs and the van der Waals radius was used as probe radius for SASA calculations. Detailed system compositions are provided in Table S3 of the ESI.

The phase diagram of [N4444][NO3] + HNO3 + H2O as a function of
temperature is presented in Figure 1A, in which the monophasic
and the biphasic region at a given temperature are to the left and
right of the binodal respectively. These binodals exhibit an
unusual onion-shape with a pronounced non-linear LCST
behaviour at lower IL concentrations. Experimental binodal
measurements are available in Tables S1-S2. The presence of a
LCST allows for the reversible transition from monophasic to
biphasic by simply varying the temperature as illustrated in Figure
1A (inset). The convergence of the binodals for [N4444][NO3]
concentrations superior to 50.0 wt.%, and therefore the decrease
in the extent of the temperature response, is attributed to the
increased rigidity of the pre-structured phase as one moves from
salt-in-water to water-in-salt solutions.[23,25] A similar qualitative
binodal behaviour is obtained when the IL anion is changed to
chloride (Figure S1) albeit shifted to higher HNO3 concentration
by approximately 5.0 wt.% in line with the change of the anion
hydrophilicity, confirming that the AcABS formation is primarily
dictated by the selection of IL cation and acid type. The
temperature and HNO3 dependent solubility of [N4444]+-based IL
confers an operating flexibility to the AcABS, making it compatible
with a wide range of HNO3 concentrations. To minimise the
number of system components to consider whilst exploring the
largest compositional range the following discussion will focus on
the [N4444][NO3] + HNO3 + H2O AcABS primarily at 323 K.

concentration (20.0 wt.%) is presented in Figure S2. Increasing
the HNO3 concentration from 6.0 to 18.0 wt.% has a favourable
influence on the partition of the IL by reducing its loss to the
bottom phase from 40.2 to 5.6 wt.% respectively, an important
consideration for its reuse and recycle, and confirming the AcABS
suitability at greater HNO3 concentrations. HNO3 was found to
make up approximately the same percentage of the top and
bottom phase composition in contrast to HCl-based AcABS in
which the acid was found to preferentially partition to the aqueous
phase.[14,23] HNO3 is a weaker acid than HCl and its protonated
and dissociated form exist in equilibrium above 3.0 mol L-1 (~13.9
wt.%),[27] with the equilibrium shifted towards the protonated
specie in organic media.[11] The Raman spectra of the AcABS ILrich phase ([IL] = [HNO3] = 20.0 wt.%) in the characteristic nitrate
region from 920 to 1100 cm-1 was deconvoluted into its Gaussian
components (Figure 1B). Bands attributed to the “free” and
associated form of the nitrate ions are observable at 1051 cm-1
and 1006 to 1028 cm-1 respectively whilst the band of molecular
nitric acid is clearly identifiable at 970 cm-1.[27] The AcABS must
therefore be considered as a five component system consisting of
[N4444]+, [NO3]-, H3O+, HNO3 and H2O.
The presence of a molecular solute differentiates the studied
HNO3-based AcABS from its HCl counterpart and likely affects the
mechanism underlying phase separation as quaternary
ammonium bases present a strong affinity for HNO 3.[28] To
elucidate the influence of molecular HNO 3 on AcABS formation,
four systems containing a fixed 20.0 wt.% IL were simulated using

The composition of the IL-rich top phase and the bottom phase as
a function of HNO3 concentration at 323 K for a fixed [N4444][NO3]
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Figure 2. A) Ce(III/IV) distribution coefficient in the AcABS composed of 20.0 wt.% IL as a function of HNO 3 concentration. B) Distribution coefficient of REE III and the
CeIV/REEIII separation factors. C) Distribution coefficients of REE (III) (orange), transition metals (green), specialty metals (purple) and precious metals (yellow). A
constant AcABS composition of 20.0 wt.% and 18.0 wt.% HNO 3 at T= 323 K was used in panels B and C. All tests were performed using [M] = 0.01 mol kg-1 of
system with the exception of [Pt] = [Au] = 2.0 mmol kg-1 of system. * - although Sn II was added, Pourbaix diagram indicates the existence of Sn IV under the tested
conditions.

classical molecular dynamics (MD): (1) in H2O, in 4.5 wt.% (2)
dissociated and (3) undissociated HNO3 and in (4) 20.0 wt.%
HNO3 (25% undissociated). The distribution of nitrate species in
systems (2) and (4) is based on experimental measurements[27]
whilst system (3), which contains almost the same number of
undissociated HNO3 molecules as (4), is for comparative
purposes. Further details on the composition of the MD
simulations can be found in Table S3. A snapshot of the
equilibrated system (4) is presented in Figure 1C and shows the
presence of protonated HNO3 in the more apolar [N4444]+
aggregates. Radial distribution function analysis of system (4) in
Figures 1D and the derived coordination numbers presented in
Figure S3 identify the dominant interaction between
undissociated HNO3 and the [N4444]+ cation with an average 2.6
HNO3 molecules around each [N4444]+ for r = 0.51 nm. Additionally,
the partial density of each species across the simulation box
shown in Figure 1E clearly indicates the overlap of molecular
HNO3 and [N4444]+ cations and an exclusion of water molecules
from these aggregates, confirming the interaction between
protonated nitric acid and the IL as the determinant factor driving
the phase separation of the system. The symmetry of [N4444]+
prevents the emergence of any distinct phases, with Figure 1C
suggesting that phase separation occurs through the watermediated aggregation of the IL around molecular HNO 3 into a
loose continuous network and that dispersive interactions, and
not electrostatic ones as could be assumed, dictate phase
separation in the [N4444][NO3] + HNO3 + H2O system. Most telling,
comparison of the solvent accessible surface area (SASA) of
[N4444]+ in the simulated systems (Figure 1F) reveals that
dehydration of the IL cation, manifested by a reduction in its SASA,

is almost entirely conditioned by the presence of molecular HNO 3
with minimal contributions from the ionic constituents. Molecular
HNO3 acts as the nucleation point for [N4444]+ self-assembly and
eventual AcABS formation and in doing so is reminiscent of the
phase separation for [N4444]-based ILs in the presence of weak
carboxylate acids.[29]
Having characterised the [N4444][NO3] + HNO3 + H2O AcABS,
attention is now paid to its potential as a separation platform for
metal recovery. All extraction tests were performed for HNO 3
concentrations and temperature conditions enabling a biphasic
regime. Unless otherwise stated, extraction experiments were
performed using 20.0 wt.% IL, a temperature of 323 K and single
element solutions of concentration 0.01 mol.kg-1 of system. The
distribution coefficient (D) for a given metal and the separation
factor (SF) between CeIV and the other metals are calculated as
follows:
DM = [M]IL / [M]aq
SFCe(IV)/M = DCe(IV) / DM

(1)
(2)

where the subscript IL and aq denote the metal concentration in
the IL-rich and aqueous-rich phase, respectively. Comparison of
the partition of CeIII and CeIV as a function of HNO3 concentration,
presented in Figure 2A, reveals opposite trends. CeIV partitions to
the IL-rich phase across the entire tested acid range, reaching a
maximum of DCe(IV) = 39.6 for [HNO3] = 18.0 wt.%. Under the
tested condition, the AcABS in presence of CeIV was found to
precipitate for HNO3 concentrations below 10.0 wt.%; this is
addressed in greater detail further on.
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Figure 3. A) Ce IV distribution coefficient in the AcABS composed of 20.0 wt.% IL and 18.0 wt.% HNO 3 at T= 323 K as function of the [IL] to [Ce IV] molar ratio. The
[Ce(IV)] third phase concentration was calculated by mass balance. B and E) Raman spectra of (1) as -received [N4444 ][NO3], (2) 0.10 mol kg-1 CeIV solution in 18.0
wt.% HNO3, (3) IL-rich and (4) orange precipitate obtained in the AcABS for a [IL]/[CeIV] ratio of approximately 20. C) Molecular structure of [(N 4444 )CeIV(NO3)6 ]- with
thermal ellipsoids (50 % probability level) and D) crystal packing of [(N 4444 )2CeIV(NO3)6 ] in the 100] direction.

In contrast to CeIV, CeIII distribution to the IL-rich phase decreases
with increasing HNO3 concentration. A similar drop in the
extraction of trivalent REEs by nitrate-based hydrophobic ILs was
reported due to the competitive extraction of HNO 3.[21,28]
Comparison of the studied AcABS with the conventional ABS
composed of [P4444][NO3] and NaNO3, in which quantitative
partition of trivalent REEs was achieved,[19] emphasises the
importance of HNO3 as the nitrate source. The presence of HNO3
plays a dual role, both as AcABS phase former and CeIV
selectivity enhancer, yielding a SF between the +4 and +3 cerium
species of 336 for [HNO3] = 18.0 wt.%.

5925. The CeIV/LaIII separation factor in the presented AcABS is
one to two order of magnitude lower than those reported in
hydrophobic fluorinated ionic liquids[5] but compares favourably
with
those
reported
for
solvent
extraction
using
organophosphorus extractants in organic diluents.[30–32] However,
an important advantage of the AcABS over CeIV extraction in
fluorinated ionic liquids is the suppression of the costly and
hazardous fluorinated ion loss to the aqueous phase. [5,33]
Whilst it is unlikely that CeIV will be encountered together with
some of the elements in Figure 2C, the purpose of the latter is to
determine the potential suitability of the AcABS as a separation
platform beyond the scope of this work. With the exception of CeIV,
BiIII, PtIV and AuIII, all other metals are poorly extracted in the
AcABS ensuring a selective recovery of CeIV from a range of
leachate compositions (Table S4). Unfortunately, BiIII, PtIV and
AuIII were added as their chloride salts and are known to form
neutral or anionic complexes even at low chloride concentrations,
especially considering the important ionic strength of the system.
As such, it is difficult to categorically assign their extraction
behaviour solely to the AcABS due the likely contribution of the
chloride anion in mixed complexes. In any case, it suggests that
a stoichiometric addition of chloride to a mixture of transition and
precious metals could selectively separate the former and could
provide an alternative strategy for the recovery of AuIII from aqua
regia leachates of electronic wastes for example.

Under the optimal CeIV extraction conditions identified in Figure
2A ([HNO3] = 18.0 wt.%), the selectivity of the system was further
assessed by expending the range of tested metal ions to other
REEs, Figure 2B, as well as selected alkaline, transition, specialty
and precious metals, Figure 2C. All distribution and separation
factors are available in Table S4 and S5. Distribution factors of
the trivalent lanthanides in Figure 2B decrease from lightest to
heaviest with LaIII presenting the highest extraction; YIII was used
as a substitute for HoIII (marked in orange) due to their similar ionic
radii. The reverse extraction behaviour relative to the lanthanide
contraction is typical for REE extraction by basic extractants from
nitrate media and is referred to as the “negative sequence”. [20] The
variation in distribution coefficients engenders a reverse trend in
the SFCe(IV)/Ln(III), varying from SFCe(IV)/La(III) = 275 to SFCe(IV)/Y(III) =
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Figure 4. A) Schematic for the recovery of Ce IV from waste NiMH battery black mass identifying the five main processing stages. B) Metal percentage composition
of the leachate, REE-DS precipitate, and final recovered product. C) X-ray diffractogram of the REE-DS (Ln – lanthanide) and final recovered Ce(OH)4 product with
the main phases identified. D) Distribution and CeIV / LnIII separation factors in the AcABS at 20.0 wt.% IL and 18.0 wt.% HNO 3 (T = 323 K) over three extraction
and precipitation cycles using a continuous IL-rich phase.

The identity of the extracted CeIV species was probed by varying
the IL to CeIV molar ratio for a fixed [N4444][NO3] concentration of
20.0 wt.%, Figure 3A. It became quickly apparent that the AcABS
in presence of large concentration of CeIV yielded the formation of
a third solid orange coloured phase at the interface between the
two liquid phases (inset Figure 3A). Such solid phase was
observed with [CeIV]/[IL] ratio lower than 42, equivalent to 0.015
mol.kg-1 of system or 10.9 g of CeIV per kg of IL. A further increase
in the CeIV concentration beyond the identified molar ratio
threshold results in the sharp increase of CeIV in the solid phase
and the gradual disappearance of the IL-rich phase. Raman
spectra of the orange precipitate (label 4) and IL-rich phase (3)
obtained for a [IL]/[CeIV] ratio of approximately 20 as well as the
starting 0.10 mol kg-1 CeIV solution in 18.0 wt.% HNO3 (2) and asreceived IL (1) are presented in Figure 3B in the 650 to 1650 cm1
region. Beyond the original nitrate bands present in [N4444][NO3],
the IL-rich phase spectrum (3) is defined by a broad peak centred
at 1043 cm-1 as well as a shoulder band at 960 cm-1 similar to
Figure 1B confirming the accumulation of extracted HNO 3 in this
phase. The precipitate spectrum (4) is characterised by the
emergence of two new sharp bands at 1543 and 748 cm-1 typical
of CeIV coordinated nitrate in a bidentate mode.[18] An obvious
parallel at this stage is the third phase formation in solvent
extraction such as TBP in dodecane, with the difference that in
the AcABS extracted HNO3 and CeIV concentrate in separate IL
phases.[7,13] Since [N4444][NO3] acts as both the extractant and

organic phase in the AcABS, an excess of the IL to metal ion is
required to provide a suitable environment to stabilise the
extracted complex. To test this hypothesis, stoichiometric
quantities of [N4444][NO3] were added to an 0.01 mol kg-1 CeIV
solution, resulting in approximately 90% precipitation yield with
the IL to CeIV ratio shifting from 5:1 to 2:1 as the HNO 3 increased
from 4.5 to 18.0 wt.%, Figure S4. The precipitation presented
comparable selectivity to the AcABS, with LaIII also coprecipitating whilst YIII solutions were stable for over a week
thereby representing an alternative route for CeIV recovery
depending on the final application requirement. CeIV precipitation
was completely suppressed by the introduction of competing
counter-anions to nitrate, Figure S5. Whilst chloride had no
influence on the precipitation yield, addition of (SO 4)2- prevented
CeIV precipitation most likely due to the displacement of
coordinating nitrate ligands.[8]
Small orange parallelepiped crystals were isolated from the solid
third phase and analysed by single crystal X-ray diffraction
(SCXRD). A summary of the crystal data and relevant refinement
parameters are given in Table S6. The ORTEP plot of the refined
[(N4444) 2CeIV(NO3) 6] structure is shown in Figure 3C and its
projected 3D network in [100] direction is presented in Figure 3D.
The homoleptic hexanitratocerate anion in Figure 3C has six
bidentate nitrate ligands to the central twelvefold coordinated
cerium ion forming a slightly distorted icosahedron with a narrow
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Ce – O2(NO) distance distribution ranging from 0.24867(13) to
0.25137(12) nm. The [N4444]+ cations were found in a continuous
lamellar arrangement, effectively wrapping around the cerium
anion centres. The obtained precipitate is analogous to ceric
ammonium nitrate ((NH4)2CeIV(NO3)6),[34] an important
commercial oxidant.[35] Although undesirable from a process
perspective, it suggests the AcABS third phase could be
recovered as a value-added product with suitable selectivity. The
Raman spectrum of the third phase (4) in the low wavenumber
region (Figure 3E) identifies two intense bands at 239 and 149
cm-1 assigned to the oxo‐bridged CeIV‐O‐CeIV dinuclear complex
which were not identified by SCXRD.[17,18]

acid selection. Steps (1) and (2) were adapted from the results of
Innocenzi and Vegliò[44] whilst the protocol for Step (3) was taken
from Gras et al.[5] Metal compositions of the leachate solution and
the resulting REE-DS precipitate after adjusting the solution pH to
1.6 are shown in Figure 4B and Table S7. The powder XRD
(PXRD) diffractogram and scanning electron microscopy (SEM)
with energy-dispersive X-ray spectroscopy (EDS) analysis of the
REE-DS precipitate are presented in Figure 4C and Figures S8
respectively and confirm the absence of transition metals in the
later. A 93.6% conversion of CeIII to Ce(OH)4 in the REE-DS was
achieved in Step (3) after agitating with 2.0 mol kg-1 NaOH
solution under ultrasound.

Returning to the CeIV extraction mechanism, the Raman spectra
of 0.10 mol kg-1 CeIV solution in 18.0 wt.% HNO3 (spectrum 2) is
notable for its absence of cerium-nitrate bands. Under the studied
condition, the [Ce(NO3)6]2- anion and its oligomers observed in the
IL-rich phases do not appear to pre-exist in the absence of
[N4444][NO3], thereby ruling out an anion-exchange mechanism
and favouring CeIV extraction via the formation of ion-pairs. Such
behaviour mirrors the higher ordered CeIV multinuclear entities in
the TBP and dodecane solvent extraction organic phase relative
to the aqueous phase speciation in which EXAFS analysis
indicates an equilibrium between CeIV monomers (Ce4+,
Ce(NO3)3+,Ce(NO3)22+, etc.,) and oxo-bridged dimers.[7,17,36,37]
Comparison of the Raman spectra of 20.0 wt.% [N4444][NO3] with
an equivalent solution of NaNO3, Figure S6, shows the presence
of associated nitrate bands in the former which are notably absent
in the latter. Furthermore, dynamic light scattering analysis
indicates the formation of small polydisperse aggregates with
addition of HNO3, Figure S7. It is therefore proposed that the
accumulation of nitrate ions at the interface of IL aggregates
relative to the bulk concentration facilitates the local formation of
neutral and anionic CeIV complexes and their extraction. The
propensity of the pentanitrato complexes for heavier REEs
explains their poor extraction in the AcABS as well as the absence
of precipitation even at low IL to metal ratio compared to LaIII and
CeIII (Figure S4) where the hexanitrato complex was
reported.[20,38,39]

The oxidised REE-DS was dissolved in HNO3 and added to an
aqueous [N4444][NO3] solution to yield a final system composition
of 20.0 wt.% IL and 18.0 wt.% HNO3 system with a concentration
of 8.0 g.(kg of IL)-1 of LaIII, 5.0 of CeIII / IV, 0.46 of PrIII and 1.7 of
NdIII. REE distribution in the AcABS at 323 K and the associated
SFCe/REE separation factor are presented in Figure 4D. The low
distribution of CeIII in the AcABS implies that CeIV can be
considered as the sole extracted cerium species. Extraction from
real samples are consistent with those obtained from monoelemental system in Figure 2A-B; a final SFCe(IV)/La(III) = 220 and
SFCe(IV)/Nd(III) = 1867 were obtained confirming the suitability of the
AcABS. Following extraction, the IL-rich phase was isolated,
diluted fivefold using a 1.0 mol kg-1 NaOH and agitated for 10 min
to yield a final light-yellow precipitate. Compositional analysis of
the recovered product indicates cerium represents 84.8 wt.% of
the metal content, up from 1.98 wt.% in the original leachate
(Figure 4B) and the main identified crystalline phase by PXRD
was Ce(OH)4 (Figure 4C). The recovered Ce(OH)4 powder is of
suitable purity for industrial application whilst simultaneously
concentrating the more critical NdIII and PrIII in solution for further
processing. Following filtration of the hydroxide product, 18.0
wt.% NaNO3 was added to the filtrate to form the [N4444][NO3] +
NaNO3 ABS as per the reported phase diagram and recover the
IL.[19] The IL-rich phase was directly reused in a new AcABS under
the same conditions, this process was repeated over three
extraction and precipitation cycles with no appreciable changes in
the metal partition and selectivity (Figure 4D). Subtraction of the
water content in the final recovered IL-phase indicates an
approximate IL loss of 11.9 wt.% although a portion of this is
expected to be through experimental manipulations. Proton
nuclear magnetic resonance (NMR) analysis of the original and
final IL-rich phase is presented in Figure S10 and confirm the lack
of IL denaturation.

To illustrate the applicability of the developed AcABS within a
circular economy context and to go beyond the common recovery
of a mixed REE precipitate, the extraction of Ce(IV) from real
waste nickel metal hydride (NiMH) battery black mass obtained
from the industrial recycler Recupyl (Grenoble, France) was
investigated. Recovery of REEs as a mixed precipitate
accentuates the inherent ‘balance problem’ in REE supply and
decreases the economic value of the more valuable REEs present
in the mixture. The process schematic is summarised in Figure
4A and constitutes five major steps: (1) leaching in 2.0 mol.L-1
H2SO4, (2) recovery of REEs by double sulfate (DS) precipitation,
(3) cerium oxidation using NaOH, (4) dissolution of the precipitate
in HNO3 and Ce(IV) recovery by AcABS and (5) IL regeneration.
The conversion of CeIII to CeIV is accessible in acidic HNO3
solutions using strong oxidants such as ozone (standard
electrode potential of ECe(IV)/(III)0= 1.743 V vs EO3/O20 = 2 .076 V),[40–
42]
theoretically permitting the “one-pot” CeIV oxidation and
separation in AcABS. However, the presence of species with
competing redox potentials, notably MnII / IV (EMn(IV)/(II)0 = 1.240
V)[43] meant the REEs first had to be separated from the transition
metals in an additional Step (2) that also influenced the leaching

Conclusion
The concept of AcABS, in which an inorganic acid acts as the
salting-out agent, bridges the gap between traditional ABS and
liquid-liquid extraction whilst combining the advantages of both
techniques. Self-assembly in the [N4444][NO3] + HNO3 + H2O
AcABS is driven by the water-mediated aggregation of the IL
around molecular HNO3 into a loose continuous network with the
AcABS presenting a pronounced temperature responsiveness.
The system exhibits excellent selectivity for CeIV against other
REEs, both from synthetic and real matrices obtained from waste
NiMH batteries and is reusable over three extraction cycles with
no loss in extraction efficiency. The proposed AcABS relies solely
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The IL concentration was increased at lower HNO 3 concentration
to address the small volume of the IL-rich phase which resulted in
significant experimental errors. All tests were performed in
duplicate. The [N4444]+ ionic liquid cation in each AcABS phases
(IL-poor phase) was quantified by quantitative 1H-NMR whilst the
acid concentration was measured by acid-base titration using an
automated acid-base titrator (Metrohm 904 Titrando) with a
Titroline 6000 pH meter. The water content in the IL-rich phase
was measured by Karl-Fisher titration (Metrohm 831 KF
Coulometer); the water content in the bottom phase was
calculated by mass balance.

Methodology
Materials and Instrumentation
A detailed description of the materials and instrumentation used
in this work is available in the Supplementary Information.

Single element metal extraction in AcABS
Unless otherwise specified, all extraction tests were performed
using 20.0 wt.% IL (0.64 mol.kg-1), 18.0 wt.% HNO3, a
temperature of 323 K and single element solutions of
concentration 0.01 mol (kg of system)-1 except for [Pt] = [Au] = 2.0
mmol (kg of system)-1. The total mass of each system was of 1.5
g. In each case, the AcABS was pre-formed prior to addition of
small aliquot of concentrated metal solution in 25.0 wt.% HNO3 to
obtain the final desired AcABS composition. The order of the
AcABS construction is important: addition of the IL to a metal
solution resulted in the formation of a stable CeIV precipitate.
Solutions were mechanically agitated at 2000 rpm for 5.0 min. The
resulting mixture was left to phase separate for 4 hr in an oven at
323 K. The volume of the phases were measured and aliquots of
the upper and lower phases were collected for metal
concentration analysis after appropriate dilution using a total
reflection X-ray fluorescence spectrometry (TXRF) by Picofox S2
(Bruker Nano (Billerica, MA, USA)). The influence of HNO3
concentration from 6.0 to 20.0 wt.% and the CeIV loading from 7.0
mmol kg-1 ([IL]/[CeIV] = 85.4) to 0.15 mol kg-1 ([IL]/[CeIV] = 4.2) on
the CeIV extraction were systematically varied whilst keeping all
other parameters fixed. At higher CeIV loading a third orange
phase appeared at the interface. CeIV concentration in the latter
was determined by mass balance after metal quantification in the
acid-rich and IL-rich phases. The interfacial phase was isolated
after centrifugation and rinsed with deionised water prior to
SCXRD and Raman analysis.

Molecular dynamic (MD) simulations
MD simulations were carried out using Gromacs 5.1 package[45]
within the NPT ensemble by adopting the leapfrog algorithm to
integrate the equations of motion at a fixed temperature (298 K)
and pressure (1 bar).[46] The non-polarizable CL&P OPLS all atom
force field was used for [N4444]+,.[47] and the force field parameters
for the nitrate anion were taken from Sambasivarao and
Acevedo.[48] The optimised OPLS-AA forcefield of Bonthuis et
al.[49] was used for H3O+, forcefield parameters from Price et al.[50]
were used for undissociated HNO3 and water molecules were
represented by the SPC/E model.[51] Hydrogen bonds were
constrained by the LINCS algorithm[52] whilst LJ and Coulombic
interactions were computed up to a cut-off radius of 1.2 nm. Longrange Coulombic interactions were evaluated by particle mesh
Ewald (PME).[53] The temperature and pressure were controlled
through the Nose–Hoover thermostat[53] and the Parrinello–
Rahman barostat,[54] respectively. All simulations were started
from a randomly distributed configuration, and production runs
were carried for a minimum of 90 ns with a time step of 2 fs.The
system compositions and final box volumes provided in Table S3.
MD simulation outputs were visualized using the VMD software
package.[55] Radial distribution functions (RDFs), coordination
numbers (CNs), partial densities and solvent accessible surface
area of the components were calculated using the Gromacs inbuilt
analysis tools.
Characterisation of nitrate-based AcABS
The binodal curves for the various HNO3-based ternary systems
studied were determined through the cloud point titration method
in a temperature-controlled cell under agitation and atmospheric
pressure. A thermostatic bath (ME-18 V Visco-Thermostat,
Julabo) was used for temperature control (±0.1 K). All studied
system compositions were determined by the weight
quantification of all components added within an uncertainty of
±10-3 g using a Mettler Toledo XP205 analytic balance. A system
was established as monophasic or biphasic if no change in the
cloudiness of the system is observed after 2 mins of vigorous
agitation (500 rpm). This threshold was selected to ensure that
the initial exothermicity of acid addition did not influence the
system properties. The detailed experimental procedure adopted
is described in previous works.[56,57] Quantification of the AcABS
phase composition at 323 K as a function of the HNO 3
concentration was experimentally determined in the absence of
metals. Systems with a total mass of 5.0 g were carefully weighted,
agitated at 2000 rpm for 5.0 min using an Eppendorf Thermomixer
Comfort mixer and left to phase separate at 323 K in an oven prior
to separation of the individual phases. A constant [N4444][NO3]
concentration of 20.0 wt.% was used except for [HNO 3] = 6.0 to
8.0 wt.% where the IL concentration was increased to 30.0 wt.%.

Treatment of Nickel Metal Hydride (NiMH) batteries
Waste NiMH battery black mass (BM), which refers to the crushed
electrodes and metallic grids components of NiMH batteries
obtained after its sorting, crushing and cyclonic separation, was
provided by the industrial recycling center Recupyl® (France).
The resulting shredded residues were sieved and washed with
deionised water until a neutral pH was obtained to remove the
residual KOH electrolyte. The BM fraction with a particle size
lower than 1 mm was used in the leaching study to control its
effect on the leaching efficiency between replicates. The H2SO4
leaching of the BM and subsequent REE double sulfate (DS)
precipitation conditions were adapted from the results of
Innocenzi and Vegliò.[44] A leaching yield of 85.1 wt.% relative to
the initial BM was achieved at the relatively mild leaching
conditions of 2 mol L-1 H2SO4, 2 hr leaching time, a solid-to-liquid
ratio of 1:10 and 25 oC. The leachate composition after filtration is
given in Table S7. Following filtration, 20 mL of the leachate was
diluted with deionized water to 50 mL and the pH of the diluted
leachate was adjusted to 1.6 by titration using a 2 mol L-1 NaOH
solution and left stirring overnight. The resulting cloudy solution
was filtered, and the filtrate analysed by TXRF whilst the
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recovered white precipitate was analysed by TXRF, SEM-EDS
and XRD. XRD result indicate the sole presence of the
Na(REE)(SO4)2.H2O hexagonal crystalline form (Figure 4). SEMEDS analysis (Figure S8-S9) shows a chemically homogeneous
sample composed solely of O, S, Na, La and Ce elements. The
precipitation yields and composition of the REE-DS precipitate
used in the extraction test are given in Table S7. The precipitation
yield (YP) is defined as:
[𝑀]𝑓
[𝑀]𝑖

×

𝑉𝑓
𝑉𝑖

) × 100

(3)

Where the subscripts i and f denote the solution before and after
pH adjustment, [M] is the concentration (mg L-1) of a given metal
and V the volume (L). CeIII present in the REE-DS was converted
to CeIV by stirring in 2.0 mol L-1 NaOH for 3 hrs at a solid-to-liquid
ration of 1:20 as described by Gras and co-workers.[5] The
solution was sonicated every 15 min to increase the conversion
yield; a final 93.6% conversion of CeIII to Ce(OH)4 in the REE-DS
was achieved. Ce(III) to Ce(IV) conversion was determined by
dissolving 0.05 g of the resulting powder in 15 mL of 8.0 mol·L−1
H2SO4. The aqueous solution obtained was then diluted 250 times
with the same H2SO4 stock solution and analysed by UV–visible
at 212 and 315 nm using a Shimadzu PharmaSpec UV-1700
spectrophotometer with a quartz cuvette. The oxidation efficiency
(OECe(III/IV)) of cerium was calculated according to the equation
below.
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