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Cobalt and nickel are vital metals for the transition to a decarbonized society, currently in critical supply
conditions to meet future demands. The recovery of those metals from secondary sources can mitigate
this issue, as well as treating hazardous waste and increasing its economic value. In this work,
ionic polymers inspired by deep eutectic solvents (DES) were studied for cobalt and nickel recovery
from representative recycling solutions. These polymers were prepared by simple and fast photo-
polymerization process combining [2-(methacryloyloxy) ethyl] trimethylammonium chloride (METAC)
with a series of hydroxylated compounds (e.g. alcohol and phenolic compounds). Different driving
forces for metal absorption; ionic interactions, hydrogen bonding coordination, acidity of the media and
polymer swelling have been investigated. The poly(METAC:1-butanol) polymer showed the highest
absorption capacity (46 + 5 mg g~* and 46 + 4 mg g~ for cobalt and nickel, respectively), competing
with conventional materials. Moreover, the metal stripping and recovery step was investigated.
Favourably, deionized water presented the highest desorption efficiency, in comparison with HC|,
rendering this process ‘greener’ and highly cost-effective. Finally, the ionic polymers were successfully
reused as absorbents for five absorption/desorption cycles, maintaining structural integrity. This
approach can pose an alternative way of using systems inspired by DES, with application at a larger scale
upon further optimizations.

environmental conditions,**

importance.

so their recycling grows in

A global energetic transition is currently underway to meet the
climate change goals in the coming years. Actual technologies
are heavily relying on the use of critical raw materials," such as
cobalt and nickel which are central to energy storage devices
such as lithium-ion batteries (LIBs).” Their recycling can allow
the recovery of Co, Ni and other critical metals to mitigate their
supply issues positively affecting the environmental footprint of
energy. Moreover, the production and waste of devices contain-
ing these metals can pose significant danger to human and
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Therefore, recycling of end of life devices, applicable to
spent LIBs but also other technologies, is quickly progressing
from a combination of pyro- and hydrometallurgy to low cost
and environmentally friendly processes.” This progression is
driven by the lower energy consumption and higher efficiency
and selectivity when leaching and recovering most of the target
metals.® Hydrometallurgy still has challenges mainly regarding
the use of corrosive chemicals used, such as H,SO, or HNO;,
generating hazardous wastewaters despite efforts to rendering
this strategy more circular by reusing the wastewaters.” Other
alternative methods, such as solvometallurgy which includes
non-aqueous solvents such as deep eutectic solvents (DES) and
hydroxylated solvents, were proposed to solve the issues of the
corrosive solvents used in hydrometallurgy.>® DESs are mix-
tures of hydrogen bond acceptors (HBAs) and hydrogen bond
donors (HBDs), comprising a wide range of possible combina-
tions that yield a solvent with a significant depression in their
eutectic point. One of their values for metal recovery arises
from their tunability through the component HBDs and HBAs
that provide reducing capacity, metal coordination ability and
acidity, which are important for an efficient end of life recycling
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processes.” Additionally, DES stand out for their simple pre-
paration and the natural, cheap, and extensive availability of
their components. Hydroxylated solvents, including alcohols
and phenols, showed the same abilities’*** and allow opti-
mized use of hydrometallurgical solvents for metal recovery.™

Although DESs have been shown to be valuable solvents for
LIB recycling,® their application has been mainly as alternative
solvents in extraction steps of hydrometallurgical processes.
Creating polymers inspired by DES, that retain their function-
alities, can expand their use to recovery steps downstream of
the recycling pipeline, opening new, innovative research routes.
Polymers are highly beneficial in this field, as they can provide
a platform for efficient metal recovery, minimising the depen-
dence on hazardous solvents. Furthermore, the same polymer
can be used in several absorption/desorption cycles. Materials
such as metal-organic frameworks, zeolites, hydrogels, and
membranes have been used for a more sustainable recovery
of target metals such as cobalt and nickel."**® In some cases,
their performance already matched the well-known ion-
exchange resins,'® reaching absorption capacities for cobalt
and nickel in the range of 100 mg g~ '. However, there are still
challenges associated with their use, such as the difficulty of
desorb the captured metals into another media after which they
can be reintroduced into the supply chain, or reuse for several
absorption/desorption cycles.

Recently, DESs monomers have been used to prepare new
ionic polymers,”®>" where the HBA and HBD components can
be chosen from a variety or chemicals including biobased ones.
Interestingly, these polymeric deep eutectic systems can easily
be prepared by photopolymerization,®*>* which is a simple and
cost-efficient procedure for material preparation. In this article,
a series of ionic polymers inspired by DES were synthesized
and investigated to recover cobalt and nickel from solutions
mimicking hydrometallurgical leachates. Inspired by our pre-
vious works,"*'*?® hydroxylated solvents - either alcohols such
as glycerol (Gly) and ethylene glycol (EG), as well as phenolic
compounds such as tannic acid (TA) - were used as HBDs for
the preparation of DES-based polymers. Similarly, [2-(metha-
cryloyloxy) ethyl] trimethylammonium chloride (METAC) was
used as an ammonium salt HBA. From aqueous to more acidic
media, the effect on metal ion speciation, ionic interactions
and hydrogen bonding coordination with the HBAs or HBDs
were considered to explain the performance of these absor-
bents. Moreover, their continuous utilization in cyclic absorp-
tion/desorption studies was investigated addressing the impact
of the stripping media on the polymeric structure. Ultimately,
this study aimed to provide initial proof of concept, and
progress towards better understanding the use of ionic poly-
mers for metal ion absorption.

2. Experimental
2.1. Chemicals and instrumentation

[2-(Methacryloyloxy) ethyl] trimethylammonium chloride solu-
tion (METAC, 75 wt% in water), glycerol (Gly, >99%), ethylene
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glycol (EG, 99.8%), 1,3-butanediol (BAOH, >99%), 1-butanol
(BuOH, 99.8%), 2-hydroxy-2-methylpropiophenone (Darocur
1173, 97%), ethylene glycol dimethacrylate (EGMA, 98%),
cobalt(ir) chloride hexahydrate (CoCl,-6H,0, 98%), nickel(u)
chloride hexahydrate (NiCl,-6H,0, ReagentPlus), hydrochloric
acid (HCl, 37%), pyrogallol (PGA, 97%) and tannic acid (TA, ACS
reagent) were purchased from Sigma-Aldrich, and protocate-
chuic acid (PCA, 98%) was acquired from Alfa Aesar. Nitric acid
(70%) was acquired from Ajax Finechem (Australia). All chemi-
cals were used without further purification.

Inductively coupled plasma mass spectrometry (ICP-MS)
for metal quantification analysis - absorption capacity and
desorption efficiency - was carried out on a NexION 350X
(PerkinElmer, USA), diluting the solutions filtered through a
0.45 pm PTFE membrane in a 2% (v/v) nitric acid aqueous
solution, using external ICP grade calibration standards
obtained through PerkinElmer and an internal standard
solution of In and Rh used for quality control of the analysis
and correction of matrix effects. Calibration standards for
target metals were prepared in 2% HNO; as well, at concen-
tration of 0.1, 1, 10, 100, 500 and 1000 ppb.

A UV-Vis spectrophotometer (UV-2600, Shimadzu, Japan)
was used to corroborate ICP-MS data as well as confirm Co>*
and Ni** speciation in the solution mixtures.

Fourier transform infrared (FTIR) spectra were recorded on a
Frontier spectrometer (PerkinElmer, USA) with an attenuated
total reflectance (ATR) diamond accessory (Golden Gate), using
64 scans at a resolution of 4 cm™", at room temperature with a
background scan prior to measurements and correcting the
resulting spectra for ATR and baseline.

Nuclear magnetic resonance (NMR) spectroscopy measure-
ments were performed on a Bruker Avance III instrument. The
resulting solutions after the 48 h metal uptake experiments
were diluted in D,O for *C-NMR assessment of polymer
components leakage into the solutions.

Elemental analysis (C, H, N) was performed on the polyDES
samples by using a Euro EA Elemental Analyser. 1-2 mg of each
polyDES was employed for the measurements carried out in
duplicates.

In all cases, at least two separate experiments in the same
conditions were carried out, using the standard deviation
between the obtained results as the uncertainty margin.

2.2. Polymers and metal solution preparation

Solution precursors of the polymer components were prepared
by mixing METAC with two different types of hydroxylated
HBDs. On one hand, METAC was mixed with alcohols (Gly, EG,
BdOH, BuOH) in a 1:2 molar ratio (METAC: alcohol) with con-
tinuous stirring at 70 °C until an homogeneous solution was
obtained, for up to 24 h in METAC:alcohol polymers. A second
type of —-OH derivatives were studied, phenolic compounds like TA,
PCA and PGA. For METAC:PGA the molar ratio was 1:1, while it
was 20:1 and 2:1 for TA and PCA polymers, respectively, due to
the larger number of -OH in the system.

Afterwards, the ionic polymers were obtained by photopoly-
merization using Darocur 1173 (5 wt%) as the photoinitiatior
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and EGDMA as the crosslinking agent (2.5 wt% for METAC:
alcohol, 5 wt% for METAC:phenolic compounds). A control
polymer was also prepared under the same experimental con-
ditions using only METAC.

These were poured into silicone moulds and UV-irradiated
for 3 min in a TBK 905 UV ultraviolet curing LED Box with
a lamp intensity of 200 W and a wavelength of 365 nm. The
resulting polymer was peeled off the mould, dried overnight at
40 °C and stored at room temperature for application and
further characterization.

Metal-containing solutions were prepared by dissolving
CoCl,-6H,0 or NiCl,-6H,0, at a metal concentration of 50 mM,
in either deionized water or 6 M HCI aqueous solution, of
individual metals (just Co** or Ni**) or mixed in equal
concentration.

2.3. Metal recovery using ionic polymers

The ionic polymers were prepared as small cylinders with
10 mm diameter to be used for metal uptake experiments.
The absorption of metals was then carried out by adding 2 mL
of the metal-containing solutions and allowing contact with the
polymer for at least 24 h at room temperature in a closed
container. The remaining solution was filtered and collected
following this period and, along with the polymer, collected for
further analysis. For desorption, the polymers were then
washed with 3 separate fractions of 2 mL of deionized water,
each for about 48 h. A desorption comparison was also carried
out with HCI 37% by doing the same washing process with up
to 7 separate fractions of 3 mL of acid each for about 24 h.

To assess the performance of the polymers, two parameters
were used: absorption capacity and desorption efficiency. In the
former, it was quantified how much metal from the metal
solution was uptaken into the polymer, by the difference with
metals in the remaining solution after uptake, using ICP-MS
analysis. This formula takes inspiration from the established
adsorption capacity calculations used for this class of
materials.*® In desorption efficiency, the water fractions used
for stripping the metal off the polymer were quantified by ICP-
MS. The absorption capacity, g. and the desorption efficiency,
npe, were calculated as follows:

Minitial solution — Mremaining solution (1)

g.(mg metal/g polymer) =

Mdry polymer

Mitripping water fractions

npe (%) = % 100 (2)

Minitial solution — Mremaining solution

where Minitial solution and Mremaining solution Corresponds to the
mass of metal in the initial solution which the polymer has
contact with for 48 h, and the mass of metal in the remaining
solution after those 48 h, respectively. The Mgry polymer COTTE-
sponds to the mass of the initial polymer, before any contact
with solvent, while Mg ippingwater fractions corresponds to the
mass of metal in the first and second water fractions used to
strip metal off the polymer after adsorption.
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2.4. Polymer swelling

Swelling assays were carried out to determine maximum swel-
ling by the polymers by immersing these in 2 mL of metal-
containing solutions having deionized water or 6 M HCI
aqueous solution matrices for 48 h. The resulting swelling
was determined as a weight gain in percentage, as follows:

_ Myet — Mdry

Swelling (%) = % 100 (3)

Mdry

where my. and mq,, are the mass of the polymer before and
after being in contact with the respective solution mixtures for
at least 24 h.

2.5.
cycles

Reuse of ionic polymers for metal recovery for multiple

Following the screening of various polymer compositions, the
selected optimal polymers for recovery of Co®>" and Ni** were
used in a cyclic study. In this, the same polymer was submitted
to a step of absorption of metal in a mixed Co-Ni solution,
followed by desorption with three water fractions, as indicated
before, and reused for new absorption and desorption steps as
a new cycle, until five cycles were completed. The absorption
capacity and desorption efficiency were determined at each
stage according to eqn (1) and (2), respectively, as well as
qualitative assessments of the polymer condition before and
after the five absorption/desorption cycles.

3. Results & discussion

3.1. Synthesis of ionic polymers

The ionic polymers inspired by DES investigated in this work
were composed of a mixture of [2-(methacryloyloxy) ethyl]
trimethylammonium chloride (METAC) and hydroxylated
HBDs, either alcohols (glycerol - Gly, ethylene glycol - EG,
1,3-butanediol - BAOH, 1-butanol - BuOH) or phenolic com-
pounds (tannic acid - TA, pyrogallol - PGA, protocatechuic
acid - PCA) (Fig. 1), in a defined molar ratio (Table S1, ESIY).
The selection of these components has been shown to promote
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Fig. 1 Chemical structures of ionic polymer components used in this
work and an initial dry polymer shown after photopolymerization of the
monomer.
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enhanced leaching in the case of hydroxylated solvents and
DES, especially of cobalt oxides,"*** while polymeric combina-
tions of METAC and phenolic compounds showed potential to
be used for metal interaction.'**° The ratios of METAC : HBD
were inspired by common DES compositions, such as those
used in choline chloride: EG, as well as consideration of the
ratio of METAC chloride moieties to the -OH groups of the
HBDs. The use of both METAC and these various hydroxylated
solvents allow several strategies to recover metals due to
interactions between them and the metals. For example, the
positively-charged ammonium of METAC could establish inter-
actions with negatively charged metal complexes such as
[CoCl,J*~, commonly present in hydrometallurgical leachates
due to higher chloride concentrations.>®*® The hydroxylated
solvents could also interact with these metals through the ~-OH
moieties.>’ > These compositions should provide multiple
contributions towards metal absorption by our polymers com-
posed of METAC:hydroxylated HBDs solvents. Alternatively,
METAC could also bond with the hydroxylated HBDs through
hydrogen bonding between the chloride anion of METAC and
the hydroxyl group of the other polymer component,®® as
reported in the formation of DES.?!

As mentioned before, the ionic polymers were prepared
from a mixture of METAC and one of the alcohols or phenolic
compounds mentioned above. Photopolymerization using
Darocur@© 1173 as initiator occurred through a free-radical
polymerization of the methacrylate moiety of the METAC
monomer (Fig. S1, ESIT). The resulting polymers were labelled
as polyMETAC:Gly, polyMETAC:EG, polyMETAC:BdOH, poly-
METAC:BuOH, polyMETAC:TA, polyMETAC:PGA and polyME-
TAC:PCA depending on the chemistry of the hydroxylated
HBDs. A visual inspection of each polymer after polymerization
suggests differences depending on the composition. For example,
all the polymers apart from polyMETAC:BuOH and polyMETAC:
PCA were transparent. PolyMETAC:BuOH was white and opaque,
possibly due to phase separation, while polyMETAC:PGA and
POlyMETAC:TA were both yellow, as previously observed in phe-
nolic compounds prone to oxidation.*>

As reported in our previous works for this type of polymer,>°
the disappearance of the C—=C v peak at 1637 cm™ ' seen in all
polymers suggests a high degree of polymerization (Fig. S2,
ESIt). The hypsochromic shifts occurring for the C-H ¢ group
of METAC (1320 cm™ ") and C-O v (1165 cm™ ') of the alcohol
HBDs support that the interaction between both components
was maintained after polymerization. The polymer composition
contains both units coming from METAC and the hydroxylated
solvents, as a combination of both components (Fig. S3, ESIt)
are present (e.g. C-H v (around 2900 cm ') and C-O v (around
1100 cm ™ 1).>°

3.2. Assessment of Co>" or Ni** absorption by ionic polymers

The general flow of the methodology to assess the potential
of ionic polymers for metal recovery is depicted in Fig. 2a.
As indicated, this work focused on absorbing critical metals,
such as Co®" or Ni*", present in a variety of secondary waste.
As will be discussed throughout the work, this absorption could
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occur through multiple mechanisms, including adsorption.
Generally, the ionic polymers were put in contact with solutions
containing Co>" or Ni**, First, the alcohol-based polymers were
used in individual metal solutions. Moreover, two types of
matrices of these metal solutions were considered - either
aqueous deionized water (aq) or in 6 M HCI. (HCl). Although
both of these matrices are aqueous in nature, their pH values
are different, affecting the speciation of Co** and Ni*" in the
solution.*** For example, a solution of Ni*" in deionized water
(aqg), had a pH value of 5, while in 6 M HCl this decreased to 1.
In conventional hydrometallurgical processes, the leachates
(metal solutions) are usually acidic,” and HCI is widely used.
Moreover, 6 M HCI is considered to be the concentration at
which [CoCl,]>~ species start to emerge.*® At these experi-
mental conditions (i.e. room temperature and acid/chloride
concentration), nickel species would be expected to be predo-
minantly positively-charged,*® thus allowing for an assessment
of the metals-polymers interactions.*® At these experimental
conditions (i.e. room temperature and acid/chloride concen-
tration), nickel species would be expected to be predominantly
positively-charged,*® thus allowing for an assessment of the
metals—-polymers interactions. Whereas, in water, both cobalt
and nickel species would be positively-charged, thus allowing
for comparison between metals. This comparison can be par-
tially established by visual inspection, since most of these
complexes are coloured, which is useful in a preliminary assay.
Finally, the solutions in water also expands the relevance of this
study to other matrices in which the recovery of metal ions is
required, such as metal-contaminated water.'*

Thus, solutions of 50 mM cobalt(u) chloride were prepared
in either water or 6 M HCI aqueous media, showing pink and
blue colour solutions respectively, and the complexes were
identified in the solutions by UV-Vis (Fig. 2b and d). In water,
the cobalt octahedral species [Co(H,0)s]*", pink in colour,
together with [CoCI(H,0)s]" were detected (Fig. 2b). The tetra-
hedral [CoCl,]>~ complex was confirmed in acidic media
(6 M HCI) by its characteristic vivid blue colour, although
[Co(H,0)s]*" and [CoCl(H,0)s]" were also present. The visual
impact of the [CoCl4]*~ complex may be higher as a result of the
higher molar absorptivity;>* however it is present simulta-
neously with the two pink-coloured positive species. The visual
impact of the [CoCl,]*~ complex may be higher as a result of the
higher molar absorptivity;** however it is present simulta-
neously with the two pink-coloured positive species. The poly-
mers containing alcohols were put in contact with the metal
solutions for 48 h to assess their performance. As seen in
Fig. 2c, the polymers in contact with the 6 M HCI cobalt
solution changed from the transparent or white opaque colours
to vivid blue colours, whereas those that were in contact with
the cobalt aqueous solution had a faint pink colour (Fig. S4a,
ESIT). Apart from interactions between negatively charged
metal species and the positively charged trimethylammonium
from METAC, other driving forces for metal uptake should
be in place. This hypothesis is based on the metal uptake
being observed independently of having positive or negative
charged species in solution. On the other hand, the phenolic

New J. Chem., 2024, 48,14672-14683 | 14675
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Fig. 2 (a) Schematic of the general methodology used in this work for the (1) preparation of ionic polymers, (2) absorption of metal ions from solutions

using ionic polymers and (3) desorption of absorbed metal ions from the polymer into a stripping media. A summary of polymer compositions and metal
ion solutions — individual or mixed metals — and in water (aqg) or in 6 M HCL (HCl) is also presented. UV-Vis spectra of (b) CoCl,-6H,O and (d) NiCl,-6H,O
dissolved in ag or HCl media. (c) and (e) polyMETAC:alcohol polyDES polymers after preliminary metal absorption assays — 48 h contact with either
50 mM CoCl,-6H,0 (c) or 50 mM NiCl,-6H,0 (e) in 6 M HCl aqueous solution. Two of each polymer were prepared for reproducibility.

compounds only showed a visible colour change when in
contact with 6 M HCI Co solutions (Fig. S4, ESI), whereas in
the Co in water no cobalt complex uptake could be easily seen.

A similar assay was carried out for nickel, with a 50 mM
nickel(n) chloride solution being prepared in water or 6 M
HCl media. Both solutions were green-coloured typical of
[Ni(H,0)e]**, corroborated by UV-Vis spectra showing this

14676 | New J. Chem., 2024, 48,14672-14683

species in the 400 nm and the 600-700 nm regions (Fig. 2d).**
However, there were not significant differences in colours
between aqueous and acidic media, as seen in the cobalt solutions
(Fig. 2d).*> However, there were not significant differences in
colours between the metal solution in water or 6 M HCI, as seen
in the cobalt solutions (Fig. 2d), apart from the red-shift of
the target regions in the UV-Vis spectra, likely due to partial

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2024
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dehydration of the [Ni(H,0)s]*" complex, as it transitions towards
[NiCl(H20)5]+.33‘35’36

The resulting polymers after contacting the nickel chloride
6 M HCI solution are in Fig. 2e, without a generalized colour
change as in the case with cobalt solutions. However, a clear
bright green tone was seen in polyMETAC:EG which could be
the result of specific interactions of nickel ions with the
polymer components, namely EG. [Ni(EG);]*" complexes have
been reported before, in which the EG molecules act as biden-
tate ligands with Ni** through the OH moieties, forming this
tris-complex, whose geometry would lead to the bright green
colour.>*%”

Similar observations regarding the colour changes of the
polymers after metal uptake was observed for the ionic poly-
mers composed of the phenolic compounds, as seen in our
previous work.?® When contacted with the nickel solutions in
water, the polymers did not change colour, thus nickel absorp-
tion could not be visually confirmed (Fig. S4b, ESIt).

In the preliminary assay using mixed solutions containing
both cobalt and nickel, all the metal species mentioned for the
individual solutions are also shown in the UV-Vis spectra of the
mixed metal solution (Fig. S5a, ESIT). When the polymers got in
contact with the mixed metal solution in water, the polymers
remained either transparent or with a faint pink colour. With
the 6 M HCI mixed metal solution, however, the polymers were
all blue with a green hue, except for METAC:BuOH which was
blue coloured. A visual inspection of the resulting polymers
seems to indicate that there is a larger cobalt absorption
compared to nickel (Fig. S5b and ¢, ESIf), however a more
systematic study to elementally quantify the sorbed metals
using ICP-MS is required.

3.3. Performance of ionic polymers as absorbents in mixed
Co-Ni solutions

The focus on a more quantitative study was set on the 6 M HCl
solutions containing both Co®>" and Ni** since it provides a
more realistic situation to metal ion recovery from secondary
sources recycling where acidic leachates are generated. Addi-
tionally, the presence of both metals in solution will further the
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understanding of possible synergetic effects on metal uptake by
a given polymer. The performance of these polymers can be
measured by calculating the absorption capacity, g., of a given
metal, with the results shown in Fig. 3a and b. First, the
polymers synthesised using the series of alcohols were studied,
and later expanded to the polymers with phenolic compounds.
The discussion is based on polymer composition, structural
integrity, and effect of the media acidity.

3.3.1. Contribution of the alcohol component of the ionic
polymer on metal uptake. Generally, both cobalt and nickel
were absorbed at similar levels across the different polymers,
with slight changes depending on the chemical composition of
the polymer (Fig. 3a). The absorption capacity of cobalt in 6 M
HCI fluctuated between 24 + 0.3 mg ¢ ' and 30 + 1 mg g *
following the trend polyMETAC:BuOH > polyMETAC:BdOH >
polyMETAC:EG > polyMETAC:Gly. Therefore the polymer com-
position that enabled the highest absorption was polyMETAC:
BuOH (30 &+ 1 mg g~ ') and the lowest was polyMETAC:Gly (24 +
0.3 mg g ). Regarding nickel, the same trend registered for
cobalt was also seen with values ranging between 22 + 4 mg g *
(polyMETAC:Gly) and 28 + 1 mg g~ (polyMETAC:BuOH). Given by
these results, there seems to be a slight influence of the chemistry
of the alcohol in absorbing metals from 6 M HCI media.

As mentioned before, the UV-Vis spectra depicted only a
positively charged species for Ni ([Ni(H,0)c]**) but both posi-
tively and negatively charged species ([CoCly]*~, [Co(H,0)e]**
and [CoCI(H,0)s]") in the case of Co. Based on the lack of major
differences in metal absorption capacity, we can assume that
the interactions between the negatively charged metal species
(e.g. [CoClL,J*7) and the positively charged trimethylammonium
moiety from METAC were not the only contributor. This is
corroborated by the nickel complex - [Ni(H,0)s]** which would
have impeded its interactions with METAC due to being posi-
tively charged. An elemental analysis of the polymers was
carried out for selected polymers in this work, including poly-
METAC:Gly and polyMETAC:EG (Table S2, ESIY). As the percen-
tage of nitrogen in the polymer was similar across the polymers,
the variation on the ratio of absorbed metal per nitrogen could
be related to the hydroxylated solvent used, but not limited.
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Fig. 3 Absorption capacity (a) and (b), ge, of a range of polymers after contacting a 50 mM CoCl,-6H,0 and NiCl,-6H,0O solution in 6 M HCl (a) or water
(b) for at least 24 h. The absorption capacities are depicted in mg of metal — Co or Ni — per gram of initial dry polymer. (c) Swelling of polymers after

contacting water or 6 M HCl solution for at least 24 h.
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Thus, the absorption capacity was also measured in metal
solutions in water as a control study (Fig. 3b) where Co charged
species were different. In this case, there was a clearer distinc-
tion between the nature of the METAC:alcohol polymers with a
wider range of absorption capacity values. While both cobalt
and nickel were still absorbed at similar levels, the absorption
capacity of both metal ions in the METAC:BuOH polymer were
almost double as that in the 6 M HC] media, amounting to
46 + 5 mg g ' for Co”" and 46 + 4 mg g * for Ni**. For the rest
of the polymers the absorption capacities followed a slightly
different order than for the 6 M HCI media, such that the
polyMETAC:BdOH shifted from the second best polymer to the
worst in the series.

For polyMETAC:EG (22 4+ 0.7 mg g ' for Co®* and 23 +
1 mg g ' for Ni**), the values were comparable to the ones in
6 M HCI, although in this case, the cobalt species were only
positively charged. Under those conditions, the interactions
with METAC should not be present, allowing us to envision that
the complexation of the alcohol with the metal could play a
role. This type of chelation has also been reported for well-
established silica-based materials with amine functionalization
such as ethylenediaminetetraacetic acid (EDTA).*®

The absorption capacity in polyMETAC:Gly (17 + 2 mg g~
for Co®" and 18 + 2 mg g ' for Ni**) and polyMETAC:BdOH
(18 £ 2 mg g~ ' for Co® and 19 & 2 mg g~ * for Ni**) was lower
than for the analogue experiments in 6 M HCI. The differences
in the metal uptake trends using either water or 6 M HCI,
combined with the performance increase of polyMETAC:BuOH
in water, raises the possibility of other driving forces for the
sorption of both metals in this scenario, and the role of pH on
the metal uptake.

The diffusion of the metal solution into the polymer could
be another possible driving force for metal uptake. Under-
standing the influence of the degree of swelling is important
for a better understanding of the metal absorption process and
also the structural stability of the polymer. The swelling of
these polymers after contacting a solution of mixed cobalt and
nickel in either water or 6 M HCI is depicted in Fig. 3c.
METAC:BuOH showed a significantly higher swelling (546 +
11% in water and 463 + 76% in 6 M HCI) compared to the other
polymers in the order of 200%.

A control polymer only composed of METAC, similarly
to METAC:BuOH presented a large swelling, at 401 + 4% in
water and 302 £ 5% in 6 M HCI, which could, in principle, be
consistent with a higher METAC content per mass of polymer.*

In turn, this could be the factor contributing to higher
absorption capacity of Co®* and Ni** in the higher swelling
METAC:BuOH polymer in water, and not as much in the acidic
one. The high water content was also seen to promote ionic
mobility in porous materials, further supporting this.*® How-
ever, this complex balance of high ionic mobility, its interac-
tions and mechanical stability, as well as cross-linking degree**
should be considered for a consistent practical application.

3.3.2. Contribution of the phenolic component of the ionic
polymer on metal uptake. A similar assessment was carried
out for METAC:phenolic compound polymers, following the
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potential for metal absorption given by our previous works."**°
The high swelling of polyMETAC: PCA of 567 + 47% in 6 M HCl
and 1308 + 276% in water (Fig. 3c) caused breakage of the
polymer, rendering its assessment inviable. The METAC:TA
polymer was considered despite the high swelling and conse-
quent fragility (485 + 51% in 6 M HCI and 1488 + 242% in
water) for comparison with METAC:alcohol polymers, as it had
a significantly higher number of coordinating ~-OH groups than
any other polymer. The METAC:PGA polymer had the lowest
swelling, 145 4+ 6% in 6 M HCl and 174 + 1% in water (Fig. 3c),
maybe due to the lowest METAC:HBD ratio among all
polymers.*® The phenolic polymers were more fragile than
the alcohol-based ones, but considering the lower swelling of
polyMETAC:PGA and high coordination potential of poly-
METAC:TA, their absorption capacity was assessed (Fig. 3a).
As with the METAC:alcohol polymers, the absorption capacities
were similar between cobalt and nickel, as well as between both
polymers. However, the absorption capacity values were gen-
erally lower than the alcohol based polyDESs (16 + 2 mg g~ * for
Co*" and 14 + 2 mg g~ for Ni** for polyMETAC:PGA, and 23 =+
6 mg g~ ' for Co®" and 22 &+ 7 mg g~ Ni** for polyMETAC:TA).
This lower performance by the METAC:phenolic HBDs polyDES
could be related to a lower ratio of -OH groups available, as
there is a higher amount of METAC fraction present in these
compared to the previous polymers. As mentioned, when dis-
cussing ionic polymers using alcohol components, a higher
effect of the trimethylammonium moiety from METAC seems
to occur for Co®" when compared to Ni**, due to the chemical
nature of the metal ion complexes. However, the absorption of
the metal cations did not depend solely on ion exchange
involving the nitrogen moiety of METAC (absorbed metal/
nitrogen ratio < 1).

As general conclusions, interactions between the positively-
charged ammonium of METAC and negatively-charged metal
complexes, -OH coordination with the metal complexes, pH
media and swelling of the membranes were explored as main
driving forces for metal uptake. Interestingly, the polymer
swelling seemed to be the most dominant factor in this series
of ionic polymers under neutral pH conditions; however the
mechanical integrity was negatively affected when swelling
significantly increased.

The absorption capacities in this work were very comparable
with established absorbents, such as silica and zeolites,8?%4>™45
ion-exchange resins,'>***” membranes,*® as well as more novel,
functionalized materials,***® including those with hydroxylated
compounds."**>*'">* Values ranging from just 4 mg g~ " (ref. 48
and 51) to up to two orders or magnitude, such as 468 mg g~ *,*
have been reported in the literature (Table 1).

Zeolites, for example, have a wide range of results due to the
tunability of functionalizing group that can interact with the
metal ions, either through chelation or electrostatic interac-
tions. Dinu and colleagues reported a natural zeolite modified
with positively charged chitosan reaching outstanding absorp-
tion capacities (468 mg g~ " of Co®" and 247 mg g~ ' of Ni**).*?
More modest values were reported for the absorbents that
relied only on chelation such as EDTA, with an absorption
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Table 1 Examples of materials used in the uptake of cobalt and nickel ions, with comparison with our materials, based on the calculated adsorption

capacities

Material Absorption capacities Ref.

Zeolite modified with chitosan 468 mg g~ of Co** 42
247 mg g ' of Ni**

EDTA-modified silica gel 20 mg g ' of Co** 38
22 mg g~ ! of Ni**

Diethylenetriaminepentaacetic acid-modified silica gel 16 mg g ' of Co** 38
17 mg g ' of Ni**

Aliquat 336 chloride in poly(vinyl chloride) 4mgg ' of Co*™* 48

] ] 0 mg g ' of Ni**

Commercial resins (Dower M4195® and Ionac SR-5") 29 mg g~ ' of Co** 47
53 mg g~ ' of Ni**

Polyethylene glycol-silica gel 6 mg g ' for Co** 52
8 mg g~ " for Ni2

5,7-Dichloroquinoline-8-ol in styrene-EGDMA 11 mg g ' for Co* 53
7 mg g ' for Ni”

PGA in Amberlite XAD-2 7 mg g~ * for Co** 51
4 mg g~ for Ni

polyMETAC:BuOH (water) 46 mg g~ for Co*" This work
46 mg g~ " for Ni®

polyMETAC:BuOH (6 M HCI) 30 mg g~ for Co** This work

capacity of 20 mg g~ of Co®" and 22 mg g~ ' of Ni**,*® not
changing significantly even if more carboxylic acid groups
were available, as with diethylenetriaminepentaacetic acid
(16 mg g~" of Co® and 17 mg g~ " of Ni**).*® Blitz-Raith and
colleagues were able to selectively recover Co>* from a mixture
of Co>* and Ni** using immobilized Aliquat 336 chloride in
poly(vinyl chloride).*® Despite being a valuable separation
technique, the absorption capacity of Co®* was only about
4 mg g~'. Commercial resins such as Dowex M4195® and
Ionac SR-5" could achieve sorption of about 29 mg g *
of Co®" and 53 mg g~ of Ni** at pH 3, decreasing to about
6 mg ¢! of Co®" and 29 mg ¢~ of Ni** at pH 1.*”

A fairer comparison with our METAC systems is the work
from Pourreza and colleagues®* based on hydroxylated solvents,
which used polyethylene glycol, attaining an absorption capa-
city of 6 mg g~ for Co>* and 8 mg g~ ' for Ni**, which is one
order of magnitude lower than our work. Similarly, immobi-
lized hydroxylated solvents, including components present in
our polymers such as EGDMA and PGA, also resulted in similar
absorption capacity values for Co®>" and Ni**, between 4 and
11 mg g~ 1.5

Thus, it could be concluded that our polymers could com-
pare well and outperform in terms of performance with some
well-established materials. This initial proof of concept exhib-
ited that these ionic polymers have easy manufacturing,
tunability and variable applicability, as well as components
with reduced environmental impact. Despite still facing chal-
lenges related with the understanding of its mechanisms of
action and mechanical properties, this work lays a foundation
for promising alternative materials in metal recovery. Addition-
ally, there was negligible leaking of the polymer components
into the metal solution during the absorption process, shown
by NMR (Fig. S6 and S7, ESIt), supporting their stability. This is
further supported by the similar FTIR spectra of polymers
before and after metal uptake (for example for polyMETAC:TA,

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2024

28 mg g * for Ni”

Fig. S8, ESIt), which also suggest a high degree of polymeriza-
tion as discussed before.

4. Optimal metal stripping and
recovery using ionic polymers

The stripping of metals from the ionic polymers were also
studied to aim for the reuse of the polymer. A pre-equilibration
step was introduced to minimise the influence of swelling in
the metal absorption capacity. A determined amount of 6 M
HCI solution, based on the swelling of the METAC:alcohol
polymers showed in Fig. 3c, was used. The swelling degree
and trend was similar to before (METAC:BuOH > METAC:
BdOH > METAC:EG > METAC:Gly) (Fig. S9, ESIt).

A study using concentrated HCl (37%) to strip the metal
from the polymers was performed, considering the similar
chemical environments in both bulk metal ion solution and
inside the polymer. This was carried out by using 7 fractions of
3 mL HCI 37% to ensure the maximum release of metal while
avoiding the saturation point in solution.

The recovery of metals by stripping, or desorption efficiency
(%), npe, was determined based on eqn (2) (Experimental
section) and shown in Fig. 4a. It can be seen that the highest
desorption efficiency was for polyMETAC:BuOH (24 + 1% for
Co®" and 21 + 1% for Ni*") followed by polyMETAC (20 + 1%
for Co®" and 17 + 1% for Ni**) > polyMETAC:Gly (19 + 0.3%
for Co®" and 15 + 0.2% for Ni**). The METAC:EG and METAC:B-
dOH polymers had the lowest desorption efficiency, between
12 and 14% for Co*" and 9 and 10% for Ni**. The larger
stripping of metals from the polyDESs METAC:BuOH and only
- METAC could be related to their swelling degree. Moreover,
by being broken into pieces, the higher superficial area for
contact with the stripping solution also increased. The lower
desorption efficiency in the other METAC:alcohol polymers
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Fig. 4 (a) METAC:Gly polymer after a single wash with 3 mL of HCl 37% (top) or deionized water (bottom). (b) Desorption efficiency, npe. of a range of

polymers after contacting up to 21 mL of HCl 37% in seven fractions of 3 mL to recover metal absorbed from a 50 mM CoCl,-6H,0 and NiCl,-6H,O
solution in 6 M HCL. (c) Comparison of a single initial wash of 3 mL of HCl 37% or deionized water to recover metal absorbed by a METAC:Gly polymer

from a 50 mM mixed cobalt and nickel solution in 6 M HCL

could, in principle, be related to a higher metal ion complexa-
tion established with the alcohols, however this does not
explain the trend observed in this study.

In all cases, #pg of cobalt was higher than that of nickel,
which is consistent with the chlorophillic character of this
metal and the use of HCI as a stripping solution.

In order to attempt a more economical process, only one
fraction of HCI and deionized water was studied, to desorb the
metals from METAC:Gly polymer as a control study (Fig. 4c).
It was noticeable that the desorption efficiencies using a single
HCI 37% wash (3 mL) was comparable to the usage of 21 mL of
HCI 37% (23 + 6% for Co®" and 13 =+ 4% for Ni**). This suggests
that the maximum metal stripping with HCl 37% was reached
within a single wash, and the remaining washes had negligible
impact on the desorption. Interestingly, the desorption of a
single deionized water wash was also similar (23 & 2% for Co®"
and 15 + 1% for Ni**) to HCI, supporting the use of water as a
cost-effective solvent. On the other hand, this promising result
is another advantage over other materials such as zeolites that
can, in some cases, require the more hazardous HCI solutions
to achieve sufficient desorption.”*

5. Reuse of ionic polymer absorbents
for multiple cycles

In a realistic application, these polymers could be expected to
be reused for multiple cycles to extend their lifetime and
improve the economic viability of the process. The large swel-
ling, loss of structural integrity and breakage of some polymers,
pointed to METAC:Gly and METAC:EG as the most viable (e.g.
cost, mechanical stability and safety) polymers in the series.
METAC:TA was also used for some comparisons as a represen-
tative of the best performing METAC:phenolic HBD polymer.
The absorption media was a mixed metal solution of 50 mM
cobalt and 50 mM nickel in 6 M HCI, following the procedure
previously mentioned (Fig. 2). After each absorption process,
there was a stripping step, in which three deionized water

14680 | New J. Chem., 2024, 48,14672-14683

fractions (3 mL each) were used to strip the metals into the
water. Detailed information will be reported now for poly-
METAC:Gly; however similar behaviour was observed for poly-
METAC:EG and polyMETAC:TA. The visual progression of the
METAC:Gly polymers over the five cycles is shown in Fig. 5a.
The reduction of the intensity of the blue colour of the poly-
mers, characteristic of [CoCl,]>~ species, towards white/trans-
parent suggests metal stripping from the polymer over the
cycles. This was further corroborated by the pink-coloured
water produced in this desorption process (Fig. 5a), which is
characteristic of the Co octahedral species. This visual change
of the METAC:Gly polymer occurred with a single water wash,
as seen in the example in Fig. 5a. For the ionic polymers under
study the metal stripping was a fast process occurring in less
than five minutes. This is visually exemplified when water was
added to a mixture of multiple polymers (Movie S1 in ESIt).

A quantification of the adsorption capacity and desorption
efficiency was then carried out in each cycle (Fig. 5b). Unfortu-
nately, a decrease on metal uptake was observed as a function
of cycles, but the process became more favourable as the
desorption efficiency, relative to the absorption, increased in
each cycle.

The decrease in absorption capacity could be a consequence
of changes in the polymeric structure which would be more
prominent over multiple cycles. Thus, the assessment of the
swelling degree of the METAC:Gly polymers over time can
provide information on these fluctuations. This swelling degree
at each point of absorption between cycles 1 and 5 (A1-A5) and
each of the three washes in each cycle (W1-W3) is shown in
Fig. 5c.

During absorption, the swelling of polyMETAC:Gly was
around the 250% level, as in previous experiments. However,
there is an interesting repetitive phenomenon in each cycle
between absorption and desorption. After each absorption, the
first water fraction used always resulted in a shrinking of the
polymer. That suggests that the 6 M HCI solution that was used
for pre-equilibration is exiting the polymer, or that the entrance
and complexation of metals in the polymeric structure during

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2024
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(a) METAC:Gly polymer visual progression after each adsorption cycle, with the final washed polymers in the end and an example of the pink-

coloured washing water obtained in each cycle. (b) Absorption capacity (g, left axis) and desorption efficiency (npg, right axis) of METAC:Gly in each of
the five cycles after contacting a 50 mM CoCl,-6H,0 and NiCl,-6H,0 solution in 6 M HCl for absorption and using three fractions of 3 mL of deionized
water in each cycle to desorb the metals. (c) Progression of the swelling degree of the METAC:Gly polymers in each cycle, either after absorption of the
metals (A1-A5) or after each of the three water washes carried out in each cycle (W1-W3).

absorption causes its tightening through various interactions
between the polymer and the metals. Afterwards, with the
second and third water washes, the swelling of the polymer
increases significantly, first to levels around 400% and in the
final one around 500%. This continuous increase could be
promoted by a destabilization of the polymeric structure as
more water influxes the polymer. However, the swelling, but
perhaps not the destabilization, was reverted as a new cycle
starts with absorption of metals from a new metal solution.
This swelling-shrinking cycling behaviour was already reported
when polymers are in contact with aqueous media followed by
submersion in an electrolyte solution.*® The fast shrinking was
suggested to be the result of the already ‘loosened’ polymeric
structure, that would allow faster removal of water than its
uptake during the metal absorption step, as the structure is
more densely packed at that stage.

The same experiment was carried out for polyMETAC:EG
(Fig. $10, ESIf) and polyMETAC:TA (Fig. S11, ESIt). In both
cases, there is a similar profile with decrease in absorption
capacity as well as the swelling-shrinking behaviour of the
polymers across the five cycles. However, polyMETAC:EG has
fewer swelling fluctuations, generally maintaining its swelling
degree between 200% and 350%. It also had competitive
absorption capacities when compared to polyMETAC:
Gly. Regarding polyMETAC:TA, the absorption capacities were
lower than these two, matching the comparisons established
in previous sections. The swelling-shrinking character was also
shown, although in Fig. S11b (ESIf) it can also be seen that
this is indeed characteristic of the type of polymer and not

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2024

dependent on the metals present, as it was also verified when
individual solutions of cobalt and nickel were used. Moreover,
the swelling range is much higher than polyMETAC:Gly or
polyMETAC:EG, reaching up to 1100% (Fig. S11b, ESIT) as seen
before.

6. Conclusions

In this work, ionic polymers were designed inspired by DES
based on a wide range of alcohols and phenolic compounds,
which were combined with [2-(methacryloyloxy) ethyl] trimethy-
lammonium chloride (METAC). The polymers were easily
obtained by photopolymerization and investigated to recover
cobalt and nickel ions from water and acidic solutions.
Various driving forces were investigated to determine the
metal absorption mechanism; (i) the interactions of the posi-
tive ammonium moieties from METAC with negatively charged
species in solution (e.g. [CoCl,]*7); (ii) the coordination of
metal ions with the -OH groups of alcohols or phenolic
compounds, (iii) the swelling of the polymers which could also
assist metal ion diffusion in solution clusters, and (iv) the
media pH (more or less acidic). When screening the various
polymer compositions, the METAC:BuOH polymer yielded the
higher absorption capacity 46 + 5 mg g ' and 46 + 4 mg g " for
cobalt and nickel, respectively, which was in agreement with its
larger swelling. However, the high degree of swelling resulted in
loss of structural integrity and breakage, limiting its use for
multiple cycles. The METAC:Gly and METAC:EG polymers were
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the most viable (e.g. cost, mechanical stability and safety)
polymers.

When comparing the absorption capacity (g.) of the alcohol-
based polymers, all of them had higher intake of cobalt and
nickel than those based on phenolic compounds. The lower
performance of the latter could be related lower ratio of -OH
groups available, as there is a higher amount of METAC
fraction present in these compared to the alcohol series.

The ability to strip absorbed metals from the polymers was
studied using water and corrosive HCI, with the latter showing
comparable desorption capacities with water which adds to the
overall cost-effective performance. METAC:Gly and METAC:EG
polymers withstood up to five cycles of absorption/desorption
which was lacking in the literature for previous polymers in this
type of application.

These results showed the potential for these ionic polymers,
in particular, polyMETAC:Gly and polyMETAC:EG, with facile
preparation to be used for cobalt and nickel absorption from
mixtures. Not only were their absorption capacities competitive
with some other materials, but the absorbed metal ions were
also easy to desorb using small amounts of water. Thus,
following optimization, these polymers could achieve higher
absorptions, selectivity, performance retention and mechanical
stability, posing relevant alternatives for metal ion absorption.
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