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Deep-eutectic solvents (DESs) are often considered to be safe, eco-friendly and non-toxic solvents. Due
to these green credentials, they are increasingly being studied for application in metal recycling processes.
One example is their use as lixiviants for the recovery of cobalt from lithium cobalt oxide (LiCoO,, LCO),
which is a common cathode material in lithium-ion batteries. Here, leaching of cobalt is facilitated by
reduction of cobalt(i) to cobalt(n) in the presence of a reducing agent. However, several recent publi-
cations report on the use of DESs as lixiviants at high temperatures (180 °C) without addition of a reducing
agent. Typical DESs for these applications are based on mixtures of choline chloride and ethylene glycol
(ChCL: EG). Unfortunately, these studies ignore the limited thermal stability of ChCl: EG at high tempera-
tures, which limits the recyclability of this DES. In this work, the drawbacks of using ChCl: EG as the lixivi-
ant in high-temperature ionometallurgical processes are demonstrated. Structural analysis confirmed that
ChCl: EG is not stable at 180 °C, forming hazardous and toxic decomposition products such as trimethyl-
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taneously undergoing a radical f-hydrogen abstraction reaction, thereby decomposing to trimethylamine
and other degradation products. The main conclusion is that this type of DES should not be used for
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Introduction

Deep-eutectic solvents (DESs) were first reported about 20
years ago by Abbott et al.' and are enjoying increasing interest
as potential greener alternatives to molecular organic solvents,
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high-temperature leaching processes due to their limited stability under such conditions.

with the additional advantage of being much cheaper than
ionic liquids (ILs).” Although the definition of a DES is still
under debate, we define DESs as mixtures of pure compounds
that have a lower melting temperature than their constituents.**
The depression of the melting temperature, which peaks at the
so-called eutectic point, is partially explained by a decrease in
lattice energy due to the formation of hydrogen bonds between
the components of the mixture.”” Hence, a DES is composed
of compounds that are hydrogen-bond donors (HBDs) and
hydrogen-bond acceptors (HBAs). The composition of a DES is
usually represented by abbreviating the names of the HBAs
and HBDs, together with the molar ratio in which they are
present. DESs are quite similar to ILs in the sense that their
physicochemical properties can also be fine-tuned by combin-
ing different starting materials and that they also have ionic
components.” The advantages of DESs over ILs include their
easier and more environmentally friendly synthesis, and their
cheaper and less toxic components.® For example, a commonly
used DES is synthesized by simply mixing choline chloride
(ChCl) as HBA with ethylene glycol (EG) as HBD in a molar
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ratio of 1:2. This DES was first reported by Abbott et al.” and
is nowadays called “Ethaline”, usually abbreviated as ChCl: EG
(1:2).%° Both choline chloride and ethylene glycol are rela-
tively cheap, relatively non-toxic and biodegradable, and are
produced at industrial scales."®'! DESs have been used in a
broad range of applications, including extractive metallurgy.®'

Recently, many researchers have been interested in repla-
cing the aqueous phase in hydrometallurgy by non-aqueous
media.'” As shown in Fig. 1, DESs can act as non-aqueous lixi-
viants during solvoleaching (i.e. leaching with non-aqueous
solvents), as more polar phases in non-aqueous solvent extrac-
tion and as non-aqueous electrolytes during electrowinning.”**™*>
Solvometallurgy with DESs or ILs is also often called
“jonometallurgy”.*®

The recovery of cobalt from secondary waste streams is a
trending topic since cobalt is a critical raw material and is
abundantly present in the cathode material of lithium-ion bat-
teries (LIBs)."”'® Two cobalt-rich LIB cathode materials that
are frequently used in fundamental studies for cobalt recovery
are lithium cobalt oxide (LiCoO,, LCO) and lithium nickel
manganese cobalt oxide (LiNiMnCoO,, NMC). The leaching of
cobalt is achieved by the reduction of cobalt(u) in LCO or
NMC to the more soluble cobalt(i)."® Recently, we investigated
the use of a choline chloride-citric acid based DES as lixiviant
for the leaching of LCO. Quantitative cobalt leaching was
achieved after one hour at 40 °C using metallic copper (already
present as LIB-current collector) as reducing agent for cobalt
(m).>°

However, a number of publications use DESs as lixiviants to
leach cobalt from LCO at high temperatures without additional
reducing agents for cobalt(u). Cobalt was quantitatively
leached from LCO with ChCl: EG (1:2) by Tran et al., and with
ChCl: EG (1:2) from NMC by Schiavi et al., both at a tempera-
ture of 180 °C and a leaching time of 24 hours.>"** Wang et al.
reported quantitative leaching of cobalt from LCO at 180 °C
after 12 hours in a choline chloride-urea based DES
(ChCl:urea 1:2)>* Chen et al. investigated a polyethylene
glycol-thiourea based DES (PEG : thiourea 2 : 1) with the same

[ [ [} inni
electrowinnin,
sem | /
A ,//'

p ,,,/

Hydrometallurgy Solvométallurgy

N [Aqueous’ | DES
- | lixiviant | . _lixiviant
/ _am— y N\
4 // A | 4
N ;/ L . \ ! o Solvo-
) = eaching | | . N
O e 4 leaching
S | v 4
/// >/ | /4
| t. . .. I N ~ .. . ..
S— sx 068 ] | G on asqueous KXTR
\ X
o o o _ I ° oo
; " N | <
: | Vv
Electro- | Non-aqueous

[ [ | 1 |
|
|
|
|
|

Fig. 1 Schematic comparison of a hydrometallurgical process (left)
versus a DES-based solvometallurgical process (right). With solvent
extraction being abbreviated as SX.
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objective, but could recover only ca. 60% of cobalt after
24 hours at 160 °C.>* In all these studies, it is explicitly stated
that no reducing agents were added for the cobalt(u)
reduction and that the HBAs or HBDs of the used DESs act as
reducing agents themselves. If this hypothesis was correct, the
DES components would be oxidized themselves upon
reduction of cobalt(m). This conversion into oxidation pro-
ducts, which are no longer able to reduce cobalt(m), implies
that the cobalt leaching efficiency will progressive decrease
upon repeated recycling and reuse of the DES. Furthermore,
the high leaching temperatures also result in the thermal
decomposition of the DESs, further impeding their recyclabil-
ity. Chen et al. and Delgado-Mellado et al. confirmed that the
thermal decomposition of ChCl:EG (1:2) and ChCl: urea
(1:2) starts at ca. 100 °C and 172 °C, respectively.”>?°
However, ChCl: EG (1:2) and ChCl: urea (1: 2) have been used
as lixiviants at 180 °C by the abovementioned authors.”’>* In
a truly environmentally friendly and cost-effective leaching
process, the DES must be recycled efficiently. Thus, the exact
mechanism of cobalt(u) reduction must be known. Deeper
mechanistic insight into what is exactly happening at the
molecular level is required before one claims about the green
characters of these solvent systems can be made or before
these processes can be further upscaled or used in industry.

In the present work, we demonstrate the drawbacks of
using DESs to leach cobalt from LCO at high temperatures. In
particular, the function of ChCl:EG (1:2) as lixiviant is
emphasized, due to its recent ubiquity in solvometallurgy/
ionometallurgy.”*"** The thermal stability of ChCl: EG (1:2)
was studied by thermogravimetric analysis (TGA). Gas chrom-
atography-mass spectrometry (GC-MS) was used to identify the
decomposition products after heating at 180 °C for 24 hours,
both in the presence and absence of LCO. Possible functional
group transformations of ChCl:EG (1:2) during leaching of
LCO were tracked using infrared spectroscopy. More insights
on the leaching mechanism were gained, whereby the effective
reducing agent of cobalt(m) in ChCl:EG (1:2) was revealed.
The leaching efficiencies by non-DES lixiviant systems were
also evaluated and compared with those of the DESs. This
comparison is used to critically reflect on the further use of
DESs as lixiviants for LCO or similar cathode materials at high
temperatures.

Experimental
Synthesis of DESs and lixiviants

DESs were prepared by adding HBAs and HBDs at certain
molar ratios into a 250 mL glass beaker. A magnetic stirring
bar was added and the DES was stirred at 40 °C on a heating
plate while covered by a watch glass until a homogenous solu-
tion was obtained. Other lixiviants were prepared in a similar
manner by mixing one component with a diluent using the
same procedure. If the solution was still turbid after 48 hours,
the temperature was increased to 75 °C until a homogeneous
solution was obtained (maximally for 24 hours). Hereafter, the

This journal is © The Royal Society of Chemistry 2022
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solution was transferred into a vial while still hot, and immedi-
ately used to leach in a pre-heated sand bath.

Leaching experiments

Unless stated otherwise, 100 mg of LCO and 5 mL of lixiviant
were added into a 10 mL glass vial. This solid-to-liquid ratio
(i.e. S:L) of 20 g L™" has also been used by other authors, and
was kept constant during this work.>*>* A magnetic stirring
bar was added, the vial was sealed with a septum cap and
placed into a sand bath on a temperature-controlled heating
plate. Leaching was subsequently carried out at 180 °C or
140 °C for 24 hours while stirring at 900 rpm. After leaching,
the vial was removed from the sand bath with a wooden clamp
and cooled for 2 min. The vial was hereafter opened while
wearing heat-resistant gloves, the leachate was filtered through
a syringe filter (Chromafil® pore size 0.45 pum, diameter
25 mm) and 50 pL of the filtrate was immediately diluted 2000
times with 2 vol% nitric acid for metal analysis with ICP-OES.
The leaching efficiency of cobalt was calculated as described
previously.*”?” When leaching with methyl-trioctylammonium
chloride (TOMAC), ChCl:urea and chlorochlorine chloride-
ethylene glycol (ChCl, : EG); the same procedure was followed,
except that the leaching was carried out but in round bot-
tomed flasks (50 mL) attached to a condenser instead of
10 mL vials. This was done to avoid pressure build-up and
possible explosions. It is highly recommended to take extra
safety precautions when leaching LCO with TOMAC, ChCl: urea
and ChCl,:EG at high temperatures. The used chemicals,
instrumentation and procedures for both metal and structural
analysis, and a list with all the abbreviations and structures of
all the mentioned chemicals are given in the ESL{

Results and discussion
Thermal decomposition of ChCl: EG (1:2)

The stability of a lixiviant is often a drawback of solvoleaching,
especially at high temperatures.® It is therefore highly rec-
ommended to first evaluate the thermal stability of the chosen
lixiviant. The TGA curve of ChCl:EG (1:2) is given in Fig. 2,
showing a mass loss of ca. 42% when heated at 180 °C.

This significant mass loss is already an indication that the
DES has thermal stability issues when leaching LCO at 180 °C
for 24 hours. Although the mass loss is the lowest at tempera-
tures below 50 °C, Tran et al. confirmed that the cobalt leach-
ing efficiency was negligible from temperatures of 25 °C until
ca. 150 °C during leaching of LCO by ChCl:EG (1:2) for
24 hours.”" Fig. 2 gives thus the first indication that ChCl: EG
(1:2) is probably not suited to leach LCO at conditions that
ensure no decomposition. Furthermore, the flash point of EG
is about 115 °C,*® which is much lower than the leaching temp-
erature of 180 °C. Exceeding the flashpoint represents an
explosion risk and extra safety measures must be taken when
upscaling a process based on this DES. Hence, issues connected
with leaching using ChCl: EG (1:2) at high temperatures contra-
dict the claims that DESs are stable, safe and eco-friendly.>**°

This journal is © The Royal Society of Chemistry 2022
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Fig. 2 TGA curve of ChCl:EG (1:2) recorded under a flow of air at a

heating rate of 5 K min~™.

Decomposition products of ChCl: EG (1 :2) at 180 °C after
24 hours

More insights in the cobalt leaching mechanism by ChCl: EG
(1:2) could be obtained by identifying the decomposition pro-
ducts. Fig. 3 shows the decomposition products obtained after
heating the DES in the presence and absence of LCO, at 180 °C
for 24 hours, as identified in the GC-MS chromatograms. This
comparison clearly shows that the DES exhibits increased
decomposition into dimethylaminoethanol (Fig. 3F) and
2-methoxyethanol (Fig. 3C) when it is heated in the absence of
LCO.

ChCI:EG
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Fig. 3 GC-MS chromatograms of ChCl:EG (1:2) after heating (no
LCO) and after leaching LCO, both at 180 °C for 24 hours. The chemical
structures of the identified decomposition products are shown below
the GC chromatogram.
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Scheme 1 Possible decomposition reactions of choline chloride as
HBA and reactions with ethylene glycol as HBD in ChCl: EG (1: 2) during

heating (in absence of LCO) and leaching of LCO both at 180 °C for
24 hours.

Dimethylaminoethanol is presumably formed via the
reversed Menshutkin reaction of choline, as described by
Haerens et al. and shown in Scheme 1.>' Additionally, the
formed methyl chloride could undergo an etherification reac-
tion with ethylene glycol (Fig. 3E) resulting in 2-methoxyetha-
nol, which is in agreement with the observations of Schiavi
et al?

Scheme 1 also shows the Hoffmann elimination of choline
chloride.?**' This reaction results in the formation of acet-
aldehyde and trimethylamine (Fig. 3A), which is a toxic gas.*
Acetaldehyde reacts with ethylene glycol to form the cyclic
acetal 2-methyl-1,3-dioxolane (Fig. 3D), which was also
detected in larger quantities when the DES is heated in
absence of LCO. Although several authors report free acet-
aldehyde as a major decomposition product of choline chlor-
ide, only its cyclic trimer paraldehyde (Fig. 3B) was

ChCI:EG HS-gas
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detected.?**"*373% The authors who detected free acetaldehyde
used a polar GC-column, while our column was less polar. In
our case, acetaldehyde might exit the column too fast to
enable detection.

Another explanation for the un-detected free acetaldehyde
is its immediate conversion into 2-methyl-1,3-dioxolane. This
product was also detected after the direct injection of the
headspace gasses into the GC (Fig. 4). Although these chroma-
tograms had a lower signal-to-noise ratio, the highly toxic
2-chloroethanol gas (Fig. 4A) was detected as well, which was
also reported by Schiavi et al.>*?%*’

Fig. 3 and 4 also show a significant degree of decompo-
sition of ChCl:EG (1:2) after leaching LCO at 180 °C for
24 hours. It clearly confirms that the DES progressively
degrades after each leaching cycle. Schiavi et al. removed these
decomposition products by bubbling nitrogen gas through the
cobalt-depleted DES, before successfully leaching LCO in the
second cycle.”> However, this approach only removes the
decomposition products, but cannot prevent the DES from
decomposing further. Hence, the decomposition reactions, the
formed toxic products, and the bubbling of nitrogen gas
should make the common conception that DESs are stable,
non-toxic and cheap questionable.?%3°

Identification of the reducing agent during leaching of LCO by
ChCl: EG (1:2)

Initial insights about the reducing agent in the LCO leaching
reactions were obtained by investigating which of the two DES
components, choline chloride or ethylene glycol, is (directly or
indirectly) responsible for the effective cobalt leaching. The
cobalt leaching efficiency by each DES component was investi-
gated separately. First, the chloride concentration in ChCl: EG
(1:2) was determined by argentometry, being approximately
3.9 mol L. Subsequently, a solution was prepared by dissol-
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Fig. 4 GC-MS chromatograms after direct gas injection of the headspace gasses of ChCl: EG (1:2) after heating and after leaching LCO, both at
180 °C for 24 hours. The chemical structures of the identified decomposition products are shown below the GC chromatogram.
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ving 3.9 mol L™" of lithium chloride in ethylene glycol, in
order to evaluate a solvent system with a similar chloride con-
centration as ChCl: EG (1:2), but without the choline cation.
Lithium chloride was selected because of its very high solubi-
lity in ethylene glycol.*® This approach impeded an accurate
determination of the lithium leaching efficiency, due to the
high amount of lithium present in the solvent matrix. For this
reason, and because the main focus was on cobalt, the leach-
ing efficiency of lithium was not considered in the rest of this
work. Since choline chloride has a melting point of 302 °C,*" it
could not be directly evaluated as lixiviant in reactions at
180 °C. Several ChCl:EG DESs with different molar ratios
between choline chloride and ethylene glycol were used to
leach LCO. Table 1 shows that the cobalt leaching efficiency is
significantly lower when the lixiviant is richer in ethylene
glycol. This is in contradiction with both the works of Tran
et al. and Schiavi et al., both stating that ethylene glycol is the
cobalt(m) reducing agent during leaching.>'** Nevertheless,
the results shown in Table 1 convincingly demonstrate that
choline and/or its decomposition products contribute to the
efficient leaching of cobalt.

Decomposition products of choline chloride as potential
cobalt(m) reducing agents

To the best of our knowledge, there are no reports on the
leaching of cobalt-containing materials by choline chloride,
although two if its decomposition products (trimethylamine
and acetaldehyde) are potentially reactive towards cobalt(u).
Fig. 3 shows the formation of both trimethylamine and acet-
aldehyde (not directly detected but probably formed) during
leaching with the DES at high temperatures. Cobalt(m) has an
affinity for N-donor atom ligands.**> Hence, trimethylamine
might solubilize cobalt by forming soluble cobalt(u) com-
plexes during leaching, without the need for cobalt(im)
reduction.*® On the other hand, aldehydes are known to be
reducing agents towards cobalt(ur) species, which makes acet-
aldehyde a possible cobalt(mr) reducing agent during leaching
of LCO.* The potential cobalt leaching ability of trimethyl-
amine or acetaldehyde was evaluated by adding these com-
ponents in two different concentrations to ethylene glycol and
comparing the cobalt leaching efficiencies. These concen-
trations corresponded to the stoichiometric amount with

Table 1 Leaching efficiencies of cobalt from LCO by several ChCl: EG
DESs and ethylene glycol®

Lixiviant Nchal : Neg %L Co
ChCl: EG 2:1 88.0
ChCl: EG 1:1 93.1
ChCl: EG 1:2 91.6
ChCl: EG 1:3 42.6
ChCl: EG 1:4 21.0
EG Pure 0.5
EG? Pure 0.7
“ Leaching conditions: 180 °C, 24 h, 900 rpm, S: L = 20 g L™". ©3.9 mol

L™ LiCl was dissolved.

This journal is © The Royal Society of Chemistry 2022
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respect to the amount of cobalt in LCO, or a tenfold stoichio-
metric excess. Furthermore, for each tested system, 3.9 mol
L™" lithium chloride dissolved in ethylene glycol was also
present to maintain a similar chloride concentration as in
ChCl:EG (1:2), as described previously. However, both tri-
methylamine and acetaldehyde are gasses at room temperature
and could evaporate or decompose when the leaching reaction
is performed at 180 °C.** Since these compounds could get
lost during the leaching reaction, they may not be contributing
to the leaching of LCO. To verify this, tributylamine and
decanal were also evaluated as possible lixiviants, since these
homologues of trimethylamine and acetaldehyde, both have a
boiling point higher than 180 °C.*>*® From Table 2, it is
evident that amines have no significant effect on the leaching
cobalt efficiency from LCO. This conclusion is also supported
by the predominance of cobalt(u) chloride complexes in the
ChCl:EG (1:2) leachate, as observed by Schiavi et al. using
UV-Vis absorption spectroscopy.>”> While acetaldehyde had no
significant effect on the leaching efficiency, decanal increased
the cobalt leaching efficiency remarkably. This was evident
from the detection of decanoic acid, i.e. the oxidation product
of decanal, after leaching (see ESI, Fig. S11). However, the high
cobalt leaching efficiency of ca. 92% by ChCl:EG (1:2) (see
Table 1) was not achieved by decanal, not even after extending
the leaching time to 48 hours.

Although decanal can reduce cobalt(m) to cobalt(u), the
only possible similar aldehyde that could be formed during
leaching of LCO with ChCl: EG (1:2) is acetaldehyde. There is
thus still a possibility that acetaldehyde reduces cobalt(m) after
it is formed in situ by the thermal decomposition of choline
chloride. In this case, acetic acid should be formed. However,
no acetic acid could be detected by GC-MS after leaching LCO
with ChCl:EG (1:2). Additionally, infrared spectra did not
show the typical carbonyl stretching band around ca.
1760-1665 cm ™" after leaching LCO with ChCl: EG (1:2) (see
Fig. S2, ESIt). In fact, no significant differences are evident at
all between the three ChCl: EG (1:2) spectra.

In order to completely exclude acetaldehyde as a cobalt(u)
reducing agent, gas phase FT-IR spectra were also recorded

Table 2 Leaching efficiencies of cobalt from LCO by several tertiary
amines and aldehydes, in the pure state or dissolved in ethylene glycol®

Lixiviant Equimolar amount added %L Co
Trimethylamine in EG? 1 6.8
Trimethylamine in EG” 10 7.3
Tributylamine in EG” 1 8.1
Tributylamine in EG” 10 7.9
Tributylamine Pure 8.7
Acetaldehyde in EG® 1 6.7
Acetaldehyde in EG? 10 6.5
Decanal in EG” 1 17.5
Decanal in EG” 10 18.9
Decanal Pure 20.2
ChCI:EG (1:2) — 91.6
“ Leaching conditions: 180 °C, 24 h, 900 rpm, S: L =20 g L™". ? 3.9 mol

L' LiCl was dissolved.
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from the collected headspaces. These were collected at
different time intervals during leaching of LCO by ChCl: EG
(1:2) at 180 °C (see ESI, Fig. S31). The typical sharp carbonyl
stretching vibration around ca. 1760-1665 cm™ ' did not
appear or disappear during the entire leaching period. This
excludes the possible decomposition of acetaldehyde by oxi-
dation to acetic acid. So it is unlikely that acetaldehyde is the
reducing agent of cobalt(ui). Furthermore, although the leach-
ing of cobalt increases over time (see ESI, Fig. S4t), no clear
functional group could be unambiguously identified in Fig. S2
and S3.f The band increasing in intensity at the infrared
spectra shown in Fig. S31 located around ca. 3000-2800 cm™*
are probably related to alkyl C-H stretching vibrations.*®> These
peaks could be assigned to many of the formed decomposition
products, but not to one in particular.

The remaining decomposition products 2-methoxyethanol
and dimethylaminoethanol were also evaluated as lixiviants to
leach cobalt from LCO at 180 °C for 24 hours. Both products
were mixed with LiCl-containing ethylene glycol in 1:2 molar
ratio, as in ChCl:EG (1:2). These mixtures are referred as
2ME:EG (1:2) and DMAE:EG (1:2), respectively. Table 3
shows that dimethylaminoethanol slightly increased the cobalt
leaching efficiency, while 2-methoxyethanol had no significant
effect. GC-MS analysis detected dimethylglycine as oxidation
product of dimethylaminoethanol in case of DMAE : EG (1: 2).
However, the maximum leaching yield in this solvent system
was much lower than the high cobalt leaching efficiency by
ChCl: EG (1:2).

Choline chloride as potential cobalt(m) reducing agent

Since dimethylglycine was detected as the oxidation product of
dimethylaminoethanol, a similar reaction can be predicted for
choline chloride as well. Reports of this reaction can be found
in the literature. For example, NMR studies by Bednarz et al.
on the oxidation of choline chloride by a persulfate solution
confirmed the presence of betaine aldehyde and betaine as
oxidation products.>® Sinclair et al. investigated the electro-
chemical decomposition of ChCl: EG (1:2) and reported that
choline chloride is electrochemically decomposed, but they
could not detect oxidation products of choline chloride by
GC-MS due to their low volatility.*” In our present work, no
NMR studies were performed since the paramagnetic nature of
cobalt(n) in the ChCl: EG (1:2) leachate caused too severe line
broadening. Therefore, evidence for the presence of betaine

Table 3 Leaching efficiencies of cobalt from LCO when 2-methox-
yethanol and dimethylaminoethanol are mixed as HBAs with ethylene
glycol as HBD?

Lixiviant Nuga : NEG %L Co
2ME : EG? 1:2 0.4
DMAE: EG? 1:2 11.6
ChCI: EG 1:2 91.6
“ Leaching conditions: 180 °C, 24 h, 900 rpm, S: L = 20 g L™". ©3.9 mol

L™ LiCl was dissolved.
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(and its derivatives) were sought in the GC-MS chromatograms
and infrared spectra.

Only small amounts of dimethylglycine could be detected
in the GC-MS chromatograms after leaching cobalt from LCO
with ChCl:EG (1:2) at 180 °C for 24 hours (Fig. 4H). Hence,
the decomposition of choline chloride to dimethyl-
aminoethanol predominates, and a small quantity is oxidized
to dimethylglycine (Scheme 2).

However, the low concentration of dimethylglycine indi-
cates that dimethylaminoethanol is probably not the decisive
cobalt(m) reducing agent, as mentioned previously. As Sinclair
et al. correctly indicated, other analysing techniques are
required to detect betaine or betaine aldehyde.*” The FT-IR
comparison in Fig. S5 (ESIf) already shows that betaine is
probably not formed in the ChCl: EG (1: 2) leachate. Suuronen
et al. studied the thermal decomposition of betaine and con-
firmed that first significant degradation reactions start around
245 °C.*® Since both betaine and betaine aldehyde have
boiling points above 180 °C, no gas-phase FT-IR spectra were
investigated.*®

Rhee et al. used a derivatization method to detect betaine
in the presence of choline chloride by LC-MS using a UV-detec-
tor. Herein, betaine was transformed by 2-bromoacetophenone
into a strongly UV-absorbing derivative, whereas choline chlor-
ide does not react at all with this derivatizing reagent.*® We
applied this method to a reference sample that contained both
choline chloride and betaine, and on the ChCl:EG (1:2) lea-
chate. However, comparison of the LC-MS data in Fig. S6
(ESIT) confirmed that the ChCl:EG (1:2) leachate did not
contain betaine. Therefore, the investigations on the potential
cobalt(ur) reducing ability of the hydroxyl function of choline
chloride were aborted.

Another possibility is that cobalt(m) is reduced by the chlor-
ide anion of choline chloride in ChCl:EG (1:2). The mecha-
nism would be similar to the leaching of LCO by hydrochloric
acid, in which the chloride anion is oxidized to chlorine gas
while reducing cobalt(m) to cobalt(u).>**° Therefore, a tetra-
methylammonium chloride-ethylene glycol based DES was
prepared at a 1:2 molar ratio (i.e. Me,NC1: EG 1:2) and used
to leach LCO at 180 °C for 24 hours. The comparison with
ChCl:EG (1:2) as lixiviant is given in Table 4. Although
Me,NCl: EG (1:2) has approximately the same chloride con-
centration as ChCl:EG (1:2), no significant effect on the
cobalt leaching efficiency was observed. Moreover, for both
Me,NCl: EG and ChCl: EG, the gasses evolved during leaching
were collected in balloons and subsequently transferred via a
tube over a chlorine detector and further guided through a

| Co@/po(n) o
\N/\/OH 24h \N/\/OH \N/\ﬂ/
© 180°C | I8
c +CHCI

Scheme 2 Formation of dimethylaminoethanol and dimethylglycine as
thermal decomposition products of choline chloride during leaching of
cobalt from LCO by ChCl: EG (1: 2) at 180 °C for 24 hours.

This journal is © The Royal Society of Chemistry 2022
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Table 4 Leaching efficiencies of cobalt from LCO when tetramethyl
ammonium chloride or choline chloride are mixed as HBAs with ethyl-
ene glycol as HBD?

Lixiviant Nuga : NEG %L Co
Me,NCI: EG 1:2 8.8
ChCl: EG 1:2 91.6

“Leaching conditions: 180 °C, 24 h, 900 rpm, S: L =20 g L™".

4 mol L™" potassium iodide solution. In neither case, no chlor-
ine gas was detected and no brown iodine was formed. Hence,
the high cobalt leaching efficiency cannot be attributed to the
chloride anion of choline chloride when ChCl: EG (1:2) was
used to leach LCO at 180 °C for 24 hours.

However, choline chloride can also undergo a radical oxi-
dation reaction via a hydrogen abstraction at its p-position.
Foster et al. confirmed the dominant abundance of the
(CH;3);NCH,CHOH radical when choline chloride was treated
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with a hydrogen peroxide solution.’® This f-hydrogen abstrac-
tion of choline chloride was also reported by Bednarz et al.,
Ackerman et al. and Shkrob et al.>***>* Radical reactions are
frequently initiated at higher temperatures and/or by redox
reactions.>® Both these conditions are met in our studied case.
In order to investigate whether the radical oxidation reaction
takes place, various quaternary ammonium salts were com-
pared, including both salts that are prone to the radical oxi-
dation and those that are less prone to undergo this reaction.
In these experiments, several quaternary ammonium salts as
HBAs were mixed with ethylene glycol as HBD in a 1:2 molar
ratio and then used to leach LCO. The cobalt leaching efficien-
cies are compared in Table 5. In this table, the HBAs are
ranked according to the stability of their formed radicals
(shown in the right column), with those forming the most
stable radicals at the bottom. As Table 5 shows, the cobalt
leaching efficiencies also increase from top to bottom. This
indicates that cobalt is more efficiently leached if the radical
formed after abstraction of the p-hydrogen is more stable. For

Table 5 Comparison of the cobalt leaching efficiencies by DESs with ethylene glycol as HBD and different quaternary ammonium salts as HBAs?

HBA %L Co (140 °C) %L Co (180 °C) Radical
ChCl: EG | 19.7 91.6
OH | OH
@éN N o &N
cil ol |
Me,NCl: EG | 0.5 8.8 |
~J - ~,)
o e
Cl Cl
Et,NCl: EG \ 2.6 7.7
/E’\l N /(SN /\
o Q
a1l cl
Me;NBuCl: EG ‘ 2.9 78.9 I
~ ~ >
e@,\lj N o® T NN
Cl Cl
Pr,NCIl: EG /\l 13.5 97.9 /\
oM cl H
Bu,NCl: EG C4Hg 16.8 95.5 C4Hg
C4H9®N/V\ C4Hg \l\ll/\/\
(SN |
¢l CaHg Cl C4Hg
M-ChCl: EG | o 32.5 102.2 | o
~ ~
STy Y
Cl (o] Cl (@)
ChCl, : EG - I cl 101.2 103.8 - I cl
O l
Cl Cl

“Leaching conditions: 140 °C and 180 °C, 24 h, 900 rpm, S: L = 20 g L™". All HBAs were mixed with ethylene glycol as HBD at 74 : Iyypp = 12 2.

This journal is © The Royal Society of Chemistry 2022
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example, Me,NCl has no f-carbon atoms, and therefore the
cobalt leaching efficiency is poor. Although Et,NCI has a
carbon atom in the B-position, a primary and hence less stable
radical is formed after hydrogen abstraction. This results in a
poor cobalt leaching efficiency.

Me;NBuCl, Pr,NCl and BuyNCIl have p-carbon atoms and
form a more stable secondary radical.’* Therefore, these qua-
ternary ammonium salts can leach cobalt more efficiently than
Me,NCl and Et,NCIl. However, Pr,NCI and Bu,NCIl have four
alkyl chains that can form a secondary f-radical, while
Me;NBuCl only has one. This is most likely the reason why
PryNCl and Bu,NCl leach cobalt more efficiently than
Me;NBuCl. In addition, M-ChCl forms a tertiary p-radical, and
has an ester group next to this radical. A tertiary radical is
more stable than a secondary radical, and the adjacent ester
group also stabilizes the radical by the resonance effect. As a
result, M-ChCl leaches cobalt quantitatively at 180 °C and ca.
33% is already leached at 140 °C. The radical of ChCl, has an
adjacent atom with lone electron pairs which is highly stabiliz-
ing.>® Consequently, quantitative cobalt leaching is already
achieved at 140 °C.

However, radical reactions are well-known to be dangerous
due to severe explosion risks, especially if they occur without
researchers being aware of them.’>*® These safety risks were
evident throughout the experimental work, as certain vials
exploded and condensers had to be used afterwards (see
experimental).

The results shown in Table 5 suggest that leaching of cobalt
by ChCl: EG (1:2) is facilitated by the formation of a second-
ary radical on the f-carbon of choline. This takes place at
180 °C and the radical is further stabilized by the oxygen lone
electron pair of the adjacent hydroxyl function. Hence, the
decisive factors for quaternary ammonium salts to act as
efficient lixiviants are: (1) the possibility to form a stable
radical at the B-carbon atom and (2) being solubilized by a
component that does not undergo undesired side reactions at
180 °C. For example, TOMAC could potentially form these
stable radicals and is a liquid at 180 °C. Sulfolane is a polar
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solvent, just like ethylene glycol, and has an even higher
boiling temperature (285 °C vs. 197 °C for EG).””>® Hence,
TOMAC could directly be used as liquid quaternary
ammonium salt to leach LCO while sulfolane could function
to solubilize choline chloride like ethylene glycol in ChCl: EG
(1:2). Sulfolane was therefore mixed with choline chloride at
1:2 and used to leach LCO as well. The performance of
TOMAC and choline chloride-sulfolane with ChCl:EG (1:2)
as LCO lixiviants are compared in Table 6. TOMAC is an ionic
liquid and sulfolane cannot donate hydrogen bonds to choline
chloride; therefore, neither system can be considered as a DES.
However, Table 6 shows that both TOMAC and ChCl-sulfolane
are able to leach cobalt quantitatively as well. These results
support our hypothesis and also confirm that the formation of
a DES is not a requirement at all to obtain the high cobalt
leaching efficiency.

Mechanism of choline chloride as cobalt(m) reducing agent

Confirming an unambiguous leaching mechanism of cobalt
from LCO by ChCl:EG (1:2) remains challenging due to the
formation of numerous decomposition products. Tentative
reaction and decomposition mechanisms are presented in
Scheme 3, showing that the cobalt(i) reduction is mainly
caused by radical B-hydrogen abstraction from choline chlor-
ide. Hence, cobalt(m) in LCO acts as a radical initiator. The
generated secondary radical further decays to trimethylamine
and acetaldehyde or its enol product (ie. ethenol or vinyl
alcohol). Much more trimethylamine was detected by GC-MS
when ChCl:EG (1:2) was used to leach LCO than when the
neat DES was heated (in the absence of LCO) (see Fig. 4B). As
mentioned before, it was impossible to detect acetaldehyde as
the other degradation product. However, since additions on
the anti-Markovnikov position can occur at high temperatures,
its enol product could be chlorinated and/or hydrated, as
shown in Scheme 3.7>°° The chloride anions of choline chlor-
ide could be responsible for the chlorination of ethenol, while
its hydration could be related to the presence of water. This is
because water is produced during leaching of LCO, and

Table 6 Leaching efficiencies of cobalt from LCO by ChCl: EG (1: 2), TOMAC and choline chloride diluted in sulfolane?

HBA HBD/diluent %L Co (140 °C) %L Co (180 °C)
ChCl: EG? 19.7 91.6
< —~_-OH HO/\/OH
o
Cl
TOMAC CaH17 None 27.1 89.0
C8H17\ '
N
ci!
ChCl sulfolane” | 26.8 90.1
S ~OH O
! Sgo

“?Leaching conditions: 24 h, 900 rpm, S: L=20 g L. b Mixed at ratio ngng : NEG/sulfolane = 12 2.
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Scheme 3 Proposed leaching mechanism of cobalt from LCO by ChCl: EG (1: 2) at 180 °C for 24 hours.>?

extracted from the air due to the hygroscopic nature of choline
chloride.”” The chlorinated product of ethenol (i.e. 2-chlor-
oethanol) was detected by GC-MS (see Fig. 4A). However, it was
detected in higher concentrations after ChCl:EG (1:2) was
heated (in the absence of LCO) than after it was used as lixivi-
ant. This is probably because ethylene glycol can also be trans-
formed into 2-chloroethanol at high temperatures in the pres-
ence of chloride-rich media, such as in ChCI:EG (1:2).°
Furthermore, the hydrated product of ethenol at the anti-
Markovnikov position would be ethylene glycol, which gener-
ally gives broad peaks in GC-MS chromatograms because it
has the tendency to stick to the GC-columns, as shown in
Fig. 3.°> This drawback, and the fact that ethylene glycol is a
component of the DES itself, makes the comparison between
ChCl: EG (1:2) after leaching and heating difficult. Only the
GC-MS analysis of the headspace gas (Fig. 4F) confirmed that
ethylene glycol was detected in higher concentrations after
ChCl: EG (1:2) was used as lixiviant than after it was heated.
Choline chloride also decomposes to dimethylaminoethanol,
which in turn is oxidized to dimethylglycine by cobalt(m). The
results reported in Table 3 confirmed that cobalt is not quanti-
tatively leached by this reaction and thereby indicated that this
is not the decisive reaction. However, more detailed investi-
gations are necessary to complete the reaction scheme and
determine the conversion rates of each reaction.

Degradation pathways as those shown in Scheme 3 were
also observed for other lixiviant systems reported in Table 5.
For example, GC-MS chromatograms of Bu,NCl:EG (see ESI
Fig. S71) confirmed the presence of the degradation products
butanal, 1-chlorobutane and butanol, which were detected in
higher concentrations after leaching than after just heating the
solvent in the absence of LCO. These observations are in agree-
ment with the proposed reaction mechanism in Scheme 3.

ChCl: urea (1:2) and PEG : thiourea (2 : 1) as lixiviants for LCO
at elevated temperatures

ChCl: urea (1:2) was also used to leach LCO at 180 °C for
18 hours, as described by Wang et al.>* Unfortunately, an extre-
mely viscous DES leachate was obtained after leaching. Wang

This journal is © The Royal Society of Chemistry 2022

et al. stated in their Experimental section that the leachates
were filtered at 100 °C, without mentioning any difficulties
with sample handling resulting from the high viscosity.>?
Furthermore, as mentioned above, Delgado-Mellado et al. con-
firmed that ChCl:urea (1:2) shows signs of thermal degra-
dation at a temperature of about 172 °C.>® The high viscosity
of the ChCl:urea (1:2) leachate makes it difficult to upscale
the process of Wang et al.>® Furthermore, a leaching tempera-
ture of 180 °C would probably cause the degradation of
ChCl:urea (1:2) as well, similarly to what was observed for
ChCI: EG (1:2).

Chen et al, observed that using PEG:thiourea (2:1) to
leach LCO, only 60% of cobalt was leached at 160 °C after
24 hours.” These energy-intensive leaching conditions and
the poor cobalt leaching efficiency renders this process cost-
ineffective when upscaled. Since our focus is on ChCl:EG
(1:2), a more detailed discussion of ChCl:urea (1:2) and
PEG : thiourea (1:2) as lixiviants is omitted.

Conclusion

The experimental results presented in this paper demonstrate
that one should be cautious when using DESs based on
choline chloride and ethylene glycol, such as ChCl: EG (1:2).
In recent studies, this DES was used as a lixiviant at 180 °C,
for up to 24 hours to leach cobalt from LCO or NMC cathodes
of LIBs, while stressing its green nature for these applications.
However, we show that ChCl: EG (1:2) is not thermally stable
at these elevated temperatures and that toxic decomposition
products are even formed, such as trimethylamine or 2-chlor-
oethanol. Additionally, we have shown that choline chloride,
rather than ethylene glycol, is the reducing agent for cobalt(m)
in the reductive leaching reaction of LCO. Therefore, we rec-
ommend monitoring the thermal stability of DESs based on
choline chloride in detail before using them in high-tempera-
ture ionometallurgical processes. If DESs decompose during
leaching reactions at elevated temperatures, one cannot state
that DESs are green nor safe solvents in these applications.
One should refrain from claims about the greenness of DESs if

Green Chem., 2022, 24, 6685-6695 | 6693
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no experimental evidence is provided for their thermal and
chemical stability when heated to higher temperatures for
extended periods of time.
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