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Abstract

The past 10-20 years have seen numerous academic papers describing the benefits of ionic liquids (ILs) and deep-eutectic
solvents (DESs) for leaching, solvent extraction and electrowinning. The scientific community—including the authors of
this opinion article—have frequently proclaimed these neoteric solvents as game-changers in extractive metallurgy. Despite
this, there have been no commercial breakthroughs. In this paper we reflect on the reasons why ILs and DESs seem to have
failed to impact on the metallurgical industry. These include: (1) issues with high viscosity; (2) limited chemical stability
under the conditions of metallurgical processes; (3) difficulties with recycling and reuse; (4) a lack of demonstrated unit
processes and flowsheets on the pilot scale; (5) insufficient material-property data available for engineering purposes; (6)
the administrative burden of obtaining licenses and safety permits; (7) very high costs for large-scale operations; and (8)
minimal added value compared to state-of-the-art hydrometallurgical processes. Our belief is that innovations in hydromet-
allurgy based on ILs or DESs are unlikely. Instead, we should be aiming for a deeper understanding of hydrometallurgical
processes at the molecular level. This is because advances are more likely to derive from the refocused efforts of experienced
IL/DES researchers investigating the speciation and chemical thermodynamics of hydrometallurgical solutions, which will
then hasten the transition from linear to low-energy-input, circular hydrometallurgy.

Graphical Abstract

lonic Liquids (ILs) and Deep-Eutectic Solvents (DESs) in Extractive Metallurgy:
Mismatch between Academic Research and Industrial Applicability

v v F— e il v \ 4
(1) Low vapor pressure = B2 = (1) High viscosity
(2) Very low volatility ‘ (2) Limited chemical stability
(3) Wide temperature range (3) Difficult to recycle
(4) Non-flammable solvents 4 (4) Few pilot-scale successes
(5) Easy to recycle 5 (5) Limited material-property data
(6) Good chemical stability ol (6) Chemical registration issues

(7) Wide electrochemical window B L (7) High costs

(8) Eco-friendly character s : (8) Limited added value

Keywords Extractive metallurgy - Hydrometallurgy - Leaching - Solvometallurgy - Solution chemistry

The contributing editor for this article was Uday Pal.

Extended author information available on the last page of the article

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s40831-023-00681-6&domain=pdf
http://orcid.org/0000-0003-4768-3606
http://orcid.org/0000-0003-1201-3581

424

Journal of Sustainable Metallurgy (2023) 9:423-438

Introduction

Ionic liquids (ILs) have dominated the development of
green or sustainable chemistry [1] since the introduction
of the 12 Principles of Green Chemistry in 1998 [2]. These
neoteric solvents became enormously popular thanks to an
influential review paper by Tom Welton (Imperial College
London, UK) in 1999 [3] and the enthusiastic promotion
of ILs as green solvents by the late Ken Seddon (Queen’s
University Belfast, UK) [4, 5]. Since ILs are solvents that
only contain ions, without any neutral molecules, they
have an extremely low vapor pressure and are thus virtu-
ally non-volatile. The green credentials of ILs are largely
related to this lack of volatility, suggesting they are safer
and environmentally friendlier than conventional molecu-
lar organic solvents, which are volatile organic compounds
(VOCs).

At first, ILs were investigated as solvents in organic
synthesis and catalysis [6, 7], but they also began to attract
the interest of materials scientists [8, 9]. Thanks to their
electrochemical stability in combination with an intrinsic
electrical conductivity, ILs appeared to be ideal solvents
for the electrodeposition of reactive metals that cannot be
obtained from aqueous electrolytes, such as aluminum,
magnesium, lithium and the rare-earth elements [10]. ILs
have also been intensively investigated as alternative sol-
vents for the synthesis of nanomaterials, in energy applica-
tions [11], and they are excellent solvents for the process-
ing of biopolymers such as cellulose [12].

Not surprisingly, ILs also attracted the attention of
researchers in extractive metallurgy, first as alternatives
to the organic phase in solvent extraction and, later, as a
replacement for the aqueous phase, in both leaching and
solvent extraction [13—15]. ILs can act as electrolytes in
the electrowinning and electrorefining of metals, includ-
ing those that cannot be processed in aqueous solutions.
Several fundamental studies have looked at the dissolution
process for metal oxides and other metal compounds in
ILs [16, 17]. There is also interest in applying ILs in froth
flotation [18].

Unfortunately, ILs are too expensive for general use,
which has led to the development of cheaper ionic-liquid-
like solvents, and deep-eutectic solvents (DESs) in particu-
lar. Typically, DESs are composed of an ionic hydrogen-
bond acceptor (e.g., choline chloride) and a molecular
hydrogen-bond donor (e.g., urea, ethylene glycol or citric
acid). The resulting mixture has a much lower melting
point than its components and is usually a liquid at room
temperature. The components are relatively inexpensive
commodity chemicals. The concept of DESs was intro-
duced by Andy Abbott and his coworkers (University of
Leicester, UK) [19], who have intensively explored the
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properties and potential applications of these solvents
[20]. Promising applications have been found in the
metal-finishing industry, for instance, the electroplating
of hard chrome from chromium(III) salts rather than from
the carcinogenic chromium(VI) salts that are used in con-
ventional chrome electroplating baths. DESs are also very
useful for electropolishing metals [21]. Abbott’s group was
the first to explore DESs as a combined solvent + lixiviant
in extractive metallurgy [22]. In fact, they introduced the
term ionometallurgy for extractive metallurgy with ILs or
DESs, instead of the aqueous phase in hydrometallurgy
[23]. Tonometallurgy can be considered as part of the
broader field of solvometallurgy, i.e., extractive metallurgy
with organic solvents rather than water [13]. DESs were
initially used to recover metals from industrial process
residues, such as electric arc furnace (EAF) dust [24-26],
and later applied to metal ores and concentrates [27-29],
as well for recycling the metals from end-of-life products.

At present, ILs and DESs are (still) immensely popular
in the field of extractive metallurgy [30, 31]. Many research
groups explore the use of these neoteric solvents for the
recovery of valuable metals from end-of-life lithium-ion bat-
teries (LIBs) [32-34]. ILs and DESs are used to leach bat-
tery cathode materials at temperatures up to about 200 °C,
closing the gap between room-temperature molten salts and
those for use at high temperatures [35, 36]. These solvents
are also very popular for the recovery of rare-earth elements
from end-of-life products. Common examples are fluores-
cent-lamp phosphor waste [37] and permanent magnets [38,
39]. Another trend is applying these solvents to recover the
metals from low-grade metal-containing materials such as
waste products from the alumina industry in the form of
bauxite residue [40], and iron-rich sludges such as jarosite
and goethite from the zinc industry [41, 42].

It cannot be denied that the properties of ILs and DESs
are enthralling from a scientific point of view and many stud-
ies have yielded valuable insights into the behavior of com-
plex fluids. This has led researchers, including the authors
of this opinion article—who have more than 100 papers in
the field of ILs/DESs applied to extractive metallurgy—to
proclaim that these solvents will become game-changers.

However, today we concede that ILs and DESs have failed
to deliver on expectations. This is despite concerted, long-
lasting research programs to develop applications for ILs and
DESs in extractive metallurgy. One industry expert com-
mented during a discussion with the authors: “Why do we
keep taking new, self-proclaimed technologies such as iono-
metallurgy seriously? I cannot see that anyone in industry
would realistically consider their adoption in a flowsheet.”

ILs and DES have found few large-scale applications
in other industrial sectors, such as the chemical industry.
This small number contrasts with the masses of IL/DES-
based academic papers that speculate on their wide-ranging
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potential [43, 44]. An anonymous reviewer of a project
proposal submitted by the authors wrote: “Ionic liquids
are not the panacea. They have been around for 20+ years,
thousands of papers have been published on their use in
separations, yet no large industrial operator is using them.
Drumming the use of ionic liquids year after year without
any examples of large-scale success makes it more difficult
to present this approach as a reasonable option over time.
If ionic liquids are so good for everything, why is no one
willing to use them in the industry?” This begs the ques-
tion: why do we have this dissonance between laboratory
successes, on the one hand, and a lack of industrial imple-
mentation, on the other?

In this opinion article we explain why we believe ILs
and DESs remain absent from industrial flowsheets. These
ideas derive from our own experiences, as well as many
discussions with industrial hydrometallurgists. The result is
eight reasons why these solvents have not yet been applied
in industrial (hydro)metallurgical processes: (1) issues with
high viscosity (slow mass transfer, difficulties with pump-
ing and stirring, cumbersome solid-liquid separation); (2)
limited chemical stability under the conditions occurring in
metallurgical processes (leaching, solvent extraction, elec-
trowinning); (3) difficult recycling and reuse; (4) lack of
demonstration unit processes and flowsheets on a pilot scale;
(5) insufficient material-property data available for engineer-
ing purposes; (6) administrative burden to obtain licenses
and safety permits (and the additional barrier of REACH
registration in Europe); (7) too expensive for large-scale
operations, especially for those dealing with low-grade ores
or industrial process residues, and (8) limited added value
compared to state-of-the-art hydrometallurgical processes.
These reasons are discussed in more detail in the next sec-
tions. ILs and DESs are treated separately, although they
share several similar properties, as will become evident from
the text. But the differences are large enough to justify this
separate treatment.

Chemical Composition and Properties

ILs are often defined as salts with a melting point below
100 °C. However, this definition is too arbitrary, since there
are no fundamental differences between a salt that melts at
95 °C and one that melts at 105 °C. Therefore, it makes more
sense to define ILs as solvents that are composed entirely
of ions, in contrast to molecular solvents, which have only
neutral molecules, and salt solutions, which are mixtures of
ions and molecules. Many molecular solvents can exhibit
a degree of dissociation (e.g., H,0 S H* 4+ OH"), but the
number of ions always remains extremely small compared to
the total number of molecules. According to the definition of
ILs as being solvents composed only of ions, DESs cannot

be considered as a subclass of ILs, since DESs are mixtures
of salts and molecules. Nevertheless, ILs and DESs share
many features that give them unique solvent properties.

lonic Liquids (ILs)

Typical ILs are organic salts with one or more alkyl chains
attached to the cation. These alkyl chains lower the melting
point because of the difficulty of stacking such alkyl chains
in a crystal lattice and the tendency of the alkyl chains to
have random molecular conformations. In general though,
the longer the alkyl chains, the lower the melting point will
be. Unfortunately, having long alkyl chains also increases
the viscosity.

Another factor that contributes to a low melting point is
the small electric charges at the cation and anion. Nearly
all low-melting ILs have a cation with a+ 1 charge and an
anion with a — 1 charge, and these charges are often delo-
calized. Low, delocalized electrical charges lead to weaker
electrostatic interactions than in simple inorganic salts
and, hence, lower melting points. For instance, the melting
point of NaCl is 801 °C, that of 1-butyl-3-methyl-imida-
zolium chloride is 70 °C, while 1-butyl-3-methylimidazo-
lium bis(trifluoromethylsulfonyl)imide is a liquid at room
temperature.

Commonly used IL cations are 1-alkyl-3-methylimi-
dazolium, N-alkylpyridinium, N-alkyl-N-methylpyrroli-
dinium, tetraalkylammonium and tetraalkylphosphonium
ions. IL anions can be inorganic, such as chloride, bromide,
iodide, thiocyanate, tetrafluoroborate, hexafluorophos-
phate, bis(trifluoromethylsulfonyl)imide (= bistriflimide),
or organic, such as acetate or salicylate. By combining
these cations and anions, a wide range of ionic liquids can
be obtained. Although in theory an infinite number of cat-
ion—anion combinations can be selected to design ILs, the
number of ILs explored for use in solvent applications is
surprisingly limited. Figure 1 shows examples of commonly
used anions and cations in ILs.

Although the physicochemical properties of ILs are very
dependent on their chemical composition, we can make
some generalizations. ILs have very low vapor pressures
because they are not built up of neutral molecules (with
weak intermolecular interactions) but rather of ions (with
strong intermolecular interactions). Most ILs have no boiling
point and they remain liquid until their thermal decomposi-
tion point is reached. ILs have an impressive operational
temperature range, i.e., the temperature range between their
melting and boiling/decomposition points. The operating
range of water is 100 °C at atmospheric pressure, but that
of many ILs is much wider, sometimes in excess of 250 °C.
This means that ILs can be used, for instance, as solvents
for leaching ores and concentrates above 100 °C without the
need for an autoclave. Due their very low vapor pressure, ILs
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Fig.1 Common cations and
anions in ionic liquids

are endowed with a very high flash point and they are much
less flammable than conventional organic solvents (although
they can be combusted at sufficiently high temperatures).
ILs have an intrinsic electrical conductivity, which means
that they can be used as electrolytes for the electrowinning
or electrorefining of metals. The electrochemical window
of most ILs is much wider than that of aqueous electro-
lytes. Electrochemical windows of 4 V are not uncommon
for ILs, whereas the electrochemical window of water is
just 1.23 V. Such a wide electrochemical window means
more reactive metals can be electrodeposited as well. It has
also been stated that the intrinsic electric conductivity of ILs
could lead to safer solvent extraction processes, because no
electrostatic charges can build up in the solvent and hence
electrostatic ignition of the diluent is avoided [45].

Such a suite of attractive properties leads many research-
ers to assume that ILs are a kind of “supersolvent” for all
types of chemical compounds. However, archetypical ILs
based on imidazolium cations and fluorinated anions are very
poor solvents for simple inorganic salts such as NaCl [46].
This low solubility is due to the poor solvating power of ILs
with weakly coordinated anions [BF,]™, [PF] ", or [Tf,N],
and to the moderate polarity of ILs, which is comparable
to that of the lower alcohols. Determining reliable solubil-
ity data for inorganic salts in this type of ILs is challeng-
ing because it can take a long time to achieve equilibrium
due to the high viscosity of these ILs. Moreover, if the ILs
are not carefully dried prior to the solubility measurements,
the observed solubilities might be due to the residual water
rather than the IL itself [16]. The solubility of metal salts
is higher in ILs with coordinating anions, such as chloride
ions. Transition-metal chlorides are well soluble in chloride
ILs, as they can form anionic chlorometallate complexes
in the presence of an excess of chloride. For instance, the
IL 1-butyl-3-methylimidazolium chloride, [C,mim]Cl, can
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Fig.2 Chemical structure of the IL betainium bis(trifluoromethylsulfonyl)
imide, [Hbet][Tf,N]

dissolve more CoCl, than required for the total conversion
of [C,mim]Cl to [C,mim],[CoCl,], since the newly formed
ILs can act as a solvent for CoCl,, with the formation of
[CO(COC14)3]4_ complex anions [47]. However, the resulting
liquid becomes so viscous that it loses all fluidity. Imidazo-
lium ILs dissolve Ag,0, NiO, CuO and ZnO via a special
mechanism called carbene formation, which means that a
carbon—metal bond is formed between the C2 atom of the
imidazolium ring and the metal center [48]. The water con-
tent has a strong influence on the solubility of metal salts in
ILs. In general, the solubilities increase with increasing water
content, unless hydrolysis reactions can take place, with the
formation of poorly soluble metal hydroxides. However, it is
not unreasonable to pose the question whether we can still
speak of an IL after the addition of a significant amount of
water. Would it not be better to refer to this mixture as merely
a “concentrated aqueous electrolyte solution”?

ILs with a coordinating functional group covalently
attached to the IL cation are excellent solvents for many metal
oxides and metal compounds. Such ILs were originally called
“task-specific” ionic liquids (TSILs). Now it is better to use the
term “functionalized” ionic liquids. A well-known example of
a functionalized IL is betainium bis(trifluoromethylsulfonyl)
imide, [Hbet][Tf,N], which was developed by Koen Binne-
mans’ research group [49]. [Hbet][Tf,N] contains a carboxylic
acid functional group (Fig. 2) and has been intensively studied
for applications in extractive metallurgy [37, 38, 40, 50-53].
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Because of the presence of the Brgnsted-acidic carboxylic acid
group, [Hbet][Tf,N] can dissolve many metal oxides, although
itis a poor solvent for other metal compounds due to the poorly
solvating properties of the IL cation and anion. Inspired by
the example of [Hbet][Tf,N], similar functionalized ILs have
been prepared, either with a carboxylic acid functional group
[54], or with a more acidic sulfonic acid, alkylsulfuric acid or
sulfamic acid functional groups [55-57].

Deep-Eutectic Solvents (DESs)

It is difficult to give a general definition of a deep-eutectic
solvent (DES), but all the DESs share the property that they
are mixtures with low enough melting points to make them
suitable for use as organic solvents. Several types of DESs
are known, but the most relevant type are DESs that are
formed by mixing quaternary ammonium chlorides with
a hydrogen-bond donor (HBD) (so-called Type III DESs)
[58]. The charge of the chloride ion is delocalized via the
hydrogen-bond network that is formed by complex forma-
tion between the chloride and the hydrogen-bond donor. By
far the most often-used quaternary ammonium salt is choline
chloride, because it is produced in large quantities (chicken
feed additive), is relatively cheap, has a low toxicity and it
is biodegradable [20, 59]. A wide variety of hydrogen-bond
donors has been studied, such as urea, acetamide, ethylene
glycol, glycerol, malonic acid, oxalic acid, levulinic acid,
lactic acid and citric acid. A typical feature of a DES is that
it has a much lower melting point than each of its individual
components. Popular DESs are those obtained by mixing
choline chloride and urea in a 1:2 molar ratio, or choline
chloride and ethylene glycol in a 1:2 molar ratio. These
mixtures are liquid at room temperature. Although DESs
often have a significant water content, their properties are
generally different to those of aqueous solutions. Just like
ILs, DESs have tuneable solvent properties that can be opti-
mized for a particular application. DESs share with ILs the
properties of being liquids over a wide temperature range,
non-volatility and non-flammability. DESs are easier to pre-
pare than ILs since the procedure only involves the mixing
of two components. They are much cheaper than ILs, but
they are generally less stable. The concept of DESs has been
extended to Low-Transition-Temperature Mixtures (LTTMs),
where neutral compounds are also used as hydrogen-bond
acceptors, such as amino acids [60].

Issues with High Viscosity

ILs and DESs have viscosities that are 2 to 3 orders of mag-
nitude higher than those of water or molecular organic sol-
vents. Most ILs have the fluidity of a thick oil or a syrup,
and some are better described as a paste. The addition of

water or an organic cosolvent greatly decreases the viscos-
ity [61], but the addition of too much, transforms the IL into
an aqueous or organic electrolyte, with the loss of the usual
IL properties. Increasing the temperature is another way to
reduce the viscosity. For instance, the viscosity of dry Ali-
quat 336 is 1500 cP (1500 mPa s) at 30 °C, but only 97 cP at
60 °C [62]. 1-Butyl-3-methylimidazolium chloride, [BMIM]
[C1], has a viscosity of 11,000 cP at 30 °C and just 697 cP
at 60 °C [63]. Dry DESs suffer from similar high-viscosity
issues. The DES choline chloride—urea (in a 1:2 molar ratio)
has, in its dry state, a viscosity of 856 cP at 30 °C and 93 cP
at 60 °C [64]. When this hydroscopic DES is left exposed,
it will absorb large amounts of water from the atmosphere,
with a drastic reduction in viscosity as a result: the water-
equilibrated DES then has a water-like fluidity. However,
heating is energy-intensive if no exothermic process heat is
available in the industrial plant. By adding too much water
or an organic cosolvent, the typical properties of the IL or
DES are lost and we have an aqueous or organic electrolyte
solution instead.

The high viscosity of these solvents makes them diffi-
cult to handle in an industrial context: pumping, mixing and
stirring such highly viscous liquids is not straightforward
from an engineering point of view. Added to this, due to
the slow mass transfer, chemical reactions have slow kinet-
ics in viscous liquids. This is particularly problematic when
leaching solids because these are heterogenous reactions
occurring at the solid—liquid interface and so are normally
diffusion-controlled. The settling of solid particles in highly
viscous liquids is very slow when stirring is discontinued
after leaching.

Besides the slow settling of solid particles in highly vis-
cous ILs or DESs, the solid-liquid separation is a difficult
process. Moreover, viscous liquids tend to stick to the sur-
face of the residue particles, with a serious risk of losing
some of the solvent. In conventional hydrometallurgy, fil-
tration equipment is designed for the effective separation of
liquids from solids, as well as for washing, with a minimal
use of water. In some cases a belt filter with counter-cur-
rent washing of the solid is preferred, while in other cases
a membrane filter press offers the best solution. The leach
residues or other filter cakes are washed with water and most
of it is recycled internally in the plant. If needed, the sol-
ids can be further de-watered and even dried by evapora-
tion. Such filtering, washing and drying operations are not
straightforward when ILs or DESs are used as solvents. The
washing of solid residues cannot involve the ILs or DESs
themselves, and either water or a molecular organic solvent
must be used instead, and so the water and solvent must be
recovered afterwards, in a separate process step.

The non-volatility of ILs and DESs is a disadvantage
when solids wetted by these solvents need to be dried: the
ILs and DESs cannot be removed by evaporation. Only
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washing with water or an organic solvent can remove the IL
or DES from the solid particle’s surface, but this, once again,
introduces an extra step to separate the IL or DES from the
solvent used for washing. To speed up the filtration of such
viscous systems, pressurized filtration is recommended.
DESs can be diluted with water prior to the filtration, but
this involves the risk of precipitate formation in the leachate
by hydrolysis of the metal ions, and the excess water needs
to be removed afterwards.

The high viscosity of ILs is a serious issue for solvent-
extraction processes. Binnemans’ research group has shown
that undiluted ILs can be used for the separation and purifi-
cation of metal ions by solvent extraction. The rationale was
to develop solvent phases free of molecular organic diluents
and to achieve process intensification through high loading
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Fig.3 Viscosity of the IL phase after extraction at 60 °C as a function
of cobalt concentration in the feed solution, for extraction by Cyphos
IL 101 from HCI solution. Reproduced with permission from Ref.
[65]. Copyright Royal Society of Chemistry 2012

of the organic phases (smaller volumes of organic phases
required). In collaboration with the company Umicore, a
solvent-extraction process was developed to separate cobalt
and nickel by extracting the cobalt from HCI solutions using
an undiluted Cyphos IL 101 quaternary phosphonium IL
[65]. An exceptionally high separation factor of more than
50,000 was achieved in a batch reactor. The experiments
had to be performed at 60 °C to reduce the viscosity to a
reasonable value: at this temperature the Cyphos IL 101
phase pre-saturated with the aqueous HCI solution had a
viscosity of about 100 cP, which is about 200X more viscous
than water at that temperature (0.4656 cP). The viscosity of
the organic phase sharply increased as a function of cobalt
concentration in the feed phase to about 800 cP at 40 g L™!
cobalt in the feed (Fig. 3). Hence, the advantage of a high
loading of the organic phase was offset by the disadvantage
of a much more viscous organic phase. In experiments with
other extraction systems, for instance, the extraction of rare-
earth ions from nitrate feed solutions [66], or the extraction
of transition metals from chloride feed solutions [67], the
viscosity of the organic phase dramatically increased with
increased loading of the organic phase whenever multich-
arged anionic complexes are formed in the organic phase
(e.g., the [C0C14]2_ complex in the Co/Ni system).

The Co/Ni solvent-extraction system described in the
previous paragraph was demonstrated in continuous-coun-
tercurrent mode using mixer-settlers (Fig. 4) [68]. The high
viscosity of the IL phase rendered the operation of the con-
tinuous process rather challenging. So, both pre-saturation
of the IL with water and heating the IL to 60 °C reduced the
viscosity to about 100 cP and made the highly viscous liquid
appropriate for pumping.

Similar issues with high viscosity during continuous-
countercurrent solvent-extraction experiments with undi-
luted ionic liquids were encountered with other extraction
systems, such as the extraction of indium [69], platinum-
group elements [70] and rare-earth elements [71]. A general

Fig.4 Continuous extraction process for the separation of cobalt
from nickel with the ionic liquid Cyphos IL 101 as the extraction
phase. The different stages are (from left to right): an extraction stage,
a washing stage and three stripping stages in counter-current mode.
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The heat-tracing cables around the mixer-settlers are clearly visible.
Reproduced with permission from Ref. [68]. Copyright Royal Society
of Chemistry 2013
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conclusion to be drawn from these studies is that the IL
organic phases are too viscous to run in mixer-settlers at
room temperature. Such experiments are only possible if
the IL phase is diluted in a (expensive) molecular diluent
such as para-cymene [72]. However, when using a molecular
diluent, the advantages of the IL are lost and we are in fact
just working with solvents containing the well-known basic
extractants.

Limited Chemical Stability

While reading the literature on ILs it is possible to gain the
impression that these solvents are very stable. This, however,
is stretching the truth. Indeed, ILs have limited chemical
stability under the conditions occurring in metallurgical
processes, such as in leaching or electrowinning operations.
This limited stability makes recycling ILs more challeng-
ing, especially if the decomposition products are difficult to
remove from the parent IL. The decomposition products can
have different chemical properties to that of the IL they are
derived from. Clearly, this is problematic for process design.
Moreover, it is important to realize that some decomposition
products can be toxic. Also some ILs can be quite toxic [73,
74]. For instance, hydrophobic ammonium or phosphonium
ILs turned out to be cytotoxic, whereas imidazolium ILs
appeared to show neurological toxicity.

Another point of attention is the widespread use of ILs
with fluorinated anions and the associated environmental
problems. ILs with tetrafluoroborate (BF, ™) and hexafluoro-
phosphate (PF ™) anions are not stable in contact with water
since the anions hydrolyze with the formation of hydrofluo-
ric acid [75, 76]. The bis(trifluoromethylsulfonyl)imide
(Tf,N7) anion has been promoted as a fluorinated anion that
is stable against hydrolysis. ILs with this anion are popular
as electrolytes for the electrodeposition of reactive metals
such as aluminum and the rare-earth elements, and for stud-
ies of new battery electrolytes. Nonetheless, this anion is far
less stable against electrochemical reductions than is often
claimed [77, 78]. Tf,N™ anions have a very poor biodegra-
dability [74, 79].

In general, ILs have a poor stability against strong bases
[80]. Quaternary ammonium ILs are susceptible to degra-
dation via the Hofmann elimination reaction and a-carbon
centered nucleophilic substitution. Quaternary phosphonium
ILs are even less stable in alkaline media than the quaternary
ammonium ILs, due to the tendency of phosphonium salts
to be converted into phosphine oxides. Imidazolium cations
have an acidic hydrogen atom in their C2 position (the car-
bon atom between the two nitrogen atoms) and this proton
can be removed in relatively mild alkaline conditions, with
the formation of a carbene (reactive species with a neutral
carbon atom having two unshared valence electrons) and

loss of the IL’s ionic character [48]. Hence, due to the lim-
ited stability of ILs in the presence of strong bases, ILs are
not suitable for alkaline hydrometallurgy. For instance, it
does not make sense to consider hydroxide ILs as alterna-
tives to aqueous sodium hydroxide solutions for the diges-
tion of bauxite in the Bayer process for alumina production,
for the simple reason that no IL will survive the harsh condi-
tions of the Bayer process.

Among the often-used ILs, imidazolium cations have a
limited stability against oxidizing agents. For instance, they
react with chlorine gas [81] and ozone [82]. In the pres-
ence of iron(III) salts as a catalyst, imidazolium ILs are rap-
idly decomposed by hydrogen peroxide (Fenton oxidation)
[83]. As no detailed studies have been performed, there are
questions about the long-term stability of imidazolium ILs
towards potassium peroxymonosulfate (KHSOs, Oxone),
although solutions of KHSOs in the ionic liquids [C,mim]
[HSO,] gave very promising results for the leaching of sul-
furic gold ores [84].

It is often claimed that ILs have a very high thermal sta-
bility and these claims are typically supported by dynamic
thermogravimetric analysis (TGA) studies, often at rapid
heating rates (10 °C min~' or higher) in an inert atmosphere
[85]. However, such TGA studies of pure ILs produce over-
optimistic results. In an inert atmosphere, oxidative degra-
dation reactions are suppressed and only pyrolysis reactions
can be observed. In real processes, however, oxidation deg-
radation is more important than pyrolysis. The presence of
transition metals in ILs, as is the case in hydrometallurgical
systems, can catalyze oxidation reactions. These effects are
absent when pure ILs are investigated. Fast heating rates
give a false impression of high thermal stability, as decom-
position reactions and volatilization occur at a limited rate,
and recorded temperatures are often far beyond the thermo-
dynamic decomposition temperatures by the time measur-
able mass loss takes place. Therefore, the thermal stability
of ILs should be assessed by isothermal TGA measurements,
i.e., by measuring the mass loss as a function of time at a
given temperature. On the other hand, there is also the risk
of underestimating the thermal stability of ILs. This is the
case if organic impurities present in the IL have a lower ther-
mal stability than the IL under investigation, as illustrated
for Cyphos IL 101 [86].

With DESs there are even more stability issues. DESs
based on mixtures of choline chloride and dicarboxylic
acids are great solvents for many transition-metal oxides, but
they are not stable because the alcohol group of the choline
(unavoidably) reacts with carboxylic acids to form esters,
leading to degradation [87]. It has been stated that one of
the major advantages of using DESs for the recycling of
valuable metals from the cathode materials of lithium-ion
batteries is that there is no need for adding a reducing agent
to reduce the cobalt(III) to cobalt(Il) in LCO (LiCo00O,) or
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NMC cathode materials to enhance the leaching, unlike in
conventional hydrometallurgical processes for the recycling
of these materials [32]. Obviously, no reduction can occur in
the absence of a reducing agent. The logical consequence is
that if cobalt(III) is reduced in DESs, one of the DES com-
ponents must act as the reducing agent (unless the copper or
aluminum current collectors in shredded lithium-ion batter-
ies are the reducing agents) [33]. This also implies that com-
ponents of the DES are being oxidized and, hence, the DES
is decomposing. In recent studies, a choline chloride—ethyl-
ene glycol (1:2) DES was used as a lixiviant at temperatures
up 180 °C, for up to 24 h to leach the cobalt from LCO
(LiCo0,) or NMC cathode materials. Surprisingly, the green
character of the DES is highlighted in this application [32,
35, 88]. However, recent research in Binnemans’ group has
shown that this DES is not thermally stable at such elevated
temperatures and that even toxic decomposition products,
such as trimethylamine or 2-chloroethanol, are formed [89].

The advantage of electrowinning in aqueous sulfuric acid
electrolytes is that oxygen gas is formed at the anode. In
chloride electrolytes, either oxygen gas or chlorine gas is
formed, depending on the chloride concentration and the
type of anode used. Some anodes are designed to promote
oxygen gas formation over chlorine gas formation [90]. In
the case of IL electrolytes, if no sacrificial electrodes are
being used or sacrificial reagents are added (e.g., water or
oxalic acid), oxidative breakdown of the IL components will
take place in IL electrolytes. If the decomposition products
are not volatile, there will be an accumulation of decompo-
sition products in the electrolyte so that regeneration with
the removal of these decomposition products is necessary.
DESs are also susceptible to electrochemical decomposition
reactions at the anode and/or cathode. Since most DESs con-
tain choline chloride as the main component, chlorine gas
formation is a common anode reaction, and this chlorine gas
can further react with the organic components of the DES.

In an electrolyte for zinc electrodeposition that was com-
posed of ZnCl, dissolved in a DES based on choline chlo-
ride and ethylene glycol, a variety of chlorinated organic
compounds was detected, including chloromethane, dichlo-
romethane and chloroform [91]. The addition of water sup-
pressed the formation of chlorinated compounds, but it also
had a negative effect on the electrochemical window of the
electrolyte.

Solutions of transition-metal ions in DESs are often not
stable and precipitates are formed [92]. Binnemans’ group
observed that solutions of cobalt(Il) in different choline
chloride based DESs tend to form cobalt-containing precipi-
tates, probably polymeric complexes. It was also observed
that lead spontaneously precipitated from choline chlo-
ride—ethylene glycol DES, without any possibility to control
this process [93]. Such precipitates are not only problematic
from the point of view of process control, but also change
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the overall composition of the DES and thus make recycling
the DES more difficult (vide infra).

Difficult to Recycle and Reuse

One of the most purported advantages of ILs is that they
can be recycled and reused over and over again, without any
significant losses. Unfortunately, this is a misconception that
originates from ILs being virtually non-volatile. It is true
that ILs are not lost by evaporation due to their extremely
low vapor pressure. However, this non-volatility makes the
recycling more difficult because ILs cannot be recovered by
distillation, in contrast to VOCs. In the case of water being
the solvent, moist solids can be dried by evaporating the
water, but solids wetted by ILs cannot be dried by evapora-
tion. The only possibility to remove the IL is with a washing
step, either with water (in the case of water-soluble ILs)
or with an organic solvent (in the case of water-immiscible
ILs). This washing step must be followed by an additional
step to separate the IL from the water or solvent. The high
viscosity of ILs, in combination with their ability to wet
surfaces, means that ILs have a strong tendency to form a
well-adhering liquid film around solid particles. The higher
the specific area of the solid, the more IL will be lost by
adsorption onto the surface of the particles, and the more
important the washing step becomes. Unless a washing step
is included, a lot of IL will be lost after the solid-liquid sepa-
ration when filtering the IL from the solid leaching residue.
Even worse is that many solid materials with exchangeable
cations, such as clays, can undergo ion-exchange reactions
with IL cations. The recovery of an IL from such an IL-
cation-exchanged material is virtually impossible.

DESs are even more difficult to recycle because they are
mixtures rather than pure compounds [94]. In the recycling
process, it is necessary to ensure that the DES components
are kept in their original molar ratio because the proper-
ties of the DES are strongly dependent on the molar ratio
between the hydrogen-bond acceptor and the hydrogen-
bond donor. Just like ILs, DES cannot be removed from
DES-wetted solids by evaporation, and a washing step with
water or an organic solvent is required. It is problematic
that the different DES components often exhibit differences
in solubility in the washing solvent so that one component
is preferentially dissolved and, hence, the DES composi-
tion will change. Organic decomposition products can have
unexpected behaviors in DESs, so they must be removed
before the DES can be reused. Since leaching processes are
never 100% selective, impurity metals are co-dissolved with
the targeted metals. When the dissolved metals are recov-
ered from the DES solvent by, for instance, precipitation, the
impurities remain in the DES. It is very arduous to remove
such impurities. Still, their removal is required because
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otherwise these impurities will accumulate in the DES and
will cause engineering issues in the process. To make things
worse, the tendency of DES components to coprecipitate
with the metals, renders the recycling of DESs even more
cumbersome.

When a DES is used as a lixiviant to recover valuable
metals from the so-called “black mass” that is obtained after
the pre-treatment of end-of-life lithium-ion batteries by
pyrolysis and shredding, the resulting pregnant leach solu-
tion is a liquid with a very complex chemical composition,
containing not only dissolved metals but also suspended sol-
ids such as graphite particles. Clearly, it is very difficult to
recycle the DES from such a complex mixture.

In the case of solvent-extraction processes, the recycling
of ILs and DES:s is equally burdensome. The reaction mech-
anisms for extracting metal ions into an IL solvent phase are
in many cases different from those observed for extraction
into molecular solvents. The main issue is that the extrac-
tion of metal ions from an aqueous phase into an IL often
happens via an ion-exchange mechanism. These IL losses,
by dissolving ionic components in the aqueous phase, rep-
resent a serious problem that hampers the general applica-
bility of ILs in industrial solvent-extraction processes for
metal refining. Solvent extraction with a cation-exchange
mechanism must be avoided if the organic phase comprises
an IL with a hydrophilic cation (i.e., a cation with short
alkyl chains), because the cation will inevitably be lost
to the aqueous phase during this cation exchange. Cation
exchange can be suppressed by using ILs with hydropho-
bic cations such as quaternary ammonium or phosphonium
salts with long alkyl chains. In this way it is also possible
to use non-fluorinated anions such as chloride or nitrate.
Examples of such ILs with hydrophobic cations include
Aliquat 336 or Cyphos IL 101 [65, 67]. Anion exchange is
less of an issue if the IL contains chloride or nitrate anions.
The loss of bis(trifluoromethylsulfonyl)imide anions to the
aqueous phase occurred during the extraction of rare-earth
ions by p-diketone extractants diluted in an IL diluent [95].
This contamination of the aqueous phase by IL components

represents a major disadvantage that limits the general appli-
cability of such solvent-extraction systems.

DESs can be used as the more polar phase (feed phase)
in non-aqueous solvent extraction (NASX) [96]. However,
DES components can be selectively lost by co-extraction
with the metal to the less polar phase, as experienced by
Binnemans’ group. Riafio et al. leached (roasted) Nd-Fe-B
magnets with a choline chloride—lactic acid DES [97]. The
resulting pregnant leach solution was subsequently extracted
using the IL Aliquat 336 in a diluent. Upon extraction of
the iron(III), some of the chloride ions of the DES were
co-extracted. Similar chloride losses were observed for the
extraction of iron(IIl) and zinc(IT) from a leachate obtained
by leaching jarosite residue from the zinc industry by cho-
line chloride—ethylene glycol DES [93], and the extraction
of cobalt(Il) from a leachate obtained by leaching LiCoO,
cathode materials of lithium-ion batteries by choline chlo-
ride—citric acid DES [33]. Another issue that ILs and DES
share with other organic solvents in non-aqueous solvent
extraction systems is the large mutual solubility between
the IL (or DES) and the other phase, which is often much
larger than in aqueous systems. This is a critical issue for the
development of solvent extraction processes, but it is often
largely neglected by researchers.

Lack of a Demonstration of Unit Processes
and Flowsheets on the Pilot Scale

Most IL and DES technologies are still at a low technology-
readiness level (TRL) [98, 99] (Table 1): the majority of IL/
DES processes do not go beyond TRL 3 (experimental proof
of concept), where the first small laboratory experiments
have been performed. These proof-of-concept experiments
are simply too small scale and of too brief to establish the
real potential of these technologies in industry. In short,
there is insufficient evidence to show that these technolo-
gies will work in an industrial setting.

Table 1 Technology readiness levels (TRL) as defined by the European Commission [99]

TRL Definition

1 Basic principles observed

2 Technology concept formulated

3 Experimental proof of concept

4 Technology validated in lab

5 Technology validated in relevant environment (industrially relevant environment in the case of key enabling technologies)

6 Technology demonstrated in relevant environment (industrially relevant environment in the case of key enabling technologies)
7 System prototype demonstration in operational environment

8 System complete and qualified

9 Actual system proven in operational environment (competitive manufacturing in the case of key enabling technologies)
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Most studies of ILs in hydrometallurgy, including most
of Binnemans’ group, were done on a lab scale, in vials
of a few mL. The cheaper range of DESs were adopted
on a somewhat larger scale, but not often beyond that of
a 250 mL beaker. Even on this small scale, there are very
few examples of flowsheets that have been tested, includ-
ing regeneration of the solvent. Many leaching (dissolu-
tion) studies are restricted to the leaching (dissolution)
stage itself, neglecting the subsequent downstream stages
of solution purification and metal recovery. Most research-
ers only study the leaching of synthetic materials or focus
on major or valuable metals when leaching minerals, indus-
trial process residues or end-of-life products, without giving
enough attention to the impurity metals (many of which are
potential hazardous elements such as arsenic, antimony or
lead). In studies conducted by Binnemans’ group, leaching
efficiencies and selectivities were found to deviate between
real and synthetic lamp-phosphor waste. The functionalized
IL protonated betainium bis(trifluoromethylsulfonyl)imide,
[Hbet][Tf,N], yielded excellent results for synthetic lamp-
phosphor mixtures [37], but gave poor selectivities when
real lamp-phosphor waste was leached [100].

With this lack of pilot studies involving IL or DES pro-
cesses, or even studies on a mini-pilot scale that demon-
strate the behavior of these solvents systems over the long
term (materials and energy balances, CAPEX and OPEX
calculations, chemical stability, solvent losses, buildup of
impurities, recyclability, rheology, phase disengagement
and entrainment in solvent extraction), it is unsurprising
that decision makers in industry remain unconvinced of the
benefits of using ILs or DESs as solvents for metallurgical
processes.

One of the few DES processes for metal recovery that
has been demonstrated on a pilot scale is one developed
at Leicester University (UK) to extract lead and zinc from
electric arc furnace (EAF) flue dust, originating from the
remelting of galvanized steel scrap [24, 26]. The process
was demonstrated with 500 kg (TRL 6 to 7). The DES cho-
line chloride: urea (1:2) selectively dissolved zinc and lead
oxides, but did not dissolve iron and aluminum oxides. After
leaching, the lead and zinc could be recovered by electro-
deposition. However, the high viscosity of the DES (about
800 cP at 25 °C) disrupted the pumping, leading to a more
difficult separation of the DES from the undissolved sol-
ids by filtration. The viscosity could be reduced by add-
ing ethylene glycol to the DES [24]. A DES with the com-
position choline chloride: ethylene glycol: urea (1:1.5:0.5
molar ratio) had a viscosity of 56 cP at room temperature.
However, the extraction efficiency of zinc was significantly
lower when ethylene glycol was added. It was noted that
upon scaling up the process to pilot-plant scale, the leaching
efficiency improved due to more efficient stirring in the tank.
It was also observed that the addition of particles to the DES
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lowered the viscosity further. A dust loading of up to 7 wt%
was used, with a digestion time of at least 24 h. Hardly any
iron was co-dissolved (< 1 ppm). The lead was recovered
from the DES by cementation with zinc dust.

Experiments on the electrowinning of zinc showed that
the process was very sluggish and that the current efficiency
was relatively low (i.e., less than 75%). Therefore, the elec-
trowinning of zinc from the DES was not economically fea-
sible. The zinc was recovered from the DES by precipitat-
ing ZnCl, with the addition of an aqueous NH; solution
to decrease the solubility. Solid ZnCl, was filtered and the
NHj; solution was boiled off, leaving just the DES, ready for
reuse. Since ZnCl, has a higher value than metallic zinc, this
process was considered economically viable.

DES metal-finishing processes demonstrated on a pilot
scale include chromium electroplating (1300 kg scale), alu-
minum electrodeposition (100 kg), zinc-tin barrel electro-
plating (400 kg), stainless-steel electropolishing (1300 kg),
and silver immersion coating (900 kg) [22]. Still, we lack
evidence for the long-term stability of the DES used in these
tests.

Insufficient Material-Property Data
for Engineering Purposes

Besides the lack of demonstrated IL and DES technologies
(for extractive metallurgy) on a pilot scale, there is also a
shortage of easily accessible data on the physicochemical
and material properties of ILs and DESs. Such data are a
prerequisite for engineers when they design metallurgical
processes and plants. There are some initiatives, such as the
Ionic Liquids Database (ILThermo v2.0), which provides
open-access web data for the thermodynamic and transport
properties of ILs, sponsored by the International Union
of Pure and Applied Chemistry (IUPAC) [101, 102]. The
database contains experimental data on phase transitions,
volumetric and thermal properties, electrical conductiv-
ity, surface tension, refractive index, vapor pressures and
activity coefficients. The database also includes information
on binary and ternary mixtures with ILs and other solutes.
Additionally, physicochemical properties of ILs have been
compiled in books [103, 104]. However, the quality of some
IL data reported in the open literature is a point of concern
because reports on the same IL often show a large variation
[105]. These discrepancies can be partly attributed to the
IL’s purity. This is important because results are strongly
influenced by the presence of impurities and especially by
the water content of the IL. The values also show manifold
disagreements due to inappropriate experimental procedures.
This is, for instance, a problem when extremely low vapor
pressures are measured. For this reason [UPAC recommends
IL 1-methyl-3-octylimidazolium bis(trifluoromethylsulfonyl)
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imide, [Cgmim][Tf,N] as a reference compound for testing
experimental procedures. Unfortunately, this IL is not very
relevant to hydrometallurgy [106, 107].

Whereas at least some information is available on the
thermodynamic and transport properties of ILs, much less
information is at hand with respect to the chemical resistance
of different construction materials and reactor materials to
ILs. The chemical reactivity of metals and alloys towards
ILs must be thoroughly evaluated for longer times since
such information is essential for the selection of materials
for reactor vessels and piping that come into contact with
these solvents. Clearly, only very limited studies are avail-
able on this topic [108]. Chloride ILs and choline chloride-
based DESs face the same corrosion issues as observed in
chloride hydrometallurgy. Poly(vinyl chloride) (PVC) is
an often-used construction material in hydrometallurgical
plants, but PVC can be dissolved in chloride ILs [109].

When discussing with industrial hydrometallurgists, it
is evident that there is a major discrepancy between what
engineers working in industry desire from solvents and what
academic researchers imagine that ILs and DESs could offer.
Engineers want to select a solvent from a set of possible sol-
vents that are well characterized, have a long track record in
industry, exhibit predictable behavior, are safe to work with
and are low-cost. They are reluctant to work with neoteric
solvents such as ILs and DESs as they are not at all familiar
with them.

Administrative Burden to Get Licenses
and Safety Permits

It is difficult to obtain environmental and safety permits for
industrial processes that make use of ILs and DESs, mainly
because the administrators involved in the licensing pro-
cesses are insufficiently familiar with these solvents. Health,
safety and environment (HSE) advisors and the authorities
who deliver the required safety and environmental permits
to authorize the building and startup of new plants prefer
well-known chemicals over novel compounds, because of
the easily available data and the mitigation of safety risks
and process-performance risks.

One of the most recurrent selling points of these ILs and
DESs is their “tuneability”. Researchers claim that a virtu-
ally unlimited number of ILs can be prepared by combin-
ing various cations and anions, making it possible to tailor
the chemical and physical properties to a given application.
Similar claims can be found for DESs, where the same tune-
ability of chemical and physical properties is possible with
the proper choice of the hydrogen-bond donor and hydrogen-
bond acceptor. Apart from doubts about the actual tuneabil-
ity of new solvents (because optimizing an IL for a single
property could lead to other physicochemical properties

being less favorable), the promotion of an infinite number
of different ILs and DESs is in conflict with one of the prin-
ciples of circular hydrometallurgy: i.e., “Reduce chemical
diversity” [110]. Moreover, this approach also overlooks the
fact that there is strict legislation for the introduction of new
chemicals on the market. In Europe, the need to register
new chemicals under the so-called REACH (Registration,
Evaluation, Authorization and restrictions of Chemicals)
regulations, makes the commercialization of new chemi-
cals extremely burdensome [111, 112]. Similar registration
schemes exist in other parts of the world, such as China
REACH. The very expensive and time-consuming envi-
ronmental and toxicological studies that are required by
REACH or their equivalents, undoubtedly impose a formi-
dable obstacle to the adoption of new chemicals in the metal-
lurgical industry, including ILs.

It is often claimed that one of the advantages of DESs is
that they are composed of mixtures of known compounds
so that there are no issues with REACH regulations, since
mixtures of REACH-compliant compounds do not have to
be registered separately. However, the registration under
REACH not only applies to the chemicals themselves, but
also to their new applications. A metallurgical company that
intends to use ILs or DESs in one of their process steps
needs to register their use in that particular unit process.

Too Expensive for Large-Scale Operations

Researchers in academia tend to overemphasize the tech-
nological performance of solvents and reagents, while
disregarding process economics. However, there is a rule
of thumb: if a technology is too expensive, it will not be
implemented in industry. Industrial hydrometallurgists will
agree that ILs are simply too expensive for large-scale appli-
cations, even considering the potential economies of scale
with larger production volumes. It is difficult to report actual
prices of ILs, because these are influenced by many parame-
ters such as production scale, demand, purity, chemical com-
position, and number of synthesis steps. Nonetheless, prices
of $1000 per liter are not uncommon for specialty ILs with
fluorinated anions. More importantly, even the cheapest ILs
are much more expensive than well-known polar organic sol-
vents such acetonitrile or DMSO, which are already consid-
ered to be too expensive for extractive metallurgy. Although
DESs are much cheaper than ILs, their cost remains prohibi-
tive, especially for applications involving low-grade ores or
industrial process residues where the intrinsic metal value
embedded in the target material is limited.

It is often argued that the high prices of ILs and DESs
are not necessarily an obstacle to the implementation of
these solvents in industry because they can be recycled and
reused many times without significant losses. However, as
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explained above, these solvents are difficult to recycle due to
their high viscosity, the losses (of their components) to other
phases, their low vapor pressure, and their limited chemi-
cal stability. These viscous solvents tend to be adsorbed as
liquid films on the surface of leaching-residue particles and
can only be recovered by an arduous, extensive washing pro-
cedure, which comes at an extra cost.

Ultimately, we have to admit that water is a wonderful
solvent for extractive metallurgy, and that hydrometallurgy
is hard to beat when it comes to extracting, recovering and
refining metals. There are no solvents cheaper than water,
although it is important to remember that there are signifi-
cant costs associated to closing water loops and the purifica-
tion of wastewater.

Too Limited Added Value

When reading the scientific literature on the applications
of ILs and DESs, people not familiar with these solvents
might gain the impression that they are a panacea for all
the problems in extractive metallurgy and that they will be
game-changers. However, as we critically reflect on ILs and
DESs, we should pose the question: what advantages do
these viscous, non-volatile, polar organic solvents offer that
water cannot provide? The answer is that there are very few
examples where ILs and DESs perform better than conven-
tional aqueous systems. Claims relating to the paradigm-
shifting, “eco-friendly” advantages of these solvents in
extractive metallurgy are largely baseless. The claim that
ILs and DESs should be used because they are environmen-
tally benign simply does not make sense if the sole aim is
to replace water as a solvent. Ideas that the adoption of ILs
and DESs lead to more selective, cost-effective, sustainable
processes, with less waste being generated with lower emis-
sions, are not supported by the facts. If an IL or DES is only
as good as another conventional solvent, there is no reason
at all to select either one of them for that application.

In a comparative study of the behavior of a choline
chloride—levulinic acid DES and an aqueous levulinic acid
solution towards the leaching of rare-earth elements from
fluorescent-lamp phosphors by Binnemans’ group, it was
discovered that the choline chloride had no beneficial effect
on the leaching process. On the contrary, the levulinic acid
solution performed even better than the DES for the recovery
of yttrium and europium from Y203:Eu3+ (YOX) phosphors
[100]. In cases where the choline chloride did seem to have a
positive effect, it is useful to investigate whether the choline
chloride merely acts as a source of chloride ions, as a soluble
chloride salt could have the same effect on the solubility.
After all, the solubility of choline chloride in water is about
650 g/L, which corresponds to a chloride concentration of
about 4.6 M.
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Conclusions

After more than 20 years of research on ILs and DESs for
the extraction, recovery and refining of metals, we must con-
cede that the original, highly ambitious claims have not been
realized. At present, no IL or DES process is being seriously
considered for implementation in the metallurgical industry—
and it is unlikely that this situation will change anytime soon.
There are too many problems associated with these solvents
that prevent their adoption in extractive metallurgy: too high
viscosity, difficult to recycle, limited chemical stabilities in
conditions relevant to hydrometallurgy, and the prohibitively
high prices. Some of these difficulties could be partially over-
come by further research activities. However, the majority
represent intrinsic problems that will be difficult, if not impos-
sible, to address. We have been pioneers in the field of ILs and
DESs, but we now hold a pessimistic view about the future
of ILs and DESs in extractive metallurgy. We are convinced
that genuine breakthroughs in hydrometallurgy will not come
from the use of neoteric solvents like ILs or DESs, but rather
from a deeper understanding of hydrometallurgical processes
at a molecular level.

Nonetheless, we see new opportunities. Over the years,
tremendous research efforts have been devoted to the study
of the physicochemical properties of ILs and DESs, using
experimental, theoretical and modelling approaches. In fact,
for 10-20 years, ILs and DESs have been studied more inten-
sively than aqueous electrolyte solutions, with thousands of
research papers as a result. This has led to the building up of
vast expertise in how to study complex fluids in innovative
ways. We propose that this expertise should be re-channelled
to the study of speciation and the chemical thermodynamics of
hydrometallurgical solutions. In this way the problem-solving
abilities of the many IL/DES researchers could play a crucial
role in the on-going transition from linear to low-energy-input,
circular hydrometallurgy [110].
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