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Abstract
Deep eutectic solvents (DESs) are a class of mixtures with melting points notably lower than
those of their raw constituent components. These liquids have found a tremendously wide
spectrum of applications in the last two decades of their research, so their contact and
interaction with technical metals and alloys are inevitable. Therefore, the corrosivity of DESs
towards metals is an extremely important topic. This review summarizes research efforts
collected in the last two decades related to the corrosion rate of various metals in different
DESs. Since the DESs are mainly composed of organic raw compounds, and by their
physicochemical properties they may be regarded as a separate class of ionic liquids, the
literature data about DESs corrosivity has been compared to the data related to the
corrosivity of various organic solvents and ionic liquids as well. All the results gained until
now show significantly low corrosivity of DESs. This observation is discussed in relation to
the chemical composition of DESs. The absence of the oxidizing agents, the inhibitory action
of organic ions and molecules, high viscosity and low electrical conductivity have been
recognized as the main factors contributing to the low metal corrosion rate in DESs.
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1. Introduction
Deep eutectic solvents (DESs) refer to mixtures of two or three solid or liquid compounds in a
eutectic composition, where an unusually deep melting point depression is observed [1,2]. The
preparation of DESs usually consists of simple mixing of the two components for several hours at a
slightly elevated temperature until the homogeneous liquid is obtained (Figure 1). The main
characteristic of DESs is that they are in a liquid state at room or slightly elevated temperatures [3].
Although they may not be considered ionic liquids, the DESs share many physical characteristics, such
as relatively high viscosity and density, low electrolytic conductivity compared to aqueous solutions,
low volatility and vapour pressure, and high thermal stability. These attributes make DESs good
candidates for the replacement of traditional volatile organic solvents in many industries [4]. In addition, the DESs have some beneficial features compared to conventional ionic liquids: they are usually
composed of inexpensive, widely available compounds that are biodegradable and nontoxic [5].

Figure 1. Preparation of ethaline: dried choline chloride and ethylene glycol are mixed in a controlled
atmosphere (Ar‐filled glovebox), heated to 80 °C for 2 hours, then cooled to room temperature. Improper
heating can lead to the formation of choline chloride crystals (i.e., precipitation from solution) [6]. Reprinted
with permission from ref. [6], copyright (2019), American Chemical Society

During the last two decades, DESs have been involved in various applications, the most important
being: dissolution of metal oxides and salts in metallurgy [7]; electrolytes in metal and alloy
electroplating [8,9]; liquid-liquid extraction [10]; metal extraction [11]; gas solubility and capture
[12]; electrolytes in batteries [13] or solar cells [14]; biocatalysis [15]; extraction and preparation of
biodiesel [16]; biomass processing [17]; biomolecular structure stabilization [18]; genomics [19];
pharmaceutical and medical applications [20]; nanomaterials synthesis [21].
The DESs have been particularly recognized as a convenient way to extend the range of
coating/substrate combinations that may be produced by the electrodeposition process, in
comparison to the existing electroplating processes in water-based baths [22-24]. For example, the
DESs may be an alternative for the electroplating of metals having electroreduction potential more
negative to the potential of water decomposition, such as Ti, Al, and W [22,25,26]. Furthermore, the
electroplating in DESs may afford the replacement of the electroplating systems known to be toxic
and carcinogenic, such as Cr, Ni and Co [9,23,25,27]. Figure 2 illustrates an example of the surfacesensitive Ni electrodeposition at Pt(111) single crystal surface, from choline chloride + urea DES
(reline) [9]. The number of pure metal and alloy coatings that have already been successfully
obtained by electrodeposition in DESs is significant, so here only the most important examples are
mentioned, including corrosion-resistant coatings like Cu [28-31] and Zn-alloys [32], magnetic alloys
like Sm–Co [33,34], semiconducting alloys like CuGaSe2 [35], electrocatalytic surface alloys like Pt–
Co [36], etc.
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Figure 2. Representation of Ni(II) electrodeposition in DES on Pt(111) and AFM image (22 μm2) of Ni clusters [9]
Reprinted with permission from ref. [9] copyright (2018), American Chemical Society

To apply deep eutectic solvents in any large-scale process, it is important to gain knowledge about
their corrosivity and interaction with different materials, particularly technical metals and alloys. This
article first addresses the important features of the DESs chemical composition: their protic/aprotic
character and the presence of strong complexing agents. It further recaps the data related to the metal
corrosion rates collected in various DESs and by different measuring methods. Finally, it summarizes the
most relevant factors responsible for a generally low corrosion rate in DESs.
2. Chemical composition of deep eutectic solvents
A mixture of any two compounds that exhibits a deep melting temperature decrease at the eutectic
ratio of the two components may be regarded as a DES. Up to now, various DESs have been prepared
by combining a quaternary ammonium salt, a metal salt or a metal salt hydrate, and a hydrogen bond
donor (HBD), usually an organic molecule such as an amide, carboxylic acid, or polyol [2]. Table 1 explains
the classification of DESs into five types according to their components [4,22,37]:
Table 1. Five types of deep eutectic solvents

Quaternary ammonium salt
Metal salt hydrate
Organic molecule as hydrogen bond acceptor (HBA)

Metal salt

Metal salt hydrate

Type 1

Type 2

Organic molecule
as HBD
Type 3
Type 4
Type 5

It is estimated [38] that there may be 106–108 potential DES formulations as various binary
combinations of ammonium salts, metal salts, and organic molecules. Since the majority of DESs
contain an organic compound as one of the constituents, to predict the corrosivity of a particular
DES, it is advisable to first analyse the metal corrosion in a particular organic, since the literature
about this topic is usually vastly available [39].
Interestingly, up to now, only the metal and alloy corrosion in the Type 3 DESs has been studied,
and particularly in DESs containing choline chloride as a quaternary ammonium salt, and as a result,
this review focuses primarily on the metal corrosion in Type 3 DESs.
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3. Protic character of DESs
Metals with the corrosion potential more negative than the equilibrium potential of hydrogen
electrode corrode with the electroreduction of hydrogen proton. The presence of solvated hydrogen
proton in protic organic media thus induces corrosion of electronegative metals [39]. It should be
held in mind that the most frequently used HBDs in Type 3 DESs (alcohols, amides and carboxylic
acids) are protic organic compounds, and so the presence of free hydrogen ions may be expected in
these DESs.
The pH value of a DES depends on the ability of the DES’s cation, anion, and HBD to act as proton
acceptors and proton donors [40,41]. If HA is a protic hydrogen bond donor, then the protonation
reaction in DES is
HA + Y ⇌ HY+ +A−
(1)
where Y represents the DES constituent [40,41].
Metal corrosion may occur due to the partial cathodic reaction of the protonated species
2HY++ 2e−→ 2Y+ H2
(2)
but also, as it is often the case in organic solutions, due to the direct hydrogen evolution from
the non-dissociated proton donor [42]:
2HA+ 2e−→ 2A−+ H2
(3)
The experimentally determined pH values of a few representative choline chloride based Type 3
DESs are listed in Table 2. The pH value of ChCl based DESs is significantly influenced by the type of
HBD. The acidity decreases in the following order: DESs with carboxylic acids (citric, glycolic, lactic,
malic, malonic, oxalic acid)>polyols (ethylene glycol, glycerol) > sugars(fructose, glucose) > amines and
amides (urea, ethanolamine, diethanolamine) [41]. For all choline chloride based DESs, a linear
decrease of pH value was observed with the increase in temperature, and as concerning the water
influence, the increase in water content decreases the pH for the majority of DESs. However, there
are DESs where the opposite was observed, for instance in ChCl-citric acid mixture [41].
Table 2. Experimentally measured pH values of several DESs

DES
1 ChCl : 1 oxalic acid
1 ChCl : 1 malonic acid
1 ChCl : 1 citric acid : 3 H2O
1 ChCl : 2 ethylene glycol
1 ChCl : 2 glycerol
1 ChCl : 2 urea

pH value
1.32
2.39
0.63−0.67
4.77
5.93 (pH indicator)
6.89 (pH glass electrode)
7.54
7.48
10.39
10.07

Reference
[43]
[43]
[44]
[45]
[43]
[43]
[46]
[43]
[46]
[47]

The fast metal corrosion due to the rapid hydrogen evolution reaction in acidic DESs was
demonstrated by Abbott et al. [48], where it was shown that the corrosion rate (expressed in μm
per year) for mild steel in oxaline was two orders of magnitude higher in comparison to reline and
ethaline, whereas it was one order of magnitude higher for Ni. Interestingly, the corrosion rate of
Al was low and very similar in both acidic and pH neutral DESs, probably due to the Al passivation
by oxalate anion [48]. High acidity of an organic acid containing DESs is beneficial for the dissolution
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of various metal oxides in industrial and recycling processes because the hydrogen protons act as
oxygen acceptors and break the metal–oxide bonds [49].
4. High concentration of ligands in DESs
Choline chloride based DESs contain 5 mol dm-3 chloride anions, and these species are well
known to be detrimental for metal corrosion in two ways. Firstly, the chloride ions cause the metal
oxide film rupture and pitting corrosion. According to the kinetic model of pitting corrosion, the pit
initiation starts with the adsorption of chloride ions on the metal oxide surface and their penetration
through the oxide film and propagates with the localized dissolution of metal at the metal/oxide
interface [50,51]. Secondly, chloride is a ligand that forms complex salts with metal ions, increasing
the solubility of metal ions and metal compounds, preventing metal passivation, and displacing the
redox electrode potential of the metal to the negative side, making its anodic dissolution easier [52].
As a matter of fact, since the 1990s the halide salts have been used as ligands to promote metal
solubility in organic solvents [53].
The catalytic role of chloride anion in the anodic partial reaction of a metal corrosion process is
well known for aqueous media, for example, in the cases of copper and steel corrosion [54,55]. It is
assumed that the first step in the metal anodic dissolution mechanism is one of the following
reactions:
Cu + Cl−⇌CuCl + e−
(4)
−
CuCl + Cl ⇌CuCl2
(5)
Cu + 2Cl−⇌CuCl2- + 2e−
(6)
−
−
Fe + Cl ⇌FeCl + e
(7)
FeCl ⇌Fe+ + Cl−
(8)
The identical participation of Cl– is also very likely present in the metal dissolution process in DESs
[28,56]. Furthermore, by identifying FeOCl in the corrosion products at steel immersed in ethaline
and reline, Kityk et al. [56] concluded that the chloride ion present in large concentrations even
changes the mechanism and accelerates steel corrosion in DES, in comparison to water solution.
Particularly, Cl– ions enable the formation of FeOCl, an intermediate compound that facilitates the
formation of γ-FeOOH [56].
Due to the high Cl– concentration in DESs, the majority of metal ions are solvated in DESs in the form
of various chloro-complexes. The metal speciation was studied in DES mixtures of choline chloride with
several HBDs (urea, ethylene glycol, propylene glycol, and 1,3-propanediol), by dissolving various metal
salts, namely sulphates, nitrates, oxides, thiocyanates, and perchlorates [57]. It was found that M+ ions
form [MCl2]–and [MCl3]2−species and/or their mixtures, depending on the HBD present, for instance
[CuCl2]− and [CuCl3]2−, [AgCl2]−and [AgCl3]2−, [AuCl3]2−, etc. This speciation is consistent with the chemistry
in aqueous solutions with high chloride concentrations [58].
As concerning M(II) salts, in diol-based DESs all M2+ ions, except Ni2+, form tetrachloro complexes
[MCl4]2−, like for example, [FeCl4]2−, [ZnCl4]2−, [PtCl4]2−, etc. Interestingly, chloride was not found in
the Ni2+coordination shell, but rather only the [Ni(HBD)3]2+ cationic complexes were detected [57].
Contrary to the diol based DESs, in urea-based DES, the complex ion composition depends on the
metal: the late transition metals form tetrachloro complex anions, but early transition metals like
Fe, Mn and Cr, form salts with HBD as a ligand, where HBD may be water or urea, i.e., [Mn(HBD)6]2+,
[Fe(HBD)5]2+ and [CoCl3(HBD)]- [57].
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Among M(III) salts, the experiments with Cr3+ in the same study [57] showed that in ethylene
glycol-based DES, chromium forms complex salt with mixed ligands [Cr(H2O)2Cl4]2−, and in ureabased DES, the first shell consists only of HBD, i.e. [Cr(HBD)6]3+.
Dissimilar metal speciation in DESs compared to water is responsible for the difference in the
electrochemical series, i.e., the series of equilibrium electrode potentials for redox reactions of
various metal/metal ion couples in different media. Electrode potentials for some redox couples in
ethaline were reported [59] and compared to the analogous values in an aqueous, metal chloride
containing medium. It was apparent that some equilibrium electrode potentials were positive, while
others were more negative compared to the values measured in water. For the redox couples with
more negative potential in ethaline, the redox equilibrium in ethaline is shifted to the species with
a higher oxidation state compared to the equilibrium in water, and the reverse is true for the couples
above the line. It was noticeable that for metals that form strong chloro-complex ions (Au, Pd, Ag),
there was a significant negative deviation of the equilibrium redox potential in ethaline. An
interesting case was observed for Cu: the equilibrium potential for the redox couple Cu +/Cu is
surprisingly negative in ethaline. However, the potential of the Cu2+/Cu+ couple is very positive,
pointing to the fact that in ethaline, the Cu+ species is stable along with Cu and Cu2+ [59].
Interesting investigations of Cu corrosion in ethaline show that Cu dissolution is accelerated
when Cu2+ species are present in the medium due to the comproportionation reaction (Eq. 9).
CuCl42− + Cu → 2CuCl2−
(9)
This reaction is well known in chloride-containing aqueous media, and it seems that the
analogous mechanism may be applied for the case of ethaline [28,29]. The consequence of this
reaction is observed in the electrodeposition process with Cu soluble anode, where the so-called
“anomalous dissolution” occurs, i.e., the mass loss of Cu anode is much higher than anticipated
based on the amount of charge passed for a single electron transfer. In other words, in case Cu 2+ is
present in ethaline, the anodic dissolution processes occurring at the Cu anode to form CuCl 2− are
coupled with the cathodic process involving the reduction of CuCl 42− [28,29].
5. Electrochemical tests and measured corrosion rates in DESs
The corrosion rate of various metals in choline chloride-based DESs has been analysed by electrochemical methods in majority of the previous studies, and the reported data are summarized in
Table 3. For nearly pH neutral DESs, i.e., with the exception of acidic DESs, generally, it may be concluded that all the sources report significantly low corrosion rates, ranging from around 1 µA cm-2 to
extremely low values of the order of nA cm-2. For example, the comparison of the surface morphology
of Al alloy samples exposed to the air and to reline at 60 °C for 19 days (Figure 3) showed that all the
samples were shiny. The brownish deposits at the samples immersed in reline, were not corrosion
products or signs of pitting, but rather only reline deposits not removed by the washing process [60].
Except for the results reported in [63], the DESs were reported as of very low corrosivity to
various metals, in practically all of the conducted studies available in the literature, in spite of
containing strong ligands in high concentration. The Cu dissolution in [63] was promoted by the
rotation of the working electrode and the ultrasonic agitation to enhance metal leaching in ethaline.
Therefore, it is understandable that the corrosion rate in such working conditions is significantly
higher than the values measured in stationary conditions.
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Figure 3. Visual inspection of the alloy samples after 19 days: (a,c) AA2024-T6, AA6065-T6 in
the air; (b,d) AA2024-T6, AA6065-T6 in reline, respectively [60]
Reprinted with permission from ref. [60] copyright (2020), Elsevier

Very low corrosivity of DESs had been ascribed to the absence of an oxidizing species in DESs, high
viscosity and low electrical conductivity of DESs, the formation of a protective layer at the metal surface
immersed in DES, or the inhibiting action of the constituting compounds in DESs [48,56,60-62].
The chemical corrosion of a metal in a corrosive medium implies the reaction of metal with
species X and the formation of corrosion product:
M + X → MX
(10)
In analogy, electrochemical corrosion implies the transfer of electrons from a metal surface to
the corrosion agent, i.e., to the species in a corrosive medium capable of metal oxidation:
M → Mn+ + ne(11)
nne + X → X
(12)
The well-known corrosion agents in aqueous media are water molecules, oxygen molecules, and
hydrogen ions. Understandably, if these species are present as impurities in non-aqueous media,
they also may act as agents inducing metal corrosion.
Yet, in case that the liquid medium does not contain any compound that can act as a corrosion
agent for metal, the medium remains chemically inert and the metal corrosion does not occur.
It has been stated [52,56,60] that apart from oxygen and water present as impurities, the pHneutral choline chloride based DESs do not contain any other species capable of metal oxidation. To
support this statement, it is useful to tackle the oxidizing power of the organic compounds
representing the most often used constituents in DESs.
http://dx.doi.org/10.5599/jese.1135
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Table 3. Corrosion rate data for several DESs.
Metal

DES

steel

reline
reline
ethaline
ethaline
glyceline
ChCl-malonic acid

copper

reline
reline
ethaline
ethaline
Glyceline
ChCl-malonic acid

Stainless steel 316

Reline
Ethaline
Glyceline
ChCl-malonic acid

jcorr / µA cm-2
0.87 at 25 °C
1.72 at 80 °C
10-3 at 25 °C
0.02 at 75 °C
1.18 at 25 °C
1.78 at 80 °C
0.2 at 25 °C
3.9 at 75 °C
6 10-3 at 25 °C
0.52 at 75 °C
5 at 25 °C
187 at 75 °C
3.58 at 25 °C
30.45 at 75 °C
340 at 80 °C
17.44 at 25 °C
166.53 at 75 °C
460 at 50 °C
8700 at 50 °C
27540 at 50 °C
6.03 at 25 °C
31.22 at 75 °C
7.43 at 25 °C
333.17 at 75 °C
8  10-3 at 25 °C
0.013 at 75 °C
0.014 at 25 °C
0.23 at 75 °C
8  10-3 at 25 °C
0.11 at 75 °C
0.4 at 25 °C
22.7 at 75 °C

Aluminum alloys AA2024
Reline
0.4 at 60 °C
and AA6065
Extremely low corrosion rates for mild steel, Ni and Al in reline,
ethaline, and glyceline: 1.9 to 5.02 μm year-1
Very slow reaction of AZ31B Mg alloy in ethaline,
at temperatures up to 85 °C

testing method, reference
Tafel plots, [56]
Tafel plots, [61]
Tafel plots, [56]
Tafel plots, [61]
Tafel plots, [61]
Tafel plots, [61]
Tafel plots, [61]
Tafel plots, [62]
Tafel plots, [61]
Tafel plots, RDE 5000 rpm [63]
Tafel plots, ultrasonic agitation (US) [63]
Tafel plots, RDE 5000 rpm + US [63]
Tafel plots, [61]
Tafel plots, [61]
Tafel plots, [61]
Tafel plots, [61]
Tafel plots, [61]
Tafel plots, [61]
Inductively coupled plasma optical
Emission spectroscopy, [60]
Tafel plots, [48]
[64]

Cholinium cation, being the representative of quaternary ammonium cations, is extremely stable
toward the electroreduction, even at very negative electrode potentials [65]. Pure ethylene glycol (a
constituent of ethaline) is almost inert even to reactive metals like magnesium [66]. As concerning
urea (a constituent of reline), although the molten urea is a very versatile solvent that dissolves the
majority of inorganic chemicals [67], the data on its corrosivity are very scarce. Yet, it is known from
the research in urea production plants that the pure molten urea is not corrosive to stainless steels
[68] and in addition, it has been used as a supporting electrolyte with a wide electrochemical window
[69]. This brief summary shows that, indeed, the pure organics used for preparing the most common
DESs, are not capable of metal oxidation.
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The second important reason for the low corrosivity of choline chloride-based DESs is probably
the corrosion inhibiting nature of the raw compounds. Like most organics, the choline cation and
the common hydrogen bond donors should be easily adsorbed onto a metal surface, which is the
main prerequisite for the inhibition of the corrosion process by blocking the anodic and/or cathodic
sites. Consequently, the literature on the application of quaternary ammonium ions [70], choline
based salts [71], choline based ionic liquids [72], urea [73], ethylene glycol [66, 74], alcohols in
general [75], etc., as corrosion inhibitors in aqueous media, is extensive.
In [60], very low corrosion of AA2024-T6 and AA6065-T6 alloys in reline was ascribed to the
adsorption of choline cation or urea molecules on the metal surface, where one or both of these
species constitute the first liquid layer in contact with Al2O3 passive film, thus separating and
protecting it from the Cl– anions. It was well documented for various DESs (choline chloride with
ethylene glycol, 1,2- ethanediol, 1,2-propanediol, 1,3-propanediol, urea or thiourea) that at
negative and open circuit electrode potential, the choline cations and HBD molecules occupy the
first layer of adsorbate at the metal surface, whereas at a positive potential, the Cl– anion is
adsorbed [76, 77]. The mechanism of reline adsorption at various 2D nanomaterials was studied
using molecular simulation methods [78]. Independently on the material used as a substrate, the
number density profiles showed that the first adsorbed layer mainly consisted of urea molecules,
while the number of Cl- ions was significantly low, as presented in Figure 4 [78].

Figure 4. Number of molecules, N, in the first adsorbed layer for reline adsorbed on graphene,
boron nitride, silicene, germanene, and molybdenum disulfide [78]
Reprinted with permission from ref. [78] copyright (2020), American Chemical Society

Finally, as is the case in other organic media, an important factor of the metal corrosion rate in
DES, may be the DES high viscosity or low electrical conductivity. For example, in the case of Zn
corrosion in HCl-containing representatives of alcohols, ketones, esters, ethers, aromatics and
chlorinated hydrocarbons, the viscosity was singled out as the decisive factor in the corrosion rate
since it plays an important part in the transport of the oxidation agent and corrosion products [79].
On the contrary, in the same investigation and same media, for other metals under study (Fe, Al and
stainless steel), the electrolytic conductivity of the solvents showed the most notable influence on
the corrosion rate. It was concluded that the conductivity of around 10 mS cm-1 represents a
threshold value below which the corrosion process is considerably retarded, because the corrosion
mechanism changes from electrolytic to non-electrolytic. The industrial application of organic media
with conductivity lower than the listed threshold value would enable the employment of
construction materials that are lower in price without fear of corrosion [79].
http://dx.doi.org/10.5599/jese.1135
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It is very important to draw the parallel between the described findings in organic media and the case
of DESs, bearing in mind the high viscosity and low electrical conductivity of the majority of DESs, as
illustrated in Table 4. For instance, the high reline viscosity and low diffusivity of species in this liquid
were assumed to be an important factor in Al-oxide passive film's stability at the Al-alloys in reline.
Namely, the passive layer at the AA2024-T6 and AA6065 alloy surfaces remained intact even after 35
days of exposure to reline at 60 °C [60]. It was concluded that the pitting corrosion, even if it occurs at
some point, will be terminated due to the significant mass transport limitation in a viscous medium
because the diffusion of metal cations within the pit is necessary for a stable pit formation.
Although the conductivity of DESs with common HBDs listed in the table is notably higher than
the conductivity of molecular solvents like ethylene glycol and glycerol, it is still well below the
critical value of 10 mS cm-1.
Table 4. Viscosity and electrical conductivity of several DESs, some ionic liquids, and some molecular
solvents at 298 K

Solvent
ChCl-malonic acid
ChCl-urea DES
ChCl-glycerol
ChCl-ethylene glycol DES
C4mimBF4 ionic liquid
Glycerol
Ethylene glycol

Viscosity, cP
721
632
376
36
115
967
16.1

Conductivity, mS cm-1
0.55
0.75
1.05
7.61
3.5
5 10-5
1.4 10-4

Reference
[4]
[4]
[4]
[4]
[4]
[80]
[81]

6. Effect of water content
Since choline chloride and typical HBDs in DESs (amides, alcohols, polyols, carboxylic acids, etc.)
are very hygroscopic substances, a highly hydrophilic behaviour of most choline chloride-based DESs
is expected [82]. As an illustration, reline contains 2500 ppm water even after a drying process
conducted in a vacuum oven at 353 K over 24 h, and it can absorb atmospheric moisture up to a
water concentration of 40 wt.% [83]. Similarly, the as-prepared ethaline contained 2.4 wt.% water
even after thorough drying of precursor materials, and after two weeks in the open air, the water
content reached 14.3 wt.% [82].
In general, water in DES decreases its kinematic viscosity (Figure 5), increases its electrical
conductivity, and notably narrows its electrochemical window [82,84], and all these factors
contribute to the increase in the corrosion processes rate. Consequently, it was shown in [85] that
the corrosion of mild steel in ethaline and reline is significantly enhanced even with the addition of
only 10 wt.% of water.
Very similar observations may be found in numerous researches of the water effect on the corrosivity of ionic liquids. When the corrosion behaviour of carbon steel, austenitic stainless steel, nickelbased alloy, copper, brass and AlMg3 alloy was examined in seven ionic liquids with different chemical
structures, the addition of only 10 % of water increased the corrosivity of all ionic liquids significantly
[87]. The increased corrosion rate with water addition of up to 8 wt.% was also measured for the case
of Mg alloys in 1-butyl-3-methylimidazolium trifluoromethyl sulfonate ionic liquid [88].
The water effect on the metal corrosion rate in ionic liquids and deep eutectic solvents was ascribed
to the increased solubility of oxygen as a cathodic species in the corrosion mechanism, higher
diffusivity of oxygen, and the easier removal of corrosion products [85,89]. Moreover, it is known that
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the presence of water in an ionic liquid can cause anion hydrolysis, increasing electrolyte aggressiveness [89]. This should also be held in mind when a particular DES is selected for technical applications.

Figure 5. Experimental values of viscosity vs. water mole fraction for the choline chloride+DLmalic acid DES, where symbols refer to experimental data points at several temperatures:
298.15 K (♦); 303.15 K (○); 308.15 K (●); 313.15 K (Δ); 318.15 K (▲); 323.15K (□); 328.15 K (■);
338.15 K (+); 348.15 K (⌂); 358.15 K (◄) and 363.15 K (×) [86]
Reprinted with permission from ref. [86] copyright (2017), Serbian Chemical Society

According to the previous knowledge, it may be stated that the appropriate DES handling,
storage, and water removal strategies should be developed to minimize the water content in DES in
commercial applications.
Finally, when the future application of these types of electrolytes at an industrial scale is taken
into account, it should be held in mind that even if the corrosion rates of various metals in DESs are
low, future studies should focus on the long exposure to the DESs, which is characteristics of the
real-life exploitation. Only a few of the cited studies in this review report the results from the
prolonged contact of metals with DESs. In [56], the behaviour of the mild steel was monitored for
30 days of exposure to ethaline and reline, but it was observed that the most significant changes on
the sample surface occurred on the first day of immersion. In the other example, the corrosion of Al
alloys in reline was monitored for 36 days and it was concluded that the resistance of the passive
layer steadily increased over the immersion time [60].
7. Conclusions
In spite of the fact that the term “deep eutectic solvent” may be attributed to as many as
106–108 various mixtures, the corrosion problem has been raised for a remarkably low number of DESs
until now. A comprehensive literature data is nowadays available exclusively for traditional DESs
containing choline chloride as their component, so these sources were the focus of the current review.
One of the first and still actual applications of DESs has been the dissolution of various metal salts in
electroplating, anodic polishing, and metal extraction/recycling by electrolysis due to the very strong
solvating power of DESs. However, as this review clearly shows for various metals and DESs, when it
comes to the dissolution of metals or alloys in their reduced (M0) state, the solvating power of DESs
shows to be very low, resulting in strikingly low corrosion rates.
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This article recognizes the most distinguishing causative factors for the low DES corrosivity, and
these are the absence of the oxidizing agents (apart from hydrogen ion, oxygen and water), the
inhibiting role of organic DES components, and physical properties that do not allow the rapid
corrosion process to occur or enhance the metal passivation process.
Yet, concerning the water impurity influence on their corrosivity, DESs are no different from the
majority of other organic solvents or ionic liquids: the increase in water content notably increases
the DES aggressiveness. If corrosion problems are to be avoided, strategies to minimize the water
content in DES should be applied.
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