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The present work evaluates the tribological behaviour of two novel and eco-friendly Deep Eutectic Solvents
based on choline acetate and compares their performance with that of two other lubricants used as reference: a
glyceline and a reline that have been the subject of extensive research in tribology.

For all of them, the coefficient of friction was determined under different configurations and test conditions,

and the wear volume was quantified using a confocal microscope. In addition, these lubricants were subjected to
different analyses for physicochemical characterization.

These studied Deep Eutectic Solvents were thermally stable and showed no corrosive action. In addition, the
choline acetate urea Deep Eutectic Solvent managed to drastically reduce both friction and wear compared to the
values determined for other lubricants used as reference. Surface analysis of the wear tracks suggests that these
results are related to the interaction of the lubricants with the steel surfaces.

1. Introduction

Deep Eutectic Solvents (DESs) are defined [1] as eutectic mixtures of
two components linked by a polar bond; one is called Hydrogen Bond
Acceptor (HBA) and the other Hydrogen Bond Donor (HBD). The
chemical precursors are generally melted or even pounded together [2]
until a homogeneous and stable liquid phase is reached. The obtained
mixture has a lower melting point than the acceptor and donor sepa-
rately, allowing the synthesized liquid to remain in such physical state.
The mole fraction targeted is called eutectic since a displacement from
that molar ratio would result in an increase of the melting temperature
with even the partial solidification of a component not paired and the
formation of two phases. Nowadays, DESs are employed in a multitude
of applications, including as extractors [3], metal electrodeposition
coating and electropolishing agents [4], and as “green” solvents [4].
Additionally, they are utilized in separation, biocatalysis, medicine as
drug vectors, cryopreservatives and in other pharmaceutical uses [5] for
their multiple chemical properties.

DESs present many common characteristics with Ionic Liquids (ILs)
such as high tunability and a broad spectrum of applications in liquid
state. This fact has prompted the debate as to whether they can be
considered a subclass of ILs or not [6]. The primary distinctions between
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DESs and ILs are twofold. Firstly, the precursors in DESs are hydrogen
bond acceptors and donors, rather than anions and cations. Secondly,
DESs exhibit a eutectic point, absent in ILs.

While ILs are currently the subject of extensive research in tribology,
DESs are relatively of new application in this field. However, DESs share
with ILs studied for lubrication purposes a number of common charac-
teristics that foresee their good behaviour in this usage. These include
low volatility, nonflammability, low vapor pressure [2], as well as high
solubility and thermal stability [5]. Nonetheless, the utmost important
characteristic that makes them very attractive in tribology is that there
are indefinite number of possible combinations of DESs, allowing them
to be very customizable for a single purpose [7]. Their tunability allows
them to be adjusted for special applications where conventional base oils
may not be ideal, improving performance in extreme or specific condi-
tions. Furthermore, DESs are generally nontoxic and sustainable [6]
rendering them excellent candidates for greener lubricants and addi-
tives. Indeed, DESs can be formulated from biodegradable and non-toxic
components, which makes them more environmentally friendly [8]
compared to many synthetic base oils. In addition, DESs can also be
designed to be less corrosive [9,10] and more compatible with a variety
of materials, which is crucial in applications where interaction with
different metals is critical.
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The first known use of DESs in tribology dates back to 2010 [11]
when a pair of choline chloride-based liquids were tested on a steel-on-
steel contact comparing the results with a friction modifier engine oil.
Since then, similar compounds have been tested for antifriction or
antiwear purposes on steel and other materials proving to be a good field
of research for years to come. Moreover, the ongoing investigation of
choline chloride DESs is justified, not only by its physicochemical pro-
prieties, but also by their market availability and relatively lower price,
compared for instance with ILs [2]. Additionally, the synthesis process
of DESs is easier, cheaper and less demanding than the majority of ILs
[6]. The table below reports the most relevant recent research works on
lubrication employing mostly choline chloride as acceptor and a variety
of donors used as pure lubricants or additives.

Among the DESs studied in tribology, choline is visibly the most
prevalent acceptor as manifest in Fig. 1, a graphical synthetic repre-
sentation of Table 1. Choline is also a quaternary ammonium-derived
cation, which has been employed in ILs used for tribological applica-
tions and demonstrated good results in previous studies [29].

For the aforementioned reasons, in this research, two choline
acetate-based DESs were synthesized in their eutectic point using
choline acetate as acceptor and glycerol and urea, respectively, as donor.
The obtained DESs had not previously been utilised in tribology before;
however, they had been previously studied as green solvents for the
enzymatic preparation of biodiesel in the past [30]. The results obtained
from the DESs made by choline acetate were compared with those of two
analogous DESs that share the same organic precursor (choline) in the
acceptor formulation and identical donors: a reline (ChCl:Urea) and a
glyceline (ChCl:Gly). These other two DESs have been extensively
studied in tribology, as evidenced by Fig. 1, and have already been used
as a reference by Li et al. [14-16] for comparing the tribological per-
formance of other DESs. The objective of focusing on this particular set
of four DESs is to ascertain the tribological consequences of modifying
the acceptors and donors among analogous DESs, as previously inves-
tigated by numerous researchers in other fields [31-35]. Consequently,
a detailed characterization, encompassing physicochemical properties,
tribological testing and surface analysis of these compounds was con-
ducted, with a view to their potential utilisation as lubricant additives in
a multitude of industrial applications, even at elevated temperatures.

2. Experimental details
2.1. Deep eutectic solvents synthesis

The precursors employed in the synthesis of all DESs investigated in
this research were supplied by Sigma-Aldrich with a degree of purity
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higher than 95 % as characterized in Table 2. The preparation of the
DESs was conducted by melting the acceptors and the donors together,
heated under stirring at 60 °C following the procedure described in [36]
for choline chloride DESs and at 80 °C as per [37] synthesis of choline
acetate DESs until homogeneous and stable DESs were formed. The
synthesis procedure is rather straightforward and was conducted in
accordance with the methodology previously employed by other authors
[30,37-39], thus no further characterisation was required. Four DESs
were synthesized in their eutectic molar ratio: ChCl:Gly (1:2 mol/mol),
ChCl:Urea (1:2 mol/mol), ChOAc:Gly (1:2 mol/mol), and ChOAc:Urea
(1:2 mol/mol). The decision of synthetizing the DESs in their eutectic
mole ratio is justified by the broadening of its range in the liquid state
that is adequate for the application as lubricant, and it is also supported
by the findings of other authors that ammonium-based DESs would
reduce more effectively friction and wear in their eutectic point [11].
Using DESs of similar composition allows to appreciate the effect of
varying the acceptor and the donor in tribology.

The acceptors of the synthesized DESs are choline salts, hence they
can be categorized as Type III DESs (made from an organic salt and a
donor) [8]. Choline is a basic constituent of biological tissues and has
been long known to be biocompatible [40]. Likewise, a rather low
toxicity was determined in the past in DESs containing urea and glycerol
[41]. Moreover, glycerol is a particularly abundant and inexpensive
component, as it is a byproduct of the biodiesel production process
[42-44]. Urea, on the other hand, is widely employed in agriculture as a
fertilizer, making it also a cost-effective option [8,45,46] and its price it
has been forecasted to further decrease in the next five years [47]. The
green aspect and the low cost of the synthesized DESs allow for a broad
range of potential applications, including machinery, metal pairs con-
tacts, engine lubrication, motor gears, bearings, pumps, winches, and so
forth.

The proposed chemical structure of the synthesized DESs can be
appreciated in Fig. 2 and it is in accordance with [38,48-50].

2.2. Humidity content

Due to the hydrophilic character of the DESs used [51], the humidity
content was determined by moisture tests since it has been reported [52]
that water content influences the thermophysical behaviour of DESs.
The tests were carried out using Karl Fischer titration with a Metrohm
899 Coulometer instrument that performs coulometric titration. On top
of that, the DESs were not subjected to any specific treatment, neither
saturated with water, nor dried, in order to simulate real service
conditions.
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Fig. 1. DESs studied in tribology by year.
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Table 1
Overview of existing research about DESs used in tribology.
DES Tribological pair Conditions Benchmark Reference
lubricant
ChCl:Urea (reline) Reciprocating pinon  Pure, iron surface, RT, 67 min, 0.5 Hz, 5 mm, 30 & 5 N (105 & 43 MPa) SAE 5 W30 Oil/ [11]
disk dry
ChCl:Urea (reline) Reciprocating pinon  Additive, iron surface, RT, 60 min, 0.5 Hz, 5 mm, 30 N (105 MPa) Mobil Therm 605 [9]
disk 0il
ChCl:Urea (reline) Reciprocating pinon  Pure, iron surface, RT, 67 min, 0.5 Hz, 5 mm, 30 N (105 MPa) Mobil Therm 605 [12]
disk 0il
ChCl:Urea (reline) Block on ring Pure/additive, iron surface, RT, 480 rpm, sliding distance 12,633 m, 120 N PAO6 0Oil/ [13]
graphene
ChCl:Urea (reline) Reciprocating pin on Pure, iron surface, RT, 33 & 167 & 333 min, 5 & 0.1 & 0.5 Hz, 0.5 mm, 60 & 5 & 0.5 N Other DESs/dry [14]
disk
ChCl:Urea (reline) Ball on disk Pure, iron surface, RT, 30 min, 5 Hz, 2.5 mm, 50 & 100 N (1.72 & 2.16 GPa) G1830 Oil/other [15]
DESs
ChCl:Urea (reline) Reciprocating ball Pure, iron surface, 80 °C, 33 min, 5 Hz, 0.5 mm, 50 N Other DESs [16]
on disc
ChCl:Thiourea Reciprocating pinon  Pure, iron surface, RT, 33 & 167 & 333 min, 5& 0.1 & 0.5Hz, 0.5 mm, 60 & 5& 0.5N Other DESs/dry [14]
disk
ChClL:Thiourea Reciprocating ball Pure, iron surface, 80 °C, 33 min, 5 Hz, 0.5 mm, 50 N Other DESs [16]
on disc
ChCl:Gly (glyceline) Reciprocating pinon  Additive, iron surface & RT, 60 min, 0.5 Hz, 5 mm, 30 N (105 MPa) Mobil Therm 605 [9]
disk 0il
ChCL:Gly (glyceline) Reciprocating pinon  Pure, iron surface, RT, 67 min, 0.5 Hz, 5 mm, 30 N (105 MPa) Mobil Therm 605 [12]
disk 0il
ChCl:Gly (glyceline) Ball on disk Additive, iron surface, RT, 30 min, 5 Hz, 1 mm, 200 N Nanohybrids [17]
ChCLEG (ethaline) Reciprocating pinon  Pure, iron surface, RT, 67 min, 0.5 Hz, 5 mm, 30 & 5 N (105 & 43 MPa) SAE 5 W30 Oil/ [11]
disk dry
ChCL:EG (ethaline) Reciprocating pinon  Additive, iron surface, RT, 60 min, 0.5 Hz, 5 mm, 30 N (105 MPa) Mobil Therm 605 [9]
disk 0il
ChCL:EG (ethaline) Block on ring Pure/additive, iron surface & RT, 480 rpm, sliding distance 12,633 m, 120 N PAO6 0Oil/ [13]
graphene
ChCL:EG (ethaline) Reciprocating pinon  Pure, iron surface, RT, 67 min, 0.5 Hz, 5 mm, 30 N (105 MPa) Mobil Therm 605 [12]
disk 0il
ChCL:EG (ethaline) Ball on flat Pure, nickel surface on silicon nitride, RT, 30 min, 10 Hz, 3 mm, 17.65 N Dry contact [18]
ChCl:Oxalic acid (oxaline) Reciprocating pinon  Additive, iron surface, RT, 60 min, 0.5 Hz, 5 mm, 30 N (105 MPa) Mobil Therm 605 [9]
disk 0il
ChCl:Oxalic acid (oxaline) Reciprocating pinon  Pure, iron surface, RT, 67 min, 0.5 Hz, 5 mm, 30 N (105 MPa) Mobil Therm 605 [12]
disk 0il
ChCl:Malic acid (maline) Block on ring Pure/additive, iron surface, RT, 480 rpm, sliding distance 12,633 m, 120 N PAO6 Oil/ [13]
graphene
ChCIL:PEG 200 & other PEG- Sphere on substrate Pure, iron/silicon surface, RT, dry nitrogen atmosphere, 1.7 & 0.17 min, 4 & 40 Hz, PEG 200/dry [19]
based DESs 0.5 mm, 0.015 & 0.030 N
PEG200-based DESs Ball on disc Additive, iron surface, RT, 30 min, 25 Hz, 50 N (1.27 GPa) PEG 200 [20]
Aminoguanidine: Caprylic acid Four balls Additive, iron surface, 75 °C, 60 min, 1200 rpm, 392 N SN 150 mineral [21]
0il
Polyol-based DESs Four balls Additive, iron surface, 75 °C, 60 min, 1200 rpm, 392 N Cottonseed oil [22]
Betaine-based DESs Ball on disk Pure, iron surface, RT, 30 min, 5 Hz, 2.5 mm, 50 & 100 N (1.72 & 2.16 GPa) G1830 Oil/other [15]
DESs
Sorbitol-based DESs Ball on disc Pure, iron surface, RT, 30 min, 25-50 Hz by 5Hz, 100 N (2.16 GPa) Liquid Parafin [23]
Imidazole-based DESs Ball on disk Pure, iron surface, RT 30 min, 600 rpm, 5 mm, 20 N Other DESs [24]
AliquatCl, N4444Br & Menthol- Ball on flat Pure/additive silicon surface, RT, 0.68 m of sliding distance, 4 mm, sliding speed Hexadecane [25]
based DESs between 1 and 20 mmes™ ! & 2-12 N at 8 mmes~! (0.7-1.3 GPa)
N4444Cl:Octanol Four balls Pure/additive, iron surface, RT, 60 min, 1200 rpm, 490 N PAO 20 [26]
DL-menthol: Dodecanoic acid Four balls Additive, iron surface, RT, 60 min, 1200 rpm, 392 N PAO 40/PEG 200 [27]
Thymol: Dodecanoic acid Ball on plate Additive, iron surface, RT, 20 and 120 min, 5 mm, sliding speed 10 mm s~!, 40 N PAO 4/PEG 200 [28]

2.3. Density and viscosity

Density and viscosity are two of the principal characteristics of a
lubricant as they determine its hydrodynamic behaviour [53]. Viscosity,
in fact, defines the categorization of the oil [54]. In this study, a SVM
3001 Stabinger Couette rotational Viscometer was employed to deter-
mine the density of the DESs following the ASTMD7042 standard and
kinematic viscosity according to the ASTM D445 standard. The mea-
surements were taken between 40 and 100 °C, at atmospheric pressure,
with an increment of 10 °C.

2.4. Thermogravimetric analysis

To perform thermogravimetric analysis (TGA) of the DESs a SDT
Q600 TA Instruments device was used. A sample of 6 mg of each DES
was introduced into the equipment and the scans were programmed at a

heating rate of 10 °C/min from room temperature to 600 °C in both
oxygen and nitrogen atmosphere. The onset temperature and offset
temperature (Topset and Tofrser) Values were extracted from the inter-
section of the maximum slope tangent line and the upper and lower
minimum slope tangent lines, respectively.

2.5. Corrosion tests

Corrosion tests were conducted on the surface of an AISI 52100 steel
disc. For this purpose, several drops of each DES were applied until the
disc surface was completely covered. The specimens were previously
cleaned in an ultrasonic bath with heptane, rinsed in ethanol, and then
air-dried. The discs were then stored in a showcase protected from dust
but in direct contact with ambient temperature and humidity and kept
there for a period of two months. Afterwards, the discs were subject to a
thorough cleaning procedure comprising 30 min of washing with
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Table 2

Description of the DESs precursors.
HBA and HBD Systematic IUPAC Name CAS Number
Choline chloride (HBA) 2-Hydroxy-N,N,N-trimethylethan-1-aminium chloride 67-48-1
Choline acetate (HBA) 2-Acetoxy-N,N,N-trimethylethanaminium 14586-35-7
Glycerol (HBD) Propane-1,2,3-triol 56-81-5
Urea (HBD) Carbonyl diamide 57-13-6

heptane, acetone and ethanol in an ultrasonic bath followed by an air-
drying phase. The specimens used were then examined macroscopi-
cally for a visual appreciation of the corrosion phenomena and also by
scanning electron microscope (SEM). The equipment used was a JEOL
JSM-5600LV which allows the detection of secondary and backscattered
electrons and is equipped with an Oxford Inca Energy 200 energy
dispersive X-ray energy dispersive (EDS) microanalysis unit capable of
mapping, detecting and calculating element abundance. With this in-
strument, images of the disk surfaces were acquired at 20x and 100x
magnification and the elements present on the disk surfaces were also
quantified.

2.6. Tribological tests

In order to study the tribological behaviour of the DESs, two trib-
ometers were employed. Initially, tests were conducted on a Bruker
UMT-3 tribometer in a pin-on-disc configuration. This device enabled
the implementation of accelerated wear experiments at elevated tem-
peratures under a boundary lubrication regime (see calculations
annexed in Supplementary 1). The tribometer was set in the same con-
ditions employed in previous works of the research group [55,56] in
order to compare the results. The specific testing conditions were
reciprocating tests of 15 Hz and 1 h duration, at 100 °C and 10 N load
(corresponding to 1.43 GPa of maximum contact pressure) with a stroke
of 4 mm using 0.6 ml of DES. Tests were repeated randomly three times
for each DES with a relative error lower than 10 %. Subsequently, the
aforementioned cleaning methodology was employed for the purpose
measuring the volume of the wear scar in the lower specimen via Leica
DCM 3D confocal microscopy. The main characteristics of the specimens
used are presented in Table 3.

A second tribometer was used to determine the Stribeck curves and
the Electric Contact Resistance (ECR) of DESs: a PCS Instruments Mini-
Traction Machine (MTM) with ball-on-disc setup. Both specimens in use
in this experiment are made of AISI 52100 steel of a surface roughness of
Ra = 0.02 pm. The disc has a harness of 720-780 HV30 while the ball
has a harness of 800-920 HV30. The same cleaning preparation pro-
cedure previously described was applied to all specimens. Test were
conducted at a 50 % of slide-to-roll ratio (SRR) with a mean entrainment
speed varying from 2500 to 10 mm/s at 40, 60, 80 and 100 °C with a 30
N load (0.95 GPa of maximum contact pressure) and a DES volume of 10
ml. The speed reduction sequence comprised of 100 mm/s steps until the
speed reached 100 mm/s after which it proceeded in 10 mm/s in-
crements until the end of the test. The sequence was repeated beginning
with the lowest temperature and progressing to the highest. The formula
applied by the instrument to determine the SRR is as follows where v,
and v,q are the tangential speeds of the disc and the ball respectively
(Eq. (1) [Slide-to-roll ratio (SRR)]):

[Vaisc — Vbau|
Viisc + Vball

SRR =2 © 100% (€Y

2.7. Analysis of wear surfaces

A specimen (a disc) corresponding to one of the replicates of each
tribological test was selected and examined in the SEM-EDS unit
described in Section 2.5. Mapping was performed at 20 x magnification

and quantification of the chemical elements present at 50x magnifica-
tion, in order to determine the interaction between the lubricant and the
surface under test conditions. Elemental quantification of the EDS
spectrum was performed inside and outside the wear tracks, as well as at
selected points where noticeable differences were observed. X-ray
photoelectron spectroscopy (XPS) was further performed on the same
surfaces quantifying different Fe2p, Ols and N1s spectra with a pass
energy of 30 eV and a step energy of 0.1 eV. The measurements were
taken inside and outside the wear scar to determine the interaction of
the lubricant during the tribological tests.

3. Results and discussion
3.1. Humidity content

The humidity weight percentage of all four choline-based DESs was
always lower than 4 % and fair lower than reported before (5.7 %) by
Triolo et al. [37]. Same DESs often present different water percentage, as
explained by Achkar et al. [2] depending on the synthesis and storage
processes. Indeed, besides their hygroscopic potential [57], low hu-
midity values can be explained by the fact that studied DESs were kept
bottled through all experimental process as in habitual storage condi-
tion. According to Pietro et al. [58] if ChOAc:Urea presents water con-
tent higher than 8 %, the stability of the DES is compromised since this
humidity value was proven to start breaking up of DES-DES in-
teractions. This finding is also backed by Achkar et al. [2]. Noticeably
choline acetate DESs exhibited a slightly higher humidity content than
the others, however, a 4 % maximum humidity is acceptable to assume
no alterations occurred.

3.2. Density and viscosity

Asillustrated in Fig. 3a and b, the increase in temperature results in a
comparable reduction in both density and kinematic viscosity across all
DESs analysed. The density of DESs is significantly influenced by the
donor component, as previously observed in [59], while the acceptor
does not play a pivotal role. Glycerol based DESs, in fact, show higher
density values than urea based DESs. Even though slightly higher values
of ChCl:Urea density and viscosity have been reported in the literature
[12], this may be attributed to the different moisture content of the
precursors. As seen before water content impact on the physicochemical
properties of DESs [2]. Some authors in facts, have reported that high
humidity content can decrease the density and viscosity of DESs [60].
The kinematic viscosity curves of choline chloride DESs are found to be
significantly more similar to one another than those of choline acetate
DESs. Moreover, the ChCl:Gly values are observed to be slightly above
the ChCl:Urea values, as previously reported in [61]. The full density
and viscosity data is annexed in Supplementary 2.

Despite the higher density of all four DESs in comparison to normal
engine oils, it is analogous to that of glycol-based hydraulic control
fluids used for subsea production control systems [62]. It is also in line
with the density of polyphenyl ethers high-performance synthetic lu-
bricants [63]. However, it does not reach the figures of lubricants used
for high-density applications such as powder metallurgy components
lubrication [64]. On the other side, the kinematic viscosity range of the
studied DESs is close to that of high viscosity mineral oils [65].
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Fig. 2. Synthesized DESs chemical structure from MolView.

Table 3
Description of the specimens.
Specimen Type  Diameter  Steel Hardness Roughness
Lower Disc 10 mm AISI 225 HV30 Ra = 0.018
specimen 52100 pm
Upper Ball 6 mm AISI 58-66 Ra = 0.05 pm
Specimen 52100 HRC

3.3. Thermogravimetric analysis

TGA analysis indicated an initial depletion temperature (Topset)
ranging between 188 and 268 °C in an oxygen atmosphere and between
168 and 275 °C in a nitrogen atmosphere. Likewise in [30] ChOAc:Urea
is the first depleting DES and ChClL:Gly the last as seen in Fig. 4a-b. The
same performance is observed at 50 % weight loss which occurs within a
range comprehended between 224 and 278 °C, as illustrated in Table 4,
depending on the substance and the atmosphere. A discernible pattern
emerges wherein the choline acetate DESs exhibit slightly inferior
thermal stability in comparison to the choline chloride ones yet simul-
taneously demonstrate a positive impact of the donor, with glycerol
outperforming urea. This behaviour is analogous to that observed in

[30,49] where the decomposition temperature of DESs in nitrogen at-
mosphere is reported. A lower water content as in [30], would result in a
forward shift of the depletion temperature, as the weight loss due to the
evaporation of water would be less pronounced. It is worth noting that
all DESs undergo a minimal weight loss at approximately 100 °C due to
the evaporation of water contained within them. This effect is more
pronounced in choline acetate DESs due to the relatively higher
humidity.

3.4. Corrosion tests

The results obtained show that choline acetate DESs do not have
corrosive activity, as evidenced by the macro-photographs and SEM
images in Table 5. On the contrary, choline chloride DESs present a mild
to severe corrosive effect, depending on the donor. The steel sample
exposed to ChCl:Urea shows clear surface damage, and the light
reflection is less intense than in choline acetate DESs, suggesting a
change in roughness due to corrosion. The latter phenomenon is even
more evident in ChCl:Gly, which seems to have oxidized the surface that
became irregular.

Additionally, the oxygen atomic percentage detected in the EDS
analysis of the corrosion specimens, is lower in choline acetate DESs

--».—~ ChCL:Gly —-a—ChCl:Gly
a - b) 200
) 120 —=a— ChCl:Urea )200 —=— ChCl:Urea
B < ChOAc:Gly B S o ChOAC:Gly
118+ ﬂ‘*-‘a,.m‘_ --o-- ChOAc:Urea __ 150 —o— ChOAc:Urea
5 e E
@ 116 8
= § 100
Z 1144 -
g .
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A M 50
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Fig. 3. (a-b) Density and kinematic viscosity of DESs.
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Fig. 4. (a-b) Thermogravimetric analysis (TGA) in oxygen and in nitrogen atmosphere of DESs.

than in choline chloride DESs, as appreciable in Table 6. This finding
corroborates the fact that both ChCl:Gly and ChCl:Urea corrode iron, at
different paces, contingent on the donor.

Despite the findings of previous research indicating a high degree of
similarity in the corrosion behaviour of these two choline chloride DESs
[66], the present study has revealed a strikingly different outcome.
Indeed ChClGly has been observed to interact with the surface in a
markedly more aggressive manner than ChCl:Urea. This apparent
discrepancy can be attributed to the differing experimental conditions
employed in the two studies. In the present work, in fact, the DESs were
in contact with the surface for a significantly longer period of time. In
addition to that, the presence of chloride ions is believed to have initi-
ated the formation of FeOCl, as evidenced in [67] where chlorine serves
as a catalyst for corrosion. Choline acetate DESs, on the other hand,
present less deterioration, therefore they are better candidates for iron
components lubrication.

3.5. Tribological tests

The results obtained in the tribological tests show that Glycerol
based DESs showed the worst performance. Urea containing DESs, on
the other side, have consistently demonstrated superior tribological
performance among the choline chloride-based DESs presents in the
literature [9,11,12]. Again, there is a conspicuous difference in the
frictional behaviour of the DESs depending on the donors also in
accordance with Hayler et al. [33].

When ChOAc:Urea was used as a pure lubricant, the value of the
coefficient of friction (COF) decreased significantly with respect to that
obtained for the choline chloride DESs. For a hydrodynamic or elasto-
hydrodynamic lubrication regime this lower COF value could be
attributed to the lower viscosity [68] of the ChOAc:Urea DES (Fig. 3b).
However, these accelerated wear tests were performed in a boundary
lubrication regime and, under these conditions, the COF is much more
influenced by the contact between surface asperities than by the vis-
cosity of the lubricant. Therefore, this lower friction value is explained
by the interaction of the lubricant with the steel surfaces, forming a

Table 5
Corrosion behaviour of DESs.

ChCL:Gly ChCl:Urea

ChCL:Gly

ChOAc:Gly

ChCl:Urea

ChOAc:Urea

ChOAc:Gly ChOAc:Urea

protective film, which is also responsible for the severe decrease in wear
volume (Fig. 5a-b) [55,56].
The friction value of ChOAc:Urea was also lower than that reported

Table 4

Decomposition temperature of DESs.
[§9) [¢5} N

Too% Tsov Tsov Tonset Toffset Too% Tsov Tsov Tonset Toffset

ChCL:Gly 224.2 245.4 275.9 268.0 295.1 231.1 254.6 278.5 275.4 305.3
ChCl:Urea 206.1 231.0 270.1 245.1 285.0 217.8 237.1 272.0 251.2 294.1
ChOAc:Gly 198.1 220.0 239.5 219.0 250.7 199.8 221.7 241.9 221.0 262.4
ChOAc:Urea 177.9 197.2 224.1 188.2 253.1 161.7 186.7 231.4 168.4 253.8
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Table 6
EDS element quantification of DESs and the specimen as from the maker specifications in at%.
C (at%) N (at%) O (at%) Si (at%) P (at%) S (at%) Cl (at%) Cr (at%) Mn (at%) Fe (at%)

AISI 52100 steel 0.98-1.1 X X 0.98-1.1 0.025 0.025 X 1.30-1.60 0.25-0.45 95.70-96.44
ChCL:Gly 24.06 2.59 23.16 0.32 0 0.07 0.24 1.21 0.20 48.03
ChCl:Urea 18.62 0.75 4.90 0.50 0 0.02 0.01 1.68 0.40 73.13
ChOAc:Gly 16.86 0.22 2.65 0.59 0.12 0.06 X 1.41 0.27 77.82
ChOAc:Urea 21.50 0 1.48 0.69 0 0.12 X 2.30 0.28 73.62

[55,56] for a fully additized YUBASE commercial automatic trans-
mission lubricant (ATF) described in Supplementary 3, which was tested

under the same conditions.

Fig. 6 illustrates the Stribeck curves of the synthesised DESs, where
traction coefficients are plotted depending on the rolling speed at

different temperatures. For all DESs, when the test temperature is low,
the traction coefficient is slightly higher than that obtained at higher
temperatures. This can be attributed to the higher shear stress of the
lubricant, resulting from its higher viscosity.

Nevertheless, it is evident that urea-containing DESs exhibit similar

b)1E9—

1E8 o

1E7

Wear Volume (um?)

ChCl:Gly ChCl:Urea ChOAc:Gly ChOAc:Urea

Fig. 5. (a-b) Coefficient of friction and wear volume of DESs after reciprocating tests.
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Fig. 7. Electric Contact Resistance (ECR) of the DESs.

performance, whereas glycerol-containing DESs demonstrate markedly
disparate behaviours. ChOAc:Gly exhibits a higher traction coefficient
than the other DESs as in reciprocating tests. Furthermore, at low test
temperatures (40 °C), the traction coefficient is remarkably similar for
all DESs, with the exception of ChOAc:Gly. This phenomenon is even
more evident at high speeds, where both choline chloride-based DESs
and ChOAc:Urea remain low and stable, despite the low viscosity of the
lubricants at these temperatures (see Fig. 3b). This is due to the fact that
the formation of the lubricant film is favoured by the high rolling speed,
and this effect is able to compensate for the decrease in load bearing
resulting from the low lubricant viscosity at this high temperature.
However, as the sliding speed decreases, the lubricant film thickness also
decreases, which causes the metal-to-metal point contacts and thus the
traction coefficient to increase.

On the other hand, ChCl:Gly performs poorly at high rolling speeds,
however, at low rolling speeds, ChCl:Gly exhibits the smallest values of
the traction coefficient. ChCl:Gly shows no ECR (Fig. 7) throughout all
the experiments. This fact, coupled with the observation that ChCl:Gly
exhibits the highest wear volume (see Fig. 5b) due to its poor lubricity
properties, suggests the presence of significant quantities of wear debris
during the Stribeck test at low rolling speeds. The experimental setup
entails an initial phase of high rolling speed, followed by a subsequent
decrease. Therefore, at this final stage at low speed, a thick lubricant
film may be present on the disc, allowing for the reduction in friction
observed within this regime.

Furthermore, the ECR values presented in Fig. 7 are in accordance
with the aforementioned observations. All DESs, with the exception of
ChClL:Gly, exhibit an ECR to some extent. As temperature decreases and
rolling speed increases, the thickness of the lubricant film in the tribo-
logical contact increases, consequently, the electrical resistance in the
tribological contact also increases. On the contrary, at elevated

temperatures, glycerol-containing DESs exhibit minimal to no electrical
contact resistance, indicating complete contact between the metal
specimens. This provides a clarification of the higher wear volume
values observed in the reciprocal tests in comparison to urea-based
DESs.

3.6. Surface characterization

Table 7 displays scanning electron microscope (SEM) images and
provides further insight into the tribological behaviour of the DESs that
has been previously discussed. Additionally, it shows the most pre-
dominant type of wear that affects the worn surfaces.

The magnitude of abrasive wear present on the discs varies
depending on the donor: urea-containing DESs treated surfaces, in fact,
present less plastic deformation. A comparison of the two urea-
containing DESs reveals that the ChCl:Urea covered specimen scar is
more shiny and wider than the ChOAc:Urea one. The brightness of the
former scar is indicative of a greater corrosive behaviour, which is also
corroborated by the corrosion tests (see Table 5). In fact, Abbot et al.
[11] observed a chemical interaction, as evidenced by their SEM images
of the wear track in some ChCl:Urea covered specimens, which exhibited
strong signs of deformation and remarkably higher oxygen peaks in the
EDX analysis of the inner part of the worn surface. In contrast, corrosive
wear is the dominant factor in ChCl:Gly covered worn scars. The pres-
ence of abundant oxides within the wear scars covered by ChCL:Gly, as
evidenced by the SEM images and the significant presence of oxygen in
the EDS spectra (Table 8), further corroborates its corrosive behaviour.
The occurrence of corrosion at the macroscopic level was also observed
in choline chloride DESs following tribological testing, as reported in
[13].

A mapping of the elemental distribution of ChCl:Gly (Fig. 8) allows to
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Table 7
SEM-images of worn surfaces covered by DESs.

DES Worn surfaces SEM images @ x20 Worn surfaces spectra @ x50

ChCL:Gly

Electron Image 1

ChCl:Urea

Electron Image 1

ChOAc:Gly

Electron Image 1

ChOAc:Urea

Electron Image 1

Table 8
EDS element quantification of different spectra of the worn surfaces in at%.
DES Spectra C at% N at% O at% Si at% P at% S at% Cl at% Cr at% Mn at% Fe at%
ChCL:Gly 1 (in) 14.95 2.86 46.65 0.20 - - 0.09 0.67 0.12 34.48
2 (out) 16.96 - 5.65 0.34 0.19 - - 1.21 0.31 75.98
3 (spot) 10.43 4.19 58.92 0.03 - 0.01 0.53 0.14 0.13 25.69
4 (spot) 8.48 3.24 55.00 0.23 - - 1.06 0.35 0.17 31.50
ChCl:Urea 1 (in) 26.88 6.96 10.11 0.18 - 0.02 0.11 1.28 0.30 54.19
2 (out) 22.08 - 2.87 0.43 0.11 - 0.00 1.38 0.26 73.80
3 (edge) 31.84 2.90 14.42 0.43 0.07 - 0.04 0.93 0.19 49.22
ChOAc:Gly 1 (in) 20.32 0.49 6.08 0.50 0.08 - x 1.69 0.36 70.56
2 (out) 12.17 1.34 3.21 0.50 - 0.03 X 1.51 0.41 80.95
ChOAc:Urea 1 (in) 16.57 0.36 11.44 0.44 0.07 0.06 x 2.39 0.44 68.22
2 (out) 11.25 - 1.20 0.38 0.14 - x 1.63 0.21 87.35
3 (spot) 21.22 - 1.48 0.60 0.01 0.10 x 3.50 0.33 73.19
highlight more effectively the presence of oxygen in correspondence In addition, the EDS results, presented in Table 8, provide further
within the wear scar and outer stacks of rust while iron is less wide- insight into the nature of the elements presents on the surfaces. Different
spread there. spectra of the same specimen are analysed in correspondence with the
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Electron Image 1 O Ka1

Fe Ka1

Fig. 8. Mapping of the elemental distribution of ChCl:Gly DES covered worn surface.

Table 9
Fe2p Peak-fitting for the sample surface lubricated with ChOAc:Gly.
Assignation  Position Fe 2p3/2 - 2p1/2  fwhm Area
Unworn surface  Fe(0) 706.8-719.1 eV 1.90eV  21.5%
FeO 709.9-722.1 eV 2.87 eV 14.4 %
Fe(III) 710.6-724.1 eV 3.26 eV 53.2%
Fe(III) sat. 713.5-731.6 eV 7.14eV  10.9%
Worn surface Fe(0) 707.0-720.0 eV 2.02eV 12.0%
FeO 710.4-723.6 eV 2.81eVv  27.0%
Fe(III) 711.9-725.5 eV 3.87eV 47.8%
Fe(III) sat. 718.8-732.4 eV 5.01 eV 13.3 %

inner and outer part of the wear scar and from other significant loca-
tions. The inner spectra demonstrate the highest level of oxygen due to
oxidation and the presence of small deposits of DESs, detectable from a
higher carbon concentration. It can also be seen how chlorine does not
contribute significantly in the choline chloride DESs treated surfaces
spectra, and nitrogen is similarly unremarkable (possibly due to the
proximity of the carbon and nitrogen peaks and the difficulty in

Unworn surface

distinguishing between them). Finally, the scar edges act as repositories
for organic matter proceeding from the lubricants underlined by the
darker shadowing of the surface next to the wear scar borders. Black
spots, in fact, show a higher carbon presence than the rest of the surface.
The interpretation of Fe2p XPS spectra is performed using the rec-
ommendations by Mangolini and Mayer [69,70] using a Gaussian:Lor-
entzian 70:30 curve with an exponential blend with k = 0.65 for Fe(0),
around 707.5 eV (Table 9), as well as an exponential blend with k = 1.5
for Fe (II), around 711 eV; FeO is fitted without exponential blend.
Samples lubricated with ChOAc:Gly showed four different peaks, as
recorded in Fig. 9, which are assigned to Fe(Ill), FeO and Fe(0). The
fourth peak, is assigned to the weak broad satellite appearing near
718.8 eV, which is typical from Fe(IlI), the most abundant iron species
both inside and outside the wear scar of this sample [70]. Besides a short
shift towards higher binding energy inside the scar, the worn surface
show a decrease in the Fe(0) signal and the corresponding increase of the
FeO signal when compared to the unworn surface. This suggests an
oxidation process to a certain extent during the lubrication process.
On the other side, Fe 2p spectra for samples lubricated using ChOAc:
Urea shows more complex features. In this case, the broad peak at 732.5
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Fig. 9. Fe2p Peak-fitting for the sample surface lubricated with ChOAc:Gly.
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Table 10
Fe2p Peak-fitting for the sample surface lubricated with ChOAc:Urea.
Assignation Position Fe 2p3/2 - 2pl1/2 fwhm Area
Unworn surface Fe(0) 707.0-719.0 eV 2.16 eV 29.8 %
FeO 709.8-722.7 eV 2.49 eV 25.6 %
Fe(III) 711-724.4 eV 2.69 eV 32.6 %
FeOOH 712.3-725.5 eV 4.10 eV 9.7 %
Worn surface Fe(0) 706.9-719.1 eV 1.90 eV 27.7 %
FeO 709.3-722 eV 1.86 eV 6.2 %
Fe(III) 711.5-725.2 eV 2.55 eV 31.2%
Fe304/Fe;0F 712.3-725.5 eV 4.1eV 9.7 %

Unworn surface

Residuals, STD =0.897
1.00 A

Normalized intensity

528

Binding energy / eV

540 536 532

Fig. 11. O1s Peak-fitting for the sample

Table 11
O1s Peak-fitting for the sample surface lubricated with ChOAc:Gly.
Assignation Position Ols fwhm Area
Unworn surface Oxides 530.3 eV 1.70 eV 63.7 %
Oxides 531.8 eV 1.70 eV 24.8 %
Hydroxydes/organic 532.9 eV 1.70 eV 9.4 %
Organic 534.4 eV 1.70 eV 2.0 %
Worn surface Oxides 530.6 eV 1.81 eV 56.0 %
Oxides 532.1 eV 1.81 eV 29.1 %
Hydroxydes/organic 533.5eV 1.81 eV 10.2 %
Organic 534.9 eV 1.81 eV 4.7 %

eV (Fig. 10) does not seem to be the spl/2 component of the corre-
sponding sp3/2 peak at 718.8 eV (Table 10), which would be assignable
to the Fe(III) sat. On the contrary, trying to incorporate this peak as a
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surface lubricated with ChOAc:Gly.

sp1l/2 component just increases the fitting error and distort the enve-
lope. In the outer part of the wear scar, unworn surface, we can find
peaks belonging to Fe(0) (707.0 eV), FeO (709.8 eV) and Fe(III) (711.0
eV) like in the case of ChOAc:Urea, but we find also a new peak at 712.3
eV which seems to fit with the position of iron oxyhydroxides, FeOOH
[71]. After the tribological tests, the worn surface does not show a peak
of FeOOH any longer, but a new one around 710.1 eV appears.
Furthermore, the FeO peak also diminishes after the wear process. This
seems to suggest that both FeEOOH and FeO is converted into a new
species appearing at 710.1 eV. This species is difficult to identify but
taking into account the information about iron oxides [71], this could
belong to structures of the type FeoO45 [71] or FesO4 [72]. Whatever it
is, as higher binding energies uses to indicate higher oxidation states, the
wear process seems to have carried out a partial oxidation of the surface.

Nonetheless, the iron composition of the surface does not seem to
differ too much from that of steel samples lubricated with ChCl:Urea
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Fig. 12. Ols Peak-fitting for the sample surface lubricated with ChOAc:Urea.
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Table 12 Table 13
O1s Peak-fitting for the sample surface lubricated with ChOAc:Urea. N1s Peak-fitting for the sample surface lubricated with ChOAc:Gly.
Assignation Position O1s fwhm Area Assignation Position N1s fwhm Area
Unworn surface Oxides 530.3 eV 1.75 eV 65.5 % Unworn surface Contaminant 394.5 eV 2.75 eV 20.9 %
Oxides 531.7 eV 1.75 eV 24.8 % ChOAc:Gly 400.0 eV 2.75 eV 63.5 %
Hydroxydes/organic 533.0 eV 1.75 eV 7.8 % Nitrite/Nitrate 403.3 eV 2.75 eV 15.6 %
Organic 534.6 eV 1.75 eV 2.0 %
Worn surface ChOAc:Gly 400.5 eV 2.64 eV 77.5 %
Worn surface Oxides 530.3 eV 1.73 eV 67.1 % Nitrite/Nitrate 403.8 eV 2.64 eV 22.5%
Oxides 531.7 eV 1.73 eV 23.2%
Hydroxydes/organic 532.9 eV 1.73 eV 7.9 %
Organic 534.4 eV 1.73 eV 1.9%

[16], where Fe, Fe304, FeO, Fe;O3 and FeOOH have been reported,
showing stronger differences relating to the Ols spectrum. Some au-
thors, however, suggest that the presence of an iron oxide based tribo-
film reduces scuffing, with this phenomenon initiating when this
tribo-film reduces to a-iron providing a metal-metal contact [73].
Likewise, the presence of thick oxide layers has been related to lower
friction coefficients, although with different working conditions [74].
The apparent higher oxidation of the sample lubricated with urea ac-
cording to XPS, might therefore explain its better tribological
performance.

Regarding the O1s XPS spectra, spectra inside and outside the wear
scar are very similar both in the ChOAc:Gly and ChOAc:Urea (Figs. 10
and 11). However, many oxygen compounds overlap thus trying to find
subtle differences such as the oxygen from FeO and FeyOs is truly
difficult. Considering general positions [75,76], FeO, FeoO3 and Fe304
appear between 529.8 eV and 530.1 eV (Table 11); metal carbonates,
hydroxides and H-O-C structures appear at 532 eV-533 eV and organic
oxygen at higher binding energies, up to 538.2 eV for evaporated glycine
[771]. No individual assignation has been performed for O1s peaks in this
work.

In the case of Ols spectrum for ChOAc:Urea lubricated samples
(Fig. 12), binding energies are much higher than those reported for
ChCl:Urea [16]. According to the results published by Li et al., oxygen
was present as O2 and several types of iron oxides appearing between
528.1 eV and 530.9 eV (Table 12). On the contrary, the presence of
higher binding energies of O1s in our case, suggesting the presence of
organic material might contribute to the different lubrication

Unworn surface

o WWWWMVMNWW
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0.75 7
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Normalized intensity

0.00
404

400

Binding energy / eV

396

capabilities.

The N1s spectra of samples tested with ChOAc:Gly shows two similar
peaks within and without the wear scar located at 400.5 eV and 403.8 eV
(Fig. 13). The peak at 400.5 eV (Table 13) is easily assignable to nitrogen
present in the DES, as it agrees with the position of the nitrogen of
ChOAc:Urea on other kind of surfaces [78]. Similarly, the nitrogen in
ChOAC:Gly is possibly overlapped in this peak as the N1s peak of the
amino moiety in ChOAc:Gly is comparable to that of ammonia on a
similar surface [79], and it is around 400 eV [80] or 402.2 eV if posi-
tively charged in the zwitterionic form [78]. Higher binding energies are
usually due to compounds with a higher oxidation state, probably in the
form of nitrites or nitrates [76,81]. It is important to state the presence
of a third N1s peak at 394.5 €V in the outside part of the wear scar. Such
low binding energies might be related to metal nitrides, but as the sur-
face is unreacted it is difficult to believe this approach. Furthermore,
sometimes these binding energies are assigned to adsorbed N,O [82],
whose presence might occur as a contamination.

The situation in the samples tested with ChOAc:Urea is much
simpler, as both inside and outside the wear scar show a very similar N1s
spectra (Fig. 14), with two peaks at 400.5 eV and 403.9 eV (Table 14)
with similar assignation to those explained in the ChOAc:Gly case.

Nitrite and nitrate are highly oxidized nitrogen species. Thus, the
presence of such chemicals in a higher extent in the worn surface
assayed with ChOAC:Urea rather than in that assayed with ChOAc:Gly
suggest a lubrication environment with a higher oxidant power, which
agrees with the observations carried out in the XPS Fe2p analysis and
which can be related to the better friction performance.
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Fig. 13. N1s Peak-fitting for the sample surface lubricated with ChOAc:Gly.
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Fig. 14. N1s Peak-fitting for the sample

Table 14
N1s Peak-fitting for the sample surface lubricated with ChOAc:Urea.
Assignation Position N1s fwhm Area
Unworn surface ChOAc:Urea 400.6 eV 2.50 eV 68.8 %
Nitrite/Nitrate 403.8 eV 2.50 eV 31.2%
Worn surface ChOAc:Urea 400.6 eV 2.27 eV 64.2 %
Nitrite/Nitrate 403.9 eV 2.27 eV 35.8 %

4. Conclusions

Two choline acetate-based deep eutectic solvents (DESs) were
characterised and tribologically tested in comparison to a glyceline
(ChCl:Gly) and a reline (ChCl:Urea) in order to determine the potential
applications of these environmentally friendly lubricants. The main
conclusions that can be drawn from this study are as follows:

The synthesis of DESs is very straightforward and inexpensive,
especially when compared to ILs which are generally costly.
Despite the hydrophilic nature of the DESs studied, their moisture
content by weight was always less than 4 %, and their stability was
not compromised.

The DESs studied are thermally stable, at least at temperatures below
168 °C, which makes them suitable for a multitude of industrial
applications.

Choline acetate DESs had no corrosive activity on steel after two
months.

The ChOAc:Urea was able to significantly reduce the coefficient of
friction and wear volume with respect to the two DESs used as
reference lubricants.

The surface analysis allows us to conclude that the decrease in fric-
tion and wear observed when ChOAc:Urea is used as a lubricant is
related to the formation of a protective film by interaction of this DES
with the steel surfaces.
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