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A series of novel green lubricants with dissolved lignin in [choline]lamino acid] ([CHI[AA]) ionic liquids (ILs)
have been synthesized in this work. The effect of lignin on the thermal and tribological properties of the
lignin/[CH][AA] lubricants was systematically investigated by means of thermogravimetric analysis,
differential scanning calorimetry, and a friction and wear tester. The lignin in [CHI[AA] has been
demonstrated to be an effective additive to improve thermal stability, reduce the wear rates and stabilize
the friction coefficients of lignin/[CHI[AA] lubricants. Density function theory calculations on the
electronic structure of [CHI[AA] ILs reveal the atomic natural charge of ILs and their hydrogen bonding
capability with lignin. Moreover, these green lubricants show excellent anti-corrosive properties against
commercial aluminum and iron boards. The strong physical adsorption of [CHI[AA] ILs onto the steel

surface and the reciprocal hydrogen bonding between [CH][AA] ILs and lignin synergistically contribute
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Accepted 15th July 2015 to the enhanced lubrication film strength and thus the tribological properties of these new lubricants.

This work provides a new perspective on utilizing complete bio-products in advanced tribological

DOI: 10.1039/c5ral1093a lubrication systems. In addition, this will open a new application venue for lignin to improve product
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Introduction

Ionic liquids (ILs) have been defined as molten salts that are
entirely ionic in nature, comprising both cationic and anionic
species with a melting point below 100 °C." ILs are widely used
as electrolytes in electrochemistry, solvents, extractants and
catalysts in organic synthesis due to their large charge density,
excellent electrochemical stability, low/negligible volatility,
tunable polarity etc.>® However, the major disadvantages of
conventional ILs, such as high cost, potential toxicity, poor bio-
degradability and corrosivity*” especially those with imidazo-
lium or pyridinium cations and halogen anions, have been well
recognized in recent years which restrict their wider applica-
tions considering the economic feasibility and environmental
sustainability. ILs synthesized from renewable bio-resources,
also named ‘Green ILs’, are attracting increasing interest from
researchers with significant advantages of biodegradability,
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value in lignocellulosic biomass utilization.

non-toxicity, environmentally benign features and more
importantly their comparable physicochemical properties with
conventional ILs.*®

Choline, an essential nutrient for the synthesis of construc-
tional components in cell membranes, is known to widely exist
in nature and is certainly biodegradable.” Amino acids,
composed of amine and carboxylic acid functional groups along
with a side-chain specific to each amino acid, are also one of the
most abundant organic compounds in nature.' Both choline
and amino acids are important feed-stocks for the synthesis of
green ILs."™** Recently, different types of [choline][amino acid]
([CH][AA]) have been synthesized" and used in biomass pre-
treatment processes. Other similar ‘Green ILs’ have found
applications in the fields of lubrication, catalysis,'® carbon
dioxide capture' etc.

Use of ILs as high performance synthetic lubricants started
from 2001." The major advantages of ILs over petroleum oil
based lubricants are their distinct physicochemical character-
istics, such as negligible vapour pressure, high polarity and
non-flammability." Over the past years, the major efforts of
exploring IL lubricants in tribological systems are devoted to
halogen-containing ILs (such as [BF,]”, [PFs]),**** which are
easily hydrolysed by moisture from processing fluids and
generate highly toxic and corrosive hydrogen fluoride.*” Besides,
ILs meet significant challenges when operated in severe
conditions such as oxidative, high temperature environments
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and high frequency oscillating movement under

7,23

high
pressure.

Lignin, a cross-linked polymer with phenylpropane mono-
mers, is the second most abundant biopolymer in nature. In the
pulp and paper industry, lignin is usually considered as a by-
product or even waste, which is directly burnt as a low grade
fuel to recover energy.”* However, taking advantage of the
unique molecular structure, lignin can be processed into valu-
able functional additives in composite materials with appro-
priate surface modification.”® For example, the rigid molecular
structure and abundant surface functional groups of lignin well
qualifies it as a reinforce filler/cross-linker to improve
mechanical properties of various polymers including but not
limited to epoxy,*® silicone elastomers,”” and poly(lactide).”® In
addition, lignin has been demonstrated as an excellent antiox-
idant arising from its phenolic structures.**** However, to the
best of our knowledge, the usage of lignin as a lubricant additive
has rarely been studied especially in ‘Green ILs’.

In this work, we synthesized two ‘Green ILs’, [choline]
[glycine] and [choline][t-proline] with choline as the cation and
two amino acids, glycine and r-proline, as the anion respec-
tively, and used them as the base to develop high performance
lignin promoted green lubricants. Taking advantage of the
thermally stable features and anti-oxidative properties of lignin
(one of the most important performance indicators for lubri-
cants) as well as its strong bonding with [CH][AA] ILs through
reciprocal hydrogen bonding, it is anticipated that the tribo-
logical properties of lignin/[CH][AA] green lubricants will be
significantly improved. The anti-corrosive properties of pure
[CH][AA] ILs and lignin/[CH][AA] are also investigated in this
work.

Experimental
Materials

Choline hydroxide aqueous solution (48-50 wt% in water) was
purchased from Tokyo Chemical Industry. Glycine (=99%), -
proline (=99%), and deuteroxide (D,0, 99.9 atom% D), alkali
lignin were purchased from Sigma Aldrich. 1-Butyl-3-
methylimidazolium chloride ([BMIm]CI, >99%; water content,
<1000 ppm) was purchased from center for green chemistry and
catalysis of Lanzhou Institute of Chemical Physics, Chinese
Academy of Sciences. [BMIm]|CI was dried overnight in vacuo at
70 °C before use. All chemicals were used as received without
further treatment.

Synthesis of ILs and lignin/ILs

Choline hydroxide aqueous solution was added dropwise to
equimolar glycine or proline amino acid with ice cooling. Then,
the mixture was magnetically stirred at room temperature for 48
h. After reaction, the water in the mixture was removed using a
rotary evaporator at 60 °C. Finally, the [choline][glycine] (IL1)
and [choline][t-proline] (IL2) were dried in vacuo for 48 h at
70 °C, refer to Scheme 1 for their molecular structures. Alkali
lignin of different weight fractions (1, 3, 5 and 7 wt%) was added
to IL1 at 90 °C and stirred for 24 h with N, protection, which
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eventually formed homogeneous solutions which are denoted
as IL1-1, IL1-3, IL1-5 and IL1-7. Same procedure was applied to
IL2 to prepare the IL2-1, IL2-3, IL2-5 and IL2-7 lubricants.

Characterization

The molecular structures of IL1 and IL2 were analysed by proton
nuclear magnetic resonance ("H NMR, Varian Mercury-300) in
D,O at 300 MHz. The following abbreviations are used to
designate multiplicities: s = singlet, d = doublet, t = triplet and
m = multiplet. IL1: d = 3.99-4.08 (d, 2H, CH,), 3.45-3.54 (m,
2H, CH,), 3.22-3.32 (m, 2H, CH,-N), 3.18 ppm (s, 9H, CH;, CHj,
CH,). IL2: d = 3.98-4.07 (m, 2H, CH,), 3.39-3.56 (m, 3H, CH-N,
CH,), 3.16 (s, 9H, CH;, CH;, CH;), 3.01-3.10 (m, 1H, CH,-N),
2.68-2.84 (m, 1H, CH,-N), 2.02-2.10 (t, 1H, CH,), 1.62-1.78 (d,
3H, CH,, CH,). All these characterization results are well
consistent with the previous literature report,* which indicates
the successful synthesis of the desired ILs. The thermal
decomposition temperatures (T4) of the ILs and lignin/IL (1, 3, 5
and 7 wt% lignin in the ILs) were determined by thermogravi-
metric analysis (TGA, TA instrument Q500) in N, and air
atmosphere from 20 to 500 °C with a heating rate of 10 °C
min~'. The glass transition temperature (T,) was determined
with a differential thermal analyzer (DSC, TA Instruments
Q2000) from —150 °C to 100 °C with a heating rate of 10 °C
min " after cooling samples to —150 °C in an aluminum pan.
An Optimol SRV-III oscillating friction and wear tester was used
to evaluate tribological properties of the green lubricants under
boundary lubrication conditions based on the ASTM D 6425
protocol. During the test, the upper steel ball (52100 bearing
steel, diameter 10 mm, surface roughness (R,) 20 nm) slides
under reciprocating motion against a stationary steel disc
(100CR6 ESU hardened, ®24 mm x 7.9 mm, and surface
roughness (R,) 120 nm). The disc was supplied by Optimol
Instruments Priiftechnik GmbH, Germany. The ball was
provided by SKF, Sweden. Before each test the device and
specimens were cleaned with acetone and ethanol. All tests were
conducted under the load of 150 N (2.5 GPa maximum Hertzian
pressure) and 258 N (3 GPa maximum Hertzian pressure) at
room temperature (25 °C), a sliding frequency of 50 Hz, and an
amplitude of 1 mm. The friction coefficient curves were recor-
ded automatically with a data acquiring system linked to the
SRV-III tester. After the tests the wear volumes of the lower discs
were determined using an optical profiling system (Zygo 7300).
The anti-corrosive properties of IL and lignin/ILs were studied
on aluminum and iron metal boards by visual comparison
before and after the corrosion experiments. The test was per-
formed at 100 °C for 6 h in an oven with a drop of testing liquid
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[Choline][Glycine] [Choline][Proline]

Scheme 1 Molecular structures of [choline](glycine] and [choline][L-
proline].
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on the metal board. Upon completing the test, the metal boards
were cooled down to room temperature and washed with DI
water for corrosion spot detection. The optical images of the
corrosion spot were recorded by a microscope (Novel optics
Instruments NJF-120A).

DFT calculations

Electronic structure calculations on both IL1 and IL2 were
performed with the Gaussian 09 C1 package® using density
functional theory (DFT) at the B3LYP level of theory.*>*
6-31++G* basis sets were used for carbon, nitrogen, oxygen, and
hydrogen atoms. Frequency calculations were performed to
verify that the geometries were minimal.

Results and discussion

Fig. 1 shows the thermal degradation and derivative thermog-
ravimetry (DTG) curves of [CH][AA] ILs with different fractions
of lignin in N, atmosphere. The onset decomposition temper-
ature (Tonser) Of the lignin/[CH][AA] in both N, and air are
summarized in Table 1. The Tonse 0f IL1 is obviously lower than
IL2, which is attributed to the thermally stable pyrrolidine
structure in the anion of IL2.* Besides, lignin is effective in
improving the Tonsee Of both IL1 and IL2 under N, and air
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Fig. 1 (a) TGA, (b) DTG curves of lignin/[CHI[AA] ILs under N, atmo-

sphere. IL1-1, IL1-3, IL1-5 and IL1-7: 1, 3, 5, 7 wt% lignin/[choline]-
[glycine]; IL2-1, IL2-3, IL2-5and IL2-7: 1, 3, 5 and 7 wt% lignin/[choline] -
[proline].

Table 1 Thermal properties of lignin/[CH][AA] ILs

Samples Tonset,N2 (OC) Tonset,air (OC) Tg (OC)
L1 163.9 165.8 —47.8
IL1-1 166.3 170.8 —33.1
IL1-3 180.1 166.9 —-31.7
IL1-5 168.3 167.8 —-13.7
IL1-7 171.5 171.0 —27.4
IL2 175.6 178.6 —23.2
IL2-1 175.6 182.1 —32.1
IL2-3 175.3 180.8 —-27.1
IL2-5 176.8 175.4 —28.4
1L2-7 178.1 179.2 —29.3
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atmospheres due to the thermally stable phenolic groups in
lignin.**

DSC results in Fig. 2 and Table 1 reveal that these lignin/[CH]-
[AA] ILs do not show melting behavior in the measured
temperature range, but exhibit typical glass transition
phenomena (Ty) ranging from —47.8 to —13.7 °C. For IL1, the T,
increases from —47.8 to —13.7 °C with the addition of lignin,
indicating the stronger cation-anion attraction force after add-
ing lignin. The lignin provides protons from its hydroxyl groups
that form hydrogen bonds with the amine groups from the
anions of IL1. Besides, the proton from the hydroxyl group of the
cation has the capability to form a hydrogen bond as well with
ether groups in lignin. Through this reciprocal interaction
between IL1 and lignin, the molecular interactions of cation-
anion, cation-lignin and anion-lignin could be enhanced and
therefore larger 7, was observed in lignin/IL1. Similar
strengthened cation-anion attractions by substituting smaller
volume, lower molecular weight and symmetric cation or anion
and thus enhanced T, have been reported in other ILs.* It is
worth mentioning that IL1-7 shows lower T, = —27.4 °C than
that of IL1-5 probably due to the weakened interactions between
IL and lignin with the existence of an excess amount of lignin.
Unexpectedly, the addition of lignin in IL2 decreases the T, of
lignin/IL2 by 5-9 °C probably due to the weaker lignin-1L2
interaction that has been proved by DFT calculations in a later
section.

The wear and friction properties of the lignin/ILs were
investigated using a steel ball on steel disc configuration since
steel is the most widely used material in industry. Fig. 3 shows
the friction coefficient evolution during 1 hour friction test with
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Fig. 2 DSC curves of lignin/[CH][AA] ILs.
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Fig. 3 Friction coefficient evolution by using different lubricants. (a)
IL1 series at 2.5 GPa, (b) IL2 series at 2.5 GPa, and (c) IL2 series at
3.0 GPa.
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the presence of lignin/[CH][AA] lubricants. It is well recognized
that the testing pressure of 2.5 GPa is beyond the normal
industrial operation pressure, not to mention the 3.0 GPa tested
in this work. Apparently, unstable friction coefficients were
observed when using pure IL1 and IL2 as lubricants, Fig. 3. The
friction coefficient can be stabilized at or below 0.1 by adding
3-7 wt% lignin into both IL1 and IL2, Fig. 3(a—c).

Fig. 4 shows the wear volume losses of the discs with
different ILs and lignin/IL lubricants. The wear volume losses of
the steel discs lubricated by lignin/IL1 are apparently lower than
the one lubricated by pure IL1. Specifically, the wear volume of
the disc lubricated by IL1-7 is only 27% of the one lubricated by
pure IL1. For IL2 based lubricants, it is quite clear that the
addition of lignin also improves the anti-wear properties.
Comparing the tribological results of the two pure ILs, the anti-
wear performance of IL2 is relatively better than IL1, which is
attributed to the larger adsorption capability of IL2 onto the
metal surface.® To explore the potential of IL2 and lignin/IL2 in
extreme pressure conditions, tribological tests were further
conducted under the higher pressure conditions at 3.0 GPa. It is
observed that the wear volume loss decreases continuously with
increasing lignin fraction in the IL2. In terms of friction stabi-
lization and anti-wear protection, [CH][AA] ILs with 3-7 wt%
lignin fractions seem excellent lubricants for steel/steel contacts
even at high pressure conditions.

Fig. 5 presents the three-dimensional (3D) morphology of the
corresponding wear tracks on discs after friction testing. From
Fig. 5(a—e), the wear track with IL1 is obviously deeper than the
tracks with lignin/IL1. Comparing the 3D images from the first
and second rows of Fig. 5, the IL1 based lubricants show rela-
tively larger and deeper wear tracks than IL2 based lubricants,
which further confirms the superior anti-wear properties of IL2

. 12 (@) |12 (b) |12 ()
£ 610 10 10
S%&s 8 8
cEs 6 6
§ o4 4 4
9 x 2 2 2
a 0 0 [

1 11 13 15 1-7 IL2 21 2-3 2-5 2-7 IL2 21 2.3 2.5 2.7

Fig. 4 Wear volume of disc lubricated by lignin/[CH][AAI. (a) IL1 series
at 2.5 GPa, (b) IL2 series at 2.5 GPa, (c) IL2 series at 3.0 GPa. Testing
duration: 1 h.

Fig. 5 The 3D microscopic images of wear tracks: (a—e) IL1, IL1-1,
IL1-3, IL1-5 and IL1-7 at 2.5 GPa, (f-j) IL2, IL2-1, IL2-3, IL2-5 and [L2-7
at 2.5 GPa, (k-0) IL2, IL2-1, IL2-3, IL2-5 and IL2-7 at 3.0 GPa.
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under 2.5 GPa. Fig. 5(k-o0) present the 3D images of wear tracks
under 3.0 GPa with IL2 based lubricants, which show obviously
deeper and larger wear tracks comparing the images obtained at
2.5 GPa. All the above results indicate that: (1) IL2 serves as a
better lubricant base than IL1 in the steel/steel contact friction
configuration; (2) dissolved lignin in either IL1 or IL2 helps to
stabilize the friction coefficient and alleviate wear loss of the
contacting metal pairs; (3) higher lignin fraction in ILs seems
beneficial to the overall performance of the tribological system.

At the molecular scale, the excellent tribological properties of
lignin/[CH][AA] green lubricants can be ascribed to two major
contributions. Firstly, previous tribological study on amino acids
based IL lubricants did not detect nitrogen element on the wear
surfaces by XPS technique,’ which excludes the occurrence of
tribochemical reaction between the ionic liquid and metal
surfaces. This also means the outstanding tribological properties
of the [CHJ[AA] ILs are most likely attributed to the formation of
IL films by physical adsorption during the friction process.
During friction, low-energy electrons on the metal surface are
released from contact convex sites, so the negatively charged
carboxylic acid group in the amino acid exhibits strong affinity to
the positively charged steel surface.” IL2 has demonstrated even
stronger affinity to metal surfaces than IL1 in a previous litera-
ture report,*® which positively contributes to the formation of a
mechanically strong liquid film and thus effectively prevents
direct contact between the steel ball and steel disc to reduce the
friction coefficient and wear loss. Secondly, looking at the
complex molecular structure of lignin, it is not difficult to see
that proton donating groups (-OH) and proton accepting groups
(-O-) widely exist in the lignin molecule. The nitrogen atom in
the anion and the hydroxyl group in the cation tend to accept a
proton from lignin (-OH groups) and donate a proton to lignin
(-O- groups), respectively, thus reciprocal hydrogen bonds
between lignin and [CH][AA] will be formed, Fig. 6. These recip-
rocal hydrogen bonds help to improve the mechanical strength
of the lubrication film and result in effective interfacial separa-
tion between metal/metal contacts to reduce friction and wear."

To have a better understanding of the hydrogen bonding
between lignin and ILs, the electronic structures of the ILs were
optimized using DFT calculations and the atomic charges were
investigated by natural bond orbital (NBO) analysis at the
B3LYP/B3LYP/6-31++G* level of theory, Fig. 7. On the basis of
the natural population analysis (NPA), the natural charge of the
nitrogen atom in the anion of IL1 is —0.920 e, which is more
negative than that of IL2 (—0.717 e ). That is to say, the
hydrogen bond formation capability between IL1 and lignin is
stronger than the one between IL2 and lignin. This also explains

Lignin

& -OH
® coc
=== Hbond

Fig. 6 Schematic illustration of physical adsorption of ILs onto a steel
surface and reciprocal hydrogen bonding between lignin and ILs.

This journal is © The Royal Society of Chemistry 2015
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Fig. 7 Optimized structures and natural charges on the nitrogen
atoms for IL1 and IL2 by the B3LYP method. (Red, white and blue balls
represent oxygen, hydrogen and nitrogen atoms, respectively.)

Corrosion

Corrosion
area

Fig. 8 Corrosion test photographs. Aluminum board: (a) liquid drops
on plate, (b) after corrosion test, (c) after cleaning. Iron board: (d) liquid
drops on plate, (e) after corrosion test, (f) after cleaning, dashed circle
indicates the corrosion induced by [BMIm]C|, (g) optical microscopic
image of corrosion spot and (h) enlarged area at corrosion boundary.

the enhanced glass transition temperature and significantly
reduced wear volume loss after incorporating lignin in IL1.

Lignin/IL lubricants in this work are expected to exhibit
lower corrosivity than conventional ILs due to their completely
bio-nature. Corrosion tests at 100 °C with 6 h duration were
conducted to confirm this assumption. The conventional
[BMIm]CI IL is also tested for comparison. Fig. 8 shows the
photographs of aluminum and iron boards before and after
corrosion tests. The aluminum board retains the original
surface features without corrosion from all the tested lignin/
[CH][AA] and [BMIm]|Cl, Fig. 8(a-c). Obvious corrosion
occurred on the iron board by [BMIm]CI, as seen in the dashed
circled area in Fig. §(f), while the rest of the iron board keeps its
original surface features indicating the non-corrosive nature of
all the lignin/[CH][AA] lubricants. Focusing on the corrosion
spot formed by [BMIm]|CI, obvious pitting corrosion can be
observed under an optical microscope, Fig. 8(g). The enlarged
magnification at the edge area of the corrosion spot clearly
distinguishes the boundary of uncorroded (left) and corroded
(right) areas, Fig. 8(h). Overall, these new green lignin/IL
lubricants exhibit outstanding anti-corrosive properties
towards the most used metal materials.

Conclusion

To sum up, a series of novel green lubricants have been devel-
oped in this work using [CH][AA] ionic liquids as the lubricant

This journal is © The Royal Society of Chemistry 2015
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base and strengthened by lignin through reciprocal hydrogen
bonding in between. This work also presents a new application
of lignin as an effective lubricant additive. The addition of
lignin in [CH][AA] not only enhances the thermal stability, but
also improves anti-wear properties and friction stability. The
overall tribological performance is determined by the affinity of
the ionic liquid to the metal surface and the strength of the
ionic liquids-lignin interactions by hydrogen bonding. DFT
calculations help to identify the bonding strength between
lignin and the ionic liquid and explain the property changes
with lignin additives. In addition, the lignin/[CH][AA] ILs
exhibit excellent non-corrosive features with both aluminum
and iron boards. This work successfully demonstrates a new
and important application of using lignin in bio-based ionic
liquids as advanced non-corrosive green lubricants.
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