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Abstract—State of the art in the fi eld of using biodegradable lubricating materials is considered, and data on recent 
achievements in their use are summarized. The major factors infl uencing the progress of studies in this fi eld are as-
sociated with the environmental regulations becoming more and more stringent. Along with the use of poly(alkylene 
glycol) and ester liquids, raw materials of vegetable origin attract considerable interest of researchers developing 
biodegradable oils; cellulose can be used as a promising thickener for multipurpose lubricants.
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1. INTRODUCTION

The environment pollution with lubricating materials 
is a pressing problem for all the countries, despite the 
development of new oils and lubricants and organizational 
measures up to adoption of the corresponding laws [1, 2]. 
To solve this problem, attempts are made in the following 
directions:

– development of lubricating materials with prolonged 
operation life, desirably covering the whole time of 
functioning of the working unit;

– regeneration of spent oils and lubricants, followed 
by the use of the regenerated materials as a feedstock for 
new productions;

– development of oils and lubricants that rapidly 
degrade in the natural environment.

Japanese car manufacturers gained particular success 
in the first direction; they use in bearings “eternal” 
lubricants, mainly based on polyureas. 

As for regeneration of spent lubricants and oils, 
there are several technologies, some of which have been 
implemented in practice. The progress in this fi eld is 
slow because of problems with the collection of spent 
oils and with their sorting, and also because of unclear 
fi nancial perspectives of the reprocessing. As a result, 
lubricating materials get into soil and water bodies not 
only at emergencies, but also because of irresponsibility 
of owners of cars and other machines. In any case, 
the ability of spent lubricants to degrade to relatively 
harmless products under the action of sunlight, water, 
atmospheric oxygen, microorganisms, and other natural 
factors is of crucial importance. In the ideal case, the 
degradation is completed by bacteria that convert the † Deceased.
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pollutants to carbon dioxide, water, and a certain amount 
of an inassimilable residue. 

Let us pass to the third direction. Almost any lubricating 
material consists of at least two components: an oil base 
constituting the major fraction of the products and 
additives (in particular, thickeners) whose concentration 
can reach 30%. Oils recovered from vegetable oil cultures, 
poly(alkylene glycols), and ester liquids synthesized by 
reactions of polyhydric alcohols with carboxylic acids or, 
on the contrary, of di- and polybasic acids with aliphatic 
alcohols are used as biodegradable oil base. Evaluation 
of their biodegradability by the CEC Code: CELS-103-
12 method gives the following values (percents of the 
initial amount) [3]:

– petroleum oils, 20–40;
– vegetable oils, 90–98:
– ester liquids, 65–100.
Poly-alpha-olefi n oils (PAOs) are also classed with 

biodegradable products [4]. n-Decene chains constituting 
the PAO “comb” are actually linear paraffi ns and are 
assimilated by bacteria similarly to them. In addition, 
PAOs contain no aromatic hydrocarbons, which are not 
noticeably assimilated by microorganisms. 

Biodegradation in one of the steps, often fi nal, in 
elimination of lubricating materials from the environment. 
This process necessarily involves atmospheric oxygen 
(required for the activity of aerobic bacteria), water, solar 
radiation, and other factors responsible for preparation 
of readily assimilable nutrition for bacteria. Therefore, 
degradation pathways of different lubricating materials in 
the nature are different. Hydrocarbons can be ranked in 
the following order with respect to the rate of assimilation 
with microorganisms:

n-paraffi ns > iso-paraffi ns, naphthenes > aromatic 
hydrocarbons.

Therefore, as indicated above, petroleum oils from 
selective refi ning. containing aromatic hydrocarbons, 
degrade most diffi cultly; the next are “hydrocracking” 
oils of group III with decreased content of aromatic 
hydrocarbons; and, fi nally, poly-α-olefi n oils degrade 
most readily. Ester liquids fi rst undergo hydrolysis, and 
the alcohols and acids released in the process are readily 
soluble in water. Polyglycol liquids are miscible with 
water in any ratio and, being heavier than water, migrate 
deep into the soil, reaching aquifers where they become 
invulnerable to bacteria, and we can only hope that they 

will be diluted with a large amount of water. However, 
poly(alkylene glycols) themselves are not very toxic. 

Naturally, pollution of the environment with vegetable 
oil has no catastrophic consequences. In water and soil, 
oils undergo hydrolysis to form glycerol and higher 
aliphatic acids, which form with time calcium, sodium, 
and other soaps; their hydrocarbon moiety is readily 
assimilated by bacteria.

Luna et al. [5] compare methods for determining 
the oxidation resistance of lubricating oils and their 
biodegradability. The biodegradability of vegetable oil 
was predicted with the aid of the biokinetic model without 
using microorganisms. The half-life of biodegradable 
vegetable oil was about 25 days, which is considerably 
shorter compared to petroleum oils.

There are also products termed “biosynthetic.” These 
are compounds obtained synthetically but from purely 
natural feedstock. This term, which somewhat contradicts 
the law of composition preservation, appeared to be 
convenient from the practical viewpoint, emphasizing the 
product origin, which is important in the environmental 
sense. For example, such products include plastic 
lubricant thickeners based on modifi ed lignin or cellulose 
and products of ethylene glycol esterifi cation with methyl 
esters of fatty acids obtained from vegetable cultures 
(sunfl ower seeds, soybeans, jatropha, palmchrist), which 
can be used as components of lubricating materials [6]. 

2. BASE VEGETABLE OILS

Base vegetable oils are an ideal product from the 
viewpoint of the impact on the nature. They are nontoxic 
and do not suppress the activity of plants and living 
bodies. Vegetable oils consist to 94–96% of triglycerides 
of С10–С20 fatty acids and, like any esters, are readily 
hydrolyzed to form relatively harmless С10–С20 acids 
and alcohols. It is also important for the economy of any 
country that the development of technical vegetable oil 
industry creates the effect of an economic multiplier, 
stimulating the development of plant growing and 
related branches of economy. However, vegetable oils 
have certain drawbacks preventing their direct use 
as lubricating materials: unsatisfactory temperature 
properties (congealing points), oxidizability, and 
tendency to carbonization in an engine. To minimize these 
drawbacks, chemical modifi cation of vegetable oils or use 
of appropriate additives is recommended [7].

The tribological characteristics of vegetable oils were 
studied by many researchers. Some vegetable oils were 
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tested on a four-ball friction machine (FBM) according 
to GOST (State Standard) 9490 in comparison with 
I-20A petroleum oil. Vegetable oils were found to surpass 
petroleum oils in tribological properties (Table 1). 

This result is attributed to the fact that the mean 
molecular mass of vegetable oils is lower than that of 
petroleum oils; therefore, the wedging effect that they 
exert on the friction surface in the course of formation 
of a defective layer due to the Rebinder effect (grinding 
of solids in the presence of surfactants) is lower [8]. 
However, we can hardly agree with such explanation. 
The point is that the Rebinder effect is observed when 
physical characteristics of the substance change, 
whereas the process occurring in FBM is boundary 
friction with the formation of a juvenile surface with 
enormous free energy, which is spent for the formation 
of a protective fi lm on the friction surface. The material 
of the surface itself and all materials in contact with 
it (lubricating medium, air and water dissolved in it, 
additives) participate in the formation of this fi lm. In 
these processes, polar molecules of triglycerides are 
more active than nonpolar or weakly polar molecules of 
petroleum oil hydrocarbons. Therefore, the lubricating 
effect of triglycerides is stronger.

However, vegetable oils themselves also differ from 
each other in the tribological properties. For example, 
coconut oil has unsatisfactory antiwear characteristics 
even in comparison with petroleum oils. However, its 
mixing with effective mustard oil gives a product with 
satisfactory lubricating ability [9].

Other researchers also confirm better antiwear 
properties of vegetable oils [10]; they note, however, 
that petroleum oils are characterized by higher resultant 
pressure of the lubricating liquid layer on the lubricated 
surfaces (bearing ability of oils) in the elastohydrodynamic 
friction mode. 

The production cost of technical vegetable oils 
prepared for use as lubricating materials even at large 

production volumes exceeds the production cost of 
petroleum oil fractions. Search for cheaper products led to 
spent culinary oils. However, such oils require processing 
to remove undesirable impurities that they contain. For 
example, they are converted by alcoholysis to fatty acid 
methyl esters, which are admixed in a defi nite amount 
to fresh oils [11].

The lubricating properties of vegetable oils, namely, 
their ability to decrease the wear and friction of the 
surfaces, can be improved by introducing additives. 
Additives obtained from natural raw materials are often 
suggested. For example, 4% trialkyl citrates prepared 
by reaction of citric acid with С8–С18 alcohols was 
introduced into sunfl ower oil. In FBM tests, the wear spot 
diameter decreased from 650 to 430 μm, and the friction 
coeffi cient in the steel/bronze couple (II-5018 friction 
machine) decreased by a factor of 1.5 [12].

Oxidation resistance of vegetable oils, characterized 
by the acid number and by the amount of low-molecular-
mass acids and precipitate formed by oxidation, is an 
important characteristic influencing the oil storage 
conditions and the carbon and slag deposition in the engine 
and oil system. The oxidation resistance of vegetable oils 
is lower than that of petroleum and synthetic oils, which 
is caused by the prevalence of unsaturated compounds, 
glycerides of unsaturated acids. The larger is the number 
of multiple bonds in an acid molecule, the easier it 
is oxidized. The relative rates of oxidation of oleic, 
linoleic, and linolenic acids with atmospheric oxygen are 
1 : 27 : 77 [13]. The fatty acid composition of some 
vegetable oils attracting the largest developers’ attention 
is given as example in Table 2. 

The concentration of unsaturated bonds can be 
reduced by hydrogenation [15], but it is better to do this 
by epoxidation, as it is often done in papers and patents 
[16, 17]. Oxirane rings are opened by nucleophilic agents 
such as alcohols and water [18] with the subsequent 
esterification [19]. As a result, the physicochemical 

Table 1. Tribological characteristics of some oils (compilation based on [7])a

Oil name Рcr, N Dav, μm Kfr SI
I-20А 400 890 0.120 15
Olive 400 680 0.065 35
Olive 750 660 0.050 36
Sunfl ower 670 720 0.070 35
Rapeseed 620 700 0.060 35

a Рcr, critical jamming load; Dav, average diameter of wear spots; Kfr, friction coefficient; and SI, scuff index.
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characteristics remain in the admissible ranges, and 
the oxidation resistance is considerably enhanced. As 
demonstrated by the example of olive oil, epoxidation 
improves the lubricating ability of oil owing to 
participation of active epoxy groups in tribochemical 
reactions [20]. Polymerization of soybean oil, reducing 
the concentration of unsaturated bonds, was also 
suggested [21]. 

Another traditional method is the use of antioxidant 
additives. However, new technical solutions were 
required in this case, because traditional antioxidants 
show poor performance in vegetable oils. The theoretical 
basis for the development of essentially novel additives is 
lacking yet; therefore, studies consist in active screening 
of diverse compounds, sometimes quite unexpected 
at first glance, such as N-acylated chitosan, which 
exhibited stabilizing effect in oxidation of castor oil [22]. 
Coupling of phenolic acids (gallic, п-hydroxycinnamic 
with 4-aminodiphenylamine gave products with 
extremely high stability. The induction period of 
oxidation of rapeseed, coconut, and epoxidized soybean 
oils, determined by differential scanning calorimetry, 
increased on introducing these products by factors of 2.2, 
14.0, and 32.0, respectively [23]. Furthermore, FBM tests 
have shown that the additive tested surpasses widely used 
zinc dialkyl phosphorodithioate in antiwear performance. 

A product with enhanced thermal oxidation resistance 
was obtained by adding abietic acid pentaerythritol ester 
as a component to vegetable oils. On adding this ester 
in 20% amount, the induction period of oxidation of 
rapeseed and soybean oils increased by 305 and 124%, 
respectively [24]. It should be noted that this fact is 

particularly interesting for countries with the developed 
pulp industry, in particular, for Russia. Abietic acid 
together with its analogs is the major component of so-
called resin acids, waste from production of tall oil fatty 
acids [25]. These products do not fi nd proper use.

The number of double bonds in the molecule directly 
affects the oil behavior in storage. The larger is their 
number, the faster is the oil polymerization manifested 
as “drying.” With respect to the drying ability, oils 
are subdivided into drying (fl axseed, hempseed oils), 
semidrying (sunfl ower, corn, soybean, cottonseed oils), 
and nondrying (coconut, palm, rapeseed oils). Apparently, 
nondrying oils are preferable over drying oils from the 
viewpoint of storage, but are inferior to them in the low-
temperature and tribological properties.

The physical stability is the property that is more 
important for vegetable oils than for petroleum oils. 
Unrefi ned vegetable oils contain as impurities lipids, 
vitamins, and other compounds. Their amount reaches 
4%. However, this amount is suffi cient for their separation 
into a specifi c phase visible by naked eye. The process is 
accelerated in the presence of surfactants; the higher is 
the hydrophilic-lipophilic balance of the surfactant, the 
faster is the phase separation [26].

The viscosity of vegetable oils corresponds to the 
viscosity of petroleum oils. Many vegetable oils are 
close to each other in this parameter. For example, the 
kinematic viscosity of sunfl ower, soybean, and cottonseed 
oils at 40°С is 27.0, 27.5, and 32.1 mm2/s, respectively 
[13]. Their viscosity–temperature characteristic is quite 
good. Figure 1 shows the temperature dependence of the 
kinematic viscosity of unrefi ned sunfl ower oil (IV 165) 

Table 2. Main acids constituting vegetable oil triglycerides

Name 
Vegetable oil

soybeana palmchrista sunfl owerb cottonseedb

С10–С14 fraction – – 0.8 0.4
Palmitic, C16H32O2 2.4–6.8 – 5.8 21.1
Stearic, C18H36O2 4.4–7.3 3 3.4 1.9
Oleic, C18H34O2 20–30 3–9 67.2 32.8
Linoleic, C18H32O2 44–60 1–5 19.1 39.1
Linolenic, C18H30O2 5–14 – 0.5 2.1
Other fatty acids 2 80–90 (ricinoleic) 2.5 0.7
Sum of unsaturated acids 69–80 87–97 89.3 74.7

a Reference data (Khimicheskaya entsiklopediya (Chemical Encyclopedia), Moscow: Bol’shaya Ross. Entsiklopediya, 1995, vol. 4, p. 378.
b Results of analysis of specifi c samples [14].
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and MS-8 petroleum oil (IV 80). Some characteristics 
of vegetable oils in comparison with commercial oils of 
various groups in accordance to API are given in Table 3.

Low-temperature properties. A signifi cant drawback 
of vegetable oils, noted by all researchers, is high 
congealing point. Attempts to use depressing and 
dispersing additives effective for petroleum oils have not 
given appreciable results. Another approach, dilution with 
low-temperature liquids, also appeared to be ineffi cient. 
Arca et al. [21] described the results of adding some 
depressing and dispersing additives and oils of groups IV 

and V to polymerized soybean oil. Introduction of 8 wt % 
LZ7671A additive led to a 12.5°С depression (Fig. 2). 

The required concentration is too high to make the use 
of additives in vegetable oils economically feasible even 
at excellent effect. The same is true for diluents (Fig. 3). 

The congealing point of vegetable oils can also be 
decreased by esterifi cation. For example, the congealing 
point of castor oil was decreased from –15 to –39°С 
by esterification with 2-ethylhexanol [29]. Another 
way to improve the low-temperature properties is 
polycondensation of unsaturated fatty acids with alcohols 
to form saturated estolides (hydroxy acid anhydrides 

Table 3. Comparative characteristics of vegetable and commercial oilsa

Oil Viscosity at 100°C, mm2/s Viscosity index Flash point, 
°C

Congealing point, 
°C

Vegetable oils 
Sunfl ower 7.9 167 320 –16
Rapeseed 8.1 156 285 –3
Olive 8.4 156 285 –12
Soybean 7.7 166 318 –12
Palm 8.5 151 315 +130
Castor 7.2 88.9 296 –27

Commercial oils 
М-8 (petroleum) 7.5 89,0 203 –15
MS-20 (petroleum) 20.5 93 270 –18
B-3V (ester) ≥ 5 150–160 ≥ 285 ≤ –60
DOST (ester) 3.3 150–160 215 ≤ – 30b

PAOM-6 Depending on degree of 
polymerization

110–130 – ≤ –30
Poly(alkylene glycol) 150–250 – –30

a The parameters for vegetable oils were taken from [27], and those for commercial oils, from [28] or from technical specifi cations. DOST: 
heat-resistant dioctyl sebacate [GOST (State Standard) 19096-73]; B-3V: the base is pentaerythritol ester of С5–С9 synthetic fatty acids; 
PAOM-6: the base is poly-α-olefi n liquids.

b Cloud point.

Fig. 1. Viscosity–temperature characteristic of unrefi ned 
sunfl ower oil (1) and MS-8 petroleum oil (2).

Fig. 2. Influence of the content of depressing additives 
on the depression of the congealing point of polymerized 
soybean oil: (1) LZ 7670 (styrene copolymer), (2) LZ 3702 
(polymethacrylate), and (3) LZ 7671A (polymethacrylate).
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formed by intermolecular water elimination) of different 
molecular weights. They have very low congealing points 
(down to –54°С) and the viscosity index of up to 218 [30].

Cooling properties. The thermal conductivity of 
vegetable oils at 10–50°С varies in the range 0.16–
0.18 W m–1 K–1 [13]. As expected, this value is somewhat 
higher than that of petroleum oils (the commonly accepted 
value is 0.12) but lower than that of polar ester liquids. 
As for the heat capacities, the heat capacity of unrefi ned 
sunfl ower oil is 1.8–2.0 kJ kg–1 K–1, and that of petroleum 
oil is 1.7–2.5 kJ kg–1 K–1. Close levels of these properties 
favor the use of vegetable oils as components of cutting 
fl uids.

The above data on the operation properties of vegetable 
oils suggest that there are no prospects for using them in 
lubricating formulations (motor and transmission oils), 
at least in the foreseeable future. Methods for enhancing 
the thermal oxidation resistance unacceptably increase 
the oil cost; furthermore, such oils would require more 
frequent replacement. However, the use of vegetable oils 
as hydraulic fl uids and oils for two-cycle and rotor–piston 
engines, as dispersion media for plastic lubricants, and 
as components of oil-based and water-miscible cutting 
fl uids should be encouraged. 

Vegetable oils can also be a feedstock for various 
additives. For example, alcoholysis of vegetable oil yields 
ethyl esters of fatty acids, which are then sulfurized with 
elemental sulfur at 160–165°С for 30–60 min to obtain 
sulfurization products containing 5–45% sulfur. Additions 
of such compounds to a casting lubricant improve its 
antioxidant and antiscuff properties and can be used 
instead of traditional nonbiodegradable additives.

Food-grade lubricant based on rapeseed oil with 10% 
bee wax was also studied. The lubricant with rapeseed 
oil showed better performance compared to I-20A oil, 
but introduction of wax into rapeseed oil at high loads 
deteriorated its characteristics. The friction coeffi cient 
for the steel/bronze couple was determined with an 
MTU-2K7 friction machine [31]. Oils based on edible or 
technical oils (rapeseed, castor), taken individually or in 
mixtures with poly-α-olefi ns or poly(ethylene glycols), 
were also permitted for contact with food [32].

Vegetable oils are considered as promising, e.g., 
for lubrication of mechanisms of solar power plant 
panels [22].

An interesting idea was suggested in a patent [33]: 
use of a mixture of mono-, di-, and triacyl (С16–С22) 
glycerides, probably produced by incomplete hydrolysis 
of vegetable oil, as a dispersion medium for lubrication.

Cutting fluids (CFs) based on vegetable oils are 
actively used as both oil-based [34] and water-miscible 
concentrates [35]. Many authors note advantages of 
CFs based on vegetable oils over traditional petroleum 
oils in cutting of ferrous and nonferrous metals. These 
advantages are associated with good tribological and 
cooling properties of vegetable oils, described above 
[36]. Analysis of original papers shows that canola and 
jatropha oils attract the most attention as components of 
CFs for metal cutting [37, 38].

3. LUBRICATING MATERIALS BASED 
ON POLY(ALKYLENE GLYCOL) (PAG) 

AND ESTER LIQUIDS

Oils and lubricants based on PAGs and ester liquids 
are known for a long time and are produced as relatively 
expensive lubricating materials for special applications. 
The examples are commercial Russian oils B-3V (ester 
of pentaerythritol and С5–С9 acids) and DOST (heat-
resistant dioctyl sebacate). High cost of such oils prevents 
their wide use, despite numerous advantages. Therefore, 
active studies are made to develop cheaper products, 
mainly at the expense of using cheaper raw materials. For 
example, polymerization of tetrahydrofuran recovered 
from biomass (wool) is suggested as a route to poly-
(alkylene glycols) [39].

In attempts to obtain a lubricant thickened by 
microcrystalline cellulose, dioctyl sebacate forms an 
unstable colloidal system. However, a lubricant with good 
rheological and tribological properties can be obtained 
on adding a stabilizer, oleophilic montmorillonite [40]. 

Fig. 3. Depression of the congealing point of polymerized 
soybean oil on dilution with (1) PAOM-8 poly-α-olefi n oil, 
(2) ditridecyl adipate, and (3) triisooctyl trimellitate (data 
of [21]).
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The optimum composition of an ester-based lubricant was 
determined. It contains 25% clay stabilizing the system 
and 20% microcrystalline cellulose. These components 
ensure high antiwear properties: high yield point (15 kPa), 
heat resistance (drop point >300°C), and low degree of 
oil separation (10% under a pressure of 100 kPa applied 
for 30 min) (Table 4). 

Lignin was added to poly(ethylene glycol) as a 
biodegradable additive [41]. However, this polymer has 
no defi nite mimic structure, which depends on the kind 
of wood and recovery methods. It has been found that the 
lubricating properties of lignin are the better, the broader 
is distribution of its macromolecules and the higher is the 
concentration of hydroxy groups.

4. ADDITIVES AND IONIC LIQUIDS

We described above some original additives intended 
for specifi c base oils. Below we present a survey of data 
on general-purpose additives introduced not only into 
biodegradable products but also into lubricating materials 
as a whole. These are additives to Low SAPS oils (low 

content or complete absence of sulfated ash, phosphorus, 
and sulfur), and also nanosized additives and ionic liquids.

Numerous studies deal with the effect exerted by 
additives of nanosized metals and their oxides (copper 
[42], titanium [43], zirconium [44]) and of carbon 
nanotubes and graphene [45] on the rheological and 
tribological properties of vegetable oils or lubricants 
based on vegetable oils [46]. Nanoparticles are introduced 
into all the lubricating materials, including CFs. 

Nanoparticles. The effect of nanoparticles introduced 
into date oil on the friction coefficient and wear of 
balls in FBM was studied at loads of 45 and 90 N. The 
nanoparticles were introduced in concentrations of 0.3 to 
1.6 wt %. Figure 4 shows the dependences of the wear 
rate on the sliding velocity [42].

It was found that introduction of 0.9 wt % copper 
nanoparticles into date oil decreased the wear. Examination 
of the balls used in FBM by scanning electron microscopy 
(SEM) showed that the surface grooves formed on 
introducing 0.9 wt % nanoparticles were less deep than 
those formed using the oil without nanoparticles (Fig. 5).

Table 4. Comparative characteristics of different lubricants based on dioctyl sebacate [40]

Composition Drop point, °C Colloidal 
stability, % Friction coeffi cient Wear spot 

diameter, mm Critical load, kgf

9% Clay 239 44 0.41 ± 0.02 0.44 ± 0.03 80
5% Clay/20% Cellulose 213 29 0.078 ± 0.006 0.69 ± 0.04 60
25% Clay/20% Cellulose >300 10 0.18 ± 0.01 0.42 ± 0.03 >80
Litol=24 185 12 0.11 ± 0.01 0.76 ± 0.03 60
SVEMа 180 20 0.10 ± 0.01 0.76 ± 0.03 80

а SVEM composition: 76.3% pentaerythritol esters of fatty acids, 14% lithium 12-hydroxystearate, 8.5% low-molecular-mass polyether, 0.8% 
surfactants, and 0.4% N-phenyl-1-naphthylamine.

Fig. 4. Volumetric wear rate for date oil samples with introduced copper nanoparticles at loads of (a) 45 and (b) 95 N. Nanoparticle 
concentration, wt %: (1) 0, (2) 0.3, (3) 0.9, (4) 1.3, and (5) 1.6.
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Similar results were obtained when introducing 
graphene into a lubricant based on natural wax. Graphene 
was introduced by ultrasonic mixing at 80°С for 2 h. 
The lubricating characteristics were evaluated with 
an Optimol SRV-IV tribometer (ball over disc) in the 
temperature interval 50–300°С at loads of 100–300 N 
[46]. Figure 6а shows the dependence of the friction 
coeffi cient on the applied load in tests of lubricant samples 
with and without graphene additive. 

The lubricant without graphene does not operate at a 
load of 300 N. Figures 6b and 6c show how the friction 
coeffi cient and wear rate of steel depend on the testing 
temperature at a load of 250 N. The friction coeffi cient 
with the graphene-containing lubricant is somewhat lower 
than that with the graphene-free lubricant throughout the 
examined temperature interval. On the other hand, the 
steel wear rate with the graphene-containing lubricant 
is considerably lower than that with the graphene-free 

50 m

50 m

50 m

50 m

Deep groove

Shallow groove

Fig. 5. SEM images of the surface of balls tested at a load of 95 N: (a) date oil without additives and (b) date oil with 0.9 wt % copper 
nanoparticles (adapted from [42]).

Fig. 6. Plots of the (a) friction coeffi cient vs. applied load at 25°С, (b) friction coeffi cient vs. temperature at a load of 250 N, and 
(c) wear rate vs. temperature. Lubricant (1) without graphene additive and (2) with 1 wt % graphene.
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lubricant throughout the examined temperature interval. 
Figure 7 schematically illustrates the mechanism of 
the action of graphene-free and graphene-containing 
lubricants at room temperature and elevated temperatures.

At room temperature, the wax-based lubricant ensures 
the formation of a lubricating fi lm for steel contact pairs, 
and extensive formation of grooves and of triboreaction 
products, iron oxides, is observed. Under the same 
conditions, the graphene-containing lubricant is readily 
distributed over the surface and retains the fragmented 
multilayer graphene, which results in the formation of 
an excellent lubricating fi lm. This fi lm protects the steel 
from the oxidation, decreases the wear, and increases the 
limiting load for the samples of the graphene-containing 
lubricant compared to the graphene-free sample. This 
is confi rmed by analysis of the surface morphology and 
composition. At a high temperature (150°C, Fig. 7b), the 
sample of the graphene-free lubricant melts and partially 
ensures the boundary lubrication; hence, in this case the 
mechanism of the wear of steel discs involves abrasion 
and oxidation. The graphene-containing lubricant at high 
temperature exhibits good heat resistance and ensures 
high lubricating ability. 

Nagabhooshanam et al. [47] described a CF based on 
canola oil methyl ester with the addition of 0.5 to 1.5% 
ZrО2 nanoparticles to improve the tribological properties. 

Introduction of 0.5% ZrО2 nanoparticles ensured a 37.2% 
decrease in the mean friction momentum compared to 
oil-based CFs for metal machining.

Introduction of tenth fractions of percent of various 
nanoparticles into an oil or lubricant increases the oil 
viscosity and improves the antiwear and antifriction 
characteristics. The effect of adding copper nanoparticles 
on the physicochemical characteristics of dioctyl 
sebacate was studied [48]. The results common for all 
the dispersion media were obtained: improvement of 
antiwear properties, viscosity index, etc. Synergism with 
phenolic antioxidants and antagonism with amine-based 
antioxidants were also noted. In addition, Oganesova et al. 
[49] recently published a review on nanoparticles in 
lubricating materials. Also, a comprehensive review on 
the synthesis and use of ionic liquids has been published 
[50]. 

In accordance with the Low SAPS concept, additives 
with the minimal content of sulfur, phosphorus, and 
ash-forming components are being sought for. Without 
dwelling on palliative solutions such as replacement of 
zinc by magnesium in dialkyl phosphorodithioates, let us 
consider more novel approaches. Major attention is paid 
to compounds containing two “allowed” heteroatoms: 
nitrogen and, to a greater extent, oxygen. For example, 
esters prepared by the reaction of 2-pyrone-5-carboxylic 

Mechanism of the lubricant action at room temperature

Mechanism of the lubricant action at elevated temperatures

Initial lubricant With addition of graphene

Initial lubricant With addition of graphene

Decreases the friction 
coefficient

Decreases the friction 
coefficient

Decreases the wear rate

Decreases the wear rate

Fragmented multilayer 
graphene

Multilayer grapheneLubricating film

Lubricant

Groove

Fig. 7. Schematic illustration of the mechanisms of the lubricant action at (a) room temperature and (b) elevated (150°C) temperature 
(adapted from [46]).
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acid with aliphatic alcohols, when introduced in an 
amount of 1% into petroleum oil, showed signifi cant 
antiwear effect under the testing conditions: The wear de-
creased by 60%, and the friction coeffi cient, by 25% [51].

Often researchers consider natural products as a 
feedstock for new formulations. As judged from the 
number of publications, this approach has a high potential. 
Extracts of some plants (e.g., Chamaerops humilis 
Mediterranean palm), containing large amounts of gallic 
acid, catechols, and other polyphenols, showed excellent 
antioxidant properties [52].

Ionic liquids as additives to lubricating materials 
are of interest primarily because of two features: 
unique solvency and high catalytic activity. The fi rst 
feature ensures compatibility of chemically dissimilar 
components in a lubricating material, and the second 
feature, rapid occurrence of tribochemical reactions with 
the formation of strong protective fi lms. The lubricating 
properties of ionic liquids are being very actively studied, 
and almost all the studies confi rm their high tribological 
potential, in particular, as additives to biosynthetic dialkyl 
sebacate [53], to petroleum and synthetic motor oils [54], 
to esters, and to sunfl ower oil [55]. 

Nagendramma et al. [53] studied the effect of 
introducing 2 wt % ionic liquids based on glutamic and 
aspartic acids (structures 1 and 2):

the tests. The tribological properties of the mixture 
were studied with an FBM. Introduction of 2 wt % ionic 
liquids into the base oil did not lead to sharp changes in 
the physicochemical properties of the mixtures but led 
to a decrease in the mean diameter of the wear spot and 
in the friction coeffi cient (Table 5).

Anchutkin et al. [54] used as ionic liquids compounds 
containing one of the following anions: salicylatoborate, 
mandelatoborate, malonatoborate, succinatoborate, 
glutaratoborate, or adipatoborate, and one of the following 
cations: tetraalkylphosphonium, choline, imidazolium, 
or pyrrolidinium. Wear tests were performed at room 
temperature (22°C) with a Nanovea tribometer in 
accordance with ASTM G99 (friction couple: ball–
aluminum disc). 0.1 mL of a lubricating material was 
applied onto the disc. 15W-50 motor oil was used as a 
reference sample. Experiments were performed at loads 
of 20 and 40 N, sliding length of 1000 m, wear path 
length of 20 mm, and velocity of 0.2 m/s. The friction 
coeffi cient was recorded throughout the experiment. 
After completing the tests, the aluminum disc wear depth 
was measured with a Dektak 150 probe profi lometer. 
With 15W-50 motor oil, the wear depth was 1.369 and 
8.686 μm at loads of 20 and 40 N, respectively. The ionic 
liquids tested considerably decreased the wear of aluminum 
used in the study, in particular, at a high load (40 N). For 
example, the wear depth for the aluminum disc lubricated 
with trihexyltetradecylphosphonium bis(malonato)
borate was 0.842 and 1.984 μm at loads of 20 and 
40 N, respectively. All the tested ionic liquids also showed 
lower friction coeffi cients compared to 15W-50 motor 
oil. For example, the mean friction coeffi cients with 
trihexyltetradecylphosphonium bis(malonato)borate were 
0.066 and 0.067 at loads of 20 and 40 N, against 0.093 
and 0.102 for the motor oil at 20 and 40 N, respectively.

It was also noted that introduction of methyltrioctyl-
ammonium trifl uoroacetate ionic liquid into sunfl ower oil 

H
C CH2COOHOOC

NH2 (C4H9)4N+

H
C CH2CH2COOHOOC

NH2 (C4H9)4N+

1 2

Table 5. Physicochemical and tribological characteristics of base oil and its mixtures with ionic liquids (2 wt %)

Parameter Base oil Base oil + ionic liquid 1 Base oil + ionic liquid 2
Kinematic viscosity, mm2/s

at 40°С 45.82 46.28 46.38
at 100°С 8.15 8.76 8.71

Density at 15°С, g/cm3 0.9612 0.9656 0.9657
Congealing point, °С –24 –27 –27
Mean diameter of wear spot, mm 0.954 0.750 0.562
Friction coeffi cient 0.132 0.0681 0.0681

The ionic liquids were homogenized by thorough 
stirring on a magnetic hot plate at 30°C for 20 min. They 
were readily dissolved in the base oil, ester liquid, with 
the formation of a transparent homogeneous mixture 
that did not undergo phase separation before and after 
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considerably enhanced the thermal oxidation resistance 
of the oil.

It is also interesting that, on introducing ionic liquids 
containing phosphonium cations into poly-α-olefi n oil, 
plastic strain was observed in the friction couple under 
the action of external forces [56]. This fact suggests 
modifi cation of the composition of the friction couple 
material. This factor can be both positive and negative 
depending on the value of the strain [19]. As for 
potentialities of ionic liquids, there may be problems 
with their intrinsic toxicity. This issue is insuffi ciently 
understood [50, 54] and is a matter of discussions, but in 
any case the toxicity is a property of a particular substance 
rather than of ionic liquids as a whole.

The major component of plastic lubricants affecting 
the environment pollution is the base oil. Therefore, 
formulations with the above-considered biodegradable 
liquids are being developed. However, sometimes a 
problem of combining an oil base with a thickener arises. 
Traditional plastic lubricants most frequently contain as 
thickeners lithium, calcium, and other soaps, which can 
be considered harmless for the nature. However, soaps 
are not always compatible with the new dispersion media, 
especially with vegetable oils. For example, cellulose 
[57], chitinol, and polypropylene were suggested for 
thickening of castor oil. Il’in et al. [58] used cellulose 
as a thickener for triethyl citrate when preparing low-
temperature plastic lubricants. A characteristic of plastic 
alloys is their effective viscosity measured at 25°С and 
shear rate of 10 s–1: The higher is its level, the higher are 
the temperatures at which this lubricant can operate. The 
antiwear activity of lubricants is expressed in the friction 
and wear coeffi cients measured using a ball–plate friction 
couple (ball diameter 6.35 mm, 440S steel) at a linear 
velocity of 1.53 m/s and a friction force of 100 N. The 
results are shown in Table 6. At a thickener concentration 
of 7–15%, the lower temperature limit of the lubricant 
operation is –55°С, and the biodegradability evaluated 
using the modifi ed Sturm test (OECD 301В, ISO 14852) 
in all the cases exceeds the threshold level of 60%, which 

allows these lubricants to be characterized as readily and 
completely biodegradable.

The problem of choosing a thickener is partially solved 
by using mixed media, in particular, rapeseed and castor 
oils [59] or vegetable oils with hydrocracking petroleum 
oils [60].

Influence of the conditions of the Arctic zone on 
the choice of lubricating materials. Many factors that 
favor degradation of oils and lubricants practically do 
not operate under the conditions of Extreme North. 
Low temperatures, ice cover, and weak insolation do 
not promote biodegradation of lubricating materials. 
However, there are also positive factors: enormous 
amount of water capable of dispersing undesirable 
impurities to harmless concentrations; enormous amount 
of phytoplankton that can incorporate hydrocarbons 
and other pollutants into trophic chains; fi nally, there 
is a hope that new strains of microorganisms capable 
of assimilating harmful substances will appear (Fig. 8). 
However, all these issues still remain to be studied in 
detail [61].

Thus, studies in the fi eld of biodegradable lubricating 
materials largely consist in examining the potentialities 
of products of natural origin. Developers’ interest is 
primarily focused on oils isolated from oil-producing 
plants and on products obtained by processing wood and 
other kinds of biomass. Extracts from some plants contain 
chemically active substances such as polyhydric phenols 
and oxygen-containing heterocycles. The advantages 
of vegetable oils are their relatively high tribological 
characteristics, high viscosity index, available renewable 
resources, and, obviously, nontoxicity. However, they 
also have serious drawbacks: unsatisfactory oxidation 
resistance and poor low-temperature properties. Easy 
oxidizability is eliminated by epoxidation of double bonds 
of hydrocarbon chains in triglycerides with the subsequent 
transformations of oxirane rings. However, the problem 
with high congealing points of vegetable oils is more 
diffi cult to solve. The traditional approach, introduction 
of depressing additives, does not give the desirable effect. 

Table 6. Characteristics of biodegradable plastic lubricants

Cellulose concentration, 
wt %

Effective 
viscosity, Pa s Friction coeffi cient Biodegradability, % Flash point, 

°C
Congealing 
point, °C

7 232 0.104 1.0×10–9 86 –55 151
10 495 0.104 2.4×10–7 85 –55 151
15 8210 0.104 8.9×10–7 82 –55 151
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Today the problem is solved by mixing vegetable oils with 
low-temperature liquids based on esters or with poly-
α-olefi ns. However, a simpler organizational solution 
can be expected: seasonal use of commercial oils and 
lubricants in regions with warm and moderate climate. 
As for northern regions, lubricating materials for them 
will be produced on the basis of readily biodegradable 
ester and poly(alkylene glycol) liquids.

Thickeners for plastic oils are of less concern. In 
most cases, these are either readily assimilable soaps or 
nontoxic nonsoap products: clays, pigments, polyureas, 
etc. Soaps of toxic metals like barium or lead have 
virtually come out of use. Nevertheless, alternatives are 
being considered. In accordance with the trend toward 
complete use of natural resources, the potentialities of 
cellulose are being examined; we believe that cellulose 
has good prospects as a component of multipurpose 
lubricants.

As for additives to oils and lubricants, the search will 
inevitably lead to compounds that will differ essentially 
from modern compounds and will be based on natural 
substances; however, knowledge in this field is yet 
insuffi cient. The use of nanosized particles and ionic 
liquids based on nontoxic compounds as additives cannot 
be ruled out.
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