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Abstract
The demand for bio-based lubricants has grown considerably in recent years due to increasing environmental awareness 
among the public, governments, and industries. In this study, soybean-oil-based samples were synthesized via reactions of 
hydrolysis (FFA, yield > 93% wt.), esterification (BL1, yield > 92% wt.), epoxidation (BL2, yield > 91% wt.), and oxirane 
ring opening (BLOR, yield > 93% wt.), using a long chain alcohol (2-ethylhexanol). The obtained BL1 and BLOR samples 
were further subjected to tribological testing in the four-ball configuration. The friction coefficients of the BL1 and BLOR 
samples were evaluated using speed ramps at different loading forces and temperatures. A hydrotreated mineral oil (HMO) 
sample was used as a reference to evaluate the lubrication performance of the synthesized bio-based samples. The results 
indicated that these BL1 and BLOR samples had lower friction coefficients than HMO at all assessed sliding speeds, even 
with increasing load force and temperature. In the test to evaluate the wear, the samples of BL1 and BLOR presented coef-
ficient of friction smaller than HMO in the order of 31.7% and 46.0%, respectively. Furthermore, an assessment of the 
wear morphologies indicated that the BL1 and BLOR samples yielded smoother surfaces with shallower grooves than the 
hydrotreated mineral oil sample. Among the studied bio-based lubricants, BLOR yielded the lowest friction coefficients, 
wear scar diameter, and surface ripples. The tribology resulting from BL1 and BLOR infers that these biolubricants have 
potential for applications in mechanical systems.
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1  Introduction

Bio-based lubricants comprise all lubricants generally 
obtained from vegetable oils and modified renewable oils 
(in the form of synthetic ester derivatives). Biolubricant 
basestock oils are biodegradable and nontoxic to humans 
and environment [1–3]. The demand for these lubricants has 
grown in recent years due to increasing public environmental 
awareness, introduction of highly stringent environmental 

legislations, and industrial approval of biolubricants [4]. 
However, the commercialization of biolubricants in the 
lubricant market is still limited by insufficient knowledge of 
their technical potential [5]. According to recent reported 
data [6, 7], biolubricants account for approximately 1% of 
the total lubricant market, and their market share is expected 
to grow at a compound annual growth rate of 5.2% over the 
next five years.

Several vegetable oils may be used for biolubricant 
synthesis because they offer numerous advantages such as 
excellent lubricity, high viscosity index (VI), and biodegra-
dability [8–10]. The raw material for biolubricants depends 
on the climatic and geographic factors, and hence, it var-
ies with the region. In Europe, rapeseed and sunflower oils 
are commonly used in biolubricant production, whereas in 
the USA, the primary source is soybean oil [11]. Although 
Brazil is the largest world producer of soybean (135.409 
million tons in 2021), no solid policy of subsidies, tax incen-
tives, and national and international labeling programs has 

 *	 Francisco Murilo Tavares de Luna 
	 murilo@gpsa.ufc.br

1	 Departamento de Engenharia Química, Grupo de Pesquisa 
em Separações por Adsorção, Núcleo de Pesquisas em 
Lubrificantes, Universidade Federal do Ceará, Campus do 
Pici, Bl. 709, Fortaleza, CE 60455‑900, Brazil

2	 Departamento de Engenharia Mecânica, Universidade 
Estadual do Maranhão, Cidade Universitária Paulo VI, s/n, 
Tirirical, São Luis, MA 65055‑310, Brazil

http://crossmark.crossref.org/dialog/?doi=10.1007/s13399-023-04395-3&domain=pdf
http://orcid.org/0000-0002-6066-1041
http://orcid.org/0000-0003-2818-1395
http://orcid.org/0000-0001-9409-3292
http://orcid.org/0000-0002-9611-2909


20510	 Biomass Conversion and Biorefinery (2024) 14:20509–20521

1 3

been implemented thus far in Brazil, unlike Europe and the 
USA [6, 12]. Considering this scenario, studies proving the 
conformity of soybean-oil-based biolubricants to the techni-
cal specifications of mineral oils would garner much greater 
interest from industry thus encouraging the Brazilian oleo-
chemical business.

Vegetable oil-based lubricants can be prepared via chemi-
cal modifications, such as esterification, transesterification, 
epoxidation, and epoxy ring opening reactions [13, 14]. These 
reactions modify the double bonds present in the triglyceride 
molecules of vegetable oils, which are responsible for the low 
oxidative stability and poor low-temperature flow properties 
of the vegetable oils [15]. The physical-property enhance-
ment of the biolubricants due to these chemical modifica-
tions should be investigated. Additionally, the ability of these 
biolubricants to reduce the friction and wear upon application 
to mechanical systems should be evaluated because the ulti-
mate goal of any lubricant is to achieve adequate performance, 
through high energy efficiency, long machinery cycles, and 
long lubricant replacement intervals [16, 17].

On the laboratory scale, biolubricants have been evalu-
ated using tribometers in the four-ball test configuration. 
This measurement yields friction and wear parameters 
[18–25], which are determined from the friction coefficient 
(FC, defined as the ratio between the frictional force and 
the normal force of the balls in contact [26]) and wear scar 
diameter (WSD, that results from contact between the balls) 
respectively. Ribeiro Filho et al. [27] recently reported a 
study on the lubricity of biolubricants using a tribology 
accessory mounted on a dynamic shear rheometer (DSR), 
from which friction coefficients could be determined at 
varying sliding speeds (Stribeck curves). Consequently, the 
combined effect of the sliding speed and the normal load on 
the lubricant properties may be jointly evaluated [27–29].

There have been reports on the tribological performance of 
soybean oil [30] and ester biolubricants produced by transesteri-
fication [31] and epoxidation [32] of the soybean oil. However, 
the tribological behavior of the oxirane ring opening product 
obtained from soybean oil has not been investigated up to this 
moment. This type of modification in the molecular structure 
of the soybean oil triglyceride converts unsaturated bonds into 
ether-type branching, improving various physicochemical prop-
erties such as oxidative stability and low-temperature proper-
ties [14]. Identifying whether these changes also improve anti-
wear and anti-friction capacity becomes essential to ensure the 
best performance and durability of biolubricants when applied 
in machinery and equipment. The present study then aims at 
synthesizing biolubricants from soybean oil via hydrolysis, 
esterification, epoxidation, and oxirane ring opening reactions; 
2-ethylhexanol was used as the nucleophilic agent to produce 
ether-type branches. The ability of the biolubricants to reduce 
friction and wear in a tribological system in the four-ball con-
figuration was also evaluated.

2 � Experimental section

2.1 � Materials

Refined soybean oil (RSO) was purchased from Soya (Bra-
zil). Hexane (> 98.5% by weight) was purchased from 
Dinâmica (Brazil). Acetone (> 99.5% by weight), P-tolue-
nesulfonic acid (> 98% by weight), 2-ethylhexanol (> 99% 
by weight), ethanol (> 99% by weight), hydrochloric acid 
(37% by weight), potassium hydroxide (> 85% weight), 
hydrogen peroxide (35% by weight), toluene (> 99% by 
weight), anhydrous sodium sulfate (> 99% by weight), 
formic acid (> 85% by weight), Amberlyst 15, potassium 
bromide, and deuterated chloroform (CDCl3 99.8%) were 
purchased from Sigma-Aldrich (USA). Commercial nitro-
gen (> 99.5% purity) was supplied by White Martins Praxair 
(Brazil). Hydrotreated mineral oil (HMO) sample was kindly 
provided by Petrobras (Brazil); its main physicochemical 
properties are listed in Table 1.

2.2 � Synthesis procedure

A scheme of the reactions used to synthesize the bio-based 
lubricants is shown in Fig. 1. A sample of soybean oil was 
submitted sequentially to hydrolysis, esterification, epoxida-
tion, and oxirane ring opening reaction. The yield was cal-
culated based on the ratio between the amount of product 
obtained and the sample initially placed in the reactor.

Soybean oil was initially converted to free fatty acids 
(FFA) by hydrolysis; the procedure was adapted from Pin-
dit et al. [8]. In a three-tube flask in a reflux system (Fig. 2), 
100 g of soybean oil was mixed with a 1.75 M potassium 
hydroxide solution in ethanol at 65 °C for 2 h by stirring. 
Subsequently, 400 mL distilled water and 500 mL hexane 
were added to the system, which separated the solution into 
two phases. A 6 M HCl solution was dripped in until the 
pH of the solution reached 1. The mixture was then sepa-
rated into two phases, namely, a hexane- and FFA-rich phase 
and an aqueous phase. Finally, this mixture was transferred 
to a separating funnel, wherein the aqueous phase was 
removed, and the hexane- and FFA-rich phase was washed 
with distilled water until the pH reached 7. Residual water 

Table 1   Physicochemical properties of the HMO sample

Property Value Method

Density at 20 °C (g/cm3) 0.892 ASTM D1298
Viscosity at 40 °C (cSt) 10.1 ASTM D445
Viscosity at 100 °C (cSt) 2.38 ASTM D445
Viscosity index 21.4 ASTM D2270
Pour point (°C) -42 ASTM D97
Flash point (°C) 162 ASTM D3339
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and catalyst were removed using anhydrous sodium sulfate, 
whereas the residual hexane was removed using a vacuum 
rotary evaporator Buchi (Switzerland).

The obtained FFAs (yield > 93% wt.) were then subjected to 
esterification and epoxidation reactions, following procedures 
adapted from Rios et al. [33]. For the esterification reaction, 
100 g (0.358 mol) of soybean FFA was mixed in a three-tube 
flask with 140 g (1.08 mol) of 2-ethylhexanol (FFA:alcohol 
molar ratio = 1:3) and 10 g of p-toluenesulfonic acid (PTSA:FFA 
mass ratio = 1:10). The reaction occurred at 90 °C under reflux 
with constant stirring at 900 rpm for 6 h. After this, the mixture 

was transferred to a separating funnel wherein the organic 
phase was washed with a solution of NaHCO3 (5% wt.) and 
distilled water until the pH reached 7. The product was dried 
with anhydrous Na2SO4 and distilled in a Kugelrohr system 
Buchi (Switzerland) under vacuum (3 × 10–2 mbar) at 110 °C 
to remove excess 2-ethylhexanol. This sample was then labeled 
BL1 (yield > 92% wt.).

The BL1 sample was then subjected to an epoxidation step, 
during which a solution was prepared in a flat bottom flask con-
taining 70 g (0.183 mol) of BL1, 7.9 mL (0.183 mol) of formic 
acid, and 50 mL of toluene. Subsequently, 61 mL (0.732 mol) 
of a hydrogen peroxide solution (BL1:CH2O2:H2O2 molar 
ratio = 1:1:4) were slowly added. The reaction was allowed 
to occur at room temperature for 24 h under constant stirring 
at 900 rpm. After completion of the reaction, the liquid in the 
flask was transferred to a separating funnel; the upper phase 
was neutralized with NaHCO3 (5% wt.) and washed with dis-
tilled water; and the moisture was removed using anhydrous 
sodium sulfate. The toluene was then removed using a rotary 
evaporator under reduced pressure at 70 °C for 40 min. This 
sample was then labeled BL2 (yield > 91% wt.).

The BL2 sample was then taken to the oxirane ring opening 
reaction, conducted in a flat bottom flask at 90 °C and 900 rpm 
for 6 h with 30 g of BL2, 3 g of Amberlyst, and 72 mL of 2-eth-
ylhexanol. The reaction product was neutralized with NaHCO3 
(5% wt.). The excess 2-ethylhexanol was distilled using a Kugel-
rohr system under vacuum (3 × 10–2 mbar) at 110 °C. The sam-
ple obtained in this step was labeled BLOR (yield > 93% wt.).

2.3 � Compositional and physicochemical 
characterization

The fatty acid composition of soybean oil (FFA) was deter-
mined via ester quantification by gas chromatography [34]. 
The sample was prepared as follows. In a beaker, 30 mg 
BL1 ester was weighed, to which 1 mL of 2 mg/mL methyl 
nonadecanoate solution (internal standard) diluted in chro-
matographic grade n-hexane was added. The container was 

Fig. 1   Scheme of the synthesis routes used to obtain the bio-based lubri-
cants. (a) Soybean oil, (b) FFA (Free Fatty acids), (c) BL1 (Esterification 
reaction product), (d) BL2 (Epoxidation reaction product), (e) BLOR 
(Product of the oxirane ring opening reaction with 2-ethylhexanol as a 
nucleophilic agent)

Fig. 2   Experimental setup used for synthesis of bio-based lubricants
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capped and shaken manually for a few seconds. The analysis 
was performed using a VARIAN 450-GC gas chromatogra-
phy apparatus (USA), which comprised a flame ionization 
detector (FID) and a capillary column VARIAN CP-WAX 
with the following dimensions: 60 m length, 0.25 mm diam-
eter, and 0.25 µm film thickness. The operating parameters 
of the GC are listed in Table 2.

The FFA, BL1, BL2, and BLOR samples were also evalu-
ated by one-dimensional proton nuclear magnetic resonance 
(1H NMR) spectroscopy. A Bruker Avance DRX-500 spec-
trometer (USA), operating at 500 MHz, was used with deu-
terated chloroform as solvent.

Fourier-transform infrared (FTIR) spectroscopy was 
performed on the BL2 and BLOR samples to confirm 
the oxirane ring opening, using a potassium bromide 
(KBr) tablet in a Shimadzu IRTracer-100 (Japan) in the 
400–4000  cm−1 range [35]. The tablet was prepared by 
applying an 8 kN force. Thirty-two scans were acquired at 
4 cm−1 resolution.

The ASTM D7042 and ASTM D445 methods were 
adopted to determine the density at 20 °C and kinematic 

viscosities at 40 and 100 °C, respectively, using an Anton 
Paar SVM 3000 apparatus (Austria) [36, 37]. The viscosity 
index was then calculated using the ASTM D2270 method.

2.4 � Tribological evaluation

2.4.1 � Friction coefficients in speed sweeps

The frictional properties of the synthesized lubricants were 
assessed using a four-ball tribology accessory associated 
with a DHR-3 rheometer (TA Instruments, USA). This 
accessory allows the measurement of the friction coeffi-
cient between two solid surfaces under dry or lubricated 
conditions. Its design secures uniform solid-to-solid contact 
and axial force distribution, controlling rotational speed and 
temperature in a wide range of friction measurements. Data 
are collected through the TRIOS software. The monitored 
variables are friction coefficient, loading force and friction 
force. Further details on the tribology accessory may be 
found elsewhere [38]. During the test, a ball rotated at vary-
ing speeds under the action of a loading force against three 
fixed ball submerged in the lubricant under evaluation, as 
shown in Fig. 3. The Stribeck curve obtained from this test 
is used to evaluate the combined effect of sliding speed vari-
ation and normal load on the lubricant property.

The balls used in this study were composed of chromium 
steel alloy (AISI 52100) and 64 HRC and had a diameter 
of 12.7 mm. For each experiment, 4.5 mL lubricant sample 
was used. Friction coefficients were determined over sliding 
speed sweeps between 0–1000 mm/s, under axial forces of 
10, 20, and 40 N and at temperatures of 25, 40, and 100 °C. 
Each experimental condition was repeated three times for 
each sample. The results will be presented as mean and 
standard deviation.

Table 2   Operational parameters of the GC-FID analysis

Parameter Conditions

Gas Flow in the Column 1.0 mL/min
Detector Temperature 280 °C
Injector Temperature 250 °C
Initial Oven Temperature 70 °C
Oven Heating Ramp 70–240 °C (5 °C/

min); 240 °C, 
30 min

Split Flow 50 mL/min
Carrier Gas Nitrogen
Sample Injection Volume 2.0 µL

Fig. 3   Four-ball test configura-
tion
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2.4.2 � Wear characterization

The wear was evaluated under the action of an axial load of 
20 N at 40 °C for a constant sliding speed of approximately 
228 mm/s for 1 h. The balls were cleaned with acetone and 
dried under ambient conditions prior to the experiments. 
The morphology of the worn surface and the WSD were 
determined using an optical microscope (Zeiss, Germany). 
A hydrotreated mineral oil (HMO) sample was used as a 
reference to compare the tribological performance of the 
biolubricant samples.

3 � Results and discussions

3.1 � Compositional and physicochemical 
characterizations

The fatty acid composition of the fresh soybean oil is shown 
in Table 3. Linoleic (57.28% wt.) and oleic (21.69% wt.) 
acids are observed in higher concentrations, similar to that 
previously reported by Parente et al. [39]. The total unsatu-
rated fatty acid content was approximately 85% wt.

The physicochemical properties of the RSO, BL1, BL2 
and BLOR samples are presented in Table 4. The values of 
density at 20 °C decreased slightly for BL1, BL2, and BLOR 
samples (0.8699, 0.9181, and 0.9118 g/cm3, respectively) 
relative to that of the original RSO (0.9200 g/cm3). Lubri-
cant densities may range from 0.7 to 0.95 g/cm3 depending 
on the viscosity, quality, and additive content of the sample 
[40–42]. The American Petroleum Institute (United States) 
and the Association Technique de L'industrie Européenne 
des Lubrifiants (Europe) categorize lubricants according to 
their sulfur content, saturate content, and viscosity index. 

As per these classifications, samples studied herein belong 
to group V [40, 43].

Viscosity is a crucial property of lubricants and must be 
tailored accurately for efficiency in their applications. For 
instance, by precisely tailoring the viscosity of a lubricant 
for application in an internal combustion engine, the dis-
sipative losses, which account for 10%-20% energy loss 
in an automotive engine, can be reduced [44]. The results 
obtained at 40 ºC and 100 °C indicate that the BL1 sam-
ple had a lower viscosity than the RSO sample. This is 
attributed to the carboxylic functional group present in 
the RSO molecule, which enables hydrogen bonds forma-
tion, thereby leading to stronger intermolecular forces than 
the interaction forces present in the BL1 ester molecule 
[45]. Owing to the carbon chain growth, the viscosity 
increased for BL2 and BLOR [46]. According to Verdier 
et al. [47], this could be due to enhanced intermolecular 
van der Waals interactions. BLOR had the highest viscos-
ity among the synthesized products because the oxirane 
ring opening reaction yields a hydroxyl functional group 
in the molecule [46, 48].

Viscosity index (VI) is a parameter that evaluates the 
influence of temperature on viscosity; the higher the VI, the 
less the temperature-induced changes in viscosity [49]. All 
synthesized samples (BL1, BL2 and BLOR) had lower VI 
value than RSO. It has been reported by Durango-Giraldo 
et al. [49] that, for molecule chains with the same carbon 
number, an increase in the branching of the carboxylic acid 
or the alcohol molecules decreases the VI, which explains 
the results observed in this study.

The 1H NMR spectra of the FFA, BL1, BL2, and BLOR 
samples are shown in Fig. 4. The spectrum in Fig. 4a cor-
responded to the free fatty acid sample obtained from soy-
bean oil (FFA), whose peak (a) is associated with the olefin 
hydrogen attached to carbons 9 and 10 [33, 50], peak (b) 
corresponds to the terminal chain hydrogen (–CH3), and 
peaks (c) and (d) are assigned to hydrogen attached to 
the sp3 carbons of (–CH2–) groups [33, 51]. Peak (e) in 
Fig. 4b confirmed the occurrence of the esterification reac-
tion because this peak is related to the hydrogen that binds 
to the carbon near the sp3 oxygen of the ester functional 
group [52–55]. The spectrum of the sample yielded by the 
epoxidation reaction (BL2), shown in Fig. 4c, revealed the 
disappearance of peak (f), related to unsaturated bonds, 
and appearance of peak (g), indicating the oxirane ring 

Table 3   Fatty acid composition 
of soybean oil

Fatty Acid % wt

Palmitic C16:0 11.69
Stearic C18:0 3.14
Oleic C18:1 21.69
Linoleic C18:2 57.28
Linolenic C18:3 6.20
Saturated — 14.83
Unsaturated — 85.17

Table 4   Physicochemical 
properties of the RSO, BL1, 
BL2, and BLOR samples

Property RSO BL1 BL2 BLOR Method

Density at 20 °C (g/cm3) 0.9200 0.8699 0.9181 0.9118 ASTM D7042
Kinematic Viscosity at 40 °C (cSt) 30.685 7.170 13.930 23.473 ASTM D455
Kinematic Viscosity at 100 °C (cSt) 7.496 2.443 3.538 4.520
Viscosity index 226 193 139 105 ASTM D2270
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formation [54, 56]. The spectrum of the BLOR sample, 
shown in Fig. 4d, confirmed the opening of the oxirane 
ring; peak (g) was absent, whereas peak (h) was present, 
which is assigned to the hydrogen bonded to the hydroxyl 
carbon (–CH(OH)–) [54, 56].

The BL2 and BLOR samples were also evaluated by 
FTIR spectroscopy (Fig. 5). The comparison of the func-
tional groups in each sample infers that epoxide group 
bands (825 and 842 cm−1) were present in the BL2 spec-
trum but not in the BLOR spectrum. Additionally, the 
BLOR spectrum contained the following vibrational 
mode bands: C = O stretching (~ 1737  cm−1), C–O of 
ester and ether (1090, 1172, and 1244 cm−1), and –OH 
(3470–3448 cm−1), which collectively validate the oxirane 
ring opening [46, 57–59].

3.2 � Tribological evaluation

The ramps of friction coefficients (FC) for HMO, BL1, and 
BLOR samples, subjected to axial forces of 10, 20, and 40 
N at 25 °C, are plotted as function of the sliding speed in 
Fig. 6. The curves show that FC´s decreased with increas-
ing sliding speed, which characterizes the mixed lubrication 
regime, in which the reduction of friction is influenced by 
several factors, such as sample viscosity, surface roughness, 
load, sliding speed, pressure exerted on the contact interface, 
temperature, among others [60–62]. In Fig. 6a, the Stribeck 
curves of the studied samples show similar qualitative 
behaviors, although the FC of the BL1 and BLOR samples 
were low for most sliding speeds that were investigated. 
As shown in Figs. 6b and c, when the normal force was 
increased to 20 and 40 N, respectively, the biolubricant sam-
ples had significantly lower FC than the HMO sample at all 
the studied speeds. This behavior is related to the presence 
of ester functional groups in the biolubricant synthesized 
samples, which improve the adhesion of the tribofilm to the 
metal surface of the balls [16, 53–63]. Furthermore, the fric-
tion coefficient results shown in Fig. 6 present a decreasing 
trend with increasing load. This can be explained by the 
Hertz's contact theory, which states that an increase in the 
normal load would result in increasing contact stress and 
friction force at the contact interface [64]. When the increase 
in contact stress is faster than in the friction force, the fric-
tion coefficient is inversely proportional to the application 
of the normal load [65]. Some previous publications have 
reported that the friction coefficient decreases with increas-
ing load [30, 66, 67]. According to Sapawe et al. [67], the 
increase in load can wear out the area of the contact surfaces, 
accelerating the speed of the ball and thus reducing the fric-
tion coefficient.

Fig. 4   1H NMR spectra of the 
FFA, BL1, BL2, and BLOR 
samples
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Fig. 5   FTIR spectra of the BL2 and BLOR samples
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The speed ramps for 10 N axial force, at 25 °C, 40 °C and 
100 °C, are shown in Fig. 7. Even at high temperatures, the 
BL1 and BLOR samples had lower friction coefficients than 
the HMO sample. The BLOR sample presented the lowest 
FC, due to its highest polarity that leads to the lowest fric-
tional torque among all studied samples [68–70]. The polar 
end of the BLOR molecule (an ester group) exhibits a strong 
affinity to the metal of the balls, facilitating a barrier forma-
tion by the nonpolar part of the BLOR molecule (fatty acid 
carbon chain), thus resulting in surface separation [68–70]. 
Moreover, BLOR has a high degree of branching, which ren-
ders a highly stable film upon temperature variations [16].

The FC and WSD results of experimental runs using 
20 N axial force and 40 °C are reported in Figs. 8a and 
b, respectively, to evaluate the wear reduction capability of 

the samples HMO, BL1 and BLOR, when subjected to the 
same constant sliding speed (228 mm/s) for 1 h. The HMO 
sample, with nonpolar molecules, had the least affinity with 
the surfaces of the balls and thus, the highest FC, but the 
as-formed film exhibited the most efficient wear reduction. 
The results obtained for the BL1 and BLOR samples sug-
gest the formation of a monolayer, separating the metallic 
surfaces of the balls, thereby yielding lower FCs. However, 
the lubricant film could not sustain the operational condi-
tions of the assay for the entire period of 1 h; hence, they 
presented higher WSD than the HMO sample [19, 71]. The 
BLOR sample had a lower WSD than the BL1 sample, due 
to the formation of more compounds by the oxirane ring 
opening reaction, which might have better adhesion to the 
metal surfaces of the balls [72, 73].

Fig. 6   Speed ramp vs FC at 
25 °C under axial forces of a) 
10 N, b) 20 N and c) 40 N, for 
HMO, BL1 and BLOR
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Fig. 7   Speed ramp vs FC under 
10 N axial force and tempera-
tures of (a) 25 °C, (b) 40 °C, 
and (c) 100 °C for HMO, BL1 
and BLOR
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In Table 5, the FC and WSD values obtained in the 
wear test are compared with the results of other stud-
ies. As obtained in this study, the polar region of natural 
or synthesized biolubricants was able to produce a more 
efficient friction-reducing film than mineral oils, as the 
polar groups of the biolubricants react with the surface of 
the balls, reducing the energy of the contact region [74]. 
However, the chemically modified biolubricant obtained 
in this research (BLOR) combined excellent anti-friction 
characteristics (FC = 0.04623) with high anti-wear capacity 
(WSD = 369.88 µm), due to the hydroxyl group in its molec-
ular structure. A biolubricant with the hydroxyl group in its 
composition makes it suitable for operation in mixed/EHL 
and hydrodynamic lubrication regimes, such as a hydraulic 
fluid, as it creates a viscous lubricant due to intermolecular 
hydrogen bonds [16, 75, 76]. Additionally, the absence of 

unsaturations in the BLOR molecule allows for its linear 
chain alignment, providing greater protection against wear.

The morphologies of the worn surfaces are shown in 
Fig. 9. The wear caps generated after testing the HMO sam-
ple presented deep grooves, undulations, and points indicating 
removal of the welded material. These aspects are associated 
with abrasive and adhesive wear, which is characterized by 
the absence of lubricant in the contact region, causing shear-
ing of the metal asperities of the balls because of friction and 
removal of the oxide film and metal surface layer [71, 72, 80].

The BL1 and BLOR samples exhibited smooth wear with 
few undulations, which are characteristics of abrasive wear. 
Although BL1 and BLOR had similar morphological fea-
tures, the BLOR sample presented less wear, a lower FC, and 
fewer surface ripples than the BL1 sample, demonstrating its 
good potential as bio-based lubricant basestock oil.

3.3 � Analysis of the lubrication mechanisms

The lubrication mechanisms of the BL1, BLOR and HMO 
samples are depicted in Fig. 10. All biolubricant samples 
have polar groups, which reduce friction because they adsorb 
onto the metallic structure of the balls [81]. In Fig. 10a, 
the ester functional group (RCOOR) of the BL1 molecule 
provided enough adhesiveness for a monolayer formation 
with extended antifriction capacity, showing low FC’s in all 
conditions studied. In contrast, the ester functional group 
(RCOOR) does not have a good anti-wear action due to its 
moderate adhesiveness and polarities [21, 82]. The carbonic 
chain of fatty acids (non-polar) from BL1 formed a bar-
rier with little efficiency in protecting the balls, resulting in 
the highest values of WSD, but the worn surfaces showed 
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Fig. 8   FC (a) and WSD (b) of HMO, BL1 and BLOR, under 20 N 
axial force and 40 °C at constant sliding speed (228 mm/s) during 1 h

Table 5   Friction coefficients and wear scar diameters of biolubricants and mineral oil

Natural/synthetic biolubricant and mineral oil FC WSD (µm) Method References

HMO 0.8569 213.09 Four-ball tester: (load: 20 N, temperature: 40 °C, 
0.228 m/s, test duration: 3600 s)

This study
BL1 0.0585 470.65
BLOR 0.04623 369.88
Cucurbita pepo L. oil 0.0459 413 Four-ball tester: (load: 392 N, temperature: 75 °C, 

1200 rpm test duration: 3600 s)
[77]

SAE 20W40 0.0506 0.333
Rice bran oil 0.090 575 Four-ball tester: (load: 392 N, temperature: 75 °C, 

1200 rpm, test duration: 3600 s)
[78]

Pequi oil (esterification) 0.0588 371 Four-ball tester: (load: 55 N, temperature: 75 °C, 
0,459 m/s, test duration: 3600 s)

[27]

Fatty acids from castor oil 0.0532 334 Four-ball tester: (load: 55 N, temperature: 40 °C, 
0.228 m/s, test duration: 3600 s)

[79]
Castor oil (esterification) 0.0712 550.8
Castor oil (oxirane ring opening with 2-ethylhexanol) 0.0601 340.6
Castor oil (oxirane ring opening with water) 0.0699 281.2
SAE 20W50 0.0871 225.2
Palm oil (transesterification) 0.052 958 Four-ball tester: (load: 392 N, temperature: 75 °C, 

1200 rpm, test duration: 3600 s)
[19]

SAE 40 0.070 0.052
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shallow and smooth grooves. The higher the polarity of the 
biolubricant molecule, the higher the possibility of reduc-
ing wear; for this reason, BLOR, which presents an asso-
ciation of polar groups in its molecular structure (ester and 
hydroxyl group), showed the lowest wear among the studied 
biolubricants samples [16, 81]. In Fig. 10b, the two addi-
tional hydroxyl functional groups (-OH), associated with an 
ester group (RCOOR) are adsorbed at the interface of the 
balls, producing a lubricating film with higher polarity that 
results in larger shear strength and better protection against 
wear. This behavior is due to strong intermolecular hydrogen 
bonds [16, 83]. Furthermore, the ether-like branches protect 
the BLOR molecule from physical and chemical interactions 
due to steric hindrance, which leads to improved tribological 

characteristics [84–87]. In Fig.  10c, HMO, a non-polar 
hydrocarbon molecule, has less affinity with the surfaces of 
balls and for this reason presented the highest FC, but the 
lowest WSD, due to its high resistance to shear forces [87].

4 � Conclusion

This study evaluated the tribological characteristics of two 
soybean oil-based biolubricants. BL1 and BLOR were 
obtained via esterification and oxirane ring opening reactions, 
respectively. The product yielded by the former presented 
lower viscosity than that yielded by the latter. Speed ramps 
evaluations under variable loading forces and temperatures 

1st ball 2nd ball 3rd ball

BL1

472.60 µm 468.61 µm 470.75 µm

BLOR

364.58 µm 372.36 µm 372.72 µm

HMO

218.23 µm 209.10 µm 211.95 µm

Fig. 9   Ball wear morphology under 20 N axial force and 40 °C temperature at constant sliding speed (228 mm/s) during 1 h
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demonstrate that even under high loading and high tempera-
tures, the biolubricant samples effectively reduce the friction 
coefficients. This behavior is explained by the strong adhe-
sion of the biolubricant molecules to the metallic surfaces 
of the balls. The results of the friction coefficients under the 
conditions of temperature of 25 ºC and loads of 20 N and 40 
N seem to have a decreasing tendency with increasing load, 
suggesting that, for these conditions, the friction coefficient 
is influenced by the increase in the contact stress. Regarding 
the wear, the biolubricant samples produced smoother wear 
surfaces with fewer undulations than the HMO sample. The 
introduction of two hydroxyl functional groups (-OH) through 
the oxirane ring opening reaction in the BLOR molecule con-
tributed to its polarity increase resulting in a biolubricant with 
excellent anti-friction and anti-wear properties. The conver-
sion of unsaturations into ether-like branches in the BLOR 
molecule allowed for its linear chain alignment, providing 
higher protection against wear. Furthermore, the ether-like 
branches protect the BLOR molecule from physical and 
chemical interactions, thus producing a stable film. Therefore, 
the samples synthesized in this study have immense potential 
for applications in mechanical systems.
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