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Abstract
In recent years, bio-lubricants have received a growing interest for industrial applications. Still, a full-scale implementation in 
machinery lubrication requires a thorough evaluation of their performance through tribological and operational tests to stand 
upon their performance. Additionally, the promising outcomes achieved by nanoadditives in improving the performance of 
synthetic lubricants have prompted research efforts to identify suitable nanoadditives for bio-grease. This paper introduces 
a bio-grease from a hybrid vegetable oil and glycerol monostearate as a thickener for the lubrication of rolling bearings. 
Activated carbon nanoparticles (ACNPs) as nanoadditives were synthesized, characterized, and incorporated into the bio-
grease at concentrations of 0.5, 1, and 2% by weight. Tribo-tests were conducted on these bio-grease blends, and running 
tests were carried out using 6006 ball bearings on a custom test rig. Throughout a 30-min test run under a radial load of 10% 
of the bearing’s dynamic load rating, mechanical vibrations and power consumption were measured and analyzed for each 
bearing. The bio-grease with ACNPs exhibited a substantial reduction in wear scar diameter (WSD) and coefficient of friction 
(COF), achieving improvements of up to 73.6 and 65%, respectively, in comparison to lithium grease. Furthermore, the load 
carrying capacity was enhanced by 200%. The study revealed a strong correlation between measured vibration amplitudes 
and the viscosity of the bio-grease. The absence of high frequency resonant bands in vibration spectra indicated that the test 
grease samples satisfied the conditions of elastohydrodynamic lubrication, and these findings were corroborated through 
calculations of the minimum oil film thickness.
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1 Introduction

Friction and wear are major contributors to approximately 
80% of mechanical failures, which, as per statistics, account 
for about one-fourth of the world’s total energy consumption 
[1, 2]. Many researchers are striving hard to reduce fric-
tion by developing one of the following interacting aspects: 
lubrication, material, and component design. Lubrication is 
the key to effective and efficient tribological contact, shifting 
the lubrication concept from mobility to durability and, most 
recently to sustainability.

In recent years, bio-lubricants have received a growing 
interest for industrial applications due to their high sustain-
ability and low impact on the environment [3–5]. Compared 
to conventional lubricants derived from fossil origin, bio-
lubricants are derived from renewable resources such as 
vegetable oils, animal fats, or even microalgae. This inher-
ent renewable nature makes them particularly attractive. 
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Furthermore, previous research works reported promising 
thermophysical and tribological performance of bio-lubri-
cants in rotating machinery [6]. In general, vegetable oils 
exhibit higher lubricity and better wear resistance than com-
mercial mineral oils. They mainly consist of triglyceride that 
adsorbs to the metal surface due to the polar groups and 
long fatty acid chain length [7, 8]. However, the concentra-
tions of fatty acids in the oil profile differ depending on 
the oil source, which is mainly responsible for its proper-
ties. Vegetable oils with high mono-unsaturation fatty acids 
content such as avocado, olive, castor, and jojoba possess 
excellent oxidative and thermal stability [9, 10]. Sierra et al. 
[11] investigated the castor oil’s tribological properties when 
applied to a steel surface using a pin-on-disc machine. They 
compared the obtained results with commercial oil. It has 
been found that friction coefficient is reduced by 75% when 
applying castor oil.

Few researchers worldwide have focused on bio-based 
grease thickener development, with notable efforts involv-
ing sorbitan/glyceryl stearate and cellulose/chitin deriva-
tives [12, 13]. Notably, research has demonstrated that bio-
greases derived from castor oil with glyceryl monostearate 
as a thickener exhibit lower friction coefficients compared 
to other natural thickeners and even outperform commer-
cial lithium grease in tribological tests [14, 15]. Given its 
synthesis as a food-grade emulsifier, glyceryl monostearate 
offers distinct advantages, including enhanced consistency 
and yield stress [16, 17], making it a prime candidate for 
bio-grease thickening. Nonetheless, there remains a need 
for further research exploring environmentally friendly addi-
tives and their interactions with bio-greases to optimize per-
formance [18–20].

The twenty-first century has witnessed a remarkable 
revolution in nanotechnology, offering a unique avenue for 
the exploration of various nanomaterials in lubricating oils 
and greases. A significant aspect of these nanomaterials 
is their environmentally friendly nature, devoid of sulfur 
and phosphorus content, making them ideal additives for 
eco-conscious applications [21]. Nanomaterial additives 
have been shown to enhance lubricity, reduce friction and 
wear, improve vibration damping, and enhance load-bear-
ing capacity, thereby contributing to energy conservation 
[22–24]. These additives are classified based on criteria 
such as dimensionality, morphology, and chemical com-
position, with categories encompassing nanometal-based 
materials (e.g., pure metals, metal oxides, metal salts, metal 
sulfides, and metal hydroxides), nanocarbon-based materi-
als (including pure carbon and polymers), and nanocom-
posite-based additives [23, 25]. For example, Padgurskas 
et al. [26] explored the use of Fe, Cu, and Co nanoparticles 
as lubricant additives, reporting an average 50% reduction 
in wear and friction, along with an enhanced load carrying 
capacity, rendering them suitable for industrial applications. 

Comprehensive investigations have shed light on the role 
of nano additives in enhancing tribological performance, 
including colloidal effects, rolling effects, third-body mecha-
nisms, and the formation of protective films [27].

Compared to other nanoadditives, carbonaceous nanoma-
terials such as graphene, graphene oxide, and multiwall car-
bon nanotubes (MWCNT) are seizing the attention because 
they possess outstanding tribological, electrical, thermal, 
and chemical properties with eco-friendly advantage for a 
sustainable bio-grease [23, 28, 29]. Mohamed et al. [30] 
investigated adding CNTs to lithium grease. Results show 
that adding 1 wt % reduced coefficient of friction (COF) 
and wear scar diameter (WSD) by 82 and 63%, respectively. 
Also, load carrying capacity has increased by about 52%. 
Other similar studies on adding MWCNT to lithium grease 
showed enhancement in the tribological performance of 
grease by reducing friction up to 42% [31]. Another inves-
tigation of adding MWCNT and graphene nanosheet to 
calcium grease reduced friction and WSD by 60 and 70%, 
respectively [28]. A recent attempt introduced activated 
carbon nanoparticles (ACNPs) from polymeric waste as a 
novel nano additive for lithium grease. The tribological tests 
proved a superior performance of lithium grease with 1 wt 
% AC by reducing the coefficient of friction (COF) by 83% 
[32].

An experimental investigation on deep groove ball bear-
ings was conducted by Nassef et al. [33] using different 
concentrations of reduced graphene oxide in lithium grease. 
Results showed higher lubricity presented in lower power 
consumption by 70% when adding graphene up to 2% wt. 
Additionally, the vibration amplitudes were reduced by 17% 
while thermography analysis showed a remarkable enhance-
ment in bearing operating temperatures.

Most of previous investigations focused more on develop-
ing a partially bio-grease using green base oil with a syn-
thetic thickener. The majority of studied base oils contain 
large amounts of polyunsaturated fatty acids which cause the 
lubricants to suffer from low oxidation and thermal stability. 
On the other hand, using a bio thickener for grease has not 
yet proven a sufficient consistency under higher mechanical 
loads or at elevated temperatures. Selecting an appropri-
ate vegetable oil paired with a compatible green thickener 
is crucial to attain satisfactory lubricant performance in 
rotating machinery components like rolling bearings. This 
paper presents the synthesis and performance analysis of a 
novel bio-grease, from glycerol monostearate as a thickener 
and a mixture of castor, jojoba, and bitter almond oils as 
a hybrid base oil. These vegetable oils are well known for 
possessing high content of monounsaturated acids beside 
saturated fatty acids and esters. For possible enhancement 
of the proposed bio-grease properties, (ACNPs) extracted 
from recycled polyethylene terephthalate (PET) waste were 
applied as nanoadditives at different weight concentrations. 
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Physicochemical and tribological tests are conducted on the 
grease samples to analyze their load carrying capacity, COF, 
and WSD. The performance of grease samples is also evalu-
ated as lubricants for ball bearings in a customized test rig. 
The power consumption and mechanical vibrations of the 
bearings lubricated with bio-grease containing nanoparticles 
are measured and analyzed. To confirm that the test bear-
ings lubricated with the developed bio-grease will operate 
in elastohydrodynamic lubrication (EHL) regime at different 
radial loads, the oil minimum film thickness is calculated 
using Hamrock-Dowson equation and compared with values 
from the commercial lithium grease.

2  Materials and Methods

2.1  Synthesis of Bio‑Grease

The proposed bio-grease is prepared by adding 85% base 
oil to 15% glycerol monostearate as a green thickener. Two 
main criteria were set in this work for the selection of base 
oil constituents and their concentrations in the hybrid oil. 
The first criterion was mainly centered around the types of 
fatty acids/esters in each individual oil. The three selected 
oils in this work possess a major content of monounsaturated 
fatty acids which aligns with literature recommendations to 
achieve enhanced lubricant performance in terms of oxi-
dation stability and lubricity [34]. In this regard, Interna-
tional Standards Organization Viscosity Grade (ISO VG) 
of industrial lubricants was used as a guideline for reaching 
the optimum mixture that can satisfy the operation condi-
tions of rolling bearing applications [35]. Another important 
criterion that was considered during the planning phase was 
the impact of choosing the individual base oils on the food 
market. Only nonedible oils were under focus of study to 
avoid potential debates surrounding food versus fuel [36]. 
The base oil employed in this study is a mixture of castor 
oil (233.75 g), jojoba oil (127.5 g), and bitter almond oil 
(63.75 g), with the respective weights as specified. All con-
stituents are acquired from a local supplier. During the plan-
ning of the experimental work, pilot tests were conducted on 
mixtures of different concentrations from the three selected 
individual base oils. The kinematic viscosity of the hybrid 
oil at 40 and 100 °C was measured and compared to those of 
industrial oils used for rolling bearings. According to review 
of literature, the recommended ISO VG for ball bearings fall 
between VG 68 and 100 [37, 38].

The chemical composition of each vegetable oils used 
in this work are obtained from the local supplier using gas 
using Ultra GC–MS (Shimadzu, Kyoto, Japan) chromatogra-
phy (GC) analysis equipped with an electron impact source. 
The chemical composition of castor oil consists of ricinoleic 
acid (90%), oleic acid (3.8%), stearic acid (2%), palmitic 

acid (1%), linolenic acid (3%). The supplier data are found 
in agreement with results in [39, 40]. The presence of the 
monounsaturated fatty acid with long chain (C18:1-OH) and 
hydroxyl groups results in excellent viscosity and adsorption 
properties. However, the presence of unsaturated fatty acids 
harms the thermo-oxidation stability of castor oil.

The main constituents of the purchased jojoba oil are 
eicosenoic acid (72.7%), erucic acid (12.5%), and oleic 
acid (10.6%). This composition is slightly different from 
those reported in previous investigations [41, 42] due to the 
geographic origin of the jojoba seed itself. The dominant 
presence of monounsaturated fatty esters in jojoba oil com-
position along with small traces of saturated pentadecanoic 
acid and palmitic acid implies high oxidation stability levels. 
Regarding bitter almond oil, the main constituents are found 
to be oleic acid (73.8%), linoleic acid (17.3%), and palmitic 
acid (7%). The chemical composition of bitter almond oil 
from the supplier is found similar to literature data [43].

The preparation process involves initially placing the 
entire oil mixture into an open vessel. This vessel is then 
heated to a temperature of 40 °C, and manual stirring is car-
ried out for a duration of 10 min to ensure homogenization 
of the mixture. Subsequently, glycerol monostearate (75 g) 
is added to the mixture in the vessel, which is then stirred at 
60 rpm. The temperature within the vessel is raised to 80 °C 
and maintained at this level for a period of 60 min, ensuring 
the thorough dispersion of the glycerol monostearate within 
the mixture. Finally, the solution is cooled down to 25 °C by 
immersing the vessel in a water bath. Figure 1. shows the 
prepared samples of the bio-grease.

2.2  Synthesis and Mixing of Activated Carbon

Activated carbon (AC) is extracted from plastic bottle waste 
and synthesized into nano-powder as described in [32]. Poly-
ethylene terephthalate (PET) plastic bottle waste is washed, 
sun-dried, and shredded. 25 g of the cleaned PET particles 
are placed in a sealed stainless-steel autoclave, then heated 
in an electric muffle furnace (ASH AMF 25N) at a rate of 
25 °C  min−1 to 500 °C for one hour. The system is cool 
for around 12 h. The resulting synthetic activated carbon 
(AC) is milled with an Electric Grain Spices Multifunctional 
grinder (ST3-E4842UK), England, for 10 min to sizes below 
0.09 µm. In this work, ACNPs are added with 0.5, 1, and 2 
wt % to the prepared bio-grease samples. Table 1 shows the 
type and concentrations of each studied test blend.

2.3  Material Characterization

The nanostructure of the activated carbon nanoparticles 
(ACNPs) is examined using Scanning Electron Micros-
copy (SEM) (JEOL JSM-6010LV instrument, Akishima, 
Tokyo, Japan). The SEM examination is intended to obtain 
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ACNPs particle morphology, size, and composition. The 
surface area of the activated carbon is quantified using the 
Brunauer–Emmett–Teller (BET) method. BET method was 
conducted using Microtrac MRB BELSORP-mini X, BEL 
Japan operating at a temperature of − 200 °C and equipped 
with pressure sensors on the ACNPs samples to evaluate 
the specific surface area of ACNPs material, the pore size 
distribution, pore volume, and the average pore diameter. 
The pore size distribution was evaluated using the Bar-
rett–Joyner–Halenda (BJH) model. BELSORP-mini X can 
evaluate pore size distributions from 0.7 to 500 nm.

FTIR (Fourier Transform Infrared Spectroscopy) spectra 
analysis is conducted on the ACNPs to identify the most 
significant functional groups. The analysis is performed 
within the wavelength range of 400–4000  cm−1, utilizing 
a Shimadzu FTIR-8400 S instrument (Nakagyo-ku, Kyoto, 
Japan). Additionally, X-ray diffractometer (XRD) analy-
sis is employed to confirm the purity of the activated car-
bon. This evaluation involves the utilization of a Shimadzu 
7000 Diffractometer that operates with Cu Kα1 radiation 
(k = 0.15406 nm) generated at 30 kV and 30 mA. The scan-
ning process is conducted at a rate of 2°  min−1 for 2 theta 
values ranging from 20° to 80°.

2.4  Kinematic Viscosity Test

The kinematic viscosity of each individual oil sample beside 
the oil mixture is tested using VSDT-3000 Viscosity Density 

Meter in accordance with ASTM-D445. The results from 
testing each oil sample will be used to determine the viscos-
ity index values to determine the oil resistance to change 
in viscosity at elevated temperatures. In each test, an oily 
sample of 30 mL is allowed to flow through a capillary vis-
cometer immersed in a liquid bath at 40, 60, 80, and 100 °C 
temperatures. Then, the kinematic viscosity is calculated in 
centistokes (cSt) by multiplying the time that the oil takes to 
pass through the minimum and maximum intervals within 
the capillary by the viscometer constant.

2.5  Wettability Analysis

One important factor that controls the adsorption and inter-
facial properties of the vegetable oils is the wettability and 
surface tension of metallic surface. The oil droplets that tend 
to spread out over a larger surface area result in a smaller 
contact angle and hence achieves a good wettability of the 
surface, while oil droplets tending to form spheres results 
in large contact angle with the surface and thus have low 
wettability. For this purpose, wettability test is conducted to 
the vegetable oil samples using the Krüss EasyDrop (FM40, 
KRÜSS GmbH, Hamburg, Germany) goniometer device, 
according to ASTM D7334-08.

The test starts by releasing a 0.3 µL droplet of test the 
vegetable oil from a syringe to fall under the effect of gravity 
on a flat and polished AISI 52100 steel surfaces. The image 
of the stationary oil droplet on the surface is then captured 
within 30 s using a monochrome interline CCD camera with 
the assistance of software. The contact angle is determined 
between the droplet and solid surface.

2.6  Tribological Tests

The tribological assessment of the grease samples was 
conducted to ascertain the load carrying capacity using 
a customized tribotester based on Brugger’s test method. 
The Brugger’s test apparatus, known for its efficiency in 
reducing test duration, comprises a crossed-cylinder wear 
tester. This tribotester setup involves two perpendicularly 

Fig. 1  The photographs of synthesized grease samples: a bio-grease without nanoadditives b bio-grease with 0.5 wt % ACNPs, c bio-grease with 
1 wt % ACNPs, d bio-grease with 2 wt % ACNPs

Table 1  Proportions (quantities) of additives and the designations of 
formulated greases

Grease type Sample ACNPs 
concentra-
tion

Bio-grease (castor oil, jojoba oil, and 
bitter almond oil)

CJB –
CJB0.5 0.5 wt %
CJB1 1 wt %
CJB2 2 wt %

Commercial lithium grease LG –
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oriented cylinders, as illustrated in Fig. 2. The top cylin-
der, known as the roller, is pressed against the bottom ring 
which rotates at a specific speed for a predetermined dura-
tion or number of revolutions. The roller, with a diameter 
of 11 mm and a width of 15 mm, interfaces with a ring of 
25 mm diameter. Both the roller and ring are manufactured 
from AISI 52100 steel.

The test sequence begins by introducing eight grams of 
the lubricant blend between the roller and ring. The motor 
runs for 30 s without applying load to ensure uniform dis-
tribution of the lubricant. Subsequently, a step load of 500 
g is added to the lever mechanism, excluding the lever arm 
weight. The test rig is set to operate at 800 ± 5 revolutions 
per minute (RPM) for a duration of 10 min ± 15 s, unless 
indications of scoring are detected earlier. If any scor-
ing occurs during the test, signified by heightened noise 
and vibration, the test is promptly stopped, and the load 
is removed. Post-test assessment involves an examination 
of the roller surface for any signs of scoring or welding. 
If none are observed, a new test roller is utilized with 
an increased load step, and the process is repeated until 
scoring is detected. The load value that triggers scoring 
is recorded as a seizure load while the previous load step 
is considered as the load carrying capacity. This entire 
procedure is repeated three times to ensure the reliability 
and consistency of the results.

The WSD and COF of each tested bio-grease sample 
are assessed as the average value of the individual meas-
urements obtained using four-ball wear test according to 
ASTM D2266 and ASTM D5183, respectively. The device 
consists of a top ball (12.7 mm diameter) rotating against 
three bottom balls in a cup filled with the 10 mL test bio-
grease. During the test run, the balls rotate at 1200 ± 60 
rpm at a temperature of 75 ± 2 °C under 400 N pressing 
load on the top ball for 60 ± 1 min. At the end of each test, 
the three lower balls are examined for wear scar using a 
microscope to determine the WSD. The average of the 
three WSD values is recorded for the test grease sample. 
On the other hand, the COF is determined using a stepwise 
test using 10 kg load in each step with time interval of 10 

min at 600 rpm until reaching the onset of welding/seizure 
between mating surfaces.

2.7  Bearing Running Test

In the current study, a bearing test setup, shown in Fig. 3 
and described in [33], is utilized to investigate the influ-
ence of nanoparticle-infused grease on bearing vibrations. 
Deep groove ball bearings type 6006 DDU are used as the 
test bearings which is lubricated with a suitable quantity of 
the test grease blends. The experimental setup involved the 
application of a motor speed of 1400 rpm and radial load of 
200 N on the test bearing.

Vibrations emitted by the test bearing were captured 
using an accelerometer attached to the housing in both radial 
vertical and horizontal directions via magnet. The acquired 
signals underwent processing through anti-aliasing filter-
ing, amplification, and integration. The vibration levels 
were recorded in terms of velocity (mm/s) root mean square 
(RMS) values.

3  Results

3.1  Characterization Results of Nanoparticles

Figure 4 illustrates the SEM and TEM micrographs of the 
ACNPs samples, respectively. The micrograph in Fig. 4a 
reveals the prepared AC nano-powder, displaying well-
defined yet aggregated characteristics, forming a composite 
of blocky morphologies with varying shapes and sizes. The 
TEM image (Fig. 4b) shows the AC sheets entangled and 
rippled. The average particle size of ACNPs is calculated 
using ImageJ open-source software and was found to be 
approximately 83 nm.

T a b l e   2  s h o w s  i n f o r m a t i o n  a b o u t 
Brunauer–Emmett–Teller (BET) surface area, total pore 
volume, and mean diameter of pores. ACNPs exhib-
its microporous morphology based on classification of 
the International Union of Pure and Applied Chemistry 
(IUPAC) [44]. The analysis of the pore distribution of AC 

Fig. 2  a Customized tribotester 
based on Brugger’s test, b 
Principle of Four-ball tribologi-
cal test setup
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verifies the prevalence of micropores with mean pore diam-
eter of approximately 1.8 nm. The considerable volume of 
larger pores identified within the AC nano-powder can be 
attributed to the agglomeration of individual pores as a result 

of arrangement of carbon layers [45]. Heating the char to 
500 °C activates both its surface and interior. This activation 
happens because of the presence of abundant hydrocarbon 
radicals, along with some hydrogen and water vapor. As a 

Fig. 3  a Bearing Test Setup and 
b Schematic diagram of test 
setup

Fig. 4  a SEM micrograph, b TEM micrograph of ACNPs
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result, the produced AC becomes amorphous in nature, pos-
sesses a high pore volume, and exhibits a large surface area 
[46, 47].

XRD profile of AC nano-powder is shown in Fig. 5a. 
The broad diffraction band at 2θ between 20° and 30°, 
the second feature is a weak intensity peak at 2θ value of 
43.2° corresponds to reflections (002) and (101), respec-
tively. The appearance of these bands indicates that AC 
possesses structures that lie between crystalline graphitic 
and amorphous states. This type of structure is often 
referred to as the turbostratic structure or random layer 
lattice structure [48, 49]. The small peak close to  35o is 
attributed to an amorphous structure that was irregularly 
stacked by carbon rings; these rings are not neatly stacked, 
creating a highly porous and disordered structure. These 
gaps act as adsorption sites, attracting and holding vari-
ous molecules on their surfaces. Raman spectrum of AC 
is used to investigate carbon microstructure (Fig. 5b) and 
show two intense peak allocated at 1348 and 1590  cm−1 
corresponding to disordered (D) and graphitic (G) band, 
respectively. The D band is not present in materials with 
a high degree of crystallinity, so its presence is due to 
lattice defects and edge imperfection. Meanwhile G band 
is related to in-plane stretching vibration of C=C in sp2. 
Moreover, two more weak peaks were presented at 2680 
and 2844  cm−1 which could be attributed to the overtone 

of carbon, suggesting the existence of a carbon material 
with a few layers [48, 50].

Figure 6 shows the FTIR spectrum which presents the 
functional groups of AC. Firstly, a broad band at 3421.62 
 cm−1 is attributed to O–H stretching vibration from hydro-
gen bond of polymeric compounds alcohols, carboxylic 
acids, phenols, and lattice water [51]. The peak at 1572.49 
 cm−1 is due to skeletal C=C stretching of graphitic car-
bon’s aromatic rings [51, 52]. A sharp peak of medium 
intensity at 1177.33  cm−1 is due to epoxy group C-O vibra-
tions. Finally, the peak at 506.27  cm−1 results from out-
of-plane angular deformation of AC aromatic rings [53].

Table 2  BET surface area, total pore volume, and mean pore diam-
eter and of ACNP

Sample BET surface area Total pore volume Mean pore diameter

AC 448.88  m2g−1 0.2029  cm3g−1 1.8080 nm

Fig. 5  a XRD pattern and b Raman spectrum of synthesized ACNPs

Fig. 6  FTIR spectra of the synthetic ACNPs
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3.2  Kinematic Viscosity Results

The kinematic viscosity values of the bio-grease samples 
at 40, 60, 80, and 100 °C are illustrated in Fig. 7. Castor oil 
shows the highest kinematic viscosity values of 226.68  mm2 
 s−1 at 40 °C while jojoba oil and bitter almond oil exhibit the 
lowest values of only 33.43 and 34.52  mm2  s−1, respectively. 
The difference in kinematic viscosity of the vegetable oils is 
greatly influenced by the length of the carbon chains and the 
degree of saturation of the fatty acids. The high kinematic 
viscosity of castor oil is primarily attributed to its unique 
fatty acid composition. Castor oil is rich in ricinoleic acid, 
which is a hydroxy fatty acid with a hydroxyl (–OH) group 
attached to the 12th carbon of the fatty acid chain. Ricin-
oleic acid has a relatively large and polar structure due to 
the hydroxyl group, making it less prone to close packing 
and resulting in a bulkier molecule. The presence of these 
large and polar molecules in castor oil increases the inter-
molecular forces and reduces the fluidity of the oil, leading 
to higher viscosity [40, 54]. Unlike traditional oils, jojoba 

oil has a lower viscosity due to the absence of triglycerides 
and the presence of 95% long chain wax esters. The molecu-
lar structure of these long straight-chain esters results in a 
more fluid and less viscous nature [41, 55, 56]. However, 
this reflected on higher VI of jojoba oil (217) is than that of 
castor oil (117). Hence, jojoba oil has a higher consistency 
at fluctuating temperatures than castor oil.

The kinematic viscosity of bitter almond oil is found 
similar to jojoba oil and much lower than castor oil. Bitter 
almond oil as showed previously having a relatively high 
concentration of unsaturated fatty acids, such as oleic acid. 
Unsaturated fatty acids have fewer carbon-hydrogen bonds 
compared to saturated fatty acids, leading to a more fluid 
and less viscous nature. Additionally, bitter almond oil may 
contain a significant amount of monounsaturated fats, con-
tributing to its lower viscosity [43, 57].

As a result of each individual oil properties and concen-
tration, the hybrid oil exhibits kinematic viscosities of 72 
and 11.12  mm2  s−1 at 40 and 100 °C, respectively. The oil 
also shows a high VI of 146. According to ISO 3448, the 
viscosity of the hybrid oil is found equivalent to viscosity 
grade ISO VG 68 which promotes it to be classified as an 
industrial lubricant.

A comparative study between SAE 40 mineral oil and 
sunflower oil for engine lubrication was conducted in [58]. 
The outcomes of the analysis showed that kinematic vis-
cosities of the mineral oil are 54.15 and 12.14 cSt at 40 and 
100 °C, while the vegetable oil had 46.15 and 10.80 cSt at 
40 and 100 °C, respectively. In the current study, hybrid oil 
exhibits higher kinematic viscosity by 33 and 56% than the 
SAE40 and sunflower oil, respectively.

3.3  Wettability and Surface Tension Results

Figure 8 displays the calculated contact angle (CA) of the 
three mixed oils as well as the hybrid oil. It can be seen that 
castor oil has the largest contact angle of 42.27° while bitter 
almond oil shows the lowest CA value (18.86°). The physi-
cal adsorption between hybrid oil and the contact surface 
is manifested by a smaller CA (25.28°) than castor oil and 

Fig. 7  Kinematic viscosity of the individual oils and the hybrid base 
oil

Fig. 8  Contact angle for: a 
castor oil, b jojoba oil, c bitter 
almond oil, and d hybrid oil
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jojoba oil which indicates high wettability on the mating 
surface and better lubrication of the surface. The differences 
in contact angle values between the individual oils is mainly 
attributed to the kinematic viscosity which influences the 
surface tension between lubricant and metal surface [59]. 
Table 3 shows the surface tension values for each oil type 
along with the CA values. It can be seen that the surface 
tension of oil droplets is proportional to the CA of each oil. 
Surface tension is the controlling factor of the wettability 
of oil on the surface, hence the lubricating efficiency. The 
surface tension is the force acting on the surface layer of 
the oil droplet in the liquid/gas interface which causes the 
oil molecules on interface to contract inwards. The surface 
tension of vegetable oil is controlled by the kinematic vis-
cosity. Fatty acids and esters with long hydrocarbon chains 
results in a large intermolecular force, hence, high viscos-
ity and higher surface tension [60, 61]. In the case of cas-
tor oil, ricinoleic fatty acid (C18H34O3) is the major con-
stituent while 11-eicosenoic acid (C20H38O2) is the main 
monounsaturated fatty acid in jojoba oil. On the other hand, 
oleic acid (C18H34O2) and minor content of linoleic acid 
represents the chemical composition of bitter almond oil. 
Ricinoleic acid has relatively stronger molecular interaction 
forces in comparison with the rest of the similar unsaturated 
fatty acids thanks to its hydroxyl group, enabling hydro-
gen bonding which is absent in most saturated fatty acids. 
Furthermore, ricinoleic acid possesses longer chain length, 
and one double bond that contributes to its strong intermo-
lecular interactions. Hence, castor oil possesses the highest 
kinematic viscosity which leads to the highest surface ten-
sion, largest contact angle, and lowest wettability. In the case 
of jojoba oil, 11-eicosenoic acid has lower intermolecular 
forces in comparison with castor oil, hence, it has lower vis-
cosity and higher wettability. The Bitter almond oil consists 
of a large amount of oleic acid (C18H34O2) and some con-
tent of linoleic acid (C18H32O2) as polyunsaturated fatty 
acid which results in the smallest kinematic viscosity and 
highest wettability. Hence, the developed hybrid oil shows 
excellent wettability levels with an acceptable compromise 
of kinematic viscosity values.

In Ref. [62], the wettability of palm oil (PO) with and 
without graphene nanoplatelets (GNPs) were evaluated in 
comparison with commercial cutting fluids for grinding 
operations. The CA of the commercially cutting fluid was 

found to be 26.23° while the CA of PO was around 22.15°. 
In comparison, the CA results of hybrid oil 25.28° which is 
slightly lower than the commercial cutting fluid and higher 
by around 12%. In another work [63], the wetting character-
istics of a commercially available cutting fluid of BLASER 
Vasco 6000 (VB 6000) were defined by a CA of 27° while 
rapeseed oil exhibited better wettability of 24°. The CA val-
ues in case of CJB oil were found lower than the VB6000 
fluid by 7% and around the same value of rapeseed oil used 
as cutting fluid.

3.4  Tribological Performance Results

Extreme pressure (EP) performance of greases is character-
ized by the non-seizure load. The higher the seizure load is, 
the higher is the capability of grease to resist adhesion and 
rubbing of the two mating surfaces. As shown in Fig. 7. the 
developed bio-grease shows in general lower load carrying 
capacity than lithium grease. The addition of ACNPs to the 
developed grease at low concentrations (0.5 wt % ACNPs) 
showed insignificant changes in load carrying capacity. 
Increasing the ACNPs weight percentage in the grease blend 
to 1 wt % led to 66% enhancement in EP properties. A maxi-
mum improvement of 200% in load carrying capacity has 
been reported for grease samples containing 2 wt %.

All the tested bio-grease samples showed a better tri-
bological performance compared to commercial lithium 
grease. The COF of bio-grease containing 1 wt % ACNPs is 
lower by around 68% than that of lithium grease. A further 
increase of ANCPs concentration beyond 1 wt % leads to an 
increase in the COF.

The results of WSD for all bio-grease samples are plotted 
in Fig. 8b. The average WSD for the plain bio-grease was 
found to be 0.550 mm, which is lower than that of lithium 
grease. The addition of ACNPs to bio-grease showed a con-
siderable reduction in WSD by 9.1, 55.5, and 73.6% for sam-
ples containing 0.5, 1, and 2 wt % compared to bio-grease, 
respectively. The enhancement of antiwear performance is 
attributed to the rolling action played by the ACNPs at the 
pairing surfaces [64].

The results of this work are compared with other grease 
types from review of literature. Acar et. al. [19] tested dif-
ferent synthetic and biogenic greases for COF and wear 
scar volume. Synthetic Ester Lithium/Calcium Soap grease 
and high oleic sunflower oil Lithium-12-hydroxystearate 
grease shows COF values of 0.08 and 0.1 which are found 
higher than CJB grease (without ACNPs) by 14 and 43%, 
respectively. Bio-grease samples from high oleic sunflower 
oil with Lignosulfonate, Castor Oil with Lignin/polyeth-
ylene glycol diglycidyl ether (weight ratio of 1/0.25), 
and Castor Oil with Lignin/hexamethylene diisocyanate 
are found to show similar COF values as CJB grease. In 
another work, Amiruddin et. al. [65] have developed and 

Table 3  Surface tension 
measured values for each oil 
type

Oil Surface ten-
sion (mN/m)

Castor oil 38.8
Jojoba oil 31.4
Bitter almond oil 24.8
Hybrid oil 28.2
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tested different bio-grease samples from neem, castor and 
jatropha bas oils with thickeners from beeswax and hex-
agonal boron nitride (hBN) nano additives. It was found 
that grease samples from neem base oil with 5 wt % hBN 
and castor base oil with 5 wt % hBN results in COF of 0.08 
which is higher than CJB0.5, CJB1, and CJB2 by 10% up 
to 42%. This proves higher efficiency of ACNPs over hBN 
in reducing friction coefficient.

In Ref. [66], polyurethane oleogels from castor oil and 
cellulose pulp thickener were developed by biological 
treatment of agricultural wheat and barley straw residues. 
The oleogel samples reached COF values in the range 
between 0.077 and 0.108 which are found to be similar to 
CJB (Without ACNPs) and higher than CJB1 (with 1 wt % 
ACNPs) by 37–80%. Regarding WSD results, it was found 
that oleogel samples with highest glucose accomplished 
the lowest wear scar size in the range between 0.161 and 
0.286 mm in comparison, CJB1 and CJB2 have similar 
WSD results of 0.25 and 0.145, respectively.

Gallego et al. [67] fabricated three different biopoly-
mer-based greases samples from castor oil as base oil with 
methylcellulose thickener (MC), chitin thickener (CH), 
and cellulosic pulp (CP) thickeners. From tribological 
tests at 400 rpm and 25 °C, the COF results for MC and 
CH are 0.05, 0.08. These values are found similar to values 
obtained from CJB1, CJB, respectively. On the other hand, 
The COF and WSD for CP are 0.125 and 0.8 mm which is 
higher than CJB (without ACNPs) by around 65% (Fig. 9).

3.5  Bearing Performance Results

The power consumption due to friction was measured for the 
test bearings lubricated with samples of bio-grease blends 
under three selected loads (100, 800, and 1800 N), as shown 
in Fig. 10a. CJB sample (bio-grease without ACNPs) shows 
slightly lower friction power as compared to LG (lithium 
grease) at 100 and 800 N. The addition of ACNPs in CJB0.5, 
CJB1, and CJB2 samples reduced the power loss by amounts 
ranging from 7 to 17% at 100 and 800 N. An insignificant 
change in power loss is noticed at 1800 N, as shown in 
Fig. 10a.

Grease viscoelastic properties play a key role in rolling 
bearing vibration performance which is considered in previ-
ous works as a critical indicator of bearing life and reliability 
[68, 69]. The measured vibration signals for test bearings 
are recorded in time and frequency domains and their RMS 
velocity values are summarized in Fig.  10b. Consider-
ing the fact that the acquired vibrations from the bearing 
seat is a superposition of signal components from various 
sources, including slight unbalance, background noise, as 
well as friction occurring between the bearing’s raceway 
and roller at high frequency bands between 900 and 1600 
Hz [70, 71]. For all tested bearings, the vibration RMS val-
ues are found below the maximum allowable levels accord-
ing to ISO 10816. Besides, there was no evidence of sharp 
vibration peaks at HF bands indicating formation of effi-
cient tribofilm layer separating the two mating surfaces. LG 
and CJB grease samples resulted in similar RMS vibration 

Fig. 9  a Load carrying capacity (Non-seizure Load) values for grease samples, b Average COF, and c average WSD values for grease samples
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levels while bearings lubricated with CJB0.5, CJB1, and 
CJB2 show a considerably lower vibration levels by 85%, in 
comparison with LG samples. This can be attributed to the 
high elasticity and damping properties of the carbonaceous 
nanoparticles [72, 73].

4  Discussion

The developed bio-grease demonstrates remarkable physical, 
tribological, and dynamic performance, primarily influenced 
by the long carbon chain length and viscosity of each con-
stituent in the hybrid base oil. The base bio-oil comprises 
three constituent oils with long fatty acid chains structure 
of high polarity. This is particularly due to the presence of 
high ricinoleic acid content in castor oil. This acid serves as 
an effective antiwear agent, particularly when incorporated 
into grease [74], owing to its longer hydrocarbon chains with 
unsaturated bonds [75]. The inherent polarity of hydroxyl 
and carboxylic groups in the applied bio-lubricants, espe-
cially in ricinoleic acid, facilitates their adsorption onto the 
metal surface, forming a protective tribofilm. Furthermore, 
this polarity induces the re-orientation and alignment of oil 
molecules, enhancing the wettability of the bio-oil. This, in 
turn, ensures efficient coverage of the metallic surface with 
the tribofilm, thereby maintaining a low COF [76]. Another 

contributor to the formation of a tribofilm layer and reducing 
wear scar in comparison with commercial grease is the pres-
ence of a large quantity of wax esters in jojoba oil which are 
easily released from the thickener under the effect of contact 
pressure within the contact area and adhere to the metallic 
surfaces. In addition, bitter almond oil plays its part with 
supplying the contact surface with its monounsaturated long 
chain oleic acid as its major constituent leading to a good 
fluidity of the hybrid oil and better wettability.

Nevertheless, the unmodified vegetable oil-based grease 
sample, despite exhibiting improved tribological perfor-
mance, remains weak to endure severe wear conditions or 
high applied loads [77]. This limitation is attributed to the 
absence of effective antiwear agents in its composition [63, 
78].

Hence, the introduction of ACNPs aims to overcome the 
limitations of the plain bio-grease. ACNPs, characterized 
by their high surface area and porous structure, possess the 
ability to cover a larger metallic surface by forming a robust 
tribofilm, as shown in Fig. 11. This effect was confirmed by 
Nassef et al. [32] in their investigation about adding ACNPs 
to lithium grease. They found that the ACNPs were depos-
ited on the metal surface better than graphene nanoaddi-
tive due to the porous nature of the ACNPs. Furthermore, 
ACNPs have a high surface area, creating numerous oppor-
tunities for intermolecular interactions with surrounding 

Fig. 10  a Power consumption 
of grease samples at different 
loads, and b HF band RMS 
values of bearing vibration for 
grease samples

Fig. 11  Effect of Hydrocarbon 
chains with polar groups and 
ACNPs on reducing friction 
during sliding action between 
metallic surfaces
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molecules. Bio-oils, with their complex mixture of polar 
and nonpolar components, provide diverse interaction sites. 
There are different possibilities for interactions such as 
Hydrogen bonding or π-π bonding or Van der Waals bonding 
forces or hydrophobic interaction between nonpolar regions 
of nanoparticles and bio-oil molecules [79, 80]. These inter-
actions may contribute to a considerable increase in the vis-
cosity of the bio-oil, primarily attributed to the increased 
resistance to motion within the oil molecular structure. This 
viscosity increment results in the formation of a cohesive 
and more stable tribofilm, which can lead to enhance load 
carrying capacity.

Figure 12 presents SEM images of the worn-out surfaces 
lubricated by the developed grease blended with ACNPs. In 
each image, the arrow indicates the sliding direction, serv-
ing as a crucial feature for investigating the worn surface. 
In Fig. 12a, severe surface damage and plastic deformation 
are evident, suggesting significant adhesive wear due to the 

failure of the grease film in a "stick–slip" status at the seizure 
load during Brugger’s test. The addition of ACNPs mitigates 
the severity of the damage, with deep grooves reduced to 
some extent. Additionally, abrasive wear is indicated by par-
allel grooves in Fig. 12b, which could be attributed to alter-
ing some sliding motion into rolling motion as nanoparticles 
influence tribofilm formation. In Fig. 12c and d, an increase 
in ACNPs concentration enhances the antiwear behavior of 
the developed grease, significantly reducing wear between 
rubbing surfaces and resulting in a smoother scar surface. 
The formulated tribofilm reduces asperity-to-asperity con-
tact, and the higher concentration of ACNPs creates a denser 
monolayer that effectively protects the mating surfaces from 
tribo-stress, as found in load carrying capacity results.

To further justify the SEM micrographs for the worn 
surfaces, Energy Dispersive X-ray (EDX) analysis of the 
worn surfaces is conducted using (JEOL JSM-IT200, Japan). 
Figure 13. illustrates the Energy Dispersive X-ray (EDX) 

Fig. 12  SEM micrographs of the worn surfaces lubricated with a CJB, b CJB0.5, c CJB1, and d CJB2
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Fig. 13  Typical EDS spectra of worn steel balls lubricated with a CJB b CJB0.5 c CJB1 d CJB2
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patterns, displaying the elemental content of the tested sam-
ples from Brugger’s test. In all figures, the results confirm 
the existence of large content of carbon at 29% and small 
traces of oxygen at 10.44%. the presence of carbon (C) and 
oxygen (O) element on the worn surface of the steel cylinder 
lubricated with test grease samples suggests the existence 
of the fatty acid constituents from the vegetable oil mixture 
as an adhered film on the rubbed steel surface, mitigating 
friction and wear to a certain extent.

The introduction of ACNPs into the developed grease 
has led to the creation of a more robust absorption layer, 
providing protection to the contact surfaces. The adsorp-
tion layer’s formation stems from the interplay between the 
grease’s base oil and ACNPs, influenced by their respec-
tive polarities. Increasing the wt % of ACNPs exhibited an 
improved ability to adhere to the metal surface, leading to 
the formation of more stable films up to the optimum level. 
This is supported by the observation of the highest carbon 
(C) element deposition at the worn areas in Fig. 13c. As 
per Ref. [81], it is suggested that ACNPs create a chemical 
monolayer on the metallic surface. Additionally, a physical 
film of ACNPs is formed above the chemical layer under 
conditions of heat and high contact pressure. Moreover, this 
physical film’s strength depends on the density of ACNPs, 
below 2 wt % this layer is failed which interprets the findings 
of the extraordinary performance of EP property in case of 
CJB2. Additionally, the physiosorbed layer exhibits a higher 
COF than the chemical monolayer, indicating that CJB2 dis-
plays a higher COF than other blended greases.

During operation, the lubrication of rolling bearings 
can take place in different lubrication regimes: boundary 
lubrication, mixed film, or full film lubrication. The con-
tact area between rolling elements and raceway has a high 
contact pressure and low degree of conformity, i.e., they are 
classified as non-conformal surfaces. Hence, the full film 
lubrication is called elastohydrodynamic lubrication (EHL) 
[82]. According to Vencl et al. [83], oil type and viscosity 
plays a major role in preserving the formation of a stable 
elastohydrodynamic lubricating (EHL) film and maintaining 
no asperity contact. If the lubricant viscosity is insufficient, 
EHL film will fail to form at the Hertzian contact zone (i.e., 
lubricant starvation case) [84]. In consequence, an adhesion 
wear will gradually occur where surface asperities will weld 
together and eventually break apart leading to formation of 
localized faults such as micro-pits and abrasive particles that 
accelerate abrasive wear mechanism [85–87]. Harris [85], 
lubricant deficiency is considered as one of the main failure 
causes of rolling bearings with a share up to 80% among 
other causes.

According to previous findings in Ref. [87], the vibra-
tion signal components corresponding to insufficient lubri-
cating conditions between rolling elements and raceways 
are characterized by high frequency resonant peaks in the 

range between 900 to 1600 Hz. This is due to rubbing action 
between surface asperities during operation. Jakubek et al. 
[88] found that the increase in viscosity of the lubricant will 
not only reduce broadband vibration levels but also will 
obscure the vibration signal components included by surface 
roughness and waviness. Furthermore, Serrato et al. [89], 
proved that different lubricant viscosity grades affect the 
vibration response of rolling bearings and the lubrication 
regime. Oils with high viscosities results in full EHL film 
and low RMS vibration levels due to low COF between 
mating surfaces. This is due to the proportional relationship 
between the oil viscosity grade and the minimum oil film 
thickness and stiffness [90].

To further understand the influence of the developed 
grease with the hybrid oil on the obtained vibration lev-
els and power consumption results, the minimum oil film 
thickness  (hmin) is calculated. The most common equation 
to calculate the minimum film thickness in oil-lubricated 
rolling bearing is Hamrock-Dowson equation [91] as shown 
in (Eq. 1):

where U is speed parameter, G is material parameter and W 
is loading parameter.

Cen et al. [92–94] investigated correction factor of Ham-
rock-Dowson equation when applied with grease-lubri-
cated rolling element, observed that the actual minimum 
film thickness is lower than calculated in case of low speed 
(< 500 rpm) or before starvation, and higher if operated at 
higher speed after starvation. In this work, the bearing was 
sealed and operated at medium speed before starvation.

The λ parameter (Eq. 2), denoting the ratio of the oil film 
thickness to the surface roughness composite of mating sur-
faces, is determined to identify the lubrication regime of the 
operating grease.

where  Rq1 and  Rq1 are the surface roughness values of the 
rolling element and the inner or outer raceway in contact. 
If λ values are above 3, then the rolling bearing operated in 
EHL regime zone. However, λ values between 1 and 3 indi-
cates an operation of bearing in mixed lubrication regime. 
For values below l, boundary lubrication.

From Eqs. 1 and 2,  hmin and λ value are calculated for the 
hybrid oil and the results are summarized in Table 4. The 
calculated λ parameter for outer and inner race ways are 6.8 
and 5.8, shows that minimum film thickness is greater than 
three times of surface roughness composite of ball bearing 
[95]. Additionally, metal-to-metal contact is not observed 
due to the absence of resonant peaks at high frequency zones 

(1)Hmin = 3.63.U0.67
.G0.49

⋅W−0.073
(

1 − e−0.68.k
)

(2)� =

hmin
√

Rq1
2
+ Rq2

2
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which approve that bearing is running in full film condition. 
Increasing the radial load from 100 to 200 N resulted in 
a slight reduction in the film thickness. This indicates the 
ability of the hybrid oil in the grease samples to develop a 
stable EHL film during the operation of rolling bearing at 
the two tested radial loads. Furthermore, the calculated  hmin 
values in case of the developed bio-grease are found higher 
than  hmin values for the commercial lithium grease used in 
comparison. For instance,  hmin.

5  Conclusions

In this study, a novel bio-grease formulation was developed 
for rotating machinery lubrication such as rolling bearings 
and gears, leveraging a hybrid base oil strategy to enhance 
lubricity by incorporating monounsaturated oils. This inno-
vative approach not only addresses lubricity but also consid-
ers the viscosity profile of the hybrid oil. To further augment 
its performance and contribute to environmental sustain-
ability, carbonaceous nanoadditives derived from recycled 
water bottles were introduced, offering a solution to manage 
non-degradable waste. Specifically, activated carbon nano-
particles (ACNPs) were integrated into the bio-grease as 
extreme pressure additives, demonstrating an effective strat-
egy to mitigate friction and wear in rolling bearing opera-
tions, thereby promoting energy conservation. The following 
conclusions can be drawn:

• The morphology of the worn surfaces of rollers indicates 
that a protective film formation on the worn surfaces 
takes the form of a physisorbed layer created over the 
chemisorbed layer. The physisorbed layer with a suit-
able concentration of ACNPs is responsible for the EP 
behaviour of ACNPs.

• The bio-grease formulations, namely CJB1 and CJB2, 
exhibited a remarkable reduction in both friction coef-
ficient and average wear scar diameter by 67 and 77%, 
respectively, when compared to the commercial lithium 
grease. A corresponding percentage improvement in 

load carrying capacity for CJB1 and CJB2 was found 
to be around 25 and 125% in comparison with lithium 
grease.

• While the bio-grease samples without additives (CJB) 
showed slightly higher vibration levels than lithium 
grease, the addition of ACNPs in CJB0.5, CJB1, CJB2 
reduced the high frequency vibration of bearings by 
around 85%. The contact angle values of the hybrid 
base oil has lower values than castor oil and jojoba oil 
by 40 and 20%, respectively. This indicates better wet-
tability, which makes the base oil provide the most suf-
ficient supply to the center of the raceway and provide 
good damping for the contact area so as to reduce the 
bearing vibration.

• The frictional power losses were reduced by 7–17% 
for the bio-grease with ACNPs at 100 and 800 N, as 
compared with the commercial grease. This could lead 
to improved performance and energy conservation in 
mechanical systems.

• The calculated  hmin and λ values for bio-grease indi-
cates the formation of a stable tribofilm layers which 
are higher by around 68–72% than the values caused 
by commercial lithium grease. The results ensures that 
the ball bearings operate within the EHL regime when 
tested under two different radial loads. This is also con-
firmed by the absence of high frequency band vibration 
peaks during vibration analysis of ball bearings indicat-
ing the absence of boundary lubrication case.
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