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Abstract 

Lubricating approaches involving nanoparticles have a significant role in reducing fric-
tion and wear. Reducing friction is crucial for preserving energy, minimizing emissions, 
and protecting the environment. The present experimental study investigates green 
nano-lubricants prepared by dispersing various concentrations of  CaCO3 nanoparticles 
in jojoba oil. The aim of the study is to assess the usability of a bio-sourced alterna-
tive nanolubricant to depleting conventional lubricants. The role of nanoparticle 
concentration and thermo-physical properties in improving the lubrication proper-
ties of jojoba oil was thoroughly investigated in the present study. The anti-wear and 
extreme-pressure behavior of jojoba oil dispersed with  CaCO3 nanoparticles were 
evaluated as per the ASTM D4172 and ASTM D2783 test standards. The coefficient of 
friction, wear scar diameter, last non-seizure load, initial seizure load, weld point load, 
and load wear index of each sample were assessed. Compared with pure jojoba oil, 
the addition of  CaCO3 nanoparticles in jojoba oil revealed remarkable anti-wear and 
extreme-pressure properties with significant improvements in the last non-seizure 
load, initial seizure load, weld point load, and load wear index, the average friction coef-
ficient and the average wear scar diameter of the steel balls decreased by as much as 
34.1% and 40.2%, respectively.

Keywords: Anti-wear, Extreme pressure, Load wear index, Nanolubricant, Jojoba oil, 
CaCO3 nanoparticles

Introduction
Mineral oils are crucial commodities in the industrialized twenty-first century and have 
many uses that make them indispensable. Most of the lubricants used in the industry are 
derived from petroleum-based mineral oils [1]. The primary issue is the direct loss of the 
used lubricants in the soil and water, whereas volatile lubricants pollute the air. Many 
of these lubricants released into the atmosphere are harmful to the environment. The 
necessity of biodegradable lubricants to replace traditional mineral oil lubricants has 
been emphasized by many researchers [2, 3]. Bio-based oils have experienced a revival 
more recently as a part of efforts to reduce the use of petroleum-based lubricants due to 
concerns about environmental protection, the depletion of oil reserves, and rises in oil 
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prices. In this scenario, researchers’ top priority is the use of environmentally friendly 
oils in place of mineral and synthetic oils [4, 5].

Vegetable-based oils are preferred as a base stock for lubricants since they are biode-
gradable, non-toxic, and hence safe for the environment in comparison to petroleum-
based oils. In addition to being non-toxic, vegetable oils also have a high flash point, a 
high viscosity index, and relatively low volatility as triglyceride molecules have a large 
molecular weight [6]. Various studies have reported the use of jojoba oil [7–10], rape-
seed oil [11–13], palm oil [14], karanja oil [15, 16], sunflower oil [17, 18], soybean oil 
[19–21], pongamia oil [22, 23], coconut oil [24, 25], jatropha oil [26, 27], and castor oil 
[28, 29] as potential lubricants in comparison to petroleum-based lubricants. However, 
vegetable oil’s main disadvantage is its low thermal and oxidative stability, which has 
limited its usage as a lubricant at high temperatures.

Lubricants containing vegetable oil as the base oil must have anti-wear (AW) and 
extreme pressure (EP) additives as friction and wear are relatively high in mixed/bound-
ary lubrication situations and under extreme loads [30]. Traditional AW and EP addi-
tives contain sulfur, chlorine, and phosphorus. These additives form layers of sulfides, 
chlorines, or phosphides that are easily sheared on the metal surface, preventing exces-
sive wear and seizure. However, most additives that perform well with mineral-based 
oils do not work well with vegetable lubricants [5]. Additionally, substances contain-
ing sulfur, chlorine, and phosphorus have been prohibited since they are hazardous to 
human health and the environment. With the development of nanotribology, increas-
ingly nanoparticles (NPs) are used to overcome the limitations of pure vegetable oil and 
commercial lube oils, and their unique properties qualify them as friction modifiers 
(FMs) [31]. Nanoparticle additives in engine oil could help automotive engines use less 
energy and burn fuel more efficiently by reducing friction and improving the thermal 
stability of the lubricant [32, 33].

The inclusion of NPs in vegetable oil to improve lubrication properties is the subject of 
extensive research and development with the goal of developing the ideal biodegradable 
lubricant. Using a four-ball tribotester, Zulkifli et al., investigated the tribological charac-
teristics of two lubricating oils: paraffin oil and TMP ester made from palm oil combined 
with  TiO2 NPs as an additive. At high loads, TMP ester combined with NPs lowered the 
coefficient of friction (CoF) by up to 15%. Additionally, NPs lowered the TMP esters’ 
wear scar diameter by developing an additional layer of protection, particularly under 
low load [34]. Using a ball-on-disc tribometer, Kumar et al. carried out an experimen-
tal examination of the tribological performance of canola oil containing copper oxide 
(CuO) NPs. As per their findings, the coefficient of friction (CoF) and specific wear rate 
(SWR) was lowered by 61.11% and 64.70% respectively, at the optimal concentration of 
0.1 wt% [35]. Kerni et  al. studied the impact of Cu and h-BN NPs at various concen-
trations to examine the friction and wear behavior of epoxidized olive oil on a pin-on-
disc tribo-tester. In the boundary lubrication regime, it was discovered that nanoparticle 
(NP) concentrations of 0.5 wt% exhibit the lowest CoF [36].

The improved friction and wear reduction reported with the inclusion of NPs in 
lubricating oil is the result of several mechanisms. These mechanisms include modi-
fied ball bearings, polishing, mending, and the production of protective films [37–39]. 
The primary reason for the anti-friction and anti-wear behavior of nanolubricant is the 
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self-healing mechanism by which nanoparticle tribo-films form on worn surfaces [40, 
41]. The various NPs that are used as nano additives are classified as carbon derivatives, 
metals, metal oxides, nanocomposite materials, rare earth compounds, and sulfides [42]. 
However, most of the identified nano-additives have active atoms that are either heavy 
metals, sulfur, or phosphorus, which pose serious environmental risks [43]. In the pre-
sent work calcium carbonate  (CaCO3) NPs were synthesized as a green and eco-friendly 
modifier that has excellent dispersibility in vegetable oils [44]. The fact that  CaCO3 NPs 
have a favorable low toxicological profile in biological systems implies that they are 
biocompatible since they don’t exhibit any cytotoxicity or genotoxicity—the degree to 
which a chemical can harm cells and DNA, which is one of the most crucial factors in 
this choice [45]. To estimate the ranges of application, it is necessary to examine the tri-
bological behavior of the  CaCO3 used as a nano-additive. The tribological characteristics 
of base lubricant oil can be improved by using a low concentration of  CaCO3 NPs; Zhang 
et al. reported an 88.3% reduction in wear volume when PAO containing 1 wt%  CaCO3 
NPs was used as a lubricant; however, its effect at lower and higher concentrations was 
not discussed [46]. In the wide concentration range of 0.1 to 5%, Sunqing et al. investi-
gated the tribological behavior of the oil containing  CaCO3 NPs. The smallest wear scar 
diameter and friction coefficient were found when the  CaCO3 nanoparticle concentra-
tion was between 0.1% and 1.0%. The wear scar diameter and friction coefficient gradu-
ally rose when the  CaCO3 nanoparticle concentration was raised. These results led to the 
decision to explore the impact of  CaCO3 at lower concentrations using the range of 0.1 
to 0.5 wt% of  CaCO3 NPs [47].

The criteria for selecting vegetable oil as a lubricating oil in an automatic transmis-
sion system, or oil type I, begins with the fact that the selected oil should lubricate the 
engine after cold starting. An oil with a relatively low viscosity at a low temperature is 
preferred for this purpose. The lubricants with base oil type I are utilized in fluid cou-
plings, hydraulic torque converters, and automatic transmissions in automobiles. Jojoba 
and soybean oils are two alternatives from the variety of vegetable oils that can be used 
for this, as they have properties that are most similar to oil type I, in terms of viscos-
ity. The operating temperature and pressure are the initial factors that determine the 
best lubricating oil to use in an engine or transmission system. Therefore, it is crucial 
to consider how oil viscosity may change because of the heat generated during engine 
operation. Usually, fluid viscosity and temperature have an inverse relationship [48]. El 
Kinawy et  al. explored how jojoba, soybean, sunflower, and castor oils would hold up 
under severe heating. The viscosity gradient of these oils was assessed after they had 
been heated for 15 days at 110  °C. Among these oils, jojoba oil has the lowest viscos-
ity gradient [8]. Jojoba (Simmondsia chinensis) oil is extracted from jojoba seeds and 
offers attractive chemical characteristics. It is regarded as one of the best oils due to its 
high wax content. It is composed of almost 98% pure waxes, which include mainly wax 
esters, a few free fatty acids, alcohols, and hydrocarbons. Moreover, flavonoids, phenolic 
and cyanogenic chemicals, sterols, and vitamins with minimal triglyceride esters are also 
found [49]. Jojoba oil, as a liquid wax with its fatty acid composition and free fatty acid 
concentration, is a unique vegetable oil. It is a vegetable oil that is abundant enough to 
meet industrial lubrication demands [50]. The high lubricity and stability of jojoba oil 
in the working temperature range of 40 to 100  °C make it a very promising candidate 
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to study its lubricating properties. Furthermore, it is a non-drying oil that exhibits 
high resistance to oxidation, has a long shelf life without becoming rancid and contains 
straight-chain unsaturated double bonds [51]. In arid and semi-arid regions, jojoba is a 
potential seed oil crop of economic significance. Jojoba bush is an important industrial 
plant for the rehabilitation of marginal land and the sustainable development of arid and 
semi-arid regions. As the jojoba plant can thrive in any type of soil and withstand salinity 
and drought conditions, large-scale cultivation of the plant may be beneficial. This crop 
is economically significant and could restore the flora and fauna of the land, improve the 
soil, and stop the process of desertification [52]. With these findings from the literature 
survey, pure jojoba oil without any chemical modification was chosen as the best choice 
for the present research work.

A few recent tribological studies with different instrumental setups involving jojoba oil 
as the base oil and various modifications in the form of added NPs are worth mention-
ing. A blend of modified jojoba oil and mineral oil transesterified in the presence of gra-
phene NPs was reported to improve tribological performance in a four-ball tribometer 
test rig and pin-on-disc tribometer [10, 53]. The addition of NPs like  Al2O3 and  TiO2 to 
jojoba oil exhibits improved friction and wear performance [54, 55]. However, there is a 
lack of studies in the literature that evaluate the anti-wear (AW) and extreme pressure 
(EP) properties of jojoba oil blended with  CaCO3 NPs. The inclusion of  CaCO3 nano-
particles will have a significant role in improving the anti-wear and extreme pressure 
properties of jojoba oil. In this study, we assess the feasibility of using bio-sourced alter-
native nanolubricants for replacing conventional lubricants that are depleting. Thus, the 
objective of this research is to experimentally evaluate the anti-wear (AW) and extreme 
pressure (EP) properties of a nanolubricant derived from jojoba oil and  CaCO3 NPs. The 
lubricating approach discussed in this study is useful for reducing friction and wear in 
sliding contact applications as well as applications subjected to high loads or shocks, 
such as turbines, gears, and ball and roller bearings.

Methods
Synthesis of NPs and characterization

The nano-regime  CaCO3 NPs were synthesized by adopting the novel hydrothermal 
synthesis route. AR grade calcium nitrate tetrahydrate (Ca(NO3)2  4H2O) procured from 
Sigma-Aldrich was dissolved in 50 ml of distilled water. The resultant solution was drop-
wise added to Ethylenediamine  (C2H4(NH2)2) under vigorous stirring. This solution was 
mixed with Hydrazine  (N2H4) dissolved in 50 ml of distilled water. Finally, the reagents 
were transferred to an autoclave with a 500 ml capacity, and the reaction was carried out 
at 140 °C for 24 h before being cooled gradually to room temperature. To remove impu-
rities, the precipitate was centrifuged and washed several times with distilled water and 
ethanol. The product was finally dried at 80 °C for 10 h. As a result, the received precur-
sors were heated to produce nano-regime crystallites, which became the starting point 
for all subsequent characterization. Table 1 shows the details of chemicals used for the 
synthesis of NPs.

The phase composition of the produced powder sample was determined using X-ray 
Diffraction (XRD). The XRD patterns were acquired in the 20–60° range, with a vir-
tual step-scan of 0.005 and a counting time of 100 s on a Bruker X-ray diffractometer 
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(Model D2 PHASER) with  CuKα radiation (λ = 1.5405, 40 kV and 40 mA). The data col-
lected was used to examine the nano-regime crystallites. The phase identification was 
performed and compared to the standard JCPDS diffraction patterns 00–005-0586 for 
 CaCO3 calcite [56]. The relative crystalline phase composition was estimated by com-
paring the areas of the 100% peaks after background subtraction. The compositional 
assertion and the complexation accuracy confirmation of the prepared powder samples 
were carried out by the energy dispersive X-ray analysis (EDX) technique. Scanning elec-
tron microscope (SEM) measurements were carried out on TESCAN (Model MIRA3 
LMH). The surface morphology of the prepared NPs was studied using a SEM by coat-
ing the sample with gold. The IR spectral (FTIR) measurements were carried out in the 
range of 400–4000  cm−1 wavenumber on a Shimadzu (Model IRAffinity-1) instrument. 
The experimental density (ρexp) of NPs was determined by weighing in air and a refer-
ence medium while keeping all other variables at ambient conditions. The formulas and 
procedural details involved are discussed in detail elsewhere [57]. The dynamic light 
scattering (DLS) based hydrodynamic size and surface charge (zeta potential) of nano-
particle dispersions were characterized using the ZetaSizer Nano ZS (Malvern Instru-
ments Inc., UK). The ISO 13099 standards were used to evaluate nanoparticle dispersion 
zeta potential values. The samples were filled into the dip cell and loaded into the Zeta-
sizer. The signals were collected, and the data was analyzed using Zetasizer software. 
Surface zeta potential was measured as per the protocol set by Malvern Instruments 
using the surface zeta potential cell (zen1020, Malvern Instruments) and the zeta poten-
tial transfer standard (DTS1235, Malvern Instruments) as tracer particles (zeta poten-
tial =  − 42.0 mV ± 4.2 mV, pH = 9.2) [58].

Sample preparation

Jojoba oil was procured from Kelkar Foods & Fragrance, Pune, India, and used as a base 
oil without further purification. There are various methods developed for enhancing the 
stability of nanofluids. The addition of dispersant, stirring, and sonication are notewor-
thy methods [59]. Considering the toxicity and environmental risks of using surfactants, 
the present work includes stirring and sonication for the effective dispersion of NPs in 
the base oil [60]. The nanolubricant samples with weight fractions of 0.1%, 0.2%, 0.3%, 
0.4%, and 0.5% (J01, J02, J03, J04, and J05) of the  CaCO3 NPs were prepared by a two-
step method [59]. To obtain stable and homogenous nanolubricant samples, stirring was 
performed for 2 h. The high-speed stirred samples were subjected to sonication (Chrom 
Tech, Inc.) at a frequency of 57 kHz for 1 h at room temperature. After sonication, the 
 CaCO3 NPs show good dispersion stability, improving the dispersion process by physi-
cally dissolving the aggregates [56].

Table 1 Chemical description table

Chemical name Chemical formula Source Purity

Calcium nitrate tetrahydrate Ca(NO3)2  4H2O Sigma-Aldrich 99.9%

Ethylenediamine C2H4(NH2)2 Sigma-Aldrich 99.9%

Hydrazine N2H4 Sigma-Aldrich 99.9%
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Nanolubricant properties

A study of thermo-physical properties of nanolubricants can provide valuable informa-
tion about the inclusion of NPs in the nanolubricant formulations [61, 62]. The thermo-
physical properties of the nanolubricant oil, namely kinematic viscosity, flash point, and 
pour point, were assessed. Viscosity, flash point, and pour point measurements were 
carried out according to the D445-06 standard, ASTM D93 standard, and ASTM D97 
standard, respectively [63]. Nanofluid stability refers to the assessment of the dispersion 
of NPs in a base oil. Dynamic light scattering (DLS) was used in this study to assess the 
stability, sedimentation, and agglomeration states of nanofluids [64, 65]. The prepared 
nanofluids were placed in glass containers. The stability of the nanofluids was measured 
by collecting samples from the top and bottom of the container in its stationary state 
after 10, 20, and 30 days. These samples were subjected to DLS testing.

One of the limiting factors in lubricant usage is the reaction of oil’s chemical enti-
ties with oxygen, which results in oxidation. This oxidation leads to the gelation of oil, 
making it unpumpable, forming an acidic amalgam, reducing heat transfer abilities, and 
losing the purpose of lubrication. FT-IR analysis provides supportive, if not conclusive, 
evidence about the oxidation of oil [66, 67]. The modification in the oxidation state of 
the base oil with the inclusion of  CaCO3 NPs was studied using FT-IR analysis, which 
was performed using an IRAffinity-1S spectrophotometer with a resolution of 4   cm−1. 
The oil samples collected after conducting tribology tests were subjected to FT-IR 
characterization.

Tribological tests

The tribological performance of jojoba oil samples with and without the addition of cal-
cium carbonate  (CaCO3) NPs, i.e., coefficient of friction (CoF) and wear scar diameter 
(WSD), was investigated experimentally using a four-ball testing machine. The Ameri-
can Society for Testing and Materials (ASTM) standards were used as the basis for all 
the trials. The test was conducted on a DUCOM TR-30L four-ball tester. Figure 1 shows 
the four-ball tribometer test rig used for this investigation with a schematic represen-
tation of the four-ball tester. The test balls used in this experiment were made of AISI 
52,100 steel with a diameter of 12.7 mm and a Rockwell hardness of 64 HRC. Acetone 
was used to clean the test balls. The equipment was assembled with clean balls, and 
the oil cup was filled with 10 ml of oil. All tests were conducted at a constant rotating 
speed and load with a varying weight percent concentration of NPs in the jojoba oil. The 
ASTM D4172 guidelines were used to evaluate the relative wear preventive properties of 
lubricating fluids in sliding contact, also known as anti-wear (AW) properties. It repre-
sents two surfaces that slide against each other. A total of six tests were carried out, one 
on each sample. Each test was performed three times under the same experimental con-
ditions, and the CoF and WSD reported here are the arithmetic means of the measured 
values from those three tests. To report the variation in the result values, the standard 
deviation was calculated. The test was run for 3600 s at a constant temperature of 75 °C. 
The four-ball tester has a fourth ball that is held in a spinning spindle in addition to three 
balls that are kept stationary in a ball pot. Four balls were subjected to a 40 kgf (392.27 
N) force at a spindle speed of 1200 rpm. The wear caused on the three stationary balls is 
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measured and reported as the wear scar diameter (WSD). The formula below is used to 
compute CoF at ball contact [68].

The four-ball tester consists of a load cell and arm attached to the ball pot, and a con-
troller displays the frictional torque (FT).

The samples were evaluated for extreme pressure (EP) properties in accordance with 
ASTM D2783. The test simulates applications that may be subjected to high loads or 
shocks, such as turbines, gears, and ball and roller bearings. The fourth ball in the ball 
pot was rotated at 1760 rpm for 10 s while the other three balls remained still in the ball 
pot. As soon as the balls were welded or smoke began to emanate from the ball pot, the 
tests were stopped. Ten tests were conducted in succession for each sample with increas-
ing loads until the balls weld or smoke is seen from the ball pot. The initial run was 
performed at a starting load of 32 kgf (313.81 N), and subsequent runs were performed 
using the standard method at progressively greater loads prescribed as per the test 
standard until the fluid film broke and direct surface contact occurred (welding of balls). 
The wear scar diameter (WSD) on the stationary balls was measured using a calibrated 
optical microscope and plotted versus the applied load.

The Hertz line, compensation line, Hertz diameter (Dh), last nonseizure load (LNSL), 
initial seizure load (ISL) load wear index (LWI), and weld point load (WPL) were 
obtained and analyzed as per the test standard. The average diameter of an indentation 
formed by the deformation of the ball under static conditions is known as the Hertz 
scar diameter (dh). Plotting the Hertz scar diameter versus load yielded the Hertz line. 
The compensation scar diameter is defined as the typical diameter of the wear scar on 
the fixed balls left by the rotating ball when a load is applied and lubrication is present, 
but without generating seizure or welding. The compensation line was produced from a 

(1)µ =

2.23× Frictional torque (kg.cm)

Load (kg)

Fig. 1 a Four-ball tribometer test rig used for this investigation and b schematic representation of the 
four-ball tester
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comparison of the compensation scar diameters vs applied load. The last load at which 
the measured scar diameter is not more than 5% over the compensation line at the load 
is referred to as the last non-seizure load (LNSL). Table 2 shows the experimental condi-
tions of the four-ball tribometer as per the ASTM D4172 and ASTM D2783.

Using an optical vision measuring machine (VMM; Sipcon-SVI-IMG-3D), wear scar 
diameters (WSD) were measured. The MSU-3DPro software was used to visualize and 
measure the wear scar on a computer with an accuracy of 0.001  mm. To identify the 
components on wear scar surfaces, energy dispersive spectrometry (EDS) was employed. 
An uncertainty analysis was performed to identify the uncertainties in a measured vari-
able caused by environmental, manual, and instrumental errors. Using Eqs. (2) and (3), 
uncertainty was calculated for a single independent variable and several independent 
variables where R is the result of the experiment [69].

The estimated value of uncertainty ( ±) for CoF is 1.1%

Results and discussion
As per the XRD analysis, the identified peaks were assigned to pure  CaCO3 (calcite) as 
indicated in Fig. 2. The astute observation of sample morphology (SEM) is presented in 
Fig. 3, revealing clumped and agglomerated features with dense, homogeneous micro-
structure. Calcination during synthesis resulted in grain growth transforming into well-
faceted solid bodies. The identified elements as per the EDX analysis are shown in Fig. 4, 
revealing the accurate percentage of each element in the composition free from any 
impurity. The bulk density of the prepared sample varied by around 10% below that of 
the corresponding X-ray density (ρX-ray) due to the unavoidable generation of pores dur-
ing the synthesis process [70]. The particle size was found to be 22 nm with a specific 
surface area of 52.5  m2/g. The crystalline nature and nano-regime particle size are indi-
cated by the Scherrer perspective for calculating crystallite size from zenith broadening. 
All the zenith peaks in the diffractograms were considered for the determination of the 

(2)δRXi =

∂R

∂Xi
δXi

(3)δR =

N

i=1

∂R

∂Xi
δXi

2
1
2

Table 2 Test conditions of four-ball tribometer

Parameter Unit/specification ASTM D4172 ASTM D2783

Ball material AISI 52,100 STEEL AISI 52,100 STEEL

Ball diameter mm 12.7 12.7

Ball hardness HRC 64–66 64–66

Ball surface roughness (Ra) mm 0.022 0.022

Load kgf 40 32 to 250

Spindle speed rpm 1200 ± 60 1760 ± 60

Test duration Second 3600 10

Test temperature °C 75 ± 2 32 ± 2
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full horizontal spread of Θ value at the exact half of the intensity. It confirmed that syn-
thesized particles were nanosized. Agglomerated NPs with a nearly spherical shape were 
evidenced in the representative SEM images.

Thermo‑physical properties

Thermo-physical properties of nanolubricants shed light on the important factors 
affecting their overall performance [71]. The thermo-physical properties of base oil get 
modified with the inclusion of NPs, which can lead to better lubricant performance. 
The higher flash and fire points of jojoba oil as compared to other vegetable oils provide 

Fig. 2 XRD of  CaCO3 NPs

Fig. 3 SEM of  CaCO3 NPs
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assurance about its safe inclusion as a lubricant. In the present case, it was observed that 
increasing the concentration of  CaCO3 NPs resulted in a slight rise in the flash point. It 
changed from 224 °C for the base oil to 231 °C for the highest concentration (0.5 wt%). 
This change in flash point indicates that there are no additional safety requirements for 
using nanolubricant oils [72]. The pour point rose for the first three concentrations up to 
10 °C and decreased to 6 °C for a 0.4 wt% concentration. The presence of  CaCO3 in the 
base oil altered the consistency of distribution. The Thermo-physical properties of pure 
jojoba oil are listed in Table 3.

The viscosity is one of the figures of merit for a lubricant, as it modifies the film thick-
ness and the wear rate of the sliding surfaces. While higher values of viscosity are an indi-
cation of the deterioration of used oil caused by contamination or oxidation, decreased 
viscosity is an indication of dilution. The kinematic viscosity of prepared nanolubricant 
samples was measured at 40 °C and 100 °C. The kinematic viscosity values were observed 
to be lower at 100 °C as compared to 40 °C (Table 4). This observation could be corre-
lated with the fact that there is a reduction in oil layer forces at higher temperatures. 
In general, there was an increasing trend in viscosity values at both 40  °C and 100  °C 
as the concentration of  CaCO3 in oil increased. When  CaCO3 NPs are added to the oil, 
the viscosity index rises to 237, indicating that the viscosity of the nanolubricant varies 
less with temperature than base oils. These results are similar to contemporary nano-
lubricant systems [73–75]. This behavior is related to the catalytic properties of NPs. A 
slight increase in the viscosity values of the nanolubricant oils is desirable as it leads to 

Fig. 4 Energy dispersive (EDX) of  CaCO3 NPs

Table 3 Thermo-physical properties of jojoba oil

Properties Unit/specification Jojoba oil ASTM standard

Kinematic viscosity cSt at 40 °C
at 100 °C

24.75
6.43

D789

Viscosity index 233 D2270

Flash point °C 224 D93

Pour point °C 8 D97
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improvements in the lubricating properties and the prevention of rapid wear. In the pre-
sent formulations, the viscosity of nanofluids was found to decrease with an increase 
in temperature and increase with an increase in particle concentration. Weakening of 
the intermolecular forces of lubricant with a rise in temperature is enhanced with nano-
particle inclusion in organic oils. The formation of a lubricating film between contact-
ing surfaces was positively influenced by the increase in nanoparticle concentration. The 
fact that the heat dissipation was also enhanced was attributed to the viscous nature of 
the fluid, which was able to withstand a higher temperature as compared to the base oil, 
which disintegrated easily with the rise in temperature. The addition of nanoparticles 
tends to alter the base fluid’s rheological behavior [76–78]. In the present case, for 0.4 
and 0.5 wt% concentrations at lower shear rates, non-Newtonian behavior is observed. 
Moreover, at higher shear rates, the nanolubricants behave as Newtonian fluids in the 
temperature range of 40 °C and 100 °C for all concentrations.

The zeta potential is a measurement of the difference in potential between the NP’s 
stern layer and the base oil. The Zeta Sizer was used to measure the value of zeta poten-
tial. The zeta potential of a nanofluid reveals its stability; the higher the zeta potential, 
the more stable the nanofluid. The zeta potential values in the present case varied in the 
range from − 47.13 to − 51.46 mV, revealing the stability of nanofluids [79]. The nano-
fluid samples at higher concentrations scattered more light, and hence, the intensity of 
the scattered light decreased (Fig. 5). For 30 days, the highest concentration caused the 
most sedimentation. The intensity results showed that samples with a concentration of 
0.3 were stable after 20 days. The sedimentation was found to be higher for the 0.4 and 
0.5 wt% concentrations after 30 days.

The nanolubricant concentrations under consideration revealed a change in the FTIR 
peaks. This probably indicated that the nano-additives have a synergistic chemical reac-
tion with jojoba oil. The suspension of the NPs has been beneficial for reducing friction 
and wear volume [68]. The bands corresponding to the fatty acid group and ester group 
were beneficial from a tribological study point of view. FT-IR absorption bands corre-
sponding to stretching and bending of the olefinic (= CH) group were observed at 3003 
and 721  cm−1 (Fig. 6). Other stretching absorption bands were found at 1651, 1737, 1244, 
and 1170  cm−1, which correspond to the (C = C) bond, (C = O), and (C–O) of the ester 
group, respectively. The bands appearing at 2922 and 2852  cm−1 were assigned to  CH3 
and  CH2 groups, respectively. The oxidation state of organic esters led to the absorp-
tion band in the regions 1660–1710  cm−1 and 3540–3560  cm−1 [80]. A small alteration 
occurs in the cis CH band at 3003   cm−1 as an indication of the oxidative process. The 

Table 4 Kinematic viscosity and viscosity index of samples

Sample Kinematic viscosity at 40 °C 
(cSt)

Kinematic viscosity at 100 °C 
(cSt)

Viscosity index

J00 24.75 6.43 233

J01 24.82 6.48 235

J02 24.95 6.51 235

J03 25.02 6.55 237

J04 25.12 6.56 236

J05 25.13 6.56 236
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Fig. 5 DLS size distribution of J05 after 10, 20, and 30 days

Fig. 6 FT-IR spectrum of oil samples
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intensity of these absorption bands was slightly modified with the increase in the nano-
particle concentration. The results presented here are in agreement with similar stud-
ies [81]. The oxidation in nanolubricants proceeds through multiple steps. Starting with 
the generation of free radicals, it proceeds to combine with oxygen to produce peroxide 
radicals. Finally, these radicals combine with other lubricant components to form a sta-
ble molecule. The reduction in absorbance value of peaks related to the C = O, C–H, 
 CH2, and  CH3 functional groups shows the anti-oxidation role of nanoparticles exhibit-
ing good stability.

Anti‑wear (AW) and Extreme‑pressure (EP) properties

Throughout the experiment, the CoF was measured every 30 s; the four-ball test’s fluc-
tuation in CoF with time is depicted in Fig. 7. The CoF, averaged from 120 original data 
points for every sample, is plotted in Fig. 8. All lubricating oils containing  CaCO3 NPs 
have lower friction coefficient values than lubricating oil in its purest form. Sample J03 
has the lowest average CoF of 0.0938, while sample J00 has the highest average CoF 
of 0.1318. There is a slight increase in CoF friction for J04 and J05 as compared to the 
lowest value of CoF for J03, where J05 represents the highest concentration of 0.5 wt%. 
 CaCO3 nanoparticles at 0.1 wt% failed to cover the entire contact surface, resulting in a 
higher CoF than at 0.3 wt%. Whereas a higher  CaCO3 percentage in the nanolubricant 
caused some  CaCO3 nanoparticles to agglomerate, resulting in larger secondary particle 
sizes. This would lead to increased friction and wear, which would increase the coeffi-
cient of friction.

The WSD of the three lower balls in the four-ball test serves as a reflection of the 
lubricant’s anti-wear property, and a smaller WSD denotes a higher level of wear resist-
ance. The WSD of six samples measured using optical vision is shown in Fig. 8. It was 
found that sample J00, which contained the purest lubricating oil, had a WSD value of 
561  μm. The WSD is minimized by adding  CaCO3 NPs to the base oil. WSD reduces 

Fig. 7 Coefficient of friction vs. time for concentrations of  CaCO3 NPs in jojoba oil
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as NP concentration rises until sample J04. Base oil has the lowest WSD with an NP 
concentration of 0.4 wt%. The sample with the highest concentration of NPs, J05, sees a 
small increase in WSD.

The purpose of the ASTM D2783 test is to determine the load-carrying capacity of oil 
samples under extreme pressure (EP). The extreme pressure region is the zone beyond 
the LNSL, whereas the anti-wear region is the zone before the LNSL. Initial seizure load 
(ISL) is the load at which there is a brief breakdown of the lubricating film when a load 
is applied. This breakdown can be identified by a sudden increase in the reported scar 
diameter and a quick deflection of the friction-measuring device. The lowest applied 
load at which the revolving ball welds to the three fixed balls is known as the weld point 
load (WPL). The overall EP behavior is exhibited by the load-wear index (LWI) or load-
carrying capability of a lubricant.

Figure  9 shows the applied load against WSD at extreme pressure conditions, with 
and without the addition of NPs. The WSD was reduced for all NP concentrations in 
jojoba oil starting with the LNSL. When compared to the position of the curve for pure 
base oil, the curves of the  CaCO3 nanoparticle-enriched oils (J04 and J05) shifted to the 
lower side. As a result, the addition of NPs enhanced the LWI for these samples. The 
observed LWI value is proportional to the concentration of NPs till sample J04 (Table 5). 
The maximum value of LWI is observed for J04, although the value of LWI for J05 is very 
close to that. The LNSL showed no significant difference between a pure oil and oil-con-
taining low concentrations of NPs (J01, J02, and J03); however, the LNSL value for J04 
and J05 increased from 490 to 618N compared to the low concentration samples, and 
similar behavior was observed for the ISL and WPL, indicating improved EP behavior. 
The suspension containing 0.4 wt% of NPs displayed the best tribological performance, 
confirming the ability of  CaCO3 NPs to resist wear under high-loading conditions. Fig-
ure 10 shows the WSD at the maximum load before the weld point for all the samples 
(J00 to J05).

The worn-out balls obtained after tribological tests were subjected to EDS analysis 
to find out if there were any  CaCO3 NPs present on the worn-out surface of the ball. 

Fig. 8 Friction coefficient and wear scar diameter as a function of additive concentration
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Fig. 9 Wear scar diameter vs. load curve for various concentrations of  CaCO3 NPs in jojoba oil

Table 5 Extreme pressure properties of sample lubricants

Lubricant Last nonseizure load, 
LNSL (N)

Initial seizure load, 
ISL (N)

Weld point Load, 
WPL (N)

Load‑wear 
Index, LWI 
(N)

J00 490 618 1236 206.66

J01 490 618 1236 214.81

J02 490 618 1236 217.99

J03 490 618 1236 222.11

J04 618 784 1569 253.78

J05 618 784 1569 252.80

Fig. 10 WSD at the maximum load before weld point for all the samples, where a J00, b J01, c J02 d J03 e 
J04, and f J05
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Reference base oil and a specific concentration of 0.4 wt% NPs EDS images are shown 
in Fig. 11 a and b respectively. A peak of the elements Ca and O can be seen in the EDS 
spectra of the worn-out surfaces, indicating the existence of  CaCO3 (Fig. 11 b), whereas 
there are no traces of Ca and O on the worn-out surface of the ball used in pure base 
oil (Fig. 11 a). Spherical  CaCO3 NPs may have micro-ball bearing and friction-reducing 
effects on the friction surface by filling concave holes, repairing and separating the fric-
tion surfaces. The formation of secondary phases of the  CaCO3 NPs like CaO and  CO2 
due to decomposition may be formed when the temperature and pressure reach a cer-
tain level. A small trace of  Ca2+ may also form due to the ionization of  CaCO3 NPs. The 
formation of metal calcium may thus be related to a calcium ion capturing two elec-
trons. These complex tribological chemical reactions on the friction surface form metal 
calcium and calcium oxide films, which can fill up the worn surface and protect it from 
wear, which improves the lubrication behavior of the base oil [44, 82].

Conclusions
Nanolubricant samples of jojoba oil with the  CaCO3 NPs prepared by a two-step method 
demonstrated good dispersion stability. Given the environmental risks, the approach 
of using no surfactants for nanoparticle stability was found to be effective in the pre-
sent case. Besides being eco-friendly, the prepared nanolubricants in all the concentra-
tions revealed remarkable anti-wear (AW) and extreme-pressure (EP) properties. The 
lubricant oil performed optimally in terms of anti-friction at 0.3 wt% of  CaCO3 NPs, 
and the average friction coefficient and the average wear scar diameter of the steel balls 
decreased by as much as 34.1% and 40.2%, respectively. Whereas the suspension with 
0.4 wt% of NPs performed best under extreme pressure conditions, with significant 
improvements in the last non-seizure load, the initial seizure load, the weld point load, 
and the load wear index. The anti-wear mechanism is entirely attributed to  CaCO3 nan-
oparticle deposition and the formation of metal calcium and calcium oxide films as a 
result of tribo-chemical reactions. The study demonstrates the benefit of using  CaCO3 
NPs and Jojoba oil in the field of tribology. High-performance  CaCO3-based nanolubri-
cants appear to be a commercially viable alternative to traditional anti-wear, anti-fric-
tion, and extreme-pressure lubricating oils.

Fig. 11 Energy dispersive (EDX) of worn-out balls for sample a J00 and b J04
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