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Abstract: Nanofluids have recently captured the attention of researchers due to their numerous
advantages, including improved cooling, lubricating, and thermal properties compared to
pristine fluids. Producing a highly stable vegetable oil-based nanofluid with optimum
kinematic viscosity is an important task for lubrication, which plays a crucial role in prolonging
the lives of machines. This work investigates the stability, viscosity, and sustainability of castor
nanofluid prepared by blending 0.1 wt.-% boehmite nanoparticles (B-NPs) under
ultrasonication. The zeta potential of the nanofluid was measured to be —34.7 mV, indicating
its good colloidal stability. The kinematic viscosity (KV) of castor oil was 49.81 +0.23, 25.38
+0.11, 14.77 £0.05, and 10.42 +0.02 ¢St at 40 +0.5, 60 £0.5, 80 £0.5, and 100 £0.5 T,
which was enhanced by approximately 27 ¢St, 13 ¢St, 5 cSt, and 4 cSt, respectively, upon the
addition of the B-NPs at the corresponding temperatures. The KV values of both oil and
nanofluid decreased with temperature. B-NPs have been demonstrated to be excellent viscosity
modifiers, hence attesting to the castor oil-based nanofluid’s potential suitability as a
sustainable and eco-friendly lubricant as an alternative to petroleum-based 1SO VG 68
hydraulic oil.
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1. Introduction

The lubricant plays a crucial role in prolonging the lives of machines by reducing
friction and wear, which ultimately leads to improved efficiency and lower
maintenance costs. Keeping in mind their importance in industries, the investigation
for improving the properties of lubricating oils has increased over the last few decades
[1-3].

With the expansion of the petroleum industry in the 19th Century, petroleum-
based lubricants were introduced and rapidly became significant, continuing to be
widely utilized to this day. However, petroleum-based lubricants have been proven in
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many respects to be harmful to both humans and the environment [4,5]. To mitigate
these risks, researchers have recently focused on developing vegetable oil-based
nanofluids that are environmentally safe and exhibit outstanding lubricating properties
with suitable viscosity, meeting the requirements of the machinery [6,7]. First, Choi,
in 1995, proposed suspending metallic nanoparticles (NPs), like copper NPs, in heat
transfer fluids such as water, engine oil, and ethylene glycol, and named them
nanofluids at Argonne National Laboratory, USA. He reported higher thermal
conductivity of the copper-water system nanofluids than that of their base fluids.
Similarly, Eastman et al. (2001) found a significant enhancement in the thermal
conductivity of the copper-ethylene glycol system nanofluid compared to pure
ethylene glycol or ethylene glycol containing an equivalent volume fraction of
suspended oxide NPs nanofluid [8,9]. Thereafter, the varieties of nanofluids have been
developed for different engineering and biomedical applications, including lubrication,
cooling, heat transfer, power generation, and machining [10-13] by dispersing the
various NPs, such as magnesium oxide (MgO), graphene, hexagonal boron nitride
(hBN), titania (TiO,), copper oxide (CuO), cerium oxide (Ce0Q,), zinc oxide (ZnO),
aluminium oxide (Al-Os), boehmite nanoparticles (B-NPs)

etc. [7,13-21]. For example, dispersion of MgO in H2O significantly improves
the thermal conductivity and heat transfer rate for cooling devices in biomedicine [13].
The dispersion of 1% hBN in castor oil minimized the coefficient of friction (COF)
and wear by 30.2% and 51.7% at high load and low speed, respectively. The NPs were
found to change the viscosity of castor oil on a massive scale [14]. Castor oil was also
used for nanolubrication after blending with the surface-modified CuO. The COF and
wear scar diameter (WSD) were minimized by 34.6% and 28.3% using this nanofluid
in comparison to neat oil at optimum conditions [15]. In a similar way, CeO; and
nanoscale polytetrafluoroethylene (PTFE) were used as nano-additives in castor oil to
enhance anti-frictional as well as anti-wear behavior. The nanofluid containing 0.25%
(w/v) CeO; showed the best anti-friction and anti-wear behavior. Additionally, the
nanofluid containing 0.5 wt.-% and 0.1 wt.-% of PTFE particles was found to exhibit
the best anti-friction and anti-wear performance, respectively [16].

The dispersion of a small amount of ZnO NPs in castor oil improved the anti-
wear and extreme pressure qualities. Beyond that concentration, the nanofluid showed
an increase in wear rate and also no significant improvement in the coefficient of
friction (COF) [17].

Similarly, the dispersion of 0.2% TiO, NPs in castor oil lessened the COF in
comparison to raw castor oil [18]. The castor oil exhibited excellent rheological and
tribological properties after the addition of 30% sepiolite [19]. The dispersion of
graphene nanoplatelets in castor oil moderately enhanced the viscosity of castor oil
and improved the thermal conductivity, with exceptional heat transfer capacities for
heat control applications [20].

The immersion of Al,Oz; NPs in host transformer oil enhanced the insulation
properties [21]. These reports clarify that the dispersion of NPs (sizes 1-100 nm) in
base fluid improves the thermal characteristics, energy savings, rheological properties,
and frictional characteristics of base fluid. This is due to the higher surface area of
NPs.
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Among the various NPs, boehmite NPs (B-NPs) represent a promising and
economical addition due to their non-toxic characteristics, flame-retardant properties,
and applicability across multiple domains such as coatings, catalysis, lubricants,
ceramics, and electronics [22,23]. Some literature surveys related to B-NPs containing
lubricants encourage extending the studies to investigate the castor oil-based
nanofluids. For instance, the use of B-NPs dispersed in poly-a-olefins demonstrated
superior performance in reducing friction, wear, and extreme pressure compared to the
polymer alone [7]. The blending of B-NPs with jatropha oil resulted in a significant
increase in kinematic viscosity (K.V.) of jatropha oil [24].

Additionally, castor oil nano-lubricants have been widely investigated and found
to have outstanding lubricating properties, but not with a hydroxyl group-containing
nanofiller. In view of the unique properties of the B-NPs (such as no toxicity, flame
retardance, etc.) and their positive impact on the properties of other lubricants, a
synergistic effect may be expected in the B-NP/castor oil combinations, which forms
the motivation of this study.

In summary, in light of the available reports, the addition of NPs to the fluids
increases the viscosity and thermal conductivity, thus improving the fluid’s
tribological behavior. The study to improve the properties of castor oil by dispersion
of B-NPs has rarely been reported. Hence, this work reports the synthesis of castor
nanofluid by dispersing a small amount of B-NPs and its characteristics towards its
suitability for lubrication. Based on the literature reports so far, the present work is
limited to 0.1 wt.-% of the B-NPs dispersed into the vegetable oil. The present work
also presents the possible mechanism of modifying the flow properties of castor oil
after dispersing B-NPs.

2. Experimental

2.1. Materials

Castor oil was purchased from Nike Chemical India, product code C-001140, and
Batch No. 71116. The commercially available boehmite, AIO(OH), was obtained from
Sasol in Hamburg, Germany, and is available as Dispersal OS1.

2.2. Preparation of castor nanofluid (CNF)

Castor nanofluid (CNF) was prepared by dispersing B-NPs in castor oil,
following the procedure published previously [24]. In brief, castor nanofluid (CNF)
was prepared by dispersing B-NPs in castor oil in two steps (see Figure 1). In the first
step, 0.05 g B-NPs were homogenized into 49.95 g castor oil using a magnetic stirrer
at a speed of 900 rpm at 60 =10 <C for 1 h. In the second step, the homogeneous
solution thus obtained was ultrasonicated below 50 <C for 2 h, using a probe sonicator
to form more uniformity. The nanofluid was characterized using different techniques
like FTIR, zeta potential, K.V., viscosity index, etc. The B-NPs were further analyzed
by X-ray diffractometer (XRD) and transmission electron microscope (TEM).
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Figure 1. Schematic diagram showing the preparation of castor oil-based nanofluid.

2.3. Characterization techniques

X-ray Diffractometer (XRD): A fast-detector X-ray diffractometer (XRD) made
in Japan by the Rigaku Corporation, Smart Lab, was utilized for the determination of
the crystallite size of the B-NPs and phase analysis.

Transmission Electron Microscopy (TEM): The morphology of the NPs was
analyzed by a high-resolution transmission electron microscope with energy-loss
spectroscopy (TALOS F200 G2). The elemental components of the NPs were
determined by energy-dispersive X-ray spectroscopy (EDX) (S50 QLD9111, FEI,
Amsterdam, The Netherlands).

Nuclear Magnetic Resonance (NMR) Spectroscopy: The composition of castor
oil was determined by proton nuclear magnetic resonance (*H NMR), carbon nuclear
magnetic resonance (**C NMR), and distortionless enhancement by polarization
transfer (DEPT-135) and was recorded by a Bruker Avance Neo 600 MHz NMR
spectrometer. Deuterated chloroform (CDCl3) was used as a solvent, and its chemical
shift peak at 7.26 ppm was considered as an internal reference.

Zeta Potential Measurement: Zeta Sizer (Nano ZSUK, Malvern Instruments
Limited) was used to determine the zeta potential of the nanofluid and the
hydrodynamic diameter of B-NPs in the nanofluid.

Viscosity Measurement: The U-tube viscometer with a water bath was used to
determine the kinematic viscosity (K.V.) at 40 £0.5, 60 0.5, and 80 +£0.5 <C, and a
silicon oil bath was used at 100 0.5 <C. Both water and silicon oil baths were used
to measure the viscosity parameters (the K.V. and viscosity index, V.I. values) of the
fluids. The presented values are an average of at least three measurements.

Pour Point and Cloud Point Estimation: A pour point and cloud point tester was
used to measure the pour point of the oil and its nanofluid.

Fourier Transform Infrared (FTIR) Spectroscopy: FTIR (STA, 449 F3 Jupiter,
UK) was used to analyze the functional groups.

3. Results and discussion

3.1. Characterization of boehmite nanoparticles (B-NPs)

The B-NPs, which appeared as a white powder, were characterized by XRD,
TEM, EDS, and FTIR and reported in our previously published paper [24]. The XRD
revealed the polycrystalline nature of B-NPs with a mean crystallite size of 8.2 nm. In
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the same way, the TEM and EDS showed that the B-NPs had a platelet structure with
high purity, and the FTIR showed peaks of functional groups within the range of 3000
3600 cm~and 900-1100 cm- as reported earlier [25-29]. All these properties of B-
NPs are summarized in Table 1.

Table 1. Summary of physical properties of B-NPs investigated by different

techniques.

Properties Details Techniques used
Average crystallite size 8.2nm XRD

Structure Orthorhombic/Polycrystalline XRD
Morphology Nanoplatelet TEM

Average grain size 11.8 nm TEM

Elemental composition Aland O EDS

3.2. Characterization of castor oil (CO)

The terminal methyl protons are represented by the signal at 64 0.83 to 0.96 ppm
in castor oil’s proton nuclear magnetic resonance (*H NMR). Similarly, long aliphatic
methylene chains, B-carbonyl protons, allylic protons, a-methylene to ester, and bis-
allylic protons are represented by the signals at 64 1.23 to 1.27 ppm, 1.58 to 1.98 ppm,
2.02 t0 2.06 ppm, 2.26 to 2.32 ppm, and 2.73 to 2.77 ppm, respectively.

Furthermore, Figure 2 illustrates the existence of olefinic protons at on 5.23 to
5.35 ppm and a glycerol backbone at 61 4.10 to 4.28 ppm, respectively [30].

Figure 2. Proton nuclear magnetic resonance (1H NMR) spectrum of castor oil.



Characterization and Application of Nanomaterials 2026, 9(3), 026250021.

Furthermore, carbon-13 nuclear magnetic resonance (**C NMR) and
distortionless enhancement by polarization transfer (DEPT-135) were performed for
the structure elucidation of castor oil (CO), and the results are presented in Figures 3
and 4, respectively.
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Figure 3. Carbon-13 nuclear magnetic resonance (13C NMR) of Castor oil (CO).
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Figure 4. Distortionless enhancement by polarization transfer (DEPT-135) of castor oil (CO).
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13C NMR analysis showed peaks from 8¢ 127.11 to 131.91 ppm, indicating
unsaturated carbon in the oil. Similarly, peaks in the 8¢ 76.94—77.37, 13.92-14.28, and
20-34.30 ppm ranges are due to deuterated chloroform, the terminal methyl carbon,
and the methylene carbon of the long carbon chain, respectively, in the oil. The
presence of a methylene group bonded to an electronegative atom, such as oxygen in
castor oil, is indicated by a signal at dc 62.12-66.91 ppm, confirming the oil’s status
as an ester.

DEPT-135 analysis showed positive (up), negative (down), and positive (up)
signals, confirming the presence of CH (methine), CH2 (methylene), and CHz (methyl)
groups, respectively, in the castor oil (Figure 4). The negative spectrum at ¢ 61.25—
65.04 ppm indicates the glycerol backbone in castor oil. In addition, a positive signal
at 8¢ 68.09-72.05 ppm supports the presence of a triglyceride in the oil.

Hence, the castor oil used was found to be composed of triglycerides containing
compounds with unsaturated carbon-carbon bonds.

From FTIR analysis, it was found that the castor oil exhibited the stretching
vibration of the carboxyl group, indicated by the peaks in the 1680-1750 cm™! region.
This finding supports the presence of ester fatty acids [30] but not ricinoleic acid in
this castor oil. Generally, the main constituent of castor oil is ricinoleic acid, having
an -OH group [31,32]. Also, there was no impurity such as water [33]. The FTIR peaks
of castor oil and castor boehmite nanofluid were similar to each other, as depicted in
Figure 5. This can be attributed to the very small amount of B-NPs present in the oil.
This small amount of NPs exhibits a feeble vibrational signal, whereas the vegetable
oil background exhibits a high absorption band. 33>31, 31>33

——— CNF
—— B-NPs
3009 2854 —CO

1741 1456 1158

Transmittance (a.u.)

4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm™)

Figure 5. FTIR spectra of CO, B-NPs and its nanofluid, the CNF.

Additionally, there is no substantial interaction between the oil and the NPs.
Therefore, the functional group remains unchanged, which confirms that the oil and
the NPs interact only physically. This result is consistent with previous reports. For
example, jatropha oil and its nanofluid had similar peaks [24]. No new peak was
formed during the preparation of the nanofluid of thermal oil (hybrid NF) [34].
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From thermogravimetric analysis (TGA) of castor oil (CO), the mass loss step
was initiated significantly from 284.4 <C and ended at 461.3 <C, leaving a final residue
of 5.6%. The primary process that contributes to mass loss is the volatilization or
decomposition of triglycerides with an increase in temperature.

The mass loss of the first step decreased with degradation time, and the mass loss
of the second step increased, indicating the formation of higher molecular weight
compounds that decomposed at higher temperatures. As the temperature rises further,
there is no discernible mass loss, and the TG curve eventually becomes nearly flat, as
shown in Figure 6.
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— DTG

: AN

o IIEII:I E"Ell.'l JIIJIJ 4‘50 EIT'!I:I' &00
Temperature (°C)
Figure 6. TG and DTG curves of castor oil (CO).

Accordingly, the derivative thermogravimetric analysis (DTG) curve shows a
bimodal shape throughout the entire procedure, with a maximum mass loss of 9.61
mg/min at 418 <C. The bimodal shape indicated that it was found to decompose in two
steps. The first step may be due to the decomposition of the side-chain fatty acid of
the triglyceride, and the second step is due to the breaking of its C-C-C skeleton. The
pyrolysis of fatty acids occurs through C-C and C=0 bond breaking by B-scission
reaction, which may be due to deoxygenation of the C-C bond breaking to convert into
hydrocarbon radicals, as well as deoxygenation of the short-chain molecule produced
from the C-C bond breaking of the hydrocarbon chain [35].

3.3. Characterization of castor nanofluid (CNF)

In this study, the prepared CNF was characterized by investigating the stability
test, K.V., V.1., pour point, and functional groups.

The stability of the nanofluid was studied by both visual (sedimentation) and zeta
potential tests. The visual test, performed for up to 3 months, showed no sedimentation,
indicating good stability. The zeta potential refers to the potential variation across
solid-liquid phase boundaries. A higher value of zeta potential indicates higher
stability. The zeta potential ranging from 30 to #60 mV and greater than #60 mV
indicates good and superior stability of the nanofluid, respectively [36-38].
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From the zeta potential study, its value for the castor nanofluid was found to be
—34.7 mV (Figure 7a), with a hydrodynamic size of 129.1 nm for B-NPs (Figure 7b),
confirming its good stability. This is due to the stronger repulsive force among the
NPs, which is responsible for forming a stable colloid and ensuring its long-term
performance as a nanolubricant. In the case of jatropha nanofluid (JNF), the zeta
potential of 27.3 mV indicated moderate stability and was beneficial only for short-
term performance [24]. Hence, the castor nanofluid was found to be more stable than
the jatropha nanofluid containing the same quantity of B-NPs. Hence, the effect of the
NPs on the stability of the nanofluid is also observed in its K.V.
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Figure 7. (a) Apparent zeta potential of the CNF and (b) hydrodynamic size of B-NPs in CNF.

From the K.V. study (see Figure 8), the nanofluid had higher values (76.96 %+
0.25, 38.34 +0.15, 20.09 +0.02, and 14.07 +0.02 cSt at 40 £0.5 <C, 60 £0.5 C, 80
+0.5 C, and 100 £0.5 <T respectively) than that of neat oil (49.80 £0.23, 25.38 &+
0.11, 14.76 £0.05, and 10.41 %0.02 cSt) under similar temperatures, as presented in
a bar diagram, Figure 8a,b. The formation of clusters, Brownian motion, and the
interaction between the NPs and the fluid, which tends to resist the flow property, were
the causes of the greater K. V. values [39,40] of nanofluid.

The K.V. decreased with temperature, following the model of the formula

proposed by Arrhenius: n(T) = noe_AEa/T + C , where n,, is the viscosity at 0 <C, E,
is the activation energy, A is a constant, which has the dimension of the inverse of
Boltzmann’s constant and C is a residual viscosity offset. The activation energy is an
important parameter to understand the flowing nature of the fluid. It refers to the
minimum energy possessed by the molecules to surpass the intermolecular forces and
pass over one another [41,42]. In the case of oil, as the oil’s temperature increased, its
molecular kinetic energy also increased. As its molecular kinetic energy increased,
more molecular collisions occurred, decreasing the intermolecular interaction between
them. As a result, flow resistance decreases with increasing temperature. Similarly, as
the temperature rose in a nanofluid, the molecular vibration of NPs increased as well.
It impacted the formation of microstructure by reducing the nearest-neighbor contact,
which led to a drop in the viscosity [43,44].
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Figure 8. K.V. of (a) CO and (b) CNF at different temperatures, (c) comparison of K.V. of CNF and ISO VG 68 as
indicated; a magnified error bar has been presented in (a and b) for clarity of understanding the statistical essence of

the measurement.

When the thermal energy reaches the activation energy, the molecular vibration
becomes maximum and acquires the saturation value beyond this temperature, which
illustrates the smaller difference in K. V. at higher temperatures that was observed in
this work.

The K.V. of the nanofluid was higher than that of castor oil at similar
temperatures, which means that the K.V. was large (76.96 *0.25 cSt) at a lower
temperature (40 £0.5 <C) and small (14.08 £0.02 cSt) at a higher temperature (100 %
0.5 ). The difference in K.V. of nanofluid was large (27.16 £0.02 cSt) at low
temperature (40 0.5 <C) and small (3.66 cSt) at a higher temperature (100 £0.5 <C).
The lower difference in K.V. of CO and CNF at higher temperatures is due to an
increase in Brownian motion, the break of clusters, and the weak particle-particle and
particle-fluid interaction in nanofluid [39,40]. Pourpasha et al. (2020) also reported
that the Brownian movement of nanoadditives in the pure lubricant is enhanced with
temperature. Consequently, increasing the nanoadditive rate reduces the
intermolecular forces between the lubricant and the nanoadditive’s surface [44]. The
relation of Brownian motion with temperature is given by the Einstein-Stokes equation:

X = /32:—;; where a = diameter of particles, k = Boltzmann constant, n = viscosity, T

= temperature, t = time, and x = distance [45,46]. As the temperature and molecular
energy rise, the fluid’s intermolecular forces diminish, increasing the intermolecular

10
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distance. Consequently, raising the temperature reduces the viscosity of nanofluids
[45]. Zeinali Heris et al. (2015) also supported that Brownian motion increases with
rising temperature [46].

The difference in K. V. after blending the NPs exhibited an exponential nature
with temperature, following the Arrhenius equation. It is attributed to the higher
molecular vibration of the added NPs present in the nanofluid [42]. The nature of the
K. V. of castor nanofluid was similar to that of jatropha nanofluid [24]. The difference
in K.V. of different vegetable oils at the same temperature depends on the fatty acid
composition, the functional group present in the fatty acid, and the molecular weight
of the oils [47].

It is noteworthy that only a small variation in K. V. values under similar
experimental conditions was observed, confirming the good repeatability of
experimental data. The reproducibility of K. V. of the nanofluid at 40, 60, 80, and
100 <C, in terms of relative standard deviation, was 0.32%, 0.39%, 0.76%, and 1%.
The observed low relative standard deviation also indicates the outstanding
repeatability of the measurements.

Figure 8c illustrates that the K. V. value of the nanofluid is found to be 76.96 +
0.25 ¢St and 14.08 +£0.02 cSt, at 40 T and 100 <C, respectively, while that of the
mineral lubricant (as per International Organization for Standardization, Viscosity
Grade 68; ISO VG 68) at the same temperatures has been reported as 68 cSt and 8.8
cSt, respectively [48]. The result of the KV obtained in this work is comparable with
that reported for ISO VG 68. The ISO VG 68 must have 68 ¢St K.V. at 40 0.5 <C.
However, the minimum and maximum K.V. values of ISO VG 68 measured according
to ASTM 445 vary from 61.2 to 74.8 cSt under the same temperature conditions [48].
Also, according to the National Fluid Power Association (NFPA) Recommended
Practice, the allowable operating viscosity for the majority of pumps and motors
should be between 13 and 860 mm?/s [49], which supports the notion that the prepared
nanofluid can be utilized in hydraulic systems.

The viscosity index (V.1.), a crucial lubricity property of the oil, was measured

for the samples using ASTM D2270 and calculated using the formula: . I. = —(L(_Lli)lj)oo,

where L = K.V. of fluids having a viscosity index 0 at 40 <C, H = K.V. of fluids having
a viscosity index 100 at 40 T and U = K.V. of fluid at 40 <C [45,50].

As shown in Figure 9a, the nanofluid’s V.I. was higher than that of the mineral
oil-based lubricant. The higher V.I. of the nanofluid resulted from its composition of
triglycerides (vegetable oil) and NPs, which are more stable than the mineral-based
ISO VG 68, composed of hydrocarbons. A lower V.I. indicates lower viscosity
stability with temperature [51].

In contrast, a higher V.l. indicates less viscosity change across temperatures
[52,53]. A nanofluid with a high V.I. can help prevent excessive thickening [54].
Hence, the nanofluid prepared from castor oil, which has a higher viscosity index, is
biodegradable and environmentally friendly and may be an excellent base stock for a
green lubricant in place of ISO VG 68 (mineral lubricant). Furthermore, the nanofluid
may serve as a high-performance lubricant.

The pour point is the lowest temperature at which the fluid stops flowing [55].
The pour point of the castor oil was found to be —3 £3 <C, which dropped to -2 £3 C

11
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in the nanofluid, which was only one degree higher than the oil. In other words, there
was no significant change in the pour point of the nanofluid. This observation is
consistent with the results reported by Karthikeyan et al., who investigated the castor
oil-based nanofluid using molybdenum sulphide (MoS2) as the additive [56].
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Figure 9. (a) Viscosity index of CNF and ISO VG 68, (b) Pour point of CNF and 1ISO VG 68 as indicated.

When comparing the pour point of the prepared nanofluid with that of ISO VG
68 mineral hydraulic oil, the nanofluid’s pour point was relatively higher (—2 <C) than
that of ISO VG 68 mineral hydraulic oil (—30 <C), as shown in Figure 9b, and could
be improved by the addition of pour point depressants. In other words, we can say that
the nanofluid had comparatively poor cold flow behavior and was not very good for
cold climates. Hence, the nanofluid can be used as a green hydraulic fluid in warm
places.

4. Conclusion

The present study has sought to improve the lubricating properties of castor oil
by dispersing B-NPs and manipulating the oil’s flow behavior, as measured by
viscosity. Before blending, B-NPs were characterized by X-ray diffraction (XRD) and
transmission electron microscopy (TEM). XRD and TEM analyses revealed a
crystallite size of 8.3 nm and a platelet-like structure with a diameter of 8.3 nm. The
castor oil-based nanofluid was prepared by blending 0.1 wt.-% of polycrystalline and
platelet-like textured B-NPs.

The kinematic viscosity of castor oil was found to increase well with the addition
of a small amount of the NPs (0.1 wt.-% in the present case), which decreased as
expected progressively at elevated temperature.

The zeta potential of the nanofluid was —34.7 mV, indicating good stability and
suitability for long-term performance. Thus, the NPs have been demonstrated as being
excellent viscosity modifiers.

The results so far obtained have demonstrated the castor oil-based nanofluid’s
suitability as a potential eco-friendly bio-based lubricant as an alternative to the
corresponding petroleum-based fluids. The notion of the nanofluid being recognized
as a green lubricant for warm environments is supported by its superior viscosity index,
higher pour point, and comparable kinematic viscosity to mineral lubricants.
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