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Abstract

This study comparatively investigated the ageing behaviour of a conventional lubricant
and a biolubricant modified with 0.25-1.00 wt.% KH570-coated SiO: nanoparticles.
Nanolubricants and nanobiolubricants were prepared using a two-step dispersion
method and subjected to accelerated thermal ageing at 220 and 260 °C for exposure times
ranging from 120 to 240 h. Density, kinematic viscosity at 40 and 100 °C, viscosity index,
Total Acid Number (TAN), Total Base Number (TBN), Fourier Transform Infrared Spec-
troscopy (FTIR), and Inductively Coupled Plasma Optical Emission Spectroscopy (ICP-
OES) were used to evaluate their physicochemical and chemical degradation. The results
showed that increasing temperature and exposure time generally intensified density
growth, viscosity thickening, viscosity-index deterioration, and oxidation, whereas SiO2-
containing formulations exhibited more moderate changes in several responses under se-
vere ageing conditions. At 260 °C and 168 h, the viscosity at 40 °C of the conventional
lubricant decreased from 193.7 mm?s! without nanoparticles to 135.1 mm?-s™! with 1.00
wt.% SiO2, corresponding to a reduction of 30.25%. For the biolubricant, viscosity de-
creased from 312.9 mm?2-s! to 98.6 and 116.8 mm?2-s-! with 0.75 and 1.00 wt.% SiOz, corre-
sponding to reductions of 68.49% and 62.67%, respectively. Under the same severe ageing
conditions, oxidation in the conventional lubricant decreased by 27.19% at 1.00 wt.% SiO,
while oxidation in the biolubricant decreased by 34.11% and 22.08% at 0.75 and 1.00 wt.%
510z, respectively. Response Surface Methodology combined with ANOVA and backward
elimination identified temperature, exposure time, nanoparticle concentration, and their
interactions as response-dependent controlling factors. The resulting reduced regression
models provided high goodness of fit; for example, the coefficients of determination
ranged from 0.9976 to 0.9981 for density and from 0.9954 to 0.9999 for viscosity at 40 °C.
The response surfaces confirmed that temperature and time generally promoted degra-
dation, whereas SiO2 addition was associated with lower excessive viscosity and oxida-
tion increases under specific concentrations at high thermal severity, with a more pro-
nounced effect in the biolubricants. Overall, KH570-modified SiO: nanoparticles showed
potential for mitigating changes associated with accelerated thermo-oxidative ageing, alt-
hough the optimum concentration depended on the lubricant formulation and the inves-
tigated response. Because all formulations were tested under identical nominal ageing
conditions, the observed differences support a comparative assessment of nanoparticle
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effects; however, the contribution of evaporation and concentration effects could not be
independently quantified.

Keywords: SiO2 nanoparticles; lubricants; biolubricants; thermal ageing; oxidation;
viscosity; response surface methodology

1. Introduction

The potential of nanotechnology to improve lubrication performance and reduce the
demand for conventional additives has made its application in lubricant formulations in-
creasingly widespread in recent years [1-3]. Incorporating appropriate nanoparticles into
lubricants (to obtain the so-called “nanolubricants”) represents a viable method for sig-
nificantly improving their oxidative stability, anti-wear, anti-friction, and anti-corrosion
properties [4]. Amongst all possible materials for nanoparticles, SiO2 has shown signifi-
cant promise as a lubricant additive [5-8]. These nanoparticles are appropriate for this
application because of a number of distinctive characteristics they have, such as

e  Heat Resistance: SiO2 has a high heat resistance and the ability to absorb light and
heat [9,10];

o Low coefficient of friction: Interposed SiO2 nanoparticles can reduce friction between
moving parts. This may reduce wear in mechanical components lubricated with
nanolubricants and improve energy efficiency [11,12];

¢ Good biocompatibility: SiO2 nanoparticles are safe to be employed in lubricants that
are already thought to come into contact with food or living beings, since they are
known to be biocompatible [12].

Silicon dioxide (SiO2) nanoparticles, for example, find versatile applications in differ-
ent types of agricultural machinery lubricants. They contribute to improving wear re-
sistance and lower friction when incorporated into engine lubricant, which eventually ex-
tends engine life and increases fuel efficiency [5,13]. Comparably, adding SiO2 nanoparti-
cles to gear lubricant improves wear resistance and lowers noise, which prolongs gear life
and improves machinery performance [14,15]. Moreover, incorporating them into hy-
draulic oil also increases, in this case, the wear resistance of all the involved systems,
which extends the longevity of hydraulic systems and improves the overall machinery
performance [16,17].

There are several advantages associated with using SiO2 nanoparticles in lubricants.
By reducing wear and tear on machinery components, these nanoparticles can increase
the equipment’s lifespan and lower maintenance expenses [5,18]. Additionally, by lower-
ing wear and friction, the use of SiO2 nanoparticles improves fuel efficiency [19]. As a
result, by enhancing engine performance and reducing fuel usage, emissions are also re-
duced. SiO2 nanoparticles are notably a more environmentally friendly lubricant additive
than many other conventional additives [20,21].

Mohd Farid Ismail et al. [22] demonstrate that nanoparticle additives improve the
coefficient of friction (COF) at low volume concentrations. Specifically, the COF of
nanolubricants with a volume concentration of nanoparticles below 0.010 vol.% for TiOz
and less than 0.005 vol.% for SiO: is lower than that of pure polyvinyl ether (PVE) lubri-
cant. Yeou et al. [23] indicate that the abrasion loss of a nano-5iO:z lubricant containing 3.5
wt.% SiO, dropped by 42.43% on average in tribology tests. Meghana et al. [13] report that
SiO2 nanoparticles decreased the average coefficient of friction by 8.69%, while extending
the mixed lubrication regime of a Pongamia-based lubricant (Pongamia pinnata L.). Fur-
thermore, DPPH (2,2-diphenyl-1-picrylhydrazyl) analysis was used to evaluate the
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antioxidant capabilities of SiO2, and the results showed DPPH inhibition of 74.38% at the
highest concentration (700 pg-mL-). A study on the rheological and tribological charac-
teristics of polyethylsiloxane containing SiO: nanoparticles is presented by Tuyana et al.
[7]; SiO2 nanoparticles were added, and this increased the lubricating film’s tear strength
and tribological performance. There was a favourable effect of SiO2 nanoparticles on the
friction coefficient. The shear modulus and mechanical loss angle of the SiO2 nanoparticle
suspensions in polyethylsiloxane, as well as other viscoelastic parameters, were evaluated
in another study by Fatima et al. [11], which investigated the tribological characteristics
of polyalphaolefin 6 (PAO6) lubricant incorporated with SiO2 nanoparticles modified with
stearic acid (5i0:-SA) as additives, at concentrations ranging from 0.05% to 0.30% in mass.
When compared to PAO6 alone, the tribological tests showed that all nanolubricants had
better anti-friction properties. In both tribological circumstances, 0.30% in mass was
shown to be the ideal concentration for reducing friction. The combination of PAO6 +
0.20% in mass of SiO2-SA showed the best anti-wear performance in pure sliding condi-
tions, with wear track width, wear track depth, and wear area reduced by 55%, 86%, and
92%, respectively. Mohd Farid Ismail et al. [24] distributed SiO2 and TiO2 nanoparticles at
different concentrations and temperatures in a polyvinyl ether (PVE) lubricant. As the
concentration of nanoparticles increased, the thermal conductivity showed an increase,
but conductivity also showed a decrease with increased temperature. The experimental
data showed an average deviation of less than 0.29% from the regression model, and this
model had a high R-square of more than 0.9952. The COF decreased by 15% while using
SiO2/PVE nanolubricant at 0.003 vol.%, in comparison to the baseline. Interestingly, when
the concentration values for SiO2 and TiO:2 exceeded the thresholds of 0.010 vol.% and
0.020 vol.%, respectively, the COF values for nanolubricants exceeded those of base lub-
ricants. The ideal concentration of SiO2 and TiO:2 nanoparticles improved the PVE lubri-
cant’s thermal and tribological characteristics, indicating possible benefits for use in re-
frigeration systems. Sankar and Duraivelu [25] conducted a groundbreaking study in
which they ingeniously blended nanoparticles of SiO2, Al2Os, and TiOz, seamlessly infus-
ing them into a light grade base oil (SN 500). Their research reveals that an optimal com-
position of 1 wt.% SiO2, 1 wt.% TiOz, and 0.05 wt.% Al:Os stands out as remarkably effec-
tive, demonstrating unparalleled friction-reduction properties when employed as a lubri-
cant. The judicious use of these nanoparticles not only mitigates shearing stress but also
curtails friction and wear on surfaces, making it a standout solution for enhanced lubrica-
tion performance. In the study by Abhisek et al. [16], a hydraulic oil with an optimal vol-
ume fraction of 1.8% multi-walled carbon nanotubes (MWCNT)/SiO2 nanomaterials at a
ratio of 20:80 showed notable decreases in wear scar diameter (WSD) and friction coeffi-
cient, by 14.00% and 92.99%, respectively, when compared to the pure lubricant. When
compared to base sunflower lubricant, Vicente et al. [5] demonstrated that the addition of
SiO2 and TiO:z nanoparticles reduced the coefficients of friction by 77.7% and 93.7%, re-
spectively. Moreover, the inclusion of SiO2 and TiO2 nanoparticles, respectively, reduced
the volume loss by 74.1% and 70.1%. The authors concluded that a modified sunflower
lubricant augmented with nanoparticles has the potential to be used as an effective biode-
gradable lubricant, based on the experimental results. Sumit et al. [19] conducted a com-
prehensive study to assess the impacts of different nanoparticles (SiO2, WSz, Cu, CuO, and
graphite) on the tribological properties of a 15W40 lubricating oil. SiO2 nanolubricant ex-
hibited the maximum reduction of COF, equal to 15-25%, followed by graphite (*15-18%),
WS2 (13-21%), Cu (#9-20%), and CuO (*1.5-17%). WSD reduction was most prominent
with SiO2 nanolubricant (=50-59%), followed by graphite (=45-57%), WSz (#17-26%), Cu
(#33-49%), and CuO (*13-28%). As reported by Kok-Hou Tan et al. [26], zeolite nanopar-
ticles have been shown to be capable of preventing the oxidation of lubricants based on
palm oil. According to the TAN study, the quantity of acidic chemicals produced during

https://doi.org/10.3390/lubricants14110416


https://doi.org/10.3390/lubricants14110416

Lubricants 2026, 14, 416

4 of 54

the oxidation of palm oil lubricant is likewise decreased by 35-50% in the presence of
nanosized zeolites. Thachnatharen et al. [27] have extensively investigated the use of mi-
crowave-synthesized MoS2-graphene nanohybrid additives to enhance the tribological
properties of 20W40 lubricant for diesel engines. Their findings reveal that even a minimal
addition of 0.05 wt.% MoS2-graphene nanohybrid yields significant improvements: a re-
markable 58.82% reduction in friction coefficient and a substantial 36.26% decrease in the
average wear scar diameter. Furthermore, the study indicates a notable enhancement in
oxidation resistance by 19.21%, along with a remarkable increase in thermal conductivity
by 19.83% (at 100 °C).

Building on our previous investigations into nanoparticle dispersion stability, real-
engine biolubricant ageing, oxidation inhibition in nanobiolubricants, and the thermal-
oxidative behaviour of conventional and bio-based lubricants [28-31], the present study
provides a systematic comparative assessment of the accelerated ageing behaviour of both
lubricant classes. Whereas the previous studies separately addressed dispersion stability,
real-engine ageing, oxidation resistance, or thermal stability, the present work evaluates
the combined effects of ageing temperature, exposure time, and KH570-modified SiO2 na-
noparticle concentration on the degradation of a conventional lubricant and a biolubricant
under identical experimental conditions. This design enables a direct comparison of the
ageing responses of the two lubricant formulations and supports the development of re-
sponse-surface models describing the influence of the investigated factors.

KH570-modified SiO: nanoparticles were incorporated at concentrations ranging
from 0.25 to 1.00 wt.% into both conventional lubricant and biolubricant formulations. The
resulting samples were subjected to accelerated thermal ageing at 220 and 260 °C for ex-
posure times between 120 and 240 h. Density, kinematic viscosity at 40 and 100 °C, vis-
cosity index, Total Acid Number (TAN), Total Base Number (TBN), Fourier Transform
Infrared Spectroscopy (FTIR), and Inductively Coupled Plasma Optical Emission Spec-
troscopy (ICP-OES) were employed to evaluate changes in physicochemical properties,
acid-base reserves, oxidation, molecular structure, and elemental composition. Response
Surface Methodology was subsequently applied to quantify the individual and interactive
effects of temperature, exposure time, and nanoparticle concentration. This integrated ex-
perimental-numerical approach was used to determine whether SiO2 nanoparticles could
mitigate thermo-oxidative degradation and preserve the functional properties of both lub-
ricant types during prolonged thermal exposure.

The present study focuses on physicochemical and chemical ageing behaviour. No
direct tribological measurements, including friction or wear tests, were performed; there-
fore, the results should not be interpreted as direct evidence of improved anti-friction,
anti-wear, or overall tribological performance.

2. Materials and Methods
2.1. Used Lubricants and Nanoparticles

NILS S.p.A. (Postal, Bolzano, Italy; https://www.nils.eu/en/ (accessed on 1 September
2026)) and FUCHS LUBRICANTS GERMANY GmbH (Mannheim, Germany,
https://www .fuchs.com/de/en/ (accessed on 1 September 2026)) supplied the two lubri-
cants used in this study, respectively: the “Mistral 15W40”, by NILS, a conventional (min-
eral) lubricant, and “PLANTO MOT SAE 10W40”, a biolubricant produced by FUCHS
LUBRICANTS GERMANY. The technical specifications for these lubricants are detailed
in Table 1. Silicon dioxide (5iO2) nanoparticles with an average particle size of 18-35 nm
and coated with KH570-Silane coupling agent were acquired from Nanografi Inc.
(Cankaya/Ankara, Tiirkiye; https://nanografi.com/ (accessed on 1 September 2026)). Table
2 outlines the key characteristics of the nanoparticles used; Table 3 presents the elemental
analysis. It should be noted that the two investigated lubricants are commercial
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formulations with different SAE grades, initial physicochemical properties, additive pack-
ages, and base-oil chemistries. Therefore, the differences observed during ageing cannot
be attributed solely to the mineral- versus bio-based nature of the lubricants and may also
reflect formulation-specific effects.

Table 1. Technical specifications of the lubricants used.

Properties Measurement Reference NILS Mistral PLANTO MOT
Unit 15W40 SAE 10W40

Kinematic viscosity at 40 °C [mm?2-s1] ASTM D445-24 [32] 97.3 87.0
Kinematic viscosity at 100 °C [mm2-s71] ASTM D445-24 [32] 13.5 13.7
Viscosity index [-] ISO 2909:2002 [33] 138 160

Density at 15 °C [grem2] ASTM D4052-22 [34] 0.8769 0.8719
TBN [mg(KOH)-g] ASTM DA4739-17 [35] 10.5 9.7
TAN [mg(KOH)-g] ASTM D664-18e2 [36] 2.2 1.7

Table 2. Properties of SiO2 nanoparticles.

Technical Properties Unit of Measurement Value/Appearance
Purity [%] 95.9+
Colour [-] white

Average Particle Size [nm] 18-35

Specific Surface Area [m2g] 150-550

Bulk Density [g-em] <0.1
True Density [g-em=] 2.2

Table 3. Elemental Analysis of SiO2 nanoparticles.

Elements wt.%
Si0O2 95.9
KH570 3-4
Fe 0.032
Ca 0.056
Mg 0.0085
S 0.025

2.2. Experimental Procedure for Nanolubricant Samples: Preparation and Artificial Ageing

Nanoparticles were dispersed in both Mistral 15W40 lubricant and PLANTO MOT
SAE 10W40 biolubricant at four different concentrations (0.25, 0.50, 0.75, and 1.00 weight
percent). The recommendations in the literature for the most effective ranges of SiO:2 na-
noparticles in lubricants were used to choose these concentrations [5,37]. In our previous
study [28], we evaluated the stability and dispersion of nanoparticles at the same concen-
trations and with the same lubricant and biolubricant used in the present study. FTIR,
UV-Vis spectrophotometric analysis, and sedimentation photography were used to eval-
uate their dispersion stability. We found that longer sonication times (hence: 2.5 h) con-
siderably improved the stability of nanolubricants and nanobiolubricants, demonstrating
the critical importance of optimizing the sonication time. So, after the addition of the na-
noparticles, the samples underwent magnetic stirring at 1500 rpm for 1.5 h at ambient
temperature. Subsequently, ultrasonic processing was performed using an ultrasonic
cleaner (VWR USC600THD (Avantor, Inc, Radnor Township, PA, USA);
https://sg.vwr.com/store/product/10694225/null (accessed on 1 September 2026)) with a
power output of 120 W and a frequency of 45 kHz for 2.5 h. The ultrasonication process
aimed to achieve a dispersion of nanoparticles as uniform as practicable.
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After the preparation described above, the base lubricants used for the study, i.e., the
Mistral 15W40 and PLANTO MOT SAE 10W40 biolubricant, along with all prepared
nanolubricants, underwent an artificially induced degradation process. This was achieved
by heating the samples in a hot-air oven (TCF 120 PLUS (TC Farmer Co., LLC, Canan-
daigua, NY, USA); https://www.tcfarmer.com/ (accessed on 1 September 2026)) at 220 °C
and 260 °C for 120, 168 and 240 h. These temperatures and time durations were deter-
mined following preliminary screening tests designed to produce measurable lubricant
oxidation. Those preliminary tests started from a minimum temperature of 90 °C, with
temperature increments of 20-30 °C and a minimum duration of 30 h, in 30 h increments.
Based on these tests, it was observed that oxidation primarily occurred at 220 °C.

The selected temperatures were intentionally higher than typical bulk lubricant tem-
peratures encountered during normal engine operation and were used to provide accel-
erated, severe thermal-oxidative ageing conditions within a practicable experimental
time. The 220 °C condition was selected as the lowest temperature at which measurable
oxidation was clearly observed during the preliminary screening tests, while 260 °C was
included as a more severe ageing condition to amplify degradation responses and enable
comparison of lubricant formulations under stronger thermal stress. In the present oven
experiments, these temperatures represent the bulk temperature of the lubricant samples
rather than localized hot-spot temperatures. Therefore, the applied temperature-time
combinations should be interpreted as accelerated laboratory ageing conditions and not
as direct representations of lubricant service intervals or engine operating temperatures.
No direct conversion between the applied ageing times and real service life was estab-
lished. An Arrhenius-type acceleration analysis was deliberately not applied because the
experimental design was intended for comparative degradation assessment rather than
kinetic lifetime prediction, and the available temperature levels and measurements were
insufficient to establish a validated temperature-dependent degradation rate model.

The inner ventilation of the oven was active to ensure a consistent temperature and
air circulation throughout the ageing period. The experiments were conducted on
nanolubricant samples put in open 100 mL bottles without lids. Periodically, samples were
withdrawn to perform the required analyses.

For each lubricant type, 20 distinct experimental conditions were investigated, five
fresh formulations and 15 aged formulations, resulting in 40 experimental conditions
across the two lubricant types. Each condition was represented by one independently pre-
pared sample (1 = 1). Independent open bottles containing approximately 100 mL of lub-
ricant were used for each ageing condition and exposure time, including the 120, 168, and
240 h conditions. Aliquots required for the subsequent analyses were taken from the cor-
responding independently aged bottles. Each reported analytical value represents a single
measurement rather than the mean of replicate measurements. Mass loss during ageing
was not quantified. The primary objective of the ageing protocol was comparative rather
than the prediction of absolute lubricant lifetime. All lubricant and biolubricant formula-
tions, including the nanoparticle-free references and the SiO:-containing samples, were
subjected to the same nominal ageing conditions, including temperature, exposure time,
vessel configuration, and initial sample volume. Therefore, the observed differences be-
tween formulations provide a comparative indication of their relative behaviour under
identical accelerated-ageing conditions. Nevertheless, because sample mass loss was not
quantified, the individual contributions of evaporation, concentration effects, chemical
degradation, and nanoparticle addition cannot be quantitatively separated.
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2.3. Analyses Performed on the Lubricant Samples

The ageing of lubricant samples was quantified by observing the variation of some
properties of interest after their exposure to heat for set periods of time, as declared before.

In this study, viscometric analysis was conducted to assess key properties of lubri-
cants. The kinematic viscosity at 40 °C and 100 °C was measured to determine the lubri-
cants’ resistance to flow under the influence of gravity [32]. Additionally, the viscosity
index, indicating the change in viscosity with temperature [33], and the density of lubri-
cants at 15 °C, representing the mass per unit volume at the indicated temperature [34],
were determined using an “SVM 3001” kinematic viscometer manufactured by Anton
Paar (Graz, Austria; https://www.anton-paar.com/corp-en/ (accessed on 1 September
2026)).

A comprehensive spectroscopic analysis was conducted, employing Fourier Trans-
form Infrared (FTIR) Spectroscopy to delve into the molecular intricacies of the lubricants.
The FTIR technique, facilitated by FTIR Spectrometer from Perkin Elmer, Spectrum 100
(Waltham, MA, USA; https://content.perkinelmer.com/ (accessed on 1 September 2026)),
allowed the researchers to scrutinize both fresh and aged lubricant samples. FTIR spec-
troscopy played a crucial role in identifying molecular changes resulting from interactions
with nanoparticles and from the degradation of lubricants over time. By exposing the
samples to infrared radiation, this technique induced molecular vibrations, which were
then recorded as spectra. This provided valuable information into the functional groups
present in the lubricants, aiding in the detection of subtle alterations due to ageing and
nanoparticle interactions.

The analysis of Total Acid Number (TAN) and Total Base Number (TBN) [35,36]
yielded valuable insights into the oxidation resistance of the lubricants, and used state-of-
the-art titration methods, utilizing a T50 Titrator from Mettler Toledo (Columbus, OH,
USA; https://www.mt.com/us/en/home.html (accessed on 1 September 2026)). The exam-
ination of TBN involved considerations of nanoparticle influence, with outcomes varying
depending on the type of nanoparticles and their interaction with the lubricant’s antioxi-
dants. It is noteworthy that ageing processes generally led to a decrease in TBN, which
was primarily attributed to the depletion of antioxidants over time.

The quantification of metal concentrations in lubricants, which can provide infor-
mation on elemental composition, contamination, additive behaviour, and, in engine-ser-
vice studies, wear-related elements, was accomplished through Inductively Coupled
Plasma Optical Emission Spectroscopy (ICP-OES) utilizing a Perkin Elmer OPTIMA 8000.
ICP-OES analysis was also used to assess changes in elemental composition associated
with nanoparticle addition and ageing conditions.

The methods and instruments employed in this study are outlined in Table 4.

Table 4. Techniques and equipment used for evaluating degradation and analysing nanoparticle

effects.
Measured Parar.neter Instrument Manufacturer, Model Precision
Type of Analysis
Density .
D =0.0001 [g-cm™3

Viscosity 40-100 °C Viscometer Anton Paar, SVM 3001 .en51t.y 0.0001 [g-cm™]

. . Viscosity = 0.001 [mm?s™]
Viscosity Index
IR. . FT-IR .
Nitration Perkin Elmer, Spectrum 100 0.1 [au-cm™]

o Spectrometer

Oxidation
TBN : TBN =0.01 [mg(KOH)-g]
TAN Titrator Mettler Toledo, T50 TAN = 0.001 [mg(KOH)-g-1]
Metals ICP-OES Perkin Elmer, OPTIMA 8000 1 [ppm]
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Wear Elements
Pollution Elements
Additives Elements

2.4. Data Analysis and Mathematical Modelling

The data was statistically analysed using Design-Expert 13.0.5.0 software (by Stat-
Ease Inc., Minneapolis, MN, USA) to identify the mathematical relationships in accord-
ance with the Response Surface Methodology (RSM). In fact, RSM was subsequently used
to help the experimenters mathematically describe the effects of the statistically significant
independent variables (factors) on the dependent variables (responses), using explicit re-
gression functions [38].

A preliminary Analysis of Variance (ANOVA) was performed to ascertain the statis-
tical significance of each independent variable in order to improve the analysis. By ensur-
ing that only the most significant features were incorporated into the next regression mod-
els, this step improved the process of data processing. By removing non-significant com-
ponents, the ANOVA results improved the accuracy and efficiency of the model by shed-
ding light on the contributions of each factor to the response variables [39,40].

For both nanolubricants and nanobiolubricants, the first-attempt model proposed by
the software was selected for data fitting. Based on the p-values for each numerical coeffi-
cient in the regression model, the ANOVA on the first model identified a large number of
non-significant terms, i.e., those having associated p-values greater than 0.1000. Instead,
p-values less than 0.0500 were said to indicate model terms were significant [39]. Model
reduction can help a model, especially if it has a lot of unnecessary terms (aside from those
needed to maintain hierarchy). Based on the p-values of the regression coefficients, terms
with p < 0.05 were considered statistically significant, whereas terms with p > 0.10 were
considered candidates for removal. Terms for which 0.05 < p < 0.10 were retained when
required to preserve model hierarchy or when retained by the backward-elimination cri-
terion. Model hierarchy was preserved throughout the reduction procedure; therefore,
lower-order terms were retained whenever their corresponding interaction or higher-or-
der terms remained in the model. Backward elimination was performed iteratively, with
p-values recalculated after each term removal.

The regression equations are reported in terms of actual factors, where T is the ageing
temperature (°C), t is the exposure time (h), and CSiO: is the S5iO2 nanoparticle concentra-
tion (wt.%). Although Design-Expert internally uses coded factor levels for the ANOVA,
the equations presented in the manuscript are the actual-factor equations.

Each design point was evaluated once, and no replicated experimental runs were
performed. Therefore, pure error could not be independently estimated, and a conven-
tional lack-of-fit test was not available for the fitted models.

3. Results and Discussion
3.1. Evolution of Physicochemical Properties in Lubricants and Biolubricants with Ageing

The experimental results, their interpretation, and any inferred empirical conclusions
are briefly and precisely explained in this section. The following features were examined
in the tests:

e Density, defined as the mass of the liquid per unit volume [41-43]; composition, tem-
perature, and pressure all affect density.

e Viscosity, defined as the liquid’s resistance to flow and shear; temperature, contami-
nation, and lubricant ageing all have an impact on this property; in particular, kine-
matic viscosity is a measurement of the lubricant’s rate of flow in response to force
[44-47].

https://doi.org/10.3390/lubricants14110416
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e  Viscosity index (VI), defined as a measurement of how a liquid’s viscosity varies with
changes in temperature, is an arbitrary, unitless number that describes how lubricat-
ing oils behave in relation to viscosity and temperature, and is calculated according
to ISO 2909:2002 [33]. The higher the VI, the more stable the viscosity is over a range
of temperatures, and the lower the VI, the more sensitive to temperature changes [48—
50].

Depending on their structure and quality, lubricants and biolubricants have varying
viscosity, density, and viscosity index values. Biolubricants are often more resilient to
temperature-related changes in viscosity because they have a higher natural VI than min-
eral lubricants. Nevertheless, compared to mineral lubricants, biolubricants may also be

less oxidatively stable, which could have an impact on their durability and performance
[51-54].

3.1.1. Evaluation of Density

This study investigates the density variations of a lubricant and a biolubricant at dif-
ferent concentrations (wt.%) of SiO2 nanoparticle and under varying conditions (aged lub-
ricants after 120, 168 and 240 h at 220 °C and 260 °C).

In order to fit the data, the software first suggested starting with a full-cubic model
for density. Non-significant terms were eliminated using the ANOVA and backward elim-
ination process outlined in Section 2.4. Table 5 shows the numerical regression models as
they resulted after the term-selection procedure. The graphical (2D/3D) representation of
these equations is provided in Figures 1 and 2, which enable the viewing of absolute val-
ues as well as trends.

Table 5. Main data on both nanolubricants and nanobiolubricants for a response-surface reduced

cubic model based on density data.

Quantity Nanolubricants Regression Equation Nanobiolubricants Regression Equation
+1.11483 - 0.00107643 - T - 0.00201534 - t —  +0.919017 — 0.000228173 - T — 0.000731951 - t -

Density at 15 °C 0.36756 - Csioz +9.32049 - 10 - T - t + 0.116282 - Csio2 + 3.48160 - 106 - T - t +

I 0.00165998 - T - C sio2 + 0.00156894 - t - C sioz +0.000547881 - T - C sio2

Lg-cm?] 0.148724 - C si022 = 7.10278 - 106 - T - t - C si02 —+ 0.00148456 - t - C si02 — 0.107581 - C si022
0.00066381 - T - C sio2? - 6.78889 - 106 - T - t - C sio2 +0.000480952 - T - C si022

Fit Statistics, Std. Dev. 0.0006 0.0003

Mean 0.8890 0.8782

CV. % 0.0673 0.0384

R2 0.9976 0.9981

Adjusted R? 0.9932 0.9946

B: Time (h)

Density at 15°C (g-cm™)

A: Temperature (°C)

Density at 15°C (gcm™)
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240
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8: Time (h)
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Figure 1. Contour plots (left) and the 3D surfaces (right) of the regression function for the density

at 15 °C, varying the temperature and the heat-exposure time for a conventional lubricant ((a,b); in

this case the SiO2 concentration is set at 0.00%), the time and concentration of SiO2 nanoparticles

((c,d); in this case the temperature is set at 240 °C); and the temperature and concentration of SiO:z
nanoparticles ((e,f); in this case the time is set at 180 h).
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Figure 2. Contour plots (left) and the 3D surfaces (right) of the regression function for the density
at 15 °C, varying the temperature and the heat-exposure time for a biolubricant ((a,b); in this case
the SiO2 concentration is set at 0.00%); the time and concentration of SiO2 nanoparticles ((c,d); in this
case the temperature is set at 240 °C); and the temperature and concentration of SiO2 nanoparticles
((e,f); in this case the time is set at 180 h).

The contour plot (Figures 1a and 2a) and 3D surface (Figures 1b and 2b) illustrate
how density is affected by temperature and time in lubricants and biolubricants, both
without the inclusion of SiO2 nanoparticles. Density consistently rises as temperature in-
creases from 220 °C to 260 °C in both the lubricant and biolubricant. As can be seen from
the steep slopes in the contour and surface plots, the lubricant is more sensitive to tem-
perature, achieving a higher maximum density (0.9035 g-cm=) than the biolubricant
(0.8888 g-cm) within the factors’” variation ranges. Longer exposure at higher tempera-
tures leads to a more pronounced density rise, means that time is also important with the
lubricant. The biolubricant also follows the same trend, but its reaction is more gradual
and stable.

The effects of time and concentration of SiO2 nanoparticles on density in nanolubri-
cants and nanobiolubricants are illustrated in Figures 1¢,d and 2¢,d. In both lubricants and
biolubricants, the surface and contour plots show that an increase in time increases the
resulting density. However, the increase in SiO: nanoparticles (e.g., 0.75% and 1%) in
longer times balances this increase. The contour plot of lubricant shows that the density
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has increased significantly over longer times in the absence of SiO2 nanoparticles. How-
ever, the addition of SiO2 nanoparticles reduces this abrupt increase. The biolubricant
plots exhibit a controlled and steady increase in density as the concentration of SiO: rises,
thereby averting over-density.

Figures 1e,f and 2e,f demonstrate the effects of temperature and SiO: nanoparticle
concentration on density in nanolubricants and nanobiolubricants. As we mentioned in
our earlier work [28], the density of the fresh lubricants and biolubricants tends to increase
as the percentage of SiO: nanoparticles increases. However, under severe ageing condi-
tions, SiO2 addition partially offset the ageing-associated increase in density relative to the
fresh lubricant. Indeed, the plots demonstrate that temperature has a major impact on
density for both lubricants and biolubricants. The density of the biolubricant increased
from 0.8731 g-cm= without SiO2 to 0.8745 g-cm™ with 1.0 wt.% SiO2, corresponding to an
increase of 0.16% per percentage point of SiO2 added. Similarly, at 220 °C, the density of
the conventional lubricant increased from 0.8819 g-cm= without SiO: to 0.8830 g-cm™ with
1.0 wt.% SiO», corresponding to an increase of 0.12% per percentage point of SiO2 added.
Although this trend is completely different at higher temperatures and the stabilizing ef-
fect of 5iO: nanoparticles can be clearly seen, at a temperature of 260 °C, the density of
lubricants drops from 0.9035 g-cm= (0 wt.% SiOz2) to 0.9031 g-cm= (0.75 wt.% SiO2) and
0.8970 g-cm™2 (1.0 wt.% SiOz), and for biolubricants drops from 0.8888 g-cm= (0 wt.% SiOz)
to 0.8829 g-cm (0.75 wt.% SiO2) at 168 h, and then slightly increases to 0.8853 g-cm= (1.0
wt.% SiO2).

By comparing the two types of lubricants, it is evident that the conventional lubri-
cant’s density is more sensitive to temperature, increasing more sharply as the tempera-
ture rises. By comparison, biolubricants react to temperature variations in a more con-
trolled manner. Under the investigated severe ageing conditions, SiOz-containing formu-
lations exhibited lower measured density values than the corresponding nanoparticle-free
samples, particularly in the biolubricant. This trend indicates a possible moderating effect
on ageing-associated density changes, although the underlying mechanism cannot be es-
tablished from the present measurements. In comparison to conventional lubricant, the
biolubricant is more resistant to density variations brought on by thermal stress, since it
generally maintains a more balanced density across a range of temperatures and nanopar-
ticle concentrations.

3.1.2. Evaluation of Kinematic Viscosity at 40° C

The effect of nanoparticles on the kinematic viscosity at 40 °C was examined at vari-
ous mass concentrations (wt.%) of SiO2 nanoparticle and under various conditions of
time—temperature exposure (aged lubricants after 120, 168, and 240 h at 220 °C and 260
°C). The best software-proposed model to fit the data for both nanolubricants and nano-
biolubricants was the full-cubic for this response as well. Using the ANOVA and back-
ward elimination process outlined in Section 2.4, non-significant terms were eliminated.
The numerical regression models are displayed in Table 6 and Figures 3 and 4 provide a
graphical (2D/3D) depiction of these equations that makes absolute values and trends ob-
servable.

Table 6. Main data for both nanolubricants and nanobiolubricants for a response-surface reduced

cubic model based on viscosity at 40 °C data.

Quantity Nanolubricants Regression Equation Nanobiolubricants Regression Equation
+1661.47 —7.19034 - T - 12.0642 - t —
+2466.91 - 10.8758 - T —21.8929 - t —
Viscosity at 40 °C 963.461 - Csioz + 0.0555643 - T - t +4.65504 - T - C 2820.22 - Coion + 00996267 - T - £+
[mm?2-s] sio2 — 0.45852 - t - Csio2 +1291.97 - C sio2? — X o

6.14897 - T - C si022 + 0.474953 - t - C sioz? 12.8348 - T~ Csi02+35.0301 -t Csio> =
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0.9269
98.72
0.9389
0.9999

0.159261 - T-t- Csio2 +
0.9998

1992.73 - C sio2? —
9.04333 - T - C sio2?

3.49
120.53
2.89
0.9954
0.9871
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C: SiO; (Wt%)

Figure 3. Contour plots (left) and the 3D surfaces (right) of the regression function for the viscosity
at 40 °C varying the temperature and the heat-exposure time for a conventional lubricant ((a,b); in
this case the SiO2 concentration is set at 0.00%); the time and concentration of SiO2 nanoparticles

((c,d); in this case the temperature is set at 240 °C); and the temperature and concentration of SiOz

nanoparticles ((e,f); in this case the time is set at 180 h).
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Figure 4. Contour plots and the 3D surfaces of the regression function for the viscosity at 40 °C
varying the temperature and the heat-exposure time for a biolubricant ((a,b); in this case the SiO2
concentration is set at 0.00%); the time and concentration of SiO2 nanoparticles ((c,d); in this case the
temperature is set at 240 °C); and the temperature and concentration of SiO2 nanoparticles ((e,f); in
this case the time is set at 180 h).

The influence of time and temperature on viscosity at 40 °C in the lubricants and
biolubricants, both without SiO2 nanoparticles, is shown in the contour plot (Figures 3a
and 4a) and 3D surface (Figures 3b and 4b). The viscosity of both lubricants and biolubri-
cants is greatly influenced by the interaction of temperature and time. Over the 120-240 h
period at 220 °C, the viscosity increased from 99.4 mm?s at 120 h to 117.3 mm?s! at 240
h for the lubricant without SiOz, corresponding to an average relative increase of 0.150%
per hour. For the biolubricant without SiO:, the viscosity increased from 77.8 to 79.2
mm?s~! over the same period, corresponding to an average relative increase of 0.015% per
hour. The effect of severe thermal ageing was particularly evident at 260 °C. After 168 h
of exposure, the viscosity of the conventional lubricant without SiO: increased from its
fresh-oil value of 97.3 to 193.7 mm?:s™, corresponding to an increase of approximately
99.1%. Under the same ageing conditions, the viscosity of the biolubricant increased from
87.0 to 312.9 mm?*s, representing an increase of approximately 259.7%. These results in-
dicate that prolonged exposure to high temperature strongly accelerated viscosity-in-
creasing degradation processes, with a substantially greater effect observed for the bio-
lubricant. Such pronounced viscosity growth is consistent with advanced thermo-oxida-
tive degradation, which may involve oxidation-induced polymerization, molecular asso-
ciation, and the formation of higher-molecular-weight degradation products during pro-
longed exposure.

Figures 3c,d and 4c¢,d indicate the behaviour of the nanolubricants and nanobiolubri-
cants by showing how time and SiO: nanoparticle concentration affect viscosity at 40 °C.
Viscosity tends to increase with time in both lubricants and biolubricants, particularly
when SiO:2 nanoparticles are not present. Nonetheless, the gradual increase in SiO2 nano-
particles” mass (0.75% and 1.00%) counteracts this elevation in viscosity, averting the ab-
rupt spike seen in lubricants without nanoparticles, indicating that the nanoparticles assist
in stabilizing viscosity under extended temperature exposure.

The combined effects of temperature and SiO: nanoparticles on viscosity in
nanolubricants and nanobiolubricants are shown in Figures 3d,e and 4d,e. According to
our earlier research, adding SiO: nanoparticles to fresh lubricants and biolubricants causes
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viscosity to rise slightly [28]. The interaction between temperature and nanoparticle con-
centration has more intricate implications during ageing. Interestingly, viscosity without
nanoparticles increases dramatically to 193.7 mm?s™ and 312.9 mm?s at its highest tem-
perature and longest period in lubricants and biolubricants, respectively. On the other
hand, compared with the corresponding samples aged at 260 °C for 168 h without SiO,
the addition of 0.75 wt.% and 1.00 wt.% SiO: nanoparticles reduced the viscosity of the
conventional lubricant to 190.5 mm?s (-1.65%) and 135.1 mm?s! (-30.25%), respectively.
For the biolubricant, the viscosity decreased to 98.6 mm?s (-68.49%) and 116.8 mm?s~!
(—62.67%) with 0.75 wt.% and 1.00 wt.% SiO, respectively. These results are consistent
with a possible influence of SiO2 nanoparticles on oxidation products or molecular asso-
ciation under severe ageing conditions, which may contribute to limiting excessive vis-
cosity increases.

The pronounced viscosity increase observed after severe thermal ageing may be as-
sociated with oxidation-induced molecular association or polymerization. The lower vis-
cosity measured in some SiO:2 containing samples is consistent with a possible influence
of the nanoparticles on these degradation processes. However, the present measurements
do not directly establish the underlying mechanism, and further molecular, particle-size,
and structural analyses would be required to confirm it.

3.1.3. Evaluation of Kinematic Viscosity at 100° C

This study also examined the effects of SiO2 nanoparticles at different concentrations
and ageing conditions (120, 168, and 240 h at 220 °C and 260 °C) on the viscosity of lubri-
cants at 100 °C. This reference temperature is considered by the international standards
[32] to be as important as the temperature of 40 °C because it offers vital information on
the lubricant’s performance in high-temperature scenarios that are pertinent to engine op-
eration. As done for data referring to the other reference temperature, a first full-cubic
regression model was initially used to fit the data for nanolubricants and nanobiolubri-
cants. An ANOVA performed on the terms of the full-cubic model, however, revealed that
several components were not statistically significant. A backward elimination procedure
was then used to improve the model, keeping only the significant terms. Table 7 provides
a summary of the numerical regression models that were achieved. A 2D/3D graphical
depiction of these models is shown in Figures 5 and 6, emphasizing important trends and
overall values.

Table 7. Main data on both nanolubricants and nanobiolubricants for a response-surface reduced

cubic model based on viscosity at 100 °C data.

Quantity Nanolubricants Regression Equation Nanobiolubricants Regression Equation
+122.726 - 0.504635 - T - 0.819061 - t - +170.671 - 0.721458 - T - 1.44303 - t -

Viscosity at 100 °C 65.9658 - Csioz + 0.00378601 - T - t + 182.717 - Csioz2 +0.0065691 - T - t +

[mme-s1] 0.325488 - T - Csio2 — 0.0446275 - t - Csio2 + 0.834167 - T - Csio2 +2.26122 - t - Csio2 —
87.7353 - Csio2? — 0.42264 - T - C si02? + 133.867 - C sio22 — 0.0102889 - T - t - Csio2 +
0.0434278 - t - C sio2? 0.606667 - T - C si02?

Fit Statistics, Std. Dev. 0.2560 0.0866

Mean 14.75 13.84

CV. % 1.74 0.6257

R2 0.9940 0.9998

Adjusted R? 0.9832 0.9995
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Figure 5. Contour plots (left) and the 3D surfaces (right) of the regression function for the viscosity
at 100 °C, varying the temperature and the heat-exposure time for a conventional lubricant ((a,b); in

this case the SiO2 concentration is set at 0.00%); the time and concentration of SiO2 nanoparticles
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((c,d); in this case the temperature is set at 240 °C); and the temperature and concentration of SiOz

nanoparticles ((e,f); in this case the time is set at 180 h).
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Figure 6. Contour plots (left) and the 3D surfaces (right) of the regression function for the viscosity
at 100 °C, varying the temperature and the heat-exposure time for a biolubricant ((a,b); in this case

the SiO2 concentration is set at 0.00%); the time and concentration of SiO2 nanoparticles ((c,d); in this
case the temperature is set at 240 °C); and the temperature and concentration of SiO2 nanoparticles
((e,f); in this case the time is set at 180 h).

The contour plot (Figures 5a and 6a) and the 3D surface plot (Figures 5b and 6b) show
the effects of temperature and time on the viscosity at 100 °C for both lubricants and
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biolubricants. In the absence of nanoparticles, at 220 °C, the viscosity measured at 100 °C
increased only slightly with ageing time. For the conventional lubricant, the viscosity in-
creased from 13.4 to 15.0 mm?-s™! between 120 and 240 h, corresponding to an increase of
11.94% over 120 h, or an average relative increase of 0.100% h-'. Under the same condi-
tions, the viscosity of the biolubricant increased only marginally, from 12.2 to 12.4 mm?-s7,
corresponding to an increase of 1.64%, or 0.014% h-l. As anticipated, the viscosity in-
creases significantly at 260 °C, reaching 19.4 mm?s™ for lubricants and 27.6 mm?s for
biolubricants after 168 h. This pattern shows that although viscosity is fairly constant over
time at 220 °C, it increases dramatically at 260 °C with prolonged exposure, underscoring
the important impact of temperature on viscosity, especially at higher temperatures and
longer exposure times.

The effects of time and concentration of SiO: nanoparticles on viscosity at 100 °C are
displayed in the contour plot (Figures 5c and 6c) and the 3D surface plot (Figures 5d and
6d). In both lubricants and biolubricants, viscosity increases over time in the absence of
nanoparticles. SiO2 nanoparticles seem effective in preventing the thickening of the lubri-
cant over time: and this is particularly evident when they are not present. For instance,
when the conventional lubricant contained 1.00 wt.% SiO, its viscosity increased only
moderately, from 13.6 mm?2s™ at 120 h to 15.2 mm?s at 240 h, corresponding to an in-
crease of 11.76% over 120 h, or an average relative increase of 0.098%-h"'. By contrast,
when 1.00 wt.% SiO2 was added to the biolubricant, the viscosity remained nearly constant
over the same period, decreasing slightly from 12.4 to 12.3 mm?s, corresponding to a
reduction of approximately 0.81%.

Figures 5d,e and 6d,e illustrate how temperature and SiO: nanoparticles affect vis-
cosity in both lubricants and biolubricants. The viscosity of both lubricants and biolubri-
cants is greatly affected by temperature variations and the presence of SiO2 nanoparticles.
Viscosity is rather constant at lower temperatures (220 °C) and is very slightly affected by
the presence of nanoparticles, regardless of concentration. But the impact of the nanopar-
ticles intensifies when the temperature rises to 260 °C. Interestingly, in the absence of na-
noparticles, the viscosity rises noticeably at 260 °C and 168 h, but the addition of SiO:
nanoparticles reduces this rise. For example, the viscosity of lubricants increases to 19.4
mm?s at 0.0 wt.%; by adding 1.0 wt.% SiO2 nanoparticles, it decreases instead to 15.6
mm?s™, and for biolubricants it increases to 27.6 mm?*s at 0.0 wt.% nanoparticles but
decreases to 16.1 mm?s™ at 1.0 wt.% nanoparticles. This implies that SiO2 nanoparticles
assist in regulating the viscosity of the lubricants in which they are put at elevated tem-
peratures, averting the possibility of extreme thickening brought on by heat exposure.

3.1.4. Evaluation of Viscosity Index

A full-cubic regression model provided the best match to the viscosity index data for
nanolubricants and nanobiolubricants at various concentrations and ageing conditions
(120, 168, and 240 h at 220 °C and 260 °C). However, an ANOVA on the full cubic model
showed that several of the components were not statistically significant. The model was
improved by employing a backward elimination process, which retained just the crucial
terms. A summary of the achieved numerical regression models is given in Table 8. Fig-
ures 7 and 8 display a 2D/3D graphical representation of these models that highlights sig-
nificant patterns and overall values.

Table 8. Main data on both nanolubricants and nanobiolubricants for a response-surface reduced

cubic model based on viscosity index data.

Quantity Nanolubricants Regression Equation Nanobiolubricants Regression Equation
Viscosity Index +89.6223 +0.222366 - T + 0.907865 - t + -211.767 + 1.67667 - T + 3.36736 - t +
Y 62.0964 - Csio2 — 0.00426302 - T - t - 594.533 - Csio2 —0.0153819 - T - t —2.65333 - T - C
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0.280179 - T - C sio2 — 86.0714 - C sio2? + sioz — 6.30611 - t - Csioz + 311.333 - C sio2? +
0.396429 - T - C sio? 0.0285278 - T - t - Csioa — 1.43333 - T - C sio2?

Fit Statistics, Std. Dev. 0.8542 1.07

Mean 128.73 151.80

CV. % 0.6635 0.7064

R2 0.9941 0.9957

Adjusted R? 0.9883 0.9879

The effects of temperature and time on viscosity index in lubricants and biolubricants
without the inclusion of SiO2 nanoparticles are displayed in the contour plot (Figures 7a
and 8a) and the 3D surface plot (Figures 7b and 8b). In the lubricant and biolubricant, the
viscosity index continuously drops as temperature rises from 220 °C to 260 °C. The con-
tour and surface plots’ steep slopes indicate that the lubricant is more temperature-sensi-
tive than the biolubricant, as demonstrated by its lower viscosity index. The viscosity in-
dex decreases more sharply with longer exposure times at higher temperatures, suggest-
ing that time is a significant factor as well, particularly for the lubricant. The biolubricant
exhibits the same pattern, albeit with a more gradual and consistent decline in viscosity
index.

Figure 8c,d show how time and SiO: nanoparticle concentration affect viscosity index
in biolubricants. But regarding the lubricants, the combined impact of time and SiO: na-
noparticle concentration is not presented, because no comparable plots were produced,
because the cubic model in the Design-Expert software did not find this interaction to be
significant. According to the plots, the viscosity index normally falls with time; however,
this loss can be lessened by adding SiO2 nanoparticles (0.75 wt.% and 1.0 wt.%). With in-
creasing nanoparticle concentration, the biolubricants show a more controlled decline in
viscosity index, indicating that SiO: contributes to viscosity stability, particularly during
extended exposure intervals.
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Figure 7. Contour plots (left) and the 3D surfaces (right) of the regression function for the viscosity

index varying the temperature and the heat-exposure time for a conventional lubricant ((a,b); in this

case the SiO:z concentration is set at 0.00%) and the temperature and concentration of SiO2 nanopar-
ticles ((c,d); in this case the time is set at 180 h).
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Figure 8. Contour plots (left) and the 3D surfaces (right) of the regression function for the viscosity
index, varying the temperature and the heat-exposure time for a biolubricant ((a,b); in this case the
SiO:2 concentration is set at 0.00%); the time and concentration of SiO2 nanoparticles ((c,d); in this
case the temperature is set at 240 °C); and the temperature and concentration of SiO2 nanoparticles
((e,f); in this case the time is set at 180 h).

The effects of temperature and SiO2 nanoparticle concentration on viscosity index are
depicted in Figure 7c,d for lubricants, and for biolubricants in Figure 8e,f. As previously
reported, the addition of SiO2 nanoparticles increased the viscosity index of the fresh con-
ventional lubricant from 138 to 143 (+3.62%) and that of the fresh biolubricant from 160 to
166 (+3.75%). Without nanoparticles, the viscosity index at 220 °C is 154; however, as na-
noparticle concentrations increase (up to 1.0 wt.%), the index rises to 158, indicating an
improvement in the thermal stability of the biolubricant. While the lubricant varies from
135 to 136 under the same temperature conditions, these variations are extremely small.
Without nanoparticles, the viscosity index dramatically decreases to 114 for lubricants,
and 118 for biolubricants, at 260 °C. The viscosity index is 115 for lubricants and 152 for
biolubricants when 0.75 wt.% is added, and when 1.0 wt.% of nanoparticles are added,
the values are 120 and 148 for lubricants and biolubricants, respectively. It is clear from
comparing the two types of lubricants that the viscosity index of the conventional lubri-
cant is more temperature-sensitive, declining more steeply as the temperature rises. Bio-
lubricants, on the other hand, respond to temperature changes in a more controlled way.
SiO2 nanoparticles are added to both lubricants to help stabilize the viscosity index, alt-
hough the impact is more pronounced in the biolubricant because of the important role
the nanoparticles play in avoiding excessive viscosity index degradation. Since biolubri-
cants often retain a more constant viscosity index over a range of temperatures and nano-
particle concentrations, they are more resilient to viscosity index fluctuations caused by
thermal stress than conventional lubricants.

The different ageing responses of the conventional lubricant and the biolubricant
may be related to differences in their base-oil chemistry, molecular structure, polarity, in-
itial viscosity index, and additive packages. The biolubricant exhibited a higher initial vis-
cosity index, which may contribute to its comparatively smaller viscosity-index variation
under some ageing conditions. In addition, differences in molecular architecture and ad-
ditive formulation can influence thermal stability, oxidation behaviour, and viscosity evo-
lution. However, because the two investigated products are commercial formulations
with different SAE grades and proprietary additive packages, the present data do not
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allow the contribution of individual compositional or molecular factors to be isolated.
Therefore, the observed differences should be interpreted as formulation-dependent ra-
ther than being attributed solely to the bio-based or mineral nature of the base oil.

3.2. TAN and TBN Analysis

Acidification of engine lubricants can affect their longevity and performance. Total
Acid Number (TAN) and Total Base Number (TBN), which are both expressed in milli-
grams of potassium hydroxide (KOH) per gram of lubricant, are widely used to quantify
this characteristic. The TAN is defined as the mass (in milligrams) of a standard base (e.g.,
potassium hydroxide, KOH) that is required to neutralise all of the acidic components
within the lubricant. TBN determines how effective the battle will be against any acids
formed during the combustion process. Higher TBN means the oil has more reserve alka-
linity available, which can be used to reduce the corrosive effects of acids [55]. As the
lubricant ages, TBN typically declines while TAN increases. It is advised to replace the
lubricant after the TBN has decreased to around 50% of the initial value. But this rule may
not always apply, particularly when it comes to biodiesel and low-sulphur fuels, which
might produce a variety of acid types in the lubricant [56,57].

At different concentrations and ageing conditions (120, 168, and 240 h at 220 °C and
260 °C), the software used suggests a two-factor with interactions (2FI) model for
nanolubricants, and a linear model for nanobiolubricants, to give the best fit to the TAN
data. ANOVA on the full 2FI model showed that the effects of temperature and time were
not statistically significant (p-values bigger than 0.0500) so the model was improved by
employing a backward elimination process, which retained just the crucial terms, and on
the linear model, confirmed that all of the items were statistically significant. Table 9 pro-
vides a summary of the developed numerical regression models. The 2D/3D graphical
depictions of these models are shown in Figures 9 and 10, emphasizing important patterns
and overall values.

Table 9. Main data on both nanolubricants and nanobiolubricants for a response-surface reduced
2FI and full linear model based on TAN data.

Quantity

Nanolubricants Regression Equation Nanobiolubricants Regression Equation

TAN [mg(KOH)-g]

+0.671849 + 0.00337838 - T + 0.000527266 - t —
3.31219 - Csio2 + 0.0130648 - T - Csioz2 +
0.00454403 - t - Csioz

—9.66355 + 0.0483065 - T + 0.0112903 - t -
0.312258 - Csio2

Fit Statistics, Std. Dev. 0.1021 0.1936
Mean 1.81 3.37
CV. % 5.65 5.75
R2 0.9370 0.9701
Adjusted R? 0.9020 0.9619
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Figure 9. Contour plots (left) and the 3D surfaces (right) of the regression function for the TAN

varying the time and concentration of SiO2 nanoparticles for a conventional lubricant ((a,b); in this

case the temperature is set at 240 °C) and the temperature and concentration of SiO2 nanoparticles
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Figure 10. Contour plots (left) and the 3D surfaces (right) of the regression function for the TAN
varying the temperature and the heat-exposure time for a biolubricant ((a,b); in this case the SiO2
concentration is set at 0.00%) and the temperature and concentration of SiO2 nanoparticles ((c,d); in
this case the time is set at 180 h).

The contour plot (Figure 10a) and the 3D surface plot (Figure 10b) indicate how tem-

perature and time affect TAN for biolubricants without SiO2 nanoparticles, while for lub-
ricants, the combined impact of temperature and time is not covered, because the 2FI
model in the Design-Expert program did not find this interaction to be significant. There
is a noticeable rise in TAN, in the case of biolubricants. After 120 h at 220 °C, TAN was 2.2
mg(KOH)-g™; after 240 h, it rose to 3.6 mg(KOH)-g. After 168 h, TAN achieved 4.9
mg(KOH)-g at 260 °C. These findings show that TAN rises with temperature and time,
with the rise being more noticeable at higher temperatures. The period of exposure almost
exactly determines the increase in TAN, but the effect is noticeably more pronounced at
260 °C than it is at 220 °C.

The contour plot (Figure 9a) and the 3D surface plot (Figure 9b) indicate how time

and SiOz nanoparticle concentration affect TAN for lubricants. However, these plots are
not defined for biolubricants. Remarkably, in lubricants, SiO2 nanoparticles raise TAN,
indicating that the presence of SiO2 was associated with higher measured TAN values
under these conditions. This increase may reflect oxidation-related acid formation, sur-
face-acidity effects, titration-matrix effects, or sample heterogeneity, rather than a demon-
strated catalytic mechanism. At 220 °C and 240 h, for instance, the addition of 1.0% SiO:
nanoparticles causes TAN to rise from 1.6 mg(KOH)-g! (without nanoparticles) to 2.2
mg(KOH)-g.

Figures 9c,d and 10c,d demonstrate the effects of temperature and SiO2 nanoparticle

of acids in biolubricants.

concentration on TAN, for both lubricants and biolubricants. As temperatures rise, the
addition of SiO2 nanoparticles to lubricants causes TAN to rise. The TAN at 260 °C is 1.7
mg(KOH) g in the absence of nanoparticles, but increases to 2.4 mg(KOH)-g in the pres-
ence of 1% SiO», indicating that SiO2 addition was associated with higher TAN values in
the conventional lubricant under these conditions. 5iO: nanoparticle addition, on the
other hand, has the reverse effect in biolubricants; it lowers the TAN as temperature rises.
For example, at 260 °C, TAN decreases to 4.4 mg(KOH)-g"' with 1.0% SiO: from 4.9
mg(KOH)-g-! without nanoparticles. This indicates that SiO2 nanoparticles, probably by
increasing their oxidative stability at high temperatures, aid in lowering the production

A 2FI and linear model provided the best fit to the TBN data for nanolubricants and

nanobiolubricants, respectively, at various concentrations and ageing conditions (120, 168,
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and 240 h at 220 °C and 260 °C). It was verified by an ANOVA on the full 2FI model and
full linear model that only SiO2 concentration and temperature had statistically significant
p-values, those less than 0.05. Consequently, a backward elimination procedure was used
to improve the model, retaining only the most significant terms. A summary of the con-
structed numerical regression models is given in Table 10. Figures 11 and 12 provide a
2D/3D graphical representation of these models that highlights significant patterns and

overall values.

Table 10. Main data on both nanolubricants and nanobiolubricants for a response-surface reduced

2FI and reduced linear model based on TBN data.

Nanobiolubricants Regression Equation

Quantity Nanolubricants Regression Equation

TBN [mg(KOH)-g']  +9.28-0.002 - T -5.76 - Csio2 +0.024 - T - Csicz  +1.00667 + 0.026 - T + 0.506667 - Csioz
Fit Statistics, Std. Dev. 0.0661 0.1535

Mean 8.73 7.33

CV. % 0.7564 2.09

R2 0.9526 0.9353
Adjusted R? 0.9397 0.9245
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Figure 11. Contour plot (left) and the 3D surface (right) of the regression function for the TBN var-
ying the temperature and concentration of SiO2 nanoparticles for a conventional lubricant ((a,b); in

this case the time is set at 180 h).
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Figure 12. Contour plot (left) and the 3D surface (right) of the regression function for the TBN var-

ying the temperature and concentration of SiO2 nanoparticles for a biolubricant ((a,b); in this case
the time is set at 180 h).

The effects of temperature and SiO2 nanoparticle concentration on TBN are depicted
in the contour plot (Figures 11a and 12a) and the 3D surface plot (Figures 11b and 12b),
for both lubricants and biolubricants. According to the plots that have been supplied, TBN
behaviour exhibits distinctive trends. TBN generally decreases in lubricants as SiO2 nano-
particle concentration rises, particularly at lower temperatures, at 220 °C from 8.9
mg(KOH)-g™! to 8.4 mg(KOH)-g . On the other hand, TBN either increases or stabilizes at
higher temperatures, specifically, at 260 °C, especially at greater concentrations of nano-
particles (0.75% and 1.0%), from 8.8 mg(KOH)-g! to 9.2 mg(KOH)-g'. This implies that
adding SiO: at high temperatures could improve the lubricants’ alkaline reserves.

Similar temperature-dependent patterns are seen for biolubricants, while overall
TBN values are lower than for lubricants. TBN progressively increases at 220 °C as the
SiOz content rises; from 6.3 mg(KOH)-g! without nanoparticles to 7.2 mg(KOH) g™ with
1.0% nanoparticles. The TBN values increase slightly around 260 °C at greater concentra-
tions of nanoparticles, from 7.9 mg(KOH)-g with 0.0 wt.% SiO: to 8.2 mg(KOH)-g! with
1.0 wt.% SiO2. This suggests that both adding SiO2 and raising the temperature enhance
the base reserve of biolubricants, especially when used for longer periods of time. These
figures show that while SiO2 nanoparticles in lubricants and biolubricants have a favour-
able effect on TBN, the effect is stronger at higher temperatures and concentrations of
nanoparticles.

3.3. Oxidation of Lubricant and Biolubricant

Oxidation is one of the main degradation mechanisms that affect the longevity and
efficacy of lubricants. When the lubricant is exposed to oxygen, it oxidizes and changes its
chemical composition. Contaminants, metal catalysts, high temperatures, and water can
speed up this process. Increased acidity, increased viscosity, sludge development, and
corrosion on metal surfaces can all result from this process [51,58,59]. Lubricant samples’
FT-IR absorbance changes over time, indicating changes in oxidation and serving as an
indicator of ageing.

In the present study, the FTIR oxidation index was calculated by baseline-corrected
integration of the absorbance area in the carbonyl region, using Spectrum OilExpress v.
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4.0 software. Accordingly, oxidation values are reported as integrated absorbance in ab-
sorbance units per centimetre (au-cm), rather than as dimensionless point absorbance.

The oxidation of nanolubricants and nanobiolubricants at different concentrations
and ageing settings (120, 168, and 240 h at 220 °C and 260 °C) was best matched by a cubic
model. ANOVA on the full cubic model, however, revealed that a number of the compo-
nents lacked statistical significance. By using a backward elimination method, the model
was refined and only the most significant terms were kept. Table 11 provides a summary
of the developed numerical regression models. A 2D/3D graphical depiction of these mod-
els is shown in Figures 13 and 14, emphasizing important patterns and overall values.

The contour plot (Figures 13a and 14a) and the 3D surface plot (Figures 13b and 14b)
illustrate how temperature and time affect oxidation, in the absence of SiO2 nanoparticles,
for both lubricants and biolubricants. The oxidation increased significantly from 6.6 to
18.3 au-cm™ in the conventional lubricant, corresponding to an increase of approximately
177.3%, and from 11.7 to 27.0 au-cm™ in the biolubricant, corresponding to an increase of
approximately 130.8%, over the 120-240 h exposure period at 220 °C. The aforementioned
findings suggest that oxidation can be enhanced by time, especially under moderate tem-
perature conditions. When the temperature reaches 260 °C, the effect increases. Signifi-
cantly greater oxidation levels, ranging from 25.6 au-cm™ to 53.7 au-cm™ (+109.8%) in lub-
ricants and from 34.0 au-cm™ to 55.7 au-cm™ (+63.8%) in biolubricants, are seen at both
time intervals (120 h and 168 h). These findings indicate that longer exposure times and
higher temperatures accelerate oxidation, while the biolubricant reaches higher absolute
oxidation values under severe ageing conditions.

Figures 13c,d and 14c,d depict how oxidation is influenced by time and the concen-
tration of SiO2 nanoparticles for both lubricants and biolubricants. Time tends to increase
the oxidation level in both cases. But, the addition of S5iO2 nanoparticles helps reduce this
oxidation rise, particularly at higher concentrations. When SiO2 nanoparticles are absent
from the lubricant graphs, oxidation accelerates more sharply with time, reaching a peak
of 53.7 au-cm at 260 °C for 168 h in the absence of nanoparticles. Under the same condi-
tions, the inclusion of SiO2 nanoparticles at 1.0% reduces the oxidation to 39.1 au-cm™
(=27.19%). The biolubricant shows a more controlled increase in oxidation; it peaks at 55.7
au-cm™ with 0% SiO:z at 260 °C and 168 h, then decreases to 36.7 au-cm™ (-34.11%) and
43.4 au-cm™ (-22.08%), respectively, as SiOz concentration rises to 0.75 wt.% and 1.0 wt.%,
respectively.

Table 11. Main data on both nanolubricants and nanobiolubricants for a response-surface reduced

cubic model based on oxidation data.

Quantity

Nanolubricants Regression Equation Nanobiolubricants Regression Equation

Oxidation [au-cm™11]

—-7.9644 +0.0202798 - T - 1.08613 - t -
181.035 - Csioz + 0.00551424 - T - t +
0.870262 - T - Csio2 +3.18294 - t - C sio2 —
288.962 - C si22 — 0.0147528 - T - t - C sioz2 +
1.3119 - T - C sioz?

+510.262 —2.33889 - T — 4.35696 - t —

869.777 - Csioz +0.0202271 - T - t+3.93914 - T - C
sio2 +3.66417 - t - C sio2 + 336.057 - C sio2? —
0.016625-T - t-Csioz —1.51714 - T - C sio2?

Fit Statistics, Std. Dev.
Mean

CV. %

RZ

Adjusted R?

1.06 0.3948
21.92 26.22

4.82 1.51
0.9985 0.9997
0.9958 0.9991
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Figure 13. Contour plots (left) and the 3D surfaces (right) of the regression function for the oxida-
tion, varying the temperature and the heat-exposure time for a conventional lubricant ((a,b); in this
case the SiO2 concentration is set at 0.00%); the time and concentration of SiO2 nanoparticles ((c,d);
in this case the temperature is set at 240 °C); and the temperature and concentration of SiO2 nano-
particles ((e,f); in this case the time is set at 180 h).
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Figure 14. Contour plots (left) and the 3D surfaces (right) of the regression function for the oxida-
tion, varying the temperature and the heat-exposure time for a biolubricant ((a,b); in this case the
SiO:2 concentration is set at 0.00%); the time and concentration of SiO2 nanoparticles ((c,d); in this
case the temperature is set at 240 °C); and the temperature and concentration of SiO2 nanoparticles
((e,f); in this case the time is set at 180 h).
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The relationships between oxidation and temperature, as well as those involving SiO2
nanoparticle concentration, in both lubricants and biolubricants, are illustrated in Figures
13e,f and 14e,f. Both lubricants and biolubricants exhibit an increase in oxidation at higher
temperatures, as would have been predicted. SiO2 nanoparticles, on the other hand, stabi-
lize the system and lower oxidation levels at higher temperatures.

At 220 °C and 120 h, lubricants exhibit steady oxidation at 6.6 au-cm in the absence
of nanoparticles and 1.0% SiO2. This implies that at shorter exposure times, SiO2 has a
minor effect on oxidation. After 240 h at the same temperature, however, oxidation drops
from 18.3 au-cm™ in the absence of nanoparticles to 16.6 au-cm™ with 0.75 wt.% SiO:
(-9.29%), then somewhat rises to 19.4 au-cm! with 1.0 wt.% SiO2 (+6.01% relative to the
nanoparticle-free sample). This suggests that SiOz can suppress oxidation over long expo-
sure times at specific concentrations, though it exhibits some variability at higher concen-
trations. Without SiOz, oxidation peaks at 260 °C and 168 h, with a value of 53.7 au-cm™.
Oxidation drops to 39.1 au-cm™ (27.19% decrease) as the SiO2 concentration rises to 1.0
wt.%, respectively. Our findings validate the function of SiO:2 as an oxidation stabilizer by
showing that it can reduce oxidation at both temperatures over extended exposure times
(240 h and 168 h), though its impact varies with concentration.

In biolubricants, at 220 °C and 120 h, oxidation increases from 11.7 au-cm! (without
nanoparticles) to 14.1 au-cm™ (+20.51%) as the SiO2 concentration climbs from 0.0% to
1.0%. This implies that SiOz slightly increases oxidation at shorter exposure durations. On
the other hand, oxidation drops from 27 au-cm to 22.2 au-cm™ (-17.78%) after 240 h as
the SiOz rises, suggesting that SiOz can suppress oxidation during extended exposure. Ox-
idation peaks at 55.7 au-cm with 0% SiO:z at 260 °C and 168 h. Oxidation decreases to 36.7
au-cm™ (34.11% decrease) and 43.4 au-cm-1 (22.08% decrease), respectively, as SiOz con-
centrations rise to 0.75 wt.% and 1.0 wt.%, respectively. SiO:z generally reduces oxidation
during lengthy exposure intervals, although the effect remains concentration-dependent,
indicating that it functions as a stabilizer.

In general, SiOz2 shows potential as an oxidation stabilizer for biolubricants as well as
lubricants, especially when exposed to high temperatures for extended periods as well.
The fact that it can lower oxidation in both types of lubricants indicates that it is important
for improving the thermal stability of these materials, even if its effect is more noticeable
in biolubricants.

3.4. Analysis of Pollution and Additives Through ICP-OES

One particularly effective method for determining the metal content of lubricant sam-
ples is the ICP-OES. Metals found in lubricating oil may accumulate from a variety of
sources, such as wear, pollution, and outside additions. During an engine’s operating life,
wear metal particles are produced by friction or corrosion on parts like piston rings and
bearings. The total contamination is caused by elements like leaks, impurities, and leftover
metal pieces. In addition to offering significant information regarding the effectiveness
and quality of the lubricating oil, a lubricant’s metal content assessment can reveal im-
portant details about the state of the machinery it lubricates [60,61].

3.4.1. Analysis of Silicon

The addition of SiO2 nanoparticles to both nanolubricants and nanobiolubricants re-
sults in distinct trends in elemental concentrations, as revealed by the ICP-OES analysis.
Higher SiO: concentrations are correlated with a large increase in silicon levels, which is
to be expected and validates the presence of SiO2 nanoparticles. This rise is not a sign of
contamination, but rather of the deliberate addition of SiO2 nanoparticles, which act as a
source of silicon, as demonstrated in our previous study [28]. Silicon was already present
in the fresh commercial formulations at 65 ppm in the conventional lubricant and 2 ppm
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in the biolubricant; therefore, baseline silicon should be distinguished from the additional
silicon introduced through the 5iO: nanoparticles.

A linear regression model provided the best match to the silicon data for nanolubri-
cants and nanobiolubricants at various concentrations and ageing conditions (120, 168,
and 240 h at 220 °C and 260 °C). However, an ANOVA on the linear model showed that
some of the terms were not statistically significant. The model was improved by employ-
ing a backward elimination process, which retained just the crucial terms. A summary of
the achieved numerical regression models is given in Table 12. Figures 15 and 16 display
2D/3D graphical representations of these models that highlight significant patterns and
overall values.

The contour plot (Figures 15a and 16a) and the 3D surface plot (Figures 15b and 16b)
illustrate how the concentration of SiO2 nanoparticles influences silicon levels for both
lubricants and biolubricants. Figures 15 and 16 demonstrate a direct and clear relationship
between the concentration of silicon and the concentration of SiO2 nanoparticles. This lin-
ear dependency implies that the amount of SiO: injected effectively controls the silicon
concentration in the samples, with little to no influence from ageing time or temperature.
By illustrating the durability of SiO2 nanoparticles under various circumstances and con-
firming their function as a reliable supply of silicon in both nanolubricants and nano-bio-
lubricants, the plots visually validate that SiOz concentration is the primary factor influ-
encing silicon levels.

Table 12. Main data on both nanolubricants and nanobiolubricants for a response-surface reduced

linear model based on the silicon data.

Quantity Nanolubricants Regression Equation Nanobiolubricants Regression Equation
Silicon [ppm] +27.2667 +704.133 - C sio2 +4.86667 + 797.733 - C sio
Fit Statistics, Std. Dev. 89.71 22.73
Mean 379.33 403.73
CV. % 23.65 5.63
R2 0.8988 0.9944
Adjusted R? 0.8911 0.9940
Predicted R2 0.8549 0.9923
Adeq Precision 21.4959 96.0944
Silicon (ppm)

0.75 —

Silicon (ppm)

C: SiO; (wt%)

220 230 240 250 260

A: Temperature (*C)
(a) (b)

Figure 15. Contour plot (left) and the 3D surface (right) of the regression function for the silicon
varying the temperature and the concentration of SiO2 nanoparticles for a conventional lubricant
((a,b); in this case the time is set at 180 h).
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Silicon (ppm)

Silicon (ppm)

C: 5I0; (wt% )
& ]
! I EI I

C: Si0; (Wt%)

A: Temperature (°C)

A: Temperature (*C)
(a) (b)

Figure 16. Contour plot (left) and the 3D surface (right) of the regression function for the silicon
varying the temperature and the concentration of SiO2 nanoparticles for a biolubricant ((a,b); in this
case the time is set at 180 h).

3.4.2. Analysis of Sodium

Sodium was not detected in either fresh lubricant (0 ppm in both the conventional
lubricant and the biolubricant). Therefore, the sodium measured after ageing cannot be
attributed to an initially measurable sodium content in the fresh oils. Its appearance and
increase during ageing may reflect external contamination, evaporation-related concen-
tration effects, interactions with the ageing environment, additive decomposition or re-
distribution, or changes in matrix composition. The present ICP-OES measurements do
not allow the specific source of sodium to be uniquely identified.

A linear regression model provided the best match to the sodium data for nanolubri-
cants and nanobiolubricants at various concentrations and ageing conditions (120, 168,
and 240 h at 220 °C and 260 °C). An ANOVA on the linear model showed that all of the
terms were statistically significant. A summary of the achieved numerical regression mod-
els is given in Table 13. Figures 17 and 18 display 2D/3D graphical representations of these
models that highlight significant patterns and overall values.

Regardless of the SiO: content, the contour plot (Figures 17a and 18a) and the 3D
surface plot (Figures 17b and 18b) show how temperature and time impact sodium in both
lubricants and biolubricants. Both lubricants and biolubricants exhibit an increase in so-
dium concentrations with increasing temperature and exposure duration. However, this
increase should not be interpreted as direct evidence of improved sodium uptake or re-
tention. It may instead reflect evaporation-related concentration effects, additive decom-
position or redistribution, contamination, or changes in the lubricant matrix.

Table 13. Main data on both nanolubricants and nanobiolubricants for a response-surface reduced

linear model based on the sodium data.

Quantity

Nanolubricants Regression Equation Nanobiolubricants Regression Equation

Sodium [ppm]

-148.76 + 0.622 - T + 0.0730769 - t
+19.1323 - C sio2

-83.2755 + 0.311065 - T + 0.0590571 - t + 31.222 - C sio2

Fit Statistics, Std. Dev.
Mean

CV. %

RZ

Adjusted R?
Predicted R2

4.99 5.04
18.33 14.93
27.22 33.73

0.9057 0.8951
0.8799 0.8665
0.8114 0.7956
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Adeq Precision

18.4414

17.8742

B: Time (h)

C:SI0; (Wt%)

Sodium (ppm)

210

A: Temperature (°C)

(a)

Sodium (ppm)

A: Temperature (°C)

(©)

Sodium (ppm)

Sodium (ppm)

B: Time (h)

A: Temperature (°C )

260

A: Temperature (°C )

C: Si0; (wt%)

Figure 17. Contour plots (left) and the 3D surfaces (right) of the regression function for the sodium,
varying the temperature and the heat-exposure time for a conventional lubricant ((a,b); in this case

the SiO2 concentration is set at 0.00%) and the temperature and concentration of SiO2 nanoparticles

((c,d); in this case the time is set at 180 h).

8 Time (h)
g

A: Temperature ("C)

()

Sodium (ppm)
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Sodium (ppm)

Sodim (ppm)

C: SiO; (wt% )

A: Temperature (°C)

(©) (d)

Figure 18. Contour plots (left) and the 3D surfaces (right) of the regression function for the sodium
varying the temperature and the heat-exposure time for a biolubricant ((a,b); in this case the SiO2
concentration is set at 0.00%) and the temperature and concentration of SiO2 nanoparticles ((c,d); in
this case the time is set at 180 h).

The contour plot (Figures 17c and 18c) and the 3D surface plot (Figures 17d and 18d)
illustrate how temperature and concentration of SiO2 nanoparticles affect sodium. Sodium
levels steadily rise with increasing SiO2 concentrations, showing an association between
SiO:2 concentration and the measured sodium content under the investigated conditions.
However, the present measurements do not establish a specific interaction or retention
mechanism. This trend is more pronounced at higher temperatures, although the respec-
tive contributions of evaporation, matrix changes, contamination, and nanoparticle-re-
lated effects cannot be distinguished from the present data.

As temperature, time, and SiO2 concentration increase, sodium levels in nanolubri-
cants also increase. For instance, sodium levels rose from 0 ppm at 0.0% SiO2 to 17 ppm at
1.0% SiO: after 120 h at 220 °C. Sodium levels were 24 ppm without SiO2 and 34 ppm with
1.0% SiOz at 260 °C at 168 h. Although it varies slightly, sodium exhibits a similar trend in
nanobiolubricants. Sodium levels rose from 0 ppm (0% SiO2) to 30 ppm (1.0% SiO2) at 220
°C at 240 h, and the same increased from 0 ppm (0% SiOz) to 41 ppm (1.0% SiOz) at 260 °C
at 168 h.

3.4.3. Analysis of Additives: Calcium

The results of the ICP-OES analysis of the calcium content in both nanolubricants and
nanobiolubricants offer valuable information about the behaviour of additives under var-
ious temperature and time conditions. In order to neutralize acids and preserve lubricant
cleanliness, calcium-based additives are initially present and function as detergents.
When the concentration of SiO2 nanoparticles increases in fresh samples, there is minimal
variation in the calcium levels, suggesting that the nanoparticles and the calcium-based
additives interact only weakly. As confirmed in our previous study [28], in both fresh
nanolubricants and nanobiolubricants, the calcium levels are relatively stable, indicating
the presence of calcium-based additives.

The best fit to the calcium data for nanolubricants and nanobiolubricants was a 2FI
regression model at various concentrations and ageing conditions (120, 168, and 240 h at
220 °C and 260 °C). However, an ANOVA on the 2FI model showed that several of the
components were not statistically significant. The model was improved by employing a
backward elimination process, which retained just the crucial terms. A summary of the
achieved numerical regression models is given in Table 14. Figures 19 and 20 display
2D/3D graphical representations of these models that highlight significant patterns and
overall values.
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The contour plot (Figures 19a and 20a) and the 3D surface plot (Figures 19b and 20b)
demonstrate how temperature and time affect calcium in both lubricants and biolubri-
cants, regardless of the S5iO: content. As the lubricant and biolubricant age, their calcium
levels rise in tandem with rising temperatures and longer periods of time. This increase
in calcium content over time and at higher temperatures raises the possibility that cal-
cium-based additives could partially degrade and release calcium ions into the lubricant
matrix.

Table 14. Main data on both nanolubricants and nanobiolubricants for a response-surface reduced

2FI model based on the calcium data.

Quantity

Nanolubricants Regression Equation

Nanobiolubricants Regression Equation

Calcium [ppm]

+9632.99 — 24.6606 - T —50.986 - t —302.926 - C  +2249.6 —1.34591 - T — 14.0846 - t + 563.7 - C sio2 +
sio2+0.219012- T - t

0.061536 - T - t —2.83409 - T - C sio2

Fit Statistics, Std. Dev.
Mean

CV. %

R2

Adjusted R?
Predicted R2

Adeq Precision

169.69 26.77
3686.47 1916.13
4.60 1.40
0.7857 0.9778
0.6999 0.9655
0.5046 0.8858
10.1063 27.1025

Calcium (ppm)

B: Time (h)
8
Calcium (ppm)

260

A: Temperature (C )
8: Time (h)
A: Temperature (°C)

(a)

Calcium (ppm)

C: SIO; (wt%)

Calcium (ppm)

C: S0, (wt%)

A: Temperature (°C)

A: Temperature (°C)

(c) (d)

Figure 19. Contour plots (left) and the 3D surfaces (right) of the regression function for the calcium,

varying the temperature and the heat-exposure time for a conventional lubricant ((a,b); in this case
the SiO2 concentration is set at 0.00%) and the temperature and concentration of SiO2 nanoparticles
((c,d); in this case the time is set at 180 h).
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Calcium (ppm)

260

A: Temperature (°C)
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A: Temperature (°C)

(a)

Calcium (ppm)

Calcium (ppm)

2% 20 25 260 C: Si0; (wt%)

A: Temperature (°C)
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Figure 20. Contour plots (left) and the 3D surfaces (right) of the regression function for the calcium,
varying the temperature and the heat-exposure time for a biolubricant ((a,b); in this case the SiOz
concentration is set at 0.00%) and the temperature and concentration of SiO2 nanoparticles ((c,d); in
this case the time is set at 180 h).

The effects of temperature and SiO2 nanoparticle concentration on calcium are de-
picted in Figures 19 and 20 by the contour plot (Figures 19c and 20c) and the 3D surface
plot (Figures 19d and 20d). When SiO:z nanoparticles are introduced, the levels of calcium
show a modest drop, especially at high temperatures and extended ageing durations (e.g.,
260 °C, 168 h). After ageing, calcium increases when no nanoparticles are present. This
implies that the temperature stability offered by the nanoparticles prevents calcium-based
compounds from degrading. Since these additives break down with age, the calcium con-
centration usually rises. However, the presence of nanoparticles seems to counteract this
rise, keeping the calcium levels in both nanolubricants and nanobiolubricants more con-
stant. This suggests that SiO2 nanoparticles aid in maintaining additive performance, es-
pecially in situations involving high temperatures and extended periods of time.

3.4.4. Analysis of Additives: Magnesium

As a component of detergent additives, magnesium is frequently added to lubricants
to neutralize acids and maintain the cleanliness of engine parts. After adding SiO2 nano-
particles, magnesium levels in fresh samples are rather steady for nanolubricants, and
more slightly so in the case of nanobiolubricants, as shown in our previous study [28].

A 2FI regression model provided the best match to the magnesium data for
nanolubricants and nanobiolubricants at various concentrations and ageing conditions
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(120, 168, and 240 h at 220 °C and 260 °C). However, an ANOVA on the 2FI model showed
that several of the components were not statistically significant. The model was improved
by employing a backward elimination process, which retained just the crucial terms. A
summary of the achieved numerical regression models is given in Table 15. Figures 21
and 22 display 2D/3D graphical representations of these models that highlight significant
patterns and overall values.

Table 15. Main data on both nanolubricants and nanobiolubricants for a response-surface reduced

2FI model based on the magnesium data.

Quantity Nanolubricants Regression Equation Nanobiolubricants Regression Equation

Magnesium [ppm] +133.4 - 0.238636 - T - 1.07625 - t + 63.9 - C sio2 + +445.4-0.29 - T -2.595 - t + 145 - C sio2 +
0.00483144 - T - t — 0.291364 - T - C sio2 0.0115833 - T - t—0.65 - T - C sio2

Fit Statistics, Std. Dev. 2.99 4.72

Mean 83.00 389.47

CV. % 3.61 121

R2 0.9049 0.9746

Adjusted R? 0.8521 0.9605

Predicted R2 0.7120 0.9053

Adeq Precision 12.7233 23.3329

B: Time (h)

C: SiO; (wt%)

Magnesium (ppm)

210

Magnesium (ppm)

B: Time (h)
A: Temperature (°C)

(@)

Magnesium (ppm)

075

050

Magnesium (ppm)

025

0.00
220 230 240 250 260

A: Temperature (°C)

(©)

C: SO (wt%)

A Temperature (°C )

(d)

Figure 21. Contour plots (left) and the 3D surfaces (right) of the regression function for the magne-

sium, varying the temperature and the heat-exposure time for a conventional lubricant ((a,b); in this
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case the SiOz concentration is set at 0.00%) and the temperature and concentration of SiO2 nanopar-
ticles ((¢,d); in this case the time is set at 180 h).

Magnesium (ppm)

B: Time (h)
g
Magnesium (ppm)

B: Time (h)
A: Temperature (°C)

(a)

Magnesium (ppm)

050

C: Si0; (Wt% )
Magnesium (ppm)

260 0.00

A: Temperature (°C) d C: Si0, (Wt% )

A: Temperature (C)

(©) (d)

Figure 22. Contour plots (left) and the 3D surfaces (right) of the regression function for the magne-
sium, varying the temperature and the heat-exposure time for a biolubricant ((a,b); in this case the
SiO2 concentration is set at 0.00%) and the temperature and concentration of SiO2 nanoparticles
((c,d); in this case the time is set at 180 h).

Regardless of the SiO: content, the contour plot (Figures 21a and 22a) and the 3D
surface plot (Figures 21b and 22b) show how temperature and time impact magnesium in
both lubricants and biolubricants. It is evident that magnesium levels rise with age, tem-
perature, and time. When 0.0% nanoparticles are included in the formulation, magnesium
levels rise with age, indicating that magnesium compounds may break down or leak out
in the absence of SiO:, eventually leading to higher detectable magnesium levels. This
pattern suggests that extended exposure and higher temperatures encourage the release
of additives based on magnesium, which may have an impact on the lubricant’s stability
and functionality. Therefore, it appears that the stabilizing function of nanoparticles is
essential in formulations that need constant magnesium levels during long ageing times.

The contour plot (Figures 21c and 22¢) and the 3D surface plot (Figures 21d and 22d)
show how temperature and the concentration of SiO2 nanoparticles affect magnesium. In
general, magnesium levels exhibit a constant response to temperature and SiO2 concen-
tration increases, suggesting some resistance to these factors. However, the magnesium
levels exhibit a slight decline when nanoparticles are present during prolonged ageing,
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particularly at 260 °C. According to this pattern, the SiO2 nanoparticles may have a stabi-
lizing effect and slow the breakdown or leaching out of compounds based on magnesium.
In order to preserve the integrity of the magnesium additions in the formulation, SiO:
nanoparticles appear to aid in maintaining magnesium stability during extended expo-
sure to high temperatures.

3.4.5. Analysis of Additives: Zinc

Zinc dialkyldithiophosphate (ZDDP), an anti-wear and anti-oxidation ingredient, is
widely used in lubricants. Because zinc forms a protective film on metal surfaces, it lowers
friction and prevents wear, especially when engine parts are subjected to high pressure.
As reported in our previous study [28], the zinc level in fresh samples is marginally lower
when SiO:2 nanoparticles are added than when using the base lubricant. This could be the
result of a reaction or dispersion that lowers the measurable zinc concentration caused by
interactions between the ZDDP additive and the nanoparticles.

A 2FI regression model provided the best match to the zinc data for nanolubricants,
and a full-linear model for nanobiolubricants, at various concentrations and ageing con-
ditions (120, 168, and 240 h at 220 °C and 260 °C). However, an ANOVA on the 2FI model
showed that several of the components were not statistically significant. The model was
improved by employing a backward elimination process, which retained just the crucial
terms, but the full linear model showed that all of the terms were statistically significant.
A summary of the achieved numerical regression models is given in Table 16. Figures 23
and 24 display 2D/3D graphical representations of these models that highlight significant
patterns and overall values.

Table 16. Main data on both nanolubricants and nanobiolubricants for a response-surface reduced

2FI and linear model based on the zinc data.

Quantity Nanolubricants Regression Equation Nanobiolubricants Regression Equation

Zine [ppm] +1454.7 - 1.69682 - T-7.92333 - t + 610.6 - Csi;2 +142.782 +2.48974 - T + 0.320182 - t - 23.9158 - C
+0.0370303 - T - t —2.90818 - T - C sio2 $i02

Fit Statistics, Std. Dev. 16.66 12.18

Mean 1136.13 766.07

CV. % 1.47 1.59

R2 0.9459 0.9509

Adjusted R? 0.9158 0.9376

Predicted R? 0.8286 0.8970

Adeq Precision 20.9649 22.0807

Zinc (ppm)

8: Time (h)
Zinc (ppm)

A: Temperature (°C)

(a)
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Figure 23. Contour plots (left) and the 3D surfaces (right) of the regression function for zinc as a
function of temperature and the heat-exposure time for a conventional lubricant ((a,b); in this case
the SiO2 concentration is set at 0.00%) and the temperature and concentration of SiO2 nanoparticles
((c,d); in this case the time is set at 180 h).
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Figure 24. Contour plots (left) and the 3D surfaces (right) of the regression function for the zinc,
varying the temperature and the heat-exposure time for a biolubricant ((a,b); in this case the SiO2
concentration is set at 0.00%) and the temperature and concentration of SiO2 nanoparticles ((c,d); in
this case the time is set at 180 h).

The contour plot (Figures 23a and 24a) and the 3D surface plot (Figures 23b and 24b)
demonstrate the effects of temperature and time on zinc in lubricants and biolubricants,
regardless of the SiO:z content. In samples lacking nanoparticles, there is a discernible in-
crease in zinc content as the lubricants age, especially at higher temperatures (260 °C).
This is probably because zinc is released into the lubricant as a result of ZDDP’s heat
breakdown.

Figures 23 and 24 illustrate the effects of temperature and SiOz nanoparticle concen-
tration on zinc through the contour plot (Figures 23c and 24c) and the 3D surface plot
(Figures 23d and 24d). With ageing, the zinc content slightly decreases in samples that
contain nanoparticles. This indicates that SiO2 nanoparticles maintain ZDDP additives by
delaying their degradation and reducing zinc release after extended exposure to high tem-
peratures. This stabilization suggests that the nanoparticles might be involved in preserv-
ing the zinc additions’ protective qualities in harsh environments.

3.4.6. Analysis of Additives: Phosphorus

Phosphorus is frequently included in lubricants as an additive for anti-oxidation and
anti-wear. As investigated in our previous study [28], phosphorus levels are compara-
tively stable in fresh samples at all SiO2 concentrations, suggesting that phosphorus-based
additives are initially completely functional and well-preserved in nanobiolubricants as
well as nanolubricants.

A 2FI regression model provided the best match to the phosphorus data for
nanolubricants and nanobiolubricants at various concentrations and ageing conditions
(120, 168, and 240 h at 220 °C and 260 °C). However, an ANOVA on the 2FI model showed
that several of the components were not statistically significant. The model was improved
by employing a backward elimination process, which retained just the crucial terms. A
summary of the achieved numerical regression models is given in Table 17. Figures 25
and 26 display 2D/3D graphical representations of these models that highlight significant
patterns and overall values.

Regardless of the SiO: content, the contour plot (Figures 25a and 26a) and the 3D
surface plot (Figures 25b and 26b) show how temperature and time impact phosphorus in
both lubricants and biolubricants. Phosphorus content changes noticeably as the samples
age, especially when they are heated to high temperatures (260 °C). Phosphorus levels in
samples free of nanoparticles typically rise with age. This rise can be the result of additives
containing phosphorus breaking down and releasing phosphorus into the lubricant.

Table 17. Main data on both nanolubricants and nanobiolubricants for a response-surface reduced
2FI model based on the phosphorus data.

Quantity

Nanolubricants Regression Equation Nanobiolubricants Regression Equation

Phosphorus [ppm]

+667.254 — 0.0952717 - T —2.58723 - t +
9.41169 - Csio2 + 0.0123644 - T - t —
0.262544 - t - C sio2

+1584.25-2.91205 - T — 8.55958 - t + 403.6 - C sio2
+0.0400966 - T - t —2.08545 - T - C sio2

Fit Statistics, Std. Dev.

Mean
CV.%

R2

Adjusted R?

19.88 7.67
987.20 674.33
2.01 1.14
0.9167 0.9730
0.8703 0.9580
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Predicted R2 0.6773 0.8994
Adeq Precision 17.5545 25.4237
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Figure 25. Contour plots (left) and the 3D surfaces (right) of the regression function for the phos-
phorus, varying the temperature and the heat-exposure time for a conventional lubricant ((a,b); in
this case the SiO2 concentration is set at 0.00%) and the temperature and concentration of SiO2 na-

noparticles ((c,d); in this case the time is set at 180 h).
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Figure 26. Contour plots (left) and the 3D surfaces (right) of the regression function for the phos-

phorus, varying the temperature and the heat-exposure time for a biolubricant ((a,b); in this case
the SiOz2 concentration is set at 0.00%) and the time and concentration of SiO2 nanoparticles ((c,d); in
this case the temperature is set at 240 °C).

The contour plot (Figure 25¢) and the 3D surface plot (Figure 25d) show how tem-
perature and the concentration of SiOz nanoparticles affect phosphorus in lubricants. The
contour plot (Figure 26¢) and the 3D surface plot (Figure 26d) show the time and concen-
tration of SiO2 nanoparticles impacts in biolubricants. The addition of SiO2 nanoparticles
causes the phosphorus levels to drop, especially in samples that have been aged for a long
time (168 h) at high temperatures (260 °C). This pattern is seen in both nanobiolubricants
and nanolubricants, and it implies that the phosphorus-containing additives may be sta-
bilized by the presence of nanoparticles, which would restrict the amount of phosphorus
released into the lubricant by preventing the additives from degrading. The reason phos-
phorus levels are lower in samples containing SiO:2 is probably that the nanoparticles in-
teract with the additives, prohibiting their breakdown under high conditions.
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3.4.7. Analysis of Additives: Boron

Boron-based additives have anti-wear and friction-reducing qualities, which make
them popular in lubricants. By creating a protective coating on metal surfaces, boron ad-
ditions assist minimizing wear, especially in high-pressure environments. In our previous
study [28], it is reported that after adding SiO2 nanoparticle concentrations in fresh sam-
ples, the amounts of boron in both nanolubricants and nanobiolubricants slightly de-
crease. This implies that 5iO: nanoparticles may interact with boron additives at first,
changing their availability or behaviour in the lubricant to a slight extent.

A linear regression model provided the best match to the boron data for nanolubri-
cants and nanobiolubricants at various concentrations and ageing conditions (120, 168,
and 240 h at 220 °C and 260 °C). However, an ANOVA on the linear model showed that
one term (time) of the components was not statistically significant for nanolubricants.
Consequently, the model was improved by employing a backward elimination process,
which retained just the crucial terms. In contrast, for nanobiolubricants, all of the terms
were statistically significant. A summary of the achieved numerical regression models is
given in Table 18. Figures 27 and 28 display 2D/3D graphical representations of these
models that highlight significant patterns and overall values.

Table 18. Main data on both nanolubricants and nanobiolubricants for a response-surface reduced

and linear model based on the boron data.

Quantity Nanolubricants Regression Equation Nanobiolubricants Regression Equation
Boron [ppm] +195.85 -0.3025 - T - 24.4 - Csio2 +489.968 - 0.295452 - T + 0.150062 - t - 67.3604 - C sio2
Fit Statistics, Std. Dev. 2.90 6.82
Mean 113.07 412.80
CV. % 2.56 1.65
R2 0.9410 0.9516
Adjusted R? 0.9312 0.9384
Predicted R? 0.9010 0.9006
Adeq Precision 28.1883 25.5684
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Figure 27. Contour plots (left) and the 3D surfaces (right) of the regression function for the boron,
varying the temperature and the heat-exposure time for a conventional lubricant ((a,b); in this case
the SiO2 concentration is set at 0.00%) and the temperature and concentration of SiO2 nanoparticles
((c,d); in this case the time is set at 180 h).
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(d)

Figure 28. Contour plots (left) and the 3D surfaces (right) of the regression function for the boron,
varying the temperature and the heat-exposure time for a biolubricant ((a,b); in this case the SiO2
concentration is set at 0.00%) and the temperature and concentration of SiO2 nanoparticles ((c,d); in
this case the time is set at 180 h).

Regardless of the SiO: content, the contour plot (Figures 27a and 28a) and the 3D
surface plot (Figures 27b and 28b) show how temperature and time affect boron in lubri-
cants and biolubricants. Boron levels gradually decline with increasing temperature and
ageing time. This decrease may reflect volatilization, thermal degradation, redistribution,
or other concentration-related effects affecting the measured boron content. Boron levels
gradually decline with increasing temperature and ageing time. This decrease may reflect
volatilization, thermal degradation, redistribution, or other concentration-related effects
affecting the measured boron content. However, the present measurements do not estab-
lish the specific mechanism responsible for this decrease.

The contour plot (Figures 27c and 28c) and the 3D surface plot (Figures 27d and 28d)
show how temperature and the concentration of SiO2 nanoparticles affect boron. The total
content of boron dropped with age in both nanolubricants and nanobiolubricants, and the
quantity appeared to drop significantly after the addition of nanoparticles. The observed
decrease in boron content during ageing may be associated with thermal degradation,
redistribution, volatilization, or other concentration-related effects; however, the available
measurements do not allow these contributions to be distinguished. The observed
changes in boron concentration indicate modifications in the elemental profile during age-
ing; however, the present ICP-OES measurements do not establish whether these changes
translate into improved protective-film formation, friction reduction, or wear resistance.

3.4.8. Analysis of Additives: Molybdenum

Molybdenum disulphide (MoSz), a well-known anti-wear additive that lowers fric-
tion between metal surfaces, especially at high pressures, is often added to lubricants. As
demonstrated in our previous study [28], the fresh samples of nanobiolubricants exhibited
relatively stable molybdenum concentrations, suggesting that nanoparticle addition had
only a limited effect on the measured molybdenum concentration under these conditions.
However, a slight increase was observed in the nanolubricant samples. This indicates a
difference in molybdenum concentration under the investigated conditions, but the pre-
sent measurements do not establish whether this translates into improved anti-wear or
friction-reduction performance.

A 2FI regression model provided the best match to the molybdenum data for
nanolubricants and a linear model for nanobiolubricants at various concentrations and
ageing conditions (120, 168, and 240 h at 220 °C and 260 °C). However, an ANOVA on the
2FI model showed that several of the components were not statistically significant. The
model was improved by employing a backward elimination process, which retained just
the crucial terms, but on the linear model showed that all of the terms were statistically
significant. A summary of the achieved numerical regression models is given in Table 19.
Figures 29 and 30 display 2D/3D graphical representations of these models that highlight
significant patterns and overall values.

The contour plot (Figures 29a and 30a) and the 3D surface plot (Figures 29b and 30b)
illustrate the effects of temperature and time on molybdenum in lubricants and biolubri-
cants, independent of the SiO: content. Both the lubricant and biolubricant without nano-
particles tend to have greater molybdenum contents as they age, particularly at higher
temperatures (260 °C). This increase may reflect thermal degradation, redistribution, con-
centration effects, or changes in the measured availability of molybdenum-containing
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species; however, the present measurements do not establish the specific mechanism re-
sponsible for this trend.

The contour plot (Figures 29c and 30c) and 3D surface plot (Figures 29d and 30d)
illustrate the effects of temperature and SiOz nanoparticle concentration on molybdenum.
The molybdenum content of aged lubricants appears to be slightly stabilized upon the
addition of SiO2 nanoparticles. When samples containing nanoparticles are ageing for a
longer period of time at 260 °C, the molybdenum levels stay more stable at greater con-
centrations of SiO2. This comparatively more stable molybdenum concentration in some
SiOz-containing samples is consistent with a possible moderating effect under severe age-
ing conditions; however, the present measurements do not demonstrate reduced additive
degradation or extended additive service life. Overall, some SiOz-containing formulations
exhibited more consistent measured molybdenum concentrations under severe ageing
conditions, although the underlying cause cannot be determined from the present ICP-
OES measurements alone.

Table 19. Main data on both nanolubricants and nanobiolubricants for a response-surface reduced

2FI and linear model based on the molybdenum data.

Quantity Nanolubricants Regression Equation Nanobiolubricants Regression Equation
+3.9 +0.00909091 - T - 0.142917 - t + 16.5 - C

Molybdenum [ppm] scz +0.000702652 - T - t - 0.0740909 - T-C 14916 +0.295645 - T+ 00485041 - t=5.77965 - €

5i02

Fit Statistics, Std. Dev. 0.4990 1.46

Mean 9.00 76.53

CV. % 5.54 1.91

R? 0.9410 0.9552

Adjusted R? 0.9083 0.9430

Predicted R2 0.8383 0.9057

Adeq Precision 17.8887 26.4126
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Figure 29. Contour plots (left) and the 3D surfaces (right) of the regression function for the molyb-
denum, varying the temperature and the heat-exposure time for a conventional lubricant ((a,b) and
in this case the SiOz concentration is set at 0.00%), the temperature and concentration of SiO2 nano-
particles ((c,d); in this case the time is set at 180 h).
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Figure 30. Contour plots (left) and the 3D surfaces (right) of the regression function for the molyb-

denum, varying the temperature and the heat-exposure time for a biolubricant ((a,b); in this case

the SiO:z concentration is set at 0.00%) and the temperature and concentration of SiO2 nanoparticles
((c,d); in this case the time is set at 180 h).

4. Conclusions

This study comparatively investigated the ageing behaviour of a conventional lubri-

cant and a biolubricant containing 0-1.00 wt.% KH570-modified SiO: nanoparticles under
controlled thermal exposure at 220 and 260 °C for 120-240 h. The combined experimental
and response-surface analyses showed that temperature, exposure time, nanoparticle con-

centration, and base-oil chemistry jointly controlled the physicochemical and chemical

ageing responses. The main findings are summarized as follows:

Density and viscosity: Ageing severity increased density and viscosity, while SiO2-
containing formulations generally showed lower increases under severe conditions,
particularly for the biolubricant.

Viscosity index and acid-base properties: SiO:z partly preserved viscosity-index be-
haviour and produced formulation-dependent TAN/TBN responses, with more fa-
vourable trends generally observed in the biolubricant.

Oxidation: FTIR oxidation increased with temperature and exposure time, while SiO2
reduced oxidation under selected severe-ageing conditions, again with a more con-
sistent response in the biolubricant.

Elemental composition: ICP-OES showed formulation-dependent changes in ele-
mental composition during ageing; however, these results do not establish a unique
degradation mechanism.

Overall, the results demonstrate that KHH570-modified SiO»-containing formulations

exhibited mitigation of several changes associated with thermo-oxidative ageing, includ-
ing excessive viscosity growth, density increase, viscosity-index loss, and oxidation. Nev-
ertheless, their effectiveness was strongly dependent on the lubricant chemistry and na-

noparticle concentration. It should also be emphasized that the observed differences be-
tween the conventional lubricant and the biolubricant reflect formulation-level differences
and cannot be attributed solely to their mineral- versus bio-based nature, since the two

commercial products also differ in SAE grade, initial physicochemical properties, additive
package, and base-oil chemistry. The most favourable range was generally between 0.75
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and 1.00 wt.%, although the optimum concentration varied substantially among the in-
vestigated responses and between the two lubricant formulations. In particular, the bio-
lubricant exhibited more favourable comparative responses under several severe-ageing
conditions, including viscosity control, TAN reduction, TBN preservation, and oxidation
resistance, whereas the conventional lubricant showed a more variable response.

The present findings were obtained under accelerated static ageing conditions using
open sample containers and should not be directly interpreted as predictions of lubricant
lifetime or as equivalent to field service intervals in an operating engine, since no experi-
mentally validated relationship between the applied temperature-time combinations and
actual service life was established. Because mass loss was not quantified, evaporation and
the resulting concentrations of the remaining less-volatile lubricant components may have
contributed to some of the observed changes. Nevertheless, all nanoparticle-free and SiO2-
containing formulations were subjected to the same nominal ageing conditions, allowing
the results to be interpreted comparatively across formulations. Future work should there-
fore include gravimetric monitoring of sample mass loss and control or monitoring of the
ageing atmosphere, in addition to validation under real-engine conditions involving tem-
perature cycling, mechanical shear, variable load, fuel dilution, combustion contaminants,
and repeated ageing cycles. Since no direct tribological measurements were performed in
the present study, future work should include friction and wear testing to determine
whether the observed physicochemical and chemical ageing trends translate into im-
proved tribological performance.
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