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A B S T R A C T

Nanoparticles have emerged as promising additives for developing advanced engine lubricants capable of 
withstanding high temperatures and oxidative stress. This study investigates the potential of silicon dioxide 
(SiO2) nanoparticles, surface-modified with KH570-Silane coupling agent, to enhance the oxidation resistance 
and thermal stability of lubricants and biolubricants. Thermal and oxidative properties were evaluated using 
thermogravimetric analysis (TGA), derivative thermogravimetry (DTG), and differential scanning calorimetry 
(DSC). The results revealed that increasing SiO2 content has improved some critical thermal parameters, 
including onset, midpoint, inflection, and end temperatures. At 1.00 wt% SiO2, the onset temperature of the 
biolubricant increased by 23.70 ◦C, reaching 345.30 ± 0.64 ◦C, while that of the lubricant increased by 24.55 ◦C, 
reaching 297.5 ± 1.84 ◦C. Maximum oxidation induction times of 29.65 ± 3.18 min (biolubricants) and 27.70 ±
1.04 min (lubricants), along with enthalpy values of 509.45 ± 26.8 J⋅g− 1 and 459.85 ± 12.66 J⋅g− 1, respectively, 
were achieved at the same concentration. These findings demonstrate that surface-modified SiO2 nanoparticles 
significantly enhance the thermal stability and oxidation resistance of both conventional and bio-based lubri
cants, highlighting nanoparticles’ potential to improve engine performance, extend possible industrial applica
tions, and theoretically extend oil-change intervals, with obvious environmental and economic benefits.

Introduction

Engine lubricants are essential for machinery maintenance and 
operation [1–4]. Lubricants are employed in any area of a vehicle where 
metal components are in relative motion to one another. Their primary 
responsibilities are to lessen surface friction, dissipate heat, and stop 
part rusting and corrosion [5,6]. However, considering the harsh con
ditions of operation that engines face, such as high temperatures and 
oxidative environments, lubricants with enhanced thermal stability and 
oxidation resistance are needed [7–9].

Despite their widespread use and well-established performance, 
commonly employed multigrade engine lubricants such as SAE 10W40 
and SAE 15W40 still exhibit intrinsic limitations under prolonged high- 
temperature and oxidative operating conditions [10]. Experimental 
studies and field reports have shown that these formulations are prone to 
oxidative thickening, depletion of antioxidant packages, and deposit 

formation when exposed to sustained thermal stress, particularly in 
modern engines operating under higher loads and extended drain in
tervals [11–14]. These degradation mechanisms ultimately limit lubri
cant lifetime and motivate the search for improved stabilization 
strategies.

Although conventional additive packages enhance lubricant perfor
mance, they have drawbacks as well. Indeed, detergents and anti-wear 
additives can encourage the production of deposits on parts subjected 
to high temperatures [15,16]. Dispersants and detergents can make anti- 
foam compounds less effective, which can result in foaming [17–19], 
and high temperatures can cause some additives to corrode metals 
[16,17]. Viscosity index enhancers with a high molecular weight, sub
jected to permanent mechanical shear in gears, can manifest significant 
viscosity loss and this fact can lead to a poor lubrication of mechanical 
components [17]. High-temperature applications can cause the forma
tion of ash deposits originated from metal-based detergent additives, 
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[17], and extreme pressure agents that use Sulphur and Phosphorus 
compounds can attack yellow metals and become corrosive [17,20]. 
Long-term deterioration or depletion of these compounds may lessen 
their efficacy, requiring more frequent oil changes and, thus, posing 
environmental issues. Consequently, while conventional additive pack
ages are effective in the short term, their thermal instability, potential 
corrosivity, and progressive depletion under severe operating conditions 
represent fundamental constraints for long-term lubricant performance.

In view of the drawbacks of conventional additives, adding nano
particles/nanosystems to lubricants (to have the so-called “nano
lubricants”) is thought to be one of the best ways to enhance lubricants’ 
tribological properties, increase their thermal stability, prevent oxida
tion and lower friction and wear-and-tear phenomena in the metal 
surfaces. Such advancements have a significant direct and indirect 
positive influence on the environment: (1) the prolongation of the 
durability over time can extend oil-change intervals (net of possible 
cross-contaminations between lubricant and fuel [21]), (2) the preven
tion of a significant decay of properties helps keeping high the engines’ 
overall efficiency, thus reducing greenhouse gas emissions and energy 
consumption [4].

In order to study the influence of nanoparticles and nanosystems on 
the thermal stability and oxidation resistance of lubricants and bio
lubricants, techniques such as thermogravimetric analysis (TGA) 
coupled with derivative thermogravimetry (DTG), and differential 
scanning calorimetry (DSC) are usually adopted. In particular, TGA 
provides essential insights into a material’s composition, thermal sta
bility, and decomposition kinetics by monitoring mass changes under 
controlled temperature programs [22,23]. Conversely, DSC measures 
heat flows associated with temperature-induced transitions, enabling 
the detection of possible endothermic and exothermic events occurring 
during exposures to thermal changes, and the quantification of the 
corresponding enthalpy variations [24–27].

For instance, Abdul Khaliq et al. [28] employed TGA to examine the 
thermal degradation of mineral lubricants modified with graphene. 
Graphene flakes with thicknesses of 8 nm, 12 nm, and 60 nm as well as 
engine lubricants 20W50 SN/CF and 20W50 SJ/CF were utilized to 
prepare a variety of samples. TGA showed that the inclusion of graphene 
could improve the thermal stability of SN/CF lubricants delaying their 
oxidation onset temperature by 13–17 ◦C. Furthermore, when the 
sample experienced between 20% and 40% weight loss, the oxidation 
onset temperature could be increased by more than 30 ◦C. The size and 
concentration of graphene flakes have a significant impact on the 
lubricant resistance to degradation. According to TGA kinetics studies, 
indeed, the use of graphene considerably lowers the activation energy 
(Ea), which is larger in base oils. This indicates a change in the kinetics 
of decomposition and suggests that the resulting nanolubricant is more 
thermally stable under oxidative conditions than the starting lubricant.

Maheswaran et al. [29] investigated the impact of dispersing 0.25 wt 
%, 0.50 wt%, and 0.75 wt% of nano garnet particles in SN500-grade 
gear lubricant. DSC and TGA methods demonstrated that adding 0.75 
wt% nano-garnet particles to this lubricant significantly raises the 
decomposition temperature, shifting it from 255 ◦C to 425 ◦C, and 
conferring the nanolubricant under study the ability to withstand mass 
loss when heated from 175 ◦C to 240 ◦C compared to the lubricant 
without nano garnet particles.

Ramachandran et al. [30] investigated how the dispersion of NiO 
nanoparticles into SN500 lubricant affected its non-isothermal heat 
stability. TGA, DSC, and Differential Thermal Analysis (DTA) are used to 
determine thermal stability. Low concentrations of nanoparticles (up to 
0.3 wt%) in NiO-nanolubricants resulted in the maximum obtainable 
thermal stability. At 200 ◦C, the SN500 lubricant loses 9.5% of its mass, 
while the associated nanolubricant with NiO-nanoparticles having a 
concentration of 0.1 wt% and 0.3 wt% do not lose any mass, thus 
proving that NiO-nanolubricant can be utilized for temperature- 
dependent applications.

Mohamed Kamal et al. [31] used a simultaneous thermal analyzer 

(TGA/DTG/DSC) to investigate lubricants' thermal degradation. In 
comparison to the reference oil (5W30), the results demonstrated that 
Al2O3/TiO2 hybrid nanolubricants could postpone the oxidation onset 
temperature and the burnout temperature by 54.9 ◦C and 38.7 ◦C, 
respectively.

Ibrahim Ogu Sadiq [32] demonstrated that biolubricants (obtained 
from coconut oil, in this case) containing graphene or maghemite 
nanoparticles at 0.1 vol% (≈0.24 wt% graphene; ≈0.56 wt% maghe
mite) were resistant to oxidation. The oxidation onset temperature of the 
nano-charged biolubricants was raised by 18.75 ◦C for maghemite- 
charged nanolubricant (MGCO), and by 37.5 ◦C for graphene-charged 
nanolubricant (XGCO). This enhancement has a positive impact on 
tribological performance and viscosity. Wear scar diameter (WSD) and 
coefficient of friction (COF) decreased by 10.40% and 5.60%, respec
tively, for XGCO, and by 3.43% and 4.30%, for MGCO in comparison to 
coconut oil. Finally, the viscosity index of graphene and maghemite 
nanolubricants was increased by 13.85% and 7.36%, respectively.

Although numerous studies have investigated nanoparticle- 
enhanced lubricants, most available works focus predominantly on 
tribological performance [33–35], with limited attention to systematic 
thermal and oxidative stability metrics derived from integrated TGA, 
DTG, and DSC analyses. Moreover, direct comparisons between mineral- 
based and commercially available bio-based engine lubricants under 
identical experimental conditions remain scarce. In particular, the 
combined effects of surface-modified SiO2 nanoparticles on oxidation 
onset, degradation kinetics, and oxidation induction time have not been 
comprehensively quantified. This lack of integrated thermal–oxidative 
assessment represents a clear research gap that the present study aims to 
address [36]. Despite the fact that SiO2 is intrinsically an electrically 
insulating material with low intrinsic thermal conductivity [37–39], its 
contribution to oxidation resistance is not associated with electronic 
charge transport, in contrast to graphene-based additives, whose per
formance can involve conductive or percolative heat-transfer pathways 
[40,41]. Instead, well-dispersed SiO2 nanoparticles act as physical bar
riers that hinder oxygen diffusion and radical propagation within the 
lubricant matrix. Additionally, the KH570 silane shell enhances inter
facial compatibility, promoting homogeneous dispersion and reducing 
localized thermal hotspots [42]. Unlike graphene, whose performance is 
often linked to percolation effects and high aspect ratio, SiO2 provides 
stabilization through interfacial and barrier mechanisms, offering a 
complementary and potentially more formulation-robust approach to 
oxidation inhibition [43,44].

It was shown in another previous investigation by the authors [42], 
that adding SiO2 nanoparticles coated with the silane coupling agent 
KH570 greatly improves the physicochemical characteristics of both 
conventional lubricants (Mistral 15W40) and biolubricants (PLANTO 
MOT SAE 10W40). Surface modification allowed for a better dispersion 
of SiO2 nanoparticles and, thus, a more stable suspension of nano
particles in the lubricant volume. The results showed slight increases in 
density and viscosity, along with a higher viscosity index. Total Base 
Number (TBN) and Total Acid Number (TAN) analysis also verified that 
a strong alkaline reserve was maintained and that the addition of SiO2 
nanoparticles did not result in the introduction of critical acidity levels. 
The inductively coupled plasma optical emission spectroscopy (ICP- 
OES) also revealed that the addition of SiO2 nanoparticles primarily 
influences the concentration of Silicon, with slight effect on other ad
ditives. Without changing the fundamental functional structures of the 
lubricants and biolubricants, a Fourier Transform Infrared (FTIR) anal
ysis verified the presence of SiO2 and KH570, demonstrating exceptional 
chemical stability. However, that investigation primarily focused on the 
physicochemical properties and chemical stability of the nanolubricants, 
without addressing their thermal stability, oxidative resistance, or their 
temperature-dependent evolution, which are critical for evaluating real- 
world lubricant performance.

Most published studies on SiO2 nanoparticle additives concentrate 
on their effects on the tribological properties of the resulting 
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nanolubricant (in particular, the obtainable reductions in friction and 
wear-and-tear phenomena) but rarely examine the induced modifica
tions on the chemical or oxidative stability [45,46]. In this context, the 
present work represents the first integrated TGA/DTG/DSC evaluation 
of KH570-modified SiO2 nanoparticles in both a mineral-based and a 
bio-based SAE 40 lubricant, including polynomial trend modelling of 
key thermal and oxidative stability metrics. By combining thermogra
vimetric, calorimetric, spectroscopic, and chemical analyses (TGA, DTG, 
DSC, FTIR, ICP-OES, and TBN/TAN), and by directly comparing mineral 
and biolubricant formulations under identical conditions, this study 
provides a comprehensive and quantitative framework that extends 
beyond conventional tribology-focused investigations. In contrast, by 
performing these tests on both a biolubricant and a mineral‑based 
lubricant, this study offers comparative insights that are absent from 
earlier tribology‑only studies.

Continuing the study of the properties of these two lubricants, as 
representative of their respective classes of lubricants (i.e., conventional 
and bio-based, respectively), this study investigates the potential ad
vantages, in terms of thermal stability and oxidation resistance, 
obtainable thanks to the use of SiO2 nanoparticles coated with KH570- 
Silane coupling agent. SiO2 nanoparticles are widely reported as 
chemically inert materials whose biological and environmental impacts 
strongly depend on particle size, concentration, and exposure pathway, 
rather than representing intrinsic non-toxicity or universal biocompat
ibility. In lubricant applications, where nanoparticles are fully dispersed 
and embedded within an oil matrix, direct biological exposure is mini
mized, allowing their functional advantages to be exploited without 
implying inherent safety or environmental benignity [47,48]. Impor
tantly, their ability to significantly reduce friction and wear-and-tear 
phenomena between components in relative motion makes them 
particularly promising as lubricant additives. As declared above, the 
used biolubricant and conventional lubricant are the same of the pre
vious study: the PLANTO MOT SAE 10W40, and the Mistral 15W40. The 
chosen biolubricant (PLANTO MOT SAE 10W40) was selected as an 
example of cutting-edge biodegradable engine oils due to its unique 
properties and wide range of applications. Since Mistral 15W40 is, 
instead, a mineral-based lubricant that is considered industry standard, 
it was chosen as well as a benchmark for performance comparison. 
These two lubricants have the same SAE 40 high‑temperature viscosity 
rating. By pairing them, we maintain comparable high‑temperature 
viscosity while representing distinct lubricant categories. From a sus
tainability perspective, this performance-based comparison allows the 
benefits of KH570-modified SiO2 additives to be generalized across real- 
world lubricant formulations through enhanced durability, reduced 
friction, and extended lubricant service life, rather than relying on 
claims of intrinsic environmental friendliness [36,49]. Thanks to these 
evidences, the results of the investigation are applicable to industrial 
machinery and automobile applications.

A comprehensive investigation was conducted utilizing TGA, DTG, 
and DSC to determine the impact of SiO2 nanoparticles on the thermal 
and oxidative characteristics of the lubricants.

Materials and methods

Materials

Lubricants utilized in this investigation were PLANTO MOT SAE 
10W40, a biolubricant produced by FUCHS LUBRICANTS GERMANY 
GmbH (Mannheim, Germany, https://www.fuchs.com/de/en/), and 
Mistral 15W40, a conventional lubricant by NILS S.p.A. (Postal, Bol
zano, Italy; https://www.nils.eu/en/). Tables 1 provides a full descrip
tion of the technical specifications of these two lubricants. The 
nanoparticles were provided by Nanografi Inc. (Çankaya/Ankara, 
Turkey; https://nanografi.com/). Their details are reported in Tables 2 
and 3.

Preparation of nanolubricants samples

Nanoparticles were distributed in PLANTO MOT SAE 10 W-40 bio
lubricant and Mistral 15W40 lubricant at four different mass percent 
concentrations (i.e.: 0.25, 0.50, 0.75, and 1.00 wt%). The literature's 
recommendations for the most effective ranges of SiO2 nanoparticles in 
lubricants were used to choose these concentrations [55,56]. Following 
the addition of the nanoparticles, the samples were magnetically stirred 
for 1.5 h at ambient temperature at 1500 rpm. After that, an ultrasonic 
cleaner (model USC 600 THD by VWR, Radnor, Pennsylvania, USA; 
https://www.vwr.com/) with a 120-W-power output and a 45-kHz-fre
quency was used for 2.5 h. During ultrasonication, the bath temperature 
was monitored and remained below 35 ± 5 ◦C, ensuring that no unin
tended thermal aging of the lubricant occurred. Stability and dispersion 
of the samples were assessed in a prior work of the authors using sedi
mentation photography, FTIR spectroscopy, and UV–Vis spectrophoto
metric analyses [42]. A summary of the physicochemical characteristics 
of the obtained nanolubricants and nanobiolubricants is given in Table 4
and Table 5. For these tables, properties are reported as representative 
values reproduced from Ref.[42], in which replicate-based standard 
deviations were not reported; instrument calibration and measurement 
accuracy follow manufacturer specifications.

Table 1 
Technical characteristics of the two lubricants considered in this study.

Property Measurement 
Unit

Reference NILS 
Mistral 
15W40

PLANTO 
MOT SAE 
10W40

Density at 
15 ◦C

[g⋅cm− 3] ASTM 
D4052–22 
[50]

0.8769 0.8719

Kinematic 
viscosity at 
40 ◦C

[mm2⋅s− 1] ASTM D445- 
24 [51]

97.3 87.0

Kinematic 
viscosity at 
100 ◦C

[mm2⋅s− 1] ASTM D445- 
24 [51]

13.5 13.7

Viscosity 
index

[− ] ISO 
2909:2002 
[52]

138 160

TBN [mg(KOH)⋅g− 1] ASTM 
D4739-17 
[53]

10.5 9.7

TAN [mg(KOH)⋅g− 1] ASTM D664- 
18e2 [54]

2.2 1.7

Table 2 
Silicon dioxide (SiO2) nanoparticles coated with KH570-Silane coupling agent 
properties.

Technical Property Measurement Unit Value / Appearance

Purity [%] 95.9
Colour [− ] white
Average Particle Size [nm] 18–35
Specific Surface Area [m2⋅g− 1] 150–550
Bulk Density [g⋅cm− 3] <0.1
True Density [g⋅cm− 3] 2.2

Table 3 
Elemental Analysis of SiO2 nanoparticles 
coated with KH570-Silane coupling agent.

Element wt%

SiO2 95.9
KH570 3–4
Fe 0.032
Ca 0.056
Mg 0.0085
S 0.025
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Analysis of thermal and oxidation characteristics

Thermogravimetric analysis (TGA) and derivative thermogravimetry 
analysis (DTG)

In this study, TGA was performed via a STA 449 F3 Jupiter ther
mogravimetric analyzer (Netzsch-Gerätebau GmbH, Selb, Germany; htt 
ps://www.netzsch.com/) with a heating rate of 5.5 K⋅min− 1 and tem
peratures ranging from 40 ◦C to 500 ◦C. Approximately 10 ± 0.1 mg of 
lubricant or biolubricant per sample was weighed and dropped in an 
alumina crucible for each test. Nitrogen was used both as purge and 
protective gas, with a flow rate of 20 mL⋅min− 1 in both cases.

Each test was duplicated to ensure repeatability, following the pro
cedure described by Benedetti et al. [57] and Pecchi et al. [58]. In most 
cases, key thermal parameters, such as onset temperature, maximum 
degradation temperature, and residual mass, differed by less than 2% 
between the replicates. As a general rule, if a deviation beyond this 
threshold had been observed, both measurements were discarded and 
the experiment was repeated until two valid replicates were obtained 
within the 2% acceptance threshold. Final (valid) values are reported in 
this document in terms of mean ± standard deviation calculated from 
duplicate measurements, acknowledging that the reported standard 
deviation reflects measurement repeatability rather than a population- 
based statistical uncertainty. A pooled standard deviation was not 

applied, as only two valid replicates were available for each experi
mental condition, which would not provide a statistically meaningful 
pooled estimate.

From the TGA and DTG analyses, key thermal transition points, 
namely the onset, midpoint, inflection, and end temperatures, were 
identified. The onset temperature, referred to as the initial oxidation or 
decomposition temperature, was determined by extrapolating the 
tangent to the initial mass-loss region on the TGA curve [59]. The 
midpoint temperature corresponds to the point at which 50% of the total 
mass-loss has occurred. The inflection temperature is defined as the 
temperature correspondent to the peak of the DTG curve, representing 
the maximum rate of mass-loss. Finally, the end temperature marks the 
point where the TGA curve levels off, indicating the completion of the 
primary decomposition process. To avoid ambiguity in the identification 
of thermal transition points across different instruments and software, a 
schematic representation of the construction method used in this study 
is provided below in Fig. 1.

Differential scanning calorimetry (DSC)
A DSC 200 F3 Maia differential scanning calorimeter (Netzsch- 

Gerätebau GmbH, Selb, Germany; https://www.netzsch.com/) was used 
to perform DSC at a heating rate of 5.5 K⋅min− 1 at temperatures ranging 
from 40 ◦C to 500 ◦C, and the associated enthalpy (J⋅g− 1) was quantified 

Table 4 
Physicochemical properties of the tested nanolubricants [42].

Property Lubricant (pure) 
Mistral 15W40

Nanolubricant 
0.25% SiO2

Nanolubricant 
0.50% SiO2

Nanolubricant 
0.75% SiO2

Nanolubricant 
1.00% SiO2

Appearance dark yellow dark yellow dark yellow dark yellow dark yellow
Smell characteristic characteristic characteristic characteristic characteristic
Density at 15 ◦C [g⋅cm− 3] 0.8769 0.8808 0.8819 0.8831 0.8842
Viscosity at 40 ◦C [mm2⋅s-1] 97.3 97.6 98.4 99.0 99.9
Viscosity at 100 ◦C [mm2⋅s− 1] 13.5 13.7 13.8 13.9 14.0
Viscosity Index [-] 138 141 142 142 143
TAN [mg(KOH)⋅g− 1] 2.17 1.9 1.9 2.1 2.2
TBN [mg(KOH)⋅g− 1] 10.6 10.7 10.3 10.3 10.3
POLLUTION [ppm] ​ ​ ​ ​ ​
Silicon 65 419 738 1101 1365
Sodium 0 0 0 0 2
ADDITIVES [ppm] ​ ​ ​ ​ ​
Calcium 3045 3118 3124 3084 3043
Magnesium 71 71 72 74 70
Zinc 928 926 923 915 889
Phosphorus 766 827 798 809 795
Boron 137 131 131 130 126
Molybdenum 6 9 9 9 9

Table 5 
Physicochemical properties of the tested nanobiolubricants [42].

Property Biolubricant (pure) 
SAE 10W40

Nanobiolubricant 
0.25% SiO2

Nanobiolubricant 
0.50% SiO2

Nanobiolubricant 0.75% SiO2 Nanobiolubricant 1.00% SiO2

Appearance dark yellow dark yellow dark yellow dark yellow dark yellow
Smell characteristic characteristic characteristic characteristic characteristic
Density at 15 ◦C [g⋅cm− 3] 0.8719 0.8733 0.8746 0.8758 0.877
Viscosity at 40 ◦C [mm2⋅s--1] 87.0 87.9 88.6 89.6 90.3
Viscosity at 100 ◦C [mm2⋅s-1] 13.7 14.0 14.2 14.3 14.4
Viscosity Index [-] 160 164 165 166 166
TAN [mg KOH⋅g− 1] 1.7 2.2 2.4 2.5 2.6
TBN [mg KOH⋅g− 1] 9.7 9.5 9.6 9.9 9.6
POLLUTION [ppm] ​ ​ ​ ​ ​
Silicon 2 337 702 1020 1402
Sodium 0 0 0 0 5
ADDITIVES [ppm] ​ ​ ​ ​ ​
Calcium 1672 1720 1737 1720 1761
Magnesium 333 345 353 351 359
Zinc 693 690 678 668 658
Phosphorus 593 596 594 587 591
Boron 487 472 459 462 476
Molybdenum 74 73 75 73 74
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by calculating the area under the exothermic peak in a Cartesian rep
resentation of the heating process (horizontal axis: time in minutes; 
vertical axis: heat flow in mW⋅mg− 1), using Netzsch software.

The time interval between the start of oxygen exposure and the start 
of an exothermic oxidation reaction, as measured by DSC, is known as 
the Oxidation Induction Time (OIT), which is a crucial sign of the 
oxidative stability of a lubricant [60]. In this work, OIT was determined 
from dynamic DSC scans and defined as the time coordinate corre
sponding to the onset of the main exothermic oxidation peak, as iden
tified using the onset criterion implemented in NETZSCH Proteus 
software.

Approximately 10 ± 0.1 mg of each lubricant or biolubricant per 
sample was weighed and sealed in an alumina crucible for each test. The 
crucible lid was pierced with a pin-hole to allow controlled gas exchange 
during OIT measurements. Nitrogen was used as purge gas to maintain 
an inert atmosphere, and its flow rate was set to 100 mL⋅min− 1.

Each DSC test was repeated at least twice to ensure repeatability. In 
most cases, variation in onset temperature, peak position, and enthalpy 
values across replicates remained below 3%. When discrepancies 
exceeded this threshold, the test was repeated and the outlier excluded. 
Final results are reported in terms of mean ± standard deviation of the 
accepted replicates, with the understanding that the standard deviation 
reflects limited replicates and serves as an estimate of repeatability.

Results and Discussion

Thermal stability analysis

The thermal stability and the decomposition properties of the pure 
lubricant, the pure biolubricant, and all the presented blends of these 
two lubricants added with nanoparticles were investigated via TGA and 
DTG. The TGA plots of the pure lubricant and biolubricant, together 
with the corresponding nanolubricants and nanobiolubricants obtained 
with different SiO2 wt% (0.25 wt%, 0.50 wt%, 0.75 wt%, and 1.00 wt%), 
are displayed in Fig. 2. In these plots, the vertical axis expresses the 
residual mass of the sample as a percentage of its initial mass (TG %). 
This normalized representation is common in thermogravimetric anal
ysis (TGA) to allow easy comparison between samples regardless of the 
initial sample mass. The horizontal axis represents the elapsed time (in 
minutes), which corresponds to the progression of the heating program 
from the room temperature to 500 ◦C at a constant heating rate. 

Therefore, the mass loss trends observed over time reflect the thermal 
degradation profile of each sample.

Fig. 3 presents the comparative thermogravimetric analysis and de
rivative parameters of lubricants and biolubricants charged with SiO2 
nanoparticles, along with fitted quadratic curves, useful to individuate 
trends and maximum effects of nanoparticles on lubricants in corre
spondence to increasing concentrations of theirs.

The results of TGA and DTG analyses are summarized in Table 6 and 
Table 7, in which the values obtained for onset, midpoint, inflection, and 
end temperatures are reported. The tables present a summary of the TGA 
and DTG analyses for the lubricants and nanolubricants, including 
average values and standard deviations from replicate tests.

Biolubricants result more thermally stable than conventional lubri
cants, and their thermal stability increases with SiO2 addition. Indeed, 
pure biolubricant shows higher average onset (321.6 ± 6.24 ◦C) and 
inflection temperatures (374.3 ± 4.31 ◦C), with the average onset 
temperature increasing by 23.7 ◦C at 1.00 wt% SiO2, reaching 345.3 ±
0.64 ◦C, and the average inflection temperature increasing by 16.4 ◦C at 
1.00 wt% SiO2, thus reaching 390.7 ± 1.70 ◦C. Lower temperatures 
were observed in conventional lubricants, with average onset and 
average inflection temperatures of 272.95 ± 0.64 ◦C and 327.1 ±
6.51 ◦C, respectively. Although temperatures increased with the addi
tion of nanoparticles, reaching an average onset of 297.50 ± 1.84 ◦C and 
an inflection temperature of 352.65 ± 3.61 ◦C at 1.00 wt% SiO2 (ab
solute increases of 24.55 ◦C and 25.55 ◦C, respectively), values were still 
not comparable with those obtained for biolubricants (differences of 
about 47.8 ◦C in onset and 38.05 ◦C in inflection temperatures, in favor 
of biolubricants). The observed differences are more likely related to the 
different base oil composition and additive formulation of the two lu
bricants, rather than solely to their SAE grades. This behavior can be 
attributed to the ester-based structure of biolubricants, which typically 
exhibit higher polarity and a greater degree of molecular saturation 
compared to conventional mineral oils. These features promote stronger 
intermolecular interactions and improved resistance to thermo- 
oxidative chain scission, resulting in delayed degradation and higher 
inflection temperatures.

Polynomial fitting of these temperature-related parameters revealed 
a good correlation with SiO2 content (R2 > 0.98), confirming that 
quadratic equations can describe the trend effectively. It should be noted 
that the high R2 values arise from the smooth, monotonic response of 
thermogravimetric parameters to SiO2 concentration and from the 
limited number of experimental points (five levels), for which a second- 
order polynomial provides an appropriate empirical description of the 
observed trend rather than a predictive statistical model. Confidence 
intervals were not calculated due to the limited number of replicates (n 
= 2); therefore, standard deviation bands are reported to illustrate 
experimental dispersion. The fitted equations for onset temperature 
were: 

y = − 49.34⋅x2 + 73.89⋅x + 272.95 (lubricant) (1) 

y = − 22.59⋅x2 + 46.29⋅x + 321.60 (biolubricant) (2) 

Looking at the Cartesian position of the vertex of these two parabolas, 
the optimal SiO2 content for maximizing onset temperature was esti
mated at ~ 0.75 wt% for lubricant and ~ 1.00 wt% for biolubricant (NB: 
in this case, the upper mass-percentage limit was indicated, as the vertex 
is placed outside the inquired interval).

As the percentage of SiO2 increases, the mass change for conven
tional lubricant falls from − 83.81 ± 0.83% to − 79.55 ± 0.4% (at 1.00 
wt% SiO2) as temperature increase, hence with a difference of 4.26 
percentage points, suggesting lower thermal degradation. Polynomial 
fitting showed a good correlation with SiO2 content (R2 > 0.98), with 
the fitted equation for lubricant being: 

y = − 6.63⋅x2 +10.89⋅x+ 83.81 (3) 

Fig. 1. Representative TG and DTG curves illustrating the definition of char
acteristic thermal transition points used in this study: onset temperature (Ton

set), midpoint temperature (Tmid, 50% mass loss), inflection temperature 
(Tinflection, DTG peak), and end temperature (Tend). Moreover, the residual mass 
at 500 ◦C, an indicator of the char or ash content remaining after thermal 
degradation, was also measured to assess both the material’s thermal stability 
and inorganic residue content [28,29].
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The optimal SiO2 content for minimizing mass loss was estimated to be 
~ 0.82 wt%.

However, for biolubricants, it rises from − 86.42 ± 0.01% (pure) to 
− 87.11 ± 0.01% (at 0.50 wt% SiO2), and then drops to − 86.88 ± 1.05% 
at 1.00 wt% SiO2. Student's t-test analysis indicated that the differences 
in mass change between conventional and biolubricants were statisti
cally significant (p < 0.05) at all SiO2 concentrations, suggesting a 
consistent influence of base oil composition and additives on thermal 
stability. The corresponding polynomial fit for biolubricants was: 

y = 1.42⋅x2 − 1.88⋅x − 86.42 (4) 

With the minimum mass change occurring at ~ 0.66 wt% SiO2.
Following thermal degradation, residual mass rises from 0.00% 

(pure) to 1.96 ± 1.04% (at 1.00 wt% SiO2) for lubricants, and from 1.56 
± 0.07% (pure) to 2.37 ± 0.22% (at 1.00 wt% SiO2) for biolubricants. 
This suggests the presence of thermally stable SiO2 particles. The poly
nomial fitting indicated a strong correlation for both cases (R2 > 0.98). 
The fitted equation for lubricant was: 

y = − 1.45⋅x2 + 3.41⋅x (5) 

With an optimal SiO2 content of ~ 1.18 wt%, while for biolubricant the 

fitted equation was: 

y = − 1.99⋅x2 +2.80⋅x+1.56 (6) 

And the optimum was reached at ~ 0.70 wt%.
Slower degradation is shown by the maximum percentage mass loss 

rate, whose value was observed to decrease from − 5.94 ± 0.05 %⋅min− 1 

(pure lubricants) to − 5.42 ± 0.04 %⋅min− 1 (at 1.00 wt% SiO2) at tem
peratures from 327.55 ± 3.18 ◦C to 356.65 ± 2.47 ◦C as SiO2 content is 
increasing. In contrast, the maximum mass loss rate for biolubricants is 
different and rises with increasing SiO2 concentration from − 7.62 ±
0.19 %⋅min− 1 to − 8.60 ± 0.07%⋅min− 1, at temperatures from 376.5 ±
6.22 ◦C to 393.9 ± 2.12 ◦C, suggesting a delayed, but more severe, 
thermal degradation. The fitted curves indicate the rate of mass loss 
reaches a minimum at 0.75 wt% and 0.75 wt% respectively: 

y = − 0.73⋅x2 + 1.25⋅x + 5.94 (lubricant) (7) 

y = +1.56⋅x2 − 2.54⋅x − 7.62 (biolubricant) (8) 

Meanwhile, the temperature at maximum degradation rate (Tmax) in
creases polynomially with SiO2 addition: 

y = − 55.06⋅x2 + 84.16⋅x + 327.55 (lubricant) (9) 

Fig. 2. TGA plots of nanolubricants (a) and nanobiolubricants (b) obtained under nitrogen atmosphere (N2) at a heating rate of 5.5 K⋅min− 1. In both the plots, the 
central curves represent the average trends, and the surrounding shaded areas the dispersion of experimental values calculated as mean ± standard deviation (n = 2).
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Fig. 3. Comparative thermogravimetric analysis and derivative parameters of lubricants (red curves) and biolubricants (green curves) as a function of SiO2 
nanoparticles percentage in the formulation, obtained by TGA at 5.5 K⋅min− 1 under nitrogen atmosphere: (a) onset temperature, (b) midpoint temperature, (c) 
inflection temperature, (d) end temperature, (e) mass change, (f) residual mass, (g) maximum rate of mass loss, (h) temperature at maximum degradation rate.
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y = − 16.80⋅x2 + 34.20⋅x + 376.50 (biolubricant) (10) 

Optimum Tmax was reached around 0.76 wt% for lubricant and ~ 1.00 
wt% for biolubricant (NB: also in this case, the upper mass-percentage 
limit was indicated, as the vertex is placed outside the inquired inter
val). To further quantify degradation-rate narrowing or widening, the 
DTG peak full width at half maximum (FWHM) was extracted from 
temperature-based DTG curves (Table 6 and Table 7). For conventional 
lubricants, FWHM increased markedly from 66.15 ± 3.98 ◦C (neat oil) 
to ~ 80–83 ◦C for SiO2-containing formulations, indicating a broader 
DTG peak and a more distributed degradation process. In contrast, 
biolubricants showed comparatively narrower DTG peaks overall 
(~36–43 ◦C), with no systematic broadening, while exhibiting higher 
max mass-loss rate and higher Tmax. Combined, Tmax, maximum degra
dation rate, and FWHM support the interpretation of slower, more 
distributed degradation in mineral oil and delayed yet more intense 
degradation in biolubricants once decomposition initiates.

These results indicate that the organic matrix in the biolubricants 
degrades more quickly at higher temperatures due to oxidation, and that 
the addition of nanoparticles (spec. SiO2 nanoparticles) can enhance 
thermal stability and postpone this decomposition. Most parameters 
show a plateau or diminishing returns beyond 0.75–1.00 wt% SiO2, 
suggesting that this range is mostly optimal for maximizing thermal 
performance while avoiding excessive additive loading. This evidence is 
fully consistent with prior findings on antioxidant-charged biolubricant 
formulations [61,62].

Oxidation resistance analysis

Lubricant oxidation contributes to the corrosion of non-ferrous 
metals and the formation of deposits. It can also lead to sludge 
buildup, corrosive acid formation, and oil viscosity increase [63]. DSC 
can detect exothermic transitions, such as oxidation, thus providing 
valuable insights into the process [27,29,60]. Therefore, by comparing 
the enthalpies associated with these exothermic transitions, observed 
via DSC, the influence of SiO2 nanoparticles on the oxidation behavior of 

lubricants and biolubricants can be effectively analyzed.
Oxidation resistance of lubricants and biolubricants with and 

without SiO2 nanoparticles is highlighted by the DSC results reported in 
Fig. 4 for the lubricant and the biolubricant formulations at different wt 
% of SiO2 nanoparticles. Fig. 5 presents the comparative DSC analysis of 
lubricants and biolubricants enhanced with SiO2 nanoparticles, and 
Table 8 and Table 9, summarized the DSC results.

Multiple oxidation peaks can be seen in biolubricants, which implies 
that the lubricant matrix's various constituents oxidize at various tem
peratures [64]. In this study, the lower-temperature exothermic feature 
(P1) is tentatively attributed to the oxidation of ester-based base oil 
components, while the higher-temperature feature (P2) is associated 
with additive and antioxidant-related oxidation processes, in agreement 
with previous reports on ester-containing lubricants. Under the present 
experimental conditions, these exothermic features originate from 
oxidative reactions arising from residual oxygen diffusion through the 
pierced crucible during dynamic DSC measurements conducted under 
nitrogen purge, rather than from a controlled oxygen-rich atmosphere. 
The incorporation of additives, such as SiO2 nanoparticles, does not 
introduce new reactants into the system; instead, these nanoparticles 
interact physically with the lubricant matrix, influencing heat transfer, 
oxygen diffusion, and the stability of intermediate oxidation species. As 
a result, the oxidation pathways may be redistributed, leading to shifted 
or multiple overlapping oxidation peaks in the DSC curves 
[29,30,65,66].

DSC results clearly demonstrate that nanoparticle-charged lubricants 
and biolubricants exhibit increased resistance to oxidation. Indeed, both 
enthalpy and oxidation induction time (OIT) values increased by 
increasing SiO2 nanoparticles concentration.

Although SiO2 nanoparticles do not act as reactants in the oxidation 
process, their presence can significantly influence the oxidation 
pathway and product distribution by affecting heat transfer, oxygen 
diffusion, and interactions with intermediate oxidation species within 
the lubricant matrix. Consequently, the observed changes in oxidation 
enthalpy are not attributed to a simple acceleration of the same reaction, 
but rather to a redistribution of overlapping oxidation reactions and the 

Table 6 
TGA and DTG results for formulations based on the conventional lubricant (average ± one standard deviation).

SiO2 in the sample 
(wt%)

Onset t. 
(◦C)

Midpoint t. 
(◦C)

Inflection t. 
(◦C)

End t. 
(◦C)

Mass Change 
(%)

Residual Mass 
(%)

Rate of mass loss 
(%⋅min¡1)

FWHM 
(◦C)

0.00 272.95 ±
0.64

314.1 ± 1.41 327.1 ± 6.51 359.1 ±
2.40

− 83.81 ± 0.83 0.0 ± 0.00 − 5.94 ± 0.05 at 327.55 
± 3.18 ◦C

66.15 ±
3.98 ◦C

0.25 294.6 ±
0.00

335.95 ± 0.49 353.35 ± 4.88 385.05 ±
1.48

− 80.69 ± 0.51 0.89 ± 0.27 − 5.62 ± 0.01 at 350.65 
± 1.77 ◦C

80.04 ±
1.61 ◦C

0.50 296.7 ±
2.97

337.9 ± 3.25 352.55 ± 3.75 387.85 ±
5.44

− 80.16 ± 1.26 1.16 ± 0.11 − 5.5 ± 0.16 at 355.15 ±
4.60 ◦C

82.81 ±
5.52 ◦C

0.75 295.5 ±
0.99

337.2 ± 0.71 349.35 ± 1.06 387.5 ±
0.57

− 80.0 ± 0.24 1.86 ± 1.19 − 5.46 ± 0.01 at 355.15 
± 0.35 ◦C

82.06 ±
2.51 ◦C

1.00 297.5 ±
1.84

338.95 ± 1.77 352.65 ± 3.61 389.8 ±
2.69

− 79.55 ± 0.40 1.96 ± 1.04 − 5.42 ± 0.04 at 356.65 
± 2.47 ◦C

83.50 ±
4.55 ◦C

Table 7 
TGA and DTG results for formulations based on the biolubricant (average ± one standard deviations).

SiO2 in the sample 
(wt%)

Onset t. 
(◦C)

Midpoint t. 
(◦C)

Inflection t. 
(◦C)

End t. 
(◦C)

Mass Change 
(%)

Residual Mass 
(%)

Rate of mass loss 
(%⋅min¡1)

FWHM 
(◦C)

0.00 321.6 ±
6.24

352.2 ±
5.51

374.3 ±
4.31

390.9 ±
5.44

− 86.42 ± 0.01 1.56 ± 0.07 − 7.62 ± 0.19 at 376.5 ±
6.22 ◦C

40.70 ±
0.60 ◦C

0.25 331.6 ±
7.86

360.4 ±
6.07

383.3 ±
8.49

397.7 ±
4.02

− 86.77 ± 0.50 2.23 ± 0.88 − 8.06 ± 0.45 at 384.0 ±
4.38 ◦C

36.07 ±
2.21 ◦C

0.50 339.0 ±
2.68

366.2 ±
2.13

390.9 ±
2.34

401.6 ±
1.48

− 87.11 ± 0.01 2.58 ± 0.39 − 8.52 ± 0.20 at 389.1 ±
2.69 ◦C

39.81 ±
3.08 ◦C

0.75 343.9 ±
4.24

370.8 ±
4.38

392.3 ±
0.49

404.8 ±
3.04

− 86.92 ± 0.26 2.29 ± 0.01 − 8.72 ± 0.08 at 393.1 ±
2.83 ◦C

42.69 ±
0.99 ◦C

1.00 345.3 ±
0.64

372.4 ±
0.21

390.7 ±
1.70

405.7 ±
0.14

− 86.88 ± 1.05 2.37 ± 0.22 − 8.60 ± 0.07 at 393.9 ±
2.12 ◦C

40.45 ±
3.33 ◦C
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formation of oxidation products with different enthalpic contributions. 
Therefore, the large variation in enthalpy reflects a change in oxidation 
mechanisms rather than a contradiction of thermodynamic principles.

The lowest oxidation resistance was registered by pure lubricants, 
associated with the shortest OIT of 20.70 ± 0.14 min and lowest 
enthalpy of 280.2 ± 8.34 J⋅g− 1 (Table 8).

The best results were obtained with 0.75 wt% SiO2 and 1.00 wt% 
SiO2, associated to the longest OIT values of 25.6 ± 0.94 min and 27.70 
± 1.04 min and the highest enthalpy values of 413.6 ± 9.15 J⋅g− 1 and 
459.85 ± 12.66 J⋅g− 1, respectively (Table 8).

Pure biolubricant exhibits a considerably lower oxidation resistance 
than pure conventional lubricant, with an OIT of just 6.6 ± 1.7 min and 
an enthalpy value of 201.25 ± 5.3 J⋅g− 1 (Table 9). Similarly, the 
oxidation resistance of biolubricants is greatly increased by the addition 
of SiO2 nanoparticles. The OIT increases by approximately 45% up to the 
value of 9.55 ± 0.64 min at 0.25 wt% SiO2, and enthalpy rises sharply to 
299.55 ± 13.93 J⋅g− 1 (Table 9). With the highest enthalpy values 
(429.95 ± 43.2 J⋅g− 1 and 509.45 ± 26.8 J⋅g− 1) and the longest OITs 

(20.2 ± 0.28 min and 29.65 ± 3.18 min), the samples with 0.75 wt% 
SiO2 and 1.00 wt% SiO2, respectively (Table 9), show the most signifi
cant improvements [29,30].

Polynomial fitting of the DSC parameters shows strong correlation 
with SiO2 content (R2 > 0.98). The fitted equations for OIT were 

y = − 1.15⋅x2 + 8.15⋅x + 20.70 (lubricant) (11) 

y = +25.32⋅x2 − 2.27⋅x + 6.60 (biolubricant) (12) 

Estimating optimal OIT at ~ 1.00 wt% for lubricant (NB: the vertex is at 
3.54 in this case, hence outside the inquired interval, so the upper limit 
was indicated) and ~ 1.00 wt% for biolubricant (the upper limit also in 
this case), due to the increasing trend of the curve. Enthalpy showed a 
similar trend: 

y = +53.20⋅x2 + 126.45⋅x + 280.20 (lubricant) (13) 

y = +63.72⋅x2 + 244.48⋅x + 201.25 (biolubricant) (14) 

Fig. 4. DSC plots of Nanolubricants (a) and Nanobiolubricants (b) obtained under dynamic heating conditions (5.5 K⋅min− 1) from 40 ◦C to 500 ◦C under nitrogen 
purge (100 mL⋅min− 1). In both the plots, the central curves represent the average trends and the surrounding shaded areas the dispersion of experimental values 
calculated in correspondence to one standard deviation (n = 2). Multiple exothermic peaks (P1 and P2) are highlighted, corresponding to overlapping oxidation- 
related processes occurring during thermal degradation.
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Yielding optimal enhancement at ~ 1.00 wt% for both types, thanks to 
the increasing trend of these curves with the increasing of the mass 
percentage of nanoparticles. These trends confirm that oxidation resis
tance benefits a lot from SiO2 addition, especially at higher concentra
tions (in this case: approaching 1.00 wt%).

From an application perspective, an SiO2 loading in the range of 
0.75–1.00 wt% provides the most balanced improvement across oxida
tion induction time and enthalpy metrics.

Benchmarking thermal and oxidation performance against the literature

A comparison with existing studies can underscore the exceptional 
performance of the KH570–SiO2–biolubricant system developed in this 
work. For instance, Abdul Khaliq Rasheed et al. [28] reported a 13–17 ◦C 
increase in oxidation onset temperature for mineral lubricants modified 
with graphene, and Maheswaran et al. [29] observed a 100 ◦C 
improvement in decomposition temperature for nano-garnet–enhanced 
SN500 oil. In contrast, the KH570–SiO2–biolubricant achieved an onset 
temperature rise of 23.7 ◦C, accompanied by an approximately 2.5-fold 
increase in enthalpy and a 4.5-fold increase in OIT at 1.00 wt% nano
particle loading. Similarly, NiO nanoparticles in SN500 lubricants [30]
eliminated mass loss at 200 ◦C at particle-charges of up to 0.3 wt%, and 
Al2O3/TiO2 hybrids [31,67] improved the onset temperature by up to 
54.9 ◦C, yet these systems generally reported lower OIT gains compared 
to the KH570–SiO2 formulation. Recent works with graphene/maghe
mite [32], CdS/Co3O4 [68], and MoS2-based hybrids [69–72] demon
strated notable oxidation delay and thermal resistance, often peaking at 
specific loadings before declining due to agglomeration, an effect not 
observed within the concentration range tested in this study. Moreover, 
ZnO-based [73] and MXene-based [74] systems achieved moderate OIT 
improvements (up to ~ 54.8%), but without the simultaneous, balanced 
gains in thermal stability, enthalpy, and oxidation resistance observed 
here.

Collectively, these comparisons position the 
KH570–SiO2–biolubricant formulation as a benchmark for high- 
performance biolubricant design in terms of both thermal degradation 
resistance and oxidation delay.

Beyond the quantitative benchmarking summarized in Table 10, the 
superior thermal and oxidation performance of the 
KH570–SiO2–biolubricant system can be rationalized by several com
plementary physicochemical mechanisms. First, well-dispersed SiO2 
nanoparticles may act as radical scavengers and physical barriers, hin
dering oxygen diffusion and slowing chain-propagation reactions during 
oxidation. Second, the KH570 silane shell enhances interfacial 
compatibility between the inorganic nanoparticles and the oil matrix, 
promoting more homogeneous dispersion and more efficient heat 
dissipation under thermal load. At higher nanoparticle contents (~ 
0.75–1.00 wt%), dilution and heat-sink effects become dominant, 
leading to diminishing returns or plateau behavior in several thermal 
metrics. Importantly, the absence of pro-oxidant metal 
species—confirmed by ICP-OES analyses in our previous 
work—excludes catalytic oxidation pathways, supporting that the 
observed trends are intrinsic to the SiO2-based formulation. These 
mechanistic interpretations are further consistent with the enhanced 
TBN retention and moderated TAN increase reported in Tables 4–5 as a 
function of nanoparticle loading.

Conclusions

The potential of nanoparticles as an additive has emerged as a 
promising strategy in the search for innovative lubricants able to with
stand both the oxidative stress and the high temperatures. This work 
aimed to ascertain if SiO2 nanoparticles coated with KH570-Silane 
coupling agent could have enhanced lubricant resistance to oxidation 
and thermal stability. The TGA and DTG analysis confirmed that SiO2 

Fig. 5. Comparative differential scanning calorimetry analysis of lubricants 
(red curves) and biolubricants (green curves) as a function of SiO2 nanoparticles 
percentage in the formulation: (a) enthalpy, (b) oxidation induction time.

Table 8 
DSC results for formulations based on the conventional lubricant (average ± one 
standard deviation). Enthalpy values were obtained from dynamic DSC scans 
(40–500 ◦C, 5.5 K⋅min− 1) under nitrogen purge (100 mL⋅min− 1). OIT values 
were determined from the same DSC thermograms and defined as the time-to- 
onset of the main exothermic oxidation peak using the Proteus onset criterion.

SiO2 in the sample (wt%) Enthalpy (J⋅g¡1) OIT (min)

0.00 280.20 ± 8.34 20.70 ± 0.14
0.25 355.00 ± 10.85 24.95 ± 0.82
0.50 320.35 ± 12.23 23.20 ± 0.99
0.75 413.60 ± 9.15 25.60 ± 0.94
1.00 459.85 ± 12.66 27.70 ± 1.04

Table 9 
DSC results for formulations based on the biolubricants (average ± one standard 
deviation). Enthalpy values were obtained from dynamic DSC scans (40–500 ◦C, 
5.5 K⋅min− 1) under nitrogen purge (100 mL⋅min− 1). OIT values were deter
mined from the same DSC thermograms and defined as the time-to-onset of the 
main exothermic oxidation peak using the Proteus onset criterion.

SiO2 in the sample (wt%) Enthalpy (J⋅g¡1) OIT (min)

0.00 201.25 ± 5.30 6.60 ± 1.70
0.25 299.55 ± 13.93 9.55 ± 0.64
0.50 307.40 ± 16.97 9.55 ± 0.64
0.75 429.95 ± 43.20 20.20 ± 0.28
1.00 509.45 ± 26.8 29.65 ± 3.18
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Table 10 
Comparative summary of nanoparticle effects on thermal stability and oxidation resistance improvements in lubricants and biolubricants.

Ref Lubricant Type Nanoparticle Concentration 
(s)

Analysis 
Technique

Onset Temp 
(◦C)

Enthalpy 
(J⋅g¡1)

OIT (min) Notes

This study Biolubricant 
(PLANTO MOT 
SAE 10W40)

KH570-SiO2 

(18–35 nm)
0.25, 0.50, 0.75, 
and 1.00 wt%

TGA,DTG, 
DSC

Base: 321.60 
± 6.24; 
(1.00 wt%): 
345.30 ±
0.64

Base: 201.25 
± 5.30 
(1.00 wt%): 
509.45 ±
26.80

Base: 6.60 
± 1.70 
(1.00 wt 
%): 29.65 
± 3.18

Improved stability and 
oxidation resistance;

This study lubricant 
(Mistral 15W40)

KH570-SiO2 

(18–35 nm)
0.25, 0.50, 0.75, 
and 1.00 wt%

TGA,DTG, 
DSC

Base: 272.95 
± 0.64; 
With NP: 
297.50 ±
1.84

Base: 280.20 
± 8.34 
(1.00 wt%): 
459.85 ±
12.66

Base: 
20.70 ±
0.14 (1.00 
wt%): 
27.70 ±
1.04

Improved stability and 
oxidation re-sistance;

Abdul Khaliq 
Rasheed et al. 
(2015) [28]

Mineral 
lubricants 
(20W50 SN/CF 
and 20W50 SJ/ 
CF)

Graphene flakes (8, 
12, and 60 nm thick)

0.01 wt% TGA Base: 
297.79; 
G8 nm: 
310.80; G12 
nm: 312.90; 
G60 nm: 
314.80

n/r n/r Graphene improved 
thermal stability; higher 
onset temperature; 
reduced activation 
energy.

Maheswaran et al. 
(2016) [29]

Mineral oil 
(SN500, EP 
grade)

Nano-garnet (~45 
nm)

0.25 and 0.75 wt 
%

TGA, DSC Base: 175; 
(0.25 wt%): 
275; (0.25 
wt%): 240

n/r n/r Improved heat resistence

Ramachandran 
et al. (2018) 
[30]

Base oil 
lubricant 
(SN500)

NiO nanopar (~50 
nm)

0.10, 0.30 and 
0.50 wt%

TGA,DTG, 
DSC

Base: 42; 
(0.10 wt%): 
204; (0.30 
wt%): 208 
(0.50 wt%): 
70

Base: 184.80 
(0.50 wt%): 
237.20

n/r Thermal stability 
increased with NiO 
addition up to 0.30 wt%, 
then decreased due to 
agglomeration

Mohamed Kamal 
et al. (2019) 
[31]

Lubricant 
(Castrol EDGE 
professional A5 
5W30)

Al2O3 (8–12 nm) 
andTiO2 (10 nm)

0.10 wt% TGA,DTG, 
DSC

Base: 
245.60; 
With NP: 
300.5

n/r n/r Improved thermal 
stability and oxidation 
resistance

Mohamed Kamal 
et al. (2020) 
[67]

PAO6 + 5 wt% 
HDEHP

Al2O3/TiO2 (25–30 
nm)

0.10 wt% TGA Base: 251 
With NP: 
275

n/r n/r Improved thermal 
stability and oxidation 
resistance

Ibrahim Ogu 
Sadiq et al. 
(2022) [32]

Coconut oil Graphene (xGNP) (≈
6–8 nm) and 
Maghemite (γ-Fe2O3) 
(≈ 9.5 nm)

0.10 vol% TGA Base: 325.00 
(MGCO): 
343.75 
(XGCO): 
362.50

n/r n/r For (XGCO), Onset 
delayed by 37.50 ◦C; 35% 
weight loss at 387 ◦C; best 
thermal stability

Muhammad 
Fasehullah et al. 
(2022) [68]

Synthetic ester 
(Midel-7131 
insulating oil)

CdS (≈ 10 nm) and 
Co3O4 

(≈ 20 nm)

CdS: (0.30 
g⋅L− 1); Co3O4: 
(0.05 g⋅L− 1)

TGA,DTG, 
DSC

Base: 
334.20; CdS: 
334.43; 
Co3O4: 
335.26

Base: 
469.51; CdS: 
408.15; 
Co3O4: 
405.82

n/r Nanofluids showed 
slightly higher onset 
temperatures than base 
oil, indicating improved 
thermal stability; 
enthalpy values lower 
than base oil.

Thachnatharen 
Nagarajan et al. 
(2022) [69]

Lubricant (SAE 
20W50)

MoS2 (150–300 nm) 0.005, 0.01, 0.05 
and 0.10 wt%

DSC n/r n/r Base: 
18.70; 
0.005 wt 
%: 23.50; 
0.01 wt%: 
30.10; 
0.05 wt%: 
31.00; 
0.10 wt%: 
20.90

Highest OIT improvement 
by 65.68% (0.05 wt%), 
for 0.01 lower stability 
due to agglomeration

Thachnatharen 
Nagarajan et al. 
(2023) [70]

Lubricant (SAE 
20W40)

MoS2–Graphene 
nanohybrid

0.005, 0.01, 
0.05, and 
0.10 wt%

DSC n/r n/r Base: 25; 
0.05 wt%: 
29.80

OIT peaked at 0.05 wt% 
(+19.21%), decreased at 
higher loadings due to 
agglomeration

Thachnatharen 
Nagarajan et al. 
(2023) [51]

Lubricant (SAE 
20W40)

MoS2–hBN hybrid 0.005, 0.01, 
0.05, and 
0.10 wt%

DSC n/r n/r Base: 25; 
0.05 wt%: 
33

OIT peaked at 0.05 wt% 
MoS2–hBN (+38.76%)

Kalaimani 
Markandan 
et al. (2023) 
[72]

Lubricant (SAE 
5W40)

MoS2-Ti3C2 MXene 
(functionalized and 
unfunctionalized)

0.01 and 0.05 wt 
%

DSC n/r n/r Base: 
44.50; 
0.01 wt%: 
52.50;

The highest OIT was for 
0.01 wt% functionalized 
MoS2/MXene (~52.50 
min),

Marta Hernaiz 
et al. (2023) 
[73]

Formulated 
synthetic 
lubricant

ZnO (20 nm) and 
OA-functionalized 
ZnO

0.10, 
0.50, and 1.00 wt 
%

DSC n/r n/r Base: 49 
± 0.50; 
F-ZnO- 
Group II 
(0.01 wt 

OA alone lowered OIT vs 
reference; best OIT at 
1.00 wt% F-ZnO-Group II 
(+19.80% vs ref).

(continued on next page)
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nanoparticles dramatically increase the thermal stability of lubricants 
and biolubricants, while via DSC, the oxidation resistance and the 
oxidation induction time were examined. Based on the observation of 
stabilization plateaus and diminishing returns at higher nanoparticle 
contents, an SiO2 concentration in the range of 0.75–1.00 wt% can be 
identified as an optimal operating window for enhancing thermal and 
oxidative endurance in both lubricant and biolubricant formulations. 
While the findings highlight the promising properties of nanolubricants/ 
nanobiolubricants, further research is needed to evaluate their perfor
mance under real-world conditions, characterized by non-constant 
operative temperatures and by the presence of contaminating agents 
(e.g. fuels, combustion residues, etc. in internal combustion engines). In 
this context, fuel dilution represents a particularly critical challenge for 
conventional lubricants, particularly as biofuels gain increasing atten
tion and are more prone to penetrate and dilute the lubricant during 
engine operation.

Despite the promising results reported in this study, several limita
tions should be acknowledged. The present investigation was conducted 
under controlled laboratory conditions using thermogravimetric and 
calorimetric techniques, which, although effective for isolating thermal 
and oxidative phenomena, do not fully replicate the complex and dy
namic conditions encountered in real engine operation. In addition, 
tribological performance, long-term field aging, regeneration or reus
ability of the biolubricant, and multi-cycle degradation behavior were 
beyond the scope of this work. Furthermore, the statistical evaluation is 
based on duplicate measurements, which provides an estimate of 
repeatability but does not capture broader population variability.

Building on the results obtained in this study, several future research 
directions can be identified. The demonstrated improvements in thermal 
stability, oxidation resistance, and oxidation induction time suggest that 
KH570–SiO2 nanoparticles may enable extended service intervals and 
improved durability of biolubricants under demanding operating 
conditions.

It should also be acknowledged that oxidation induction time (OIT) 
measurements were performed under controlled DSC conditions, 
employing an inert nitrogen purge and a pin-holed crucible with defined 
oxygen exposure. While this approach enables reproducible comparison 
of oxidative stability, it does not fully reproduce the complex oxidative 
environments encountered in real engine operation. Accordingly, future 
investigations will consider air- and O2-based DSC protocols, as well as 
engine-aging tests, to further validate the observed trends under realistic 
operating conditions.

Future studies should therefore focus on validating these findings 
under real engine environments, including variable load, temperature 
cycling, and fuel contamination effects. In addition, long-term aging and 
multi-cycle testing would be valuable to assess the persistence of the 
observed stabilization effects over prolonged use. The influence of 
KH570–SiO2 nanoparticles on tribological performance, friction reduc
tion, and wear behavior also warrants systematic investigation. Finally, 
optimization of nanoparticle loading for different base oil chemistries, 
together with assessments of regeneration and reusability strategies, 
could further enhance the practical applicability and sustainability of 
nanoparticle-enhanced biolubricant formulations.

These approaches would provide deeper insights into the nano
particles' behavior and potential benefits in industrial and automotive 
applications and, therefore, in the authors’ intentions, both should be 

considered.
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