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SYNTHESIS AND CHARACTERISATION
OF BIOBASED GREASE DERIVED
FROM CHEMICALLY MODIFIED WASTE COOKING OIL

Abstract: As the global population rises, the dependencyedible oils also rises. The used oil possesses
environmental concerns due to improper waste gpabal. This study emphasises the feasibility ptingosing
waste cooking oil (WCO) for eco-friendly lubricagingrease production, emphasising enhanced stahitity
performance through chemical modifications. Cheinicadifications, primarily transesterification, emtte the
oxidative stability and chemical properties of WQ&as chromatography and mass spectroscopy anhly$atty
acid profile, and the hot oil oxidation test (HOCGIgsesses the oxidative characteristics of WCO fdrneulated
grease using WCO undergoes tribological testing gmehetration value testing. Results indicate
post-transesterification improvements in chemical aexidative stability, with lowered acid and padexvalues.
Modified waste cooking oil (MWCO) exhibits enhanctitermal stability with higher flash and fire paint
Viscosity results suggest the potential of MWCOaakibricant with superior oxidative stability. Talogical
properties reveal an improved characteristic vedudMWCO, establishing its potential as an ecorfdly grease.
Cone penetration tests categorise the formulatedsgras NLGI grade 2, indicating a softer congigtevith
potential advantages for specific applications. fihdings offer insights into the sustainable depahent of the
lubricant industry, presenting MWCO as a promisaitgrnative to conventional lubricants.
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Introduction

The development of eco-friendly lubricants addrestee increasing demand for
energy, driven by population growth. The use ofritdmts plays a pivotal role in human
civilisation, significantly influencing developmenand machining standards [1].
Alternatives to conventional lubricants such asetafle oils exhibit remarkable qualities,
boasting high flash points, excellent lubricity,batter viscosity index, and renewable
attributes, with their most crucial quality beingpdegradability [2]. Biomass, which
includes organic materials derived from plants;jcdgural residues, and other biological
sources, has emerged as a versatile and renevesilstéck in this context [3, 4]. By using
industrial and agricultural waste, its use in thanofacturing of biolubricants not only
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takes advantage of its availability but also sufpsustainability and the circular economy
[4, 5].

Despite these advantages, vegetable oils faceecigglé such as weak cold flow
characteristics and limited oxidation stabilityadng to polymerisation and deterioration
[6]. To overcome these limitations inherent to ek oils, chemically modified versions
are developed [7, 8]. This modification aims to o or rectify deficiencies, enhancing
the overall performance and application range gktable oil-derived lubricants.

The significance of developing these biolubricamainly extends to developing
nations where agriculture serves as the primaryn@wmic driver. Biolubricants,
characterised by the biodegradability of vegetalile offer environmental benefits [9, 10].
The term "biolubricants" is assigned to lubricathist are both biodegradable and safe for
both people and the environment, yet their appticatemains limited compared to mineral
oil-based lubricants [11, 12].

Waste cooking oil (WCO), costing two to three tinless than fresh vegetable oil,
emerges as a potential substitute for vegetabk ipilbiolubricant manufacturing [13].
However, the management of used cooking oils atelfases challenges due to disposal
issues and the potential contamination of water land resources. While some residual
cooking oil finds a secondary use in soap produactiosubstantial portion is still released
into the environment. The United States alone gaasraround 100 million gallons of used
cooking oil daily, averaging 9 pounds per persaf.[1

WCO is currently under investigation as a potensialirce for biodiesel production
[1, 14, 15]. Exploring the use of WCO in produclriglubricants holds promise for various
applications, including engine lubricants, compoessls, milling applications, biological
applications, and machining. This approach preseiptstential future solution to the waste
management problem [16]. In the machinery sectaseloils and environmentally friendly
lubricants are scrutinised for their economic andinmental significance. The chemical
alteration of vegetable oils to create alternatiies petroleum-based products is
a captivating area of study [17, 18]. Additionaliiye production of biolubricants from used
cooking oil and cyclic oxygenates is achievabletigh a four-step catalytic process [19].
The avenue of these research contributes to theimmgexploration of sustainable
alternatives in the lubricant industry.

Vegetable oils primarily consist of triglyceriddeaturing ester connections and three
long-chain fatty acids. The triglyceride structemmprises three hydroxyl groups esterified
with fatty acid carboxyl groups, leveraging its ligolecular weight to benefit from long
and polar glycerides [20]. Vegetable oils encompdigh/cerols, free fatty acids, sterols,
and tocopherols along with triglycerides [21]. Tlhe®mponents contribute to the creation
of a tribofilm, adhering to surfaces and reducing toefficient of friction (COF) and wear
in the system [22].

Chemical modifications such as transesterificadohance the oxidative and thermal
stability of bio-lubricant base-stocks by elimimgti the B-hydrogen atom from the
vegetable oil substrate [23]. Significantly, tharnsesterification process applied to jatropha
oil using ethanol and sodium hydroxide in the pneseof trimethylolpropane (TMP) has
showcased enhanced lubrication properties [24Jewike, the transesterification of canola
oil with diverse alcohol blends has elevated thiés aiharacteristics in alignment with
ASTM standards, with ethyl ester displaying the hieigt level of lubricity [25].
The non-edible oils are preferred to undergo chalmimodifications due to the high
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acid content which may eventually limit its potahtiuse as a base stock if left
untreated [26, 27].

Viscosity, a critical property in lubrication, si§ioantly influences the effectiveness of

lubricants. The viscosity index (VI) was devisediltastrate the impact of temperature
changes on oil viscosity, given the sensitivity lobricating oil viscosity to operating
temperature [2]. However, the triglyceride struetwf natural vegetable oils imposes
a limited viscosity range, due to which their apation in various industries is constrained
[16]. To address this constraint, vegetable oildango transesterification to yield fatty acid
alkyl esters with varying chain lengths. Commomhyneral acids and bases act as catalysts
in this process. The resultant fatty acid alkyleestserve various purposes, including
applications as fuel, biodiesel, and lubricantsgreby broadening the versatility of
vegetable oils [28]. In biodiesel manufacturing nfroCalophyllum inophyllum oil,
a two-stage transesterification process is commoatyployed [29]. A noteworthy
advancement in potential biodegradable base stfmkdubricant development is the
Trimethylolpropane fatty acid triester stands outedto its exceptional lubricity,
biodegradability, favourable viscosity-temperatpreperties, and low volatility, making it
a promising candidate in the field [30, 31].

In the realm of lubrication, grease plays an iraephble role due to its distinctive
characteristics. Unlike liquid or solid lubricantgease forms a three-dimensional network
within its thickener, creating a colloidal dispersi[32]. This unique feature enables grease
to be applied to hard-to-reach surfaces, adhear@phtacting surfaces effectively. With its
ability to provide semi-permanent lubrication, gredas become widely utilised, offering
superior load-carrying capacity, reducing frictiand wear, and preventing corrosion by
sealing work surfaces. However, a significant drastbis that approximately 90 % of
greases produced globally rely on petroleum-derivadterials, which are neither
biodegradable nor environmentally friendly. Onlgnare 1 % of the total grease production
is allocated to bio-grease [33]. Some publicatibage explored the use of jatropha and
modified Karanja oil to create greases with enhdridbological properties and favourable
extreme pressure characteristics [28, 34].

From the available literature, it is observed tthegt studies regarding the production
and characterisation of biobased greases are veited. The concept of chemically
altering WCO to create biolubricants is mentioneddéme studies [2, 31]. This innovative
approach aims to address both the disposal chakeagsociated with WCO and the need
for environmentally friendly lubricants. Furtherreptiodegradable greases, derived from
byproducts of the palm oil industry, have been uised by researchers [35].
These greases, formulated with organic chemicalsleas to the environment, hold the
promise of being both eco-friendly and biodegrad4Beé].

The present study focuses on the chemical modificabf WCO to create
bio-lubricants, considering the modified oil asagpable base oil for eco-friendly lubricants.
The investigation encompasses the analysis of warwoperties of these biolubricants,
including viscosity index, viscosity, pour pointoad point, oxidative and tribological
properties. Through this exploration, the aim is cantribute to the development of
environmentally sustainable lubrication solutiomshte world.
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Materials and methods
Materials

The base oil used in the present study- waste ngoéil is procured from an oil
disposal facility - Hasinar, Kochi, India. The wastooking oil collected by Hasinar
predominantly originates from palm oil, as it isdeiy used in the preparation of food by
many restaurants and local hotels owing to its dbah availability. All additional
chemicals required for the assessment of chemicglepties and the implementation of
transesterification processes were generously geovby Sigma-Aldrich.

Fatty acid profile

The fatty acid profile of base oil has been evadaising gas chromatography-mass
spectrometry (GC-MS) to analyse vegetable oils tjtadively. Natural variations in fatty
acid compositions are observed based on the ptahispecies. The fatty acid content of
WCO plays a crucial role in determining its tribgical properties. Fatty acids with longer
carbon chains contribute to reducing wear andidmnctt the boundary. Agilent System
(USA) is the manufacturer of the GC-MS apparatu€ (8odel 7890A and MS Model
5975C). With the triple-axis detector mass specttem a dura bond (DB) diphenyl
dimethyl polysiloxane column (30 m length, 0.25 rdimmeter, and 0.25 m thickness) is
employed as a coupling element. The temperatunaitiglly increased to 40 °C and
maintained for 5 minutes in an isothermal conditidihe temperature is then raised to
280 °C at a steady rate of 5 °C/min, and after ifutes, an isothermal condition is
applied. The injection port and detector are keptemperatures of 230 °C and 250 °C,
respectively. Helium is the chosen carrier gashwiflow rate of 1 mL/min. When the oil
undergoes the transformation into its correspondiethyl esters and is introduced into the
apparatus, the esters vaporise, leading to theaepaof various components. To identify
the analysed compounds, the retention times ofetlw®snpounds are matched with the
retention times of standard compounds.

Chemical modification of WCO and preparation of biggrease

Transesterification is carried out using methamothe presence of sulfuric acid and
potassium hydroxide, serving as the acid and baspectively [37]. Temperature plays
a noteworthy role in the reaction due to the péaifidr a saponification reaction. To obtain
a triester with excellent surface lubrication pmtigs, TMP is used in the presence of
sodium methoxide as a catalyst. Due to the incceasecentration of the available free
fatty acids, transesterification of WCO in a twagst process is essential.

Initially, 64 mL of methanol and 2 mL of sulfuricid are added to a 200 g WCO
sample. The mixture is then continuously stirredhivater bath at 75 °C. The mixture is
transferred into a separate funnel and left undisd after 2 hours. The unreacted sulfuric
acid layer that develops on top of the separatingnél is removed after six hours.
A mixture consisting of 2 g of KOH and 55 mL of thahol is then added to the residual
oil. Once more, the mixture is continuously mixedai 65 °C water bath. The mixture is
then poured into a separate funnel and left undistlifor 1 hour. The glycerol that builds
up at the bottom of the separating funnel is rerdaféer six hours, and the mixture is then
rinsed with hot deionised water. Deionised watdrakl at a temperature of roughly 70 °C.
The surplus water in the oil is then removed afteating the mixture with an electrical
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heater and vacuum pump. Trimethylolpropane is tded in a 1 : 4 ratio to the modified
oil to modify the two-stage transesterified oil. Ascatalyst, 1 % sodium methoxide is
added. After two hours of continuous stirring ateanperature of 80 °C, the mixture is
filtered to achieve the finished product. Figurehibws the WCO after transesterification.
Figures 2 and 3 demonstrate the chemical proce$semsesterification.

The grease preparation procedure involves combibasg oil and lithium hydroxide
soap in a grease kettle, with proportions of 90 ®6-% and 3 % - 5.5 % by weight
respectively. The mixture is then heated to a teatpee ranging from 130 °C to 240 °C
and stirred for a duration of 4 h - 9 h. In thigdst, 2.5 g of lithium hydroxide is dissolved
in 100 mL of WCO, along with 12.5 mL of water. Siltamneously, 16.95 g of stearic acid is
heated above 69 °C, its melting point. The lithilyaroxide solution is slowly added to the
stearic acid with continuous stirring. The mixtisestirred until it transforms into soap, and
the temperature is monitored, reaching approxima2€0 °C. The mentioned procedure
ensures the proper preparation of the bio-grease prepared biogrease is shown
in Figure 4.

Fig 1. WCO after chemical modification
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Fig. 2. Formation of methyl esters (Transesterifize- first stage) [18]
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Fig. 4. Bio-grease from MWCO

Evaluation of physicochemical properties

The physical characteristics of the oils, such alew and density, were observed.
To gauge the density, a specific gravity contaimas used. Using the titration method in
accordance with IS: 548 (Part 1) - 1964, the chamibaracteristics of all the samples,
such as the acid value, peroxide value, and iodathee, have been assessed. The WCQO'’s
acid and peroxide values provide an indirect ingicaf the potential for oxidation in the
oil [38], while the amount of unsaturation in thieie determined by the iodine value. For
estimating the degree of unsaturation and to déterthe amount of primary oxidation we
are doing acid, peroxide and iodine tests includdaga-anasidine for conformation for
peroxides as per IS: 548 (Part 1) - 1964 and IS8 68he acid value gauges the free fatty
acid content in the oil, determined by the basededdor neutralisation. Peroxide value
measures peroxide content, primarily hydroperoxidedicating potential oxidation and
rancidity. Critical sites likep-carbon and unsaturated bonds in the oil are prone
oxidation, indirectly measured by both acid andopi&te values. The iodine value
expresses unsaturation, highlighting the suscdiptibif unsaturated fatty acids to oxidation
and oil rancidity.
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Evaluation of thermal properties

Thermal stability emerges as a pivotal factor pigya crucial role in both safety
considerations and operational effectiveness. $hidy employs key parameters such as
flash point, fire point, pour point, and thermafjdedation to analyse the thermal properties
of both WCO and MWCO. The flash point and fire ga@hWCO are significant indicators
for assessing the safety of the lubricant in peattise. Defined by ASTM D92, the flash
point represents the minimum temperature at whiehliubricant emits sufficient vapour to
ignite in the presence of a testing source. Orother hand, at the fire point, the lubricant
sustains combustion for at least 5 seconds aftétiag. Higher values for flash and fire
points, indicative of ASTM D92 standard tests, giga lower risk of the lubricant
catching fire in the event of leakage or spillagjee elevated flash and fire points also
imply greater safety in high-temperature appliaaiorequiring hotter conditions for
ignition and combustion. The low-temperature betiaviof the lubricant is elucidated
through two vital parameters: pour point and clgaint. The pour point signifies the
lowest temperature at which the lubricant flows emgravity, while the cloud point marks
the temperature at which the lubricant begins toitdx a cloudy appearance due to the
precipitation of waxes or other solid componentgal&ated by ASTM D97 and ASTM
D2500, respectively, a lower pour point and clowihpdenote superior low-temperature
characteristics, making the lubricant suitable dpplication in cold weather conditions
[37].

The DSC experiments utilised the TA Instruments BZZD model (UK) with
a computer-based controller [39]. Approximatelyri of oil was sealed in an aluminium
hermetic pan and analysed alongside an empty referpan. The sample was rapidly
heated to 110 °C to dissolve waxy materials anckenmoisture, then gradually cooled to
—50 °C at 10 °C/min. Heat flow versus temperatumgspwere generated and compared
with pour points determined via ASTM D97 for similails. The TGA analysis employed
the TA Instruments Q50 model (UK), with a heatirgger of 10 °C/min from 30 °C to
600 °C in an oxygen atmosphere at 100 mL/min. ilati pans contained 5 mg - 10 mg of
analyte. The onset degradation temperature wasndieed from the TGA curve at 98 %
mass [40]. Data from three measurements were asgrdg produce TGA curves to
evaluate the onset degradation temperature.

Evaluation of oxidative stability

The susceptibility of vegetable oils to oxidatiom attributed to the presence of
polyunsaturated acids in oils. To evaluate the atke stability of the oil samples in this
study, the HOOT was conducted following the Amaricail Chemists Society (AOCS
Cd-12-57) standard. The testing was expedited lmtaair oven at 100 °C for 120 h to
accelerate oxidation processes. Monitoring chaimgégematic viscosity served as a key
parameter in assessing oxidative stability. Theosgy of all oil samples was measured
every 24 h at 40 °C, as the occurrence of oxiddiiproducts tends to increase viscosity.
A Cannon-fenske opaque viscometer was employeddmae the kinematic viscosity of
the samples. The sample displaying the lowest p&ge increase in viscosity after 120 h
signifies higher oxidative stability, providing walble insights into the comparative
performance of the oil samples in resisting oxiolati
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Evaluation of rheological properties

The rheological characteristics of the oils werseased through the examination of
dynamic viscosity and viscosity index [41]. Dynamiscosity variations in the temperature
range of 20 °C - 120 °C were determined for both@V&hd MWCO utilising Anton Paar
MCR 102 rheometers in rotation mode with parallatgpgeometry. The viscosity index of
the oil samples was calculated in accordance wEHTM D2270. This analysis provides
how the dynamic viscosity of the oils changes osetemperature range and offers
a standardised measure of their viscosity chaiiatitey.

Evaluation of tribological properties

The tribological characteristics of all samples;liling wear scar diameter (WSD)
and coefficient of friction (COF), were evaluatesing a standard four-ball tester following
ASTM D 4172 guidelines. The test employed chronteyasteel balls. Initially, acetone
was used for cleaning both the balls and the batll pollowing this, the oil sample has
been placed into the ball pot alongside threelias. A mandrel, connected to the motor
spindle, held the fourth ball securely fastenedhi® collet. The experimental conditions
encompassed a temperature of 75 °C, spindle spted $200 rpm, and the application of
a 392 N load, all maintained for a period of 1 hi#].

Grease worker roll stability test

Grease worker stability was used to gauge the t#asg’s consistency after it was
developed [43]. In this study, the unworked penemavalue for the formulated greases
was assessed using a standard cone penetrometecdrdance with ASTM D 217. This
method measures the depth of penetration of a atdntbne into an undisturbed grease
sample over a 5-second duration. The reportedtseisuthis study represent the average of
three repeated tests conducted with a fresh gezasple.

Results and discussion

Various standard experiments have been conductaslsess the properties of different
oils, with the results averaged. The investigafidiralings are presented in graphs and
tables. The characteristic fatty acid profile o thil has been determined using gas
chromatography-mass spectrometry (GC-MS) and cosapaith the palm oil fatty acid
profile. The GC-MS method revealed the fatty aaidfife of WCO oil, with the outcomes
detailed in Table 1. The area beneath the pedhkeirthromatogram directly corresponds to
the percentage quantity of the component. As péteTa, the primary substances in WCO
are oleic acid (35.9 %) and palmitic acid (44.3 W)e total saturated and unsaturated acids
constitute 49.4 % and 45 %, respectively.

Saturated fatty acids exhibit exceptional oxidatsdeadiness owing to the absence of
double bonds, but their solid state at room tentpegaesults in negligible low-temperature
performance. Monounsaturated fatty acids offer atimal steadiness of thermal and
oxidative stability, along with notable tribologlcand low-temperature properties. Given
its higher concentration of monounsaturated fattiglg WCO oil is deemed suitable as
a base stock for the potential development of aanis.

The physicochemical properties, including densitgid, peroxide, P-Anisidine, and
iodine values, were assessed and are presentedia 7.
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Table 1
Fatty acid profile
Constituents Nature Waste cooking oil [%] Palm oi[%]
Myristic acid Saturated 1.0 1.0
Palmitic acid Saturated 44.3 43.5
Stearic acid Saturated 4.1 4.3
Oleic acid Mono-unsaturated 35.9 36.6
Linoleic acid Poly unsaturated 9.1 9.1
Table 2
Physiochemical evaluation results
OillTest Acid Peroxide lodine P-Anisidine Density
[mg KOH/g] [Mea/kg] [g 1,/100 g] [Mea/kg] [g/cm’]
WCO 2.16 +0.21 4.72 £0.47 75.86 £1.01 4.41 +0.87 916.+0.008
MWCO 1.65 +0.18 0.32 +0.11 70.13 +1.22 0.69 +0.15 .90@ +0.005

Results indicate that the chemical modificationgehpositively impacted the chemical
properties of the oil. The acid value, indicativd free fatty acids, measured
2.16 £ 0.75 mg KOH/g for pure WCO i.e., the acidlies of MWCO exhibited a reduction
of 23.71 % in comparison to WCO. The reduction @idavalue is attributable to the
transesterification process, which converts Fréty facids (FFAs) into more stable esters
by removing glycerol molecules. These moleculessaseeptible to primary and secondary
oxidation, and hence their removal effectively losvthe concentration of the reactive sites.
A lower acid value implies the enhancement of titie oxidative stability, thus prolonging
its shelf life [44]. The peroxide values of MWCOngales were also significantly decreased
by 93.22 % compared to WCO, indicating improveddative stability. The substantial
decrease suggests that the transesterificatioregsceffectively eliminated oxidation-prone
sites by removing unstable hydroperoxides. Thisaicularly advantageous for lubricant
applications where oxidative stability is criticed performance, as it suppresses the
initiation of oxidative degradation [37]. The re@dcp-Anisidine value further highlights
the more effective reduction of the lower secondafglation products in MWCO, which
reflects minimal degradation and oxidative expodddd. This indicates that the chemical
modification significantly improved the oil's retsce to oxidative stress, making it more
suitable for high-performance applications. Theurin in chemical properties after
modification indicates that transesterification kagmificantly enhanced the stability of the
oil. In addition to this, the transesterificatiomopess removes components with higher
densities than FAMESs, thus resulting in a reduciioroverall density of MWCO when
compared to WCO [18].

The thermal stability results are tabulated in €l

Table 3
Thermal properties of oil samples
Sample Flash point [°C] Fire point [°C]
WCO 163 +2 171 +1
MWCO 180 +2 188 +2

Analysing the provided data, it is evident that M@@emonstrates higher thermal
stability compared to WCO. This conclusion is drafraom the flash and fire point data
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presented in Table 3. A higher flash point sigsifigeater thermal stability, indicating that
the oil requires a higher temperature to releammrhable vapours. The fact that MWCO
has a higher flash point suggests superior thestadlility compared to WCO. Similarly,
a higher fire point is indicative of increased that stability, and the higher fire point
exhibited by MWCO further supports its superiorrthal stability compared to WCO.
The pour point and cloud point also show a conaidlerincrement. Higher flash and fire
points make a lubricant safer against fire thrdatshis context, the flash and fire points of
MWCO surpass those of WCO, ensuring the securégsattdn of MWCO in elevated
temperature conditions. Enhancing the pour poifl@fCO remains a crucial aspect for it
to effectively compete with mineral oil in lubridaapplications.

The enhanced thermal stability of MWCO can be laited to the presence of TMP,
known for its strong chemical bonds. TMP contrilsute improving the stability and
thermal resistance of the oil, leading to highesHi and fire points. The robust bonds in
TMP play a critical part in enhancing the overalibglity and resistance of MWCO to
thermal degradation. In summary, the data in T&biedicates that the transesterification
process and the addition of TMP have significaimtiproved the thermal properties and
stability of waste cooking oil, making MWCO morédtable for applications where thermal
stability is a critical factor.
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Upon heating the oil samples from 110 °C to - 46°atotable endothermic peak
appears in the DSC heating curve signifying a pheaesition as depicted in Figure 5.
Table 4 outlines the peak endothermic values ftferdint samples by defining the pour
points marked by the solidification of oil. The wés highlight that the pour point of WCO
is significantly lower than that of MWCO, suggestithe need for improvement in
MWCQ'’s pour point to compete with mineral oil.

Table 4
Pour point of oils
Sample Pour point [°C]
WCO —4.72 +0.47
MWCO —8.34 £0.54

The chemical modification results in changes to mh@ecular structure, including
increased unsaturation or branching of carbon shdihis in turn alters the intermolecular
forces, thereby enhancing the flow properties at temperatures. The introduction of
branched methyl esters after the addition of TMPmimdified WCO extends the chain
length [45-47]. Thus, the elongation prevents dgreseking of molecules during cooling,
leading to the observed improvement in the pountpafi WCO.

The mass loss curve displays two distinct regiamsbbth WCO and MWCO. In the
initial stage, decomposition begins around 16Gor WCO, followed by the second stage
or complete devolatilisation region. At around 400 the MWCO marks the point of
maximum mass loss. At about 170, an early mass loss of aboutvt?% is observed for
WCO, while MWCO exhibits a similar early mass losgproximately 1@t.%, but
at a higher temperature of 225. A minor peak or dip around 17Q corresponds to the
evaporation, or loss of moisture, present in them@a as an impurity, constituting
approximately 2 %. The mass loss curve highlightsimpact of heating rate on reaction
temperature. Notably, the heating rate exhibitsimrmah influence on mass loss in all cases,
as the bio-lubricants display consistent degradatmatterns throughout the entire
temperature range. This thermal behaviour sugdbatsthe synthesised biolubricant may
be more susceptible to thermal degradation spatlifiat higher temperatures.

Figure 6 illustrates the TGA results of the oil gd@s, where onset temperatures for
thermal degradation are determined at 98 % weighacdcommodate the elimination of
volatile compounds and moisture present in the BI. The onset temperatures are
presented in Table 5.

The results indicate that MWCO exhibits supericerthal stability, with an onset
temperature of 109.4 °C, compared to WCO, whichdragnset temperature of 186.1°C.
During chemical modification, the addition of TM® the transesterified WCO leads to the
formation of TMP esters. These esters possess a branched and complex structure
compared to the simpler triglycerides in unmodif@CO. The branching introduced by
TMP contributes to a higher molecular weight anttéased thermal stability, making the
modified oil more resistant to thermal breakdowr8,[419]. Moreover, the chemical
modification often involves a reduction in the leeé unsaturated fatty acids. Unsaturated
bonds are more prone to oxidation and thermal diagi@n, leading to lower thermal
stability in unmodified oils like WCO. By decreagithe number of double bonds, the
thermal stability of MWCO is significantly enhangex$ the oil becomes less susceptible to
oxidative breakdown at elevated temperatures [S0jis suggests that MWCO is
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well-suited for application over a wide range ahperatures. The TGA results consistently
demonstrate the enhanced thermal stability of MWE©@omparison to WCO, reinforcing
its suitability for diverse temperature conditions.

Table 5
Onset temperature of degradation in oil samples
Qil sample Onset temperature of degradation [°C]
WCO 109.4 £1.6
MWCO 186.1 £2.7
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Fig. 6. TGA graph

The viscosity and Viscosity Index (VI) of oils aegamined and presented in Figure 7
and Table 6, respectively. All vegetable oils exhébhigh VI, indicating minimal changes
in viscosities with temperature, a valuable propartubrication.

Among the oils, MWCO stands out with the highestcesity index. The viscosity of
MWCO is greater than that of WCO at the selectegrajing temperatures. This suggests
that MWCO has the potential to serve as a commniduddaicant, provided the viscosity is
further improved. Additionally, the viscosity rangé MWCO could be enhanced through
the incorporation of suitable viscosity improvergking it even more suitable for various
applications [51, 52].

Viscosity measurements obtained before and afeeHiigh Oxidation and Oxidative
Stability Test (HOOT) are evaluated to assess tkidative characteristics of the oil.
The variation in viscosity is computed and presgiteTable 7. The significant percentage
increase in viscosity noted in WCO can be ascrifoeits elevated free fatty acid content
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and reactive oxidative sites. These sites enhamadation, resulting in the generation
of larger molecular compounds such as aldehydesropgroxides, peroxides, and
ketones. This process ultimately contributes to fthrenation of agglomerates, silt, and
sludge [53, 54].
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Fig. 7. Viscosity variation from 20 °C to 120 °C

Table 6
Viscosity index of samples

Sample Temperature [°C] Kinematic viscosity [mm?/s] Viscosity index
40 46.05 +0.32 170.7 +3.8
WCo 100 8.77 +0.09
40 49.77 +0.33 251.8 £3.7
MWCO 100 12.21 +0.11
Table 7
Oxidative characteristics of samples
Oil sample Viscosity at 40 °C Viscosity at 40°C Increment in viscosity due
P before HOOT [mPa-s] after HOOT [mPa-s] to oxidation
WCO 41.23 +0.22 54.61 +0.41 13.38 +0.19
MWCO 43.72 +0.19 46.22 +0.29 2,52 +0.11

The oxidative stability of WCO is notably enhanceafter the transesterification
reaction. The increase in viscosity is attributedite oxidation of oil and the growth of
polymeric compounds during HOOT [55]. This resgltpromising for high-temperature
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applications involving prolonged heat cycles, imdiicg improved oxidative properties of
the oil after the chemical modification process.

Table 8
Tribological properties
Sample WSD [um] COF
WCO 659 +8 0.052 +0.018
MWCO 601 +6 0.048 +0.016
Bio grease 582 +6 0.041 +0.014
Commercial grease 580 +6 0.079 £ 0.043

Tribological properties, including WSD and COF asse& using the four-ball tester,
are tabulated in Table 8. The formulated biogreasalso compared with commercial
grease - Mobil XHP 222, of NLG grade 2.

The results indicate that the COF of MWCO is siigaifitly lower than that of WCO,
whereas the Biogrease outperforms commercial greaseCOF and showcases
a comparable WSD. The superior tribological prdaperbf chemically modified oils, such
as MWCO, are closely linked to the stable lubrictims formed by TMP esters. These
films play a crucial role in reducing direct sudam-surface asperity interactions,
minimising both friction and wear [49, 56]. The ity of TMP esters is particularly
advantageous at higher temperatures, where otleemaly degrade [48, 49]. This thermal
stability is due to the fatty acid composition oMP esters, specifically the balance
between saturation and monounsaturation levelschwtsignificantly influences their
tribological performance [50].

In terms of wear, the analysis of WSD revealed M&fCO demonstrated the lowest
WSD, indicating superior wear protection comparedMCO. This reduction in wear is
associated with the effective coating propertie§ P esters, which provide a protective
layer on metal surfaces [18]. WCO showed higher Wales, likely due to the elevated
presence of pure short-chain fatty acids, unsaturaand a high saponification value -
factors that contribute to greater wear. Specificaéihe significant presence of linoleic acid,
a short-chain fatty acid, in WCO influences its W7, 58]. The unsaturation levels in
fatty acids can undergo reduction after chemicaldifization processes such as
transesterification and the addition of TMP. Thexitase in unsaturation, along with the
increase in chain length, contributes to improwé#abtogical properties by enhancing film
stability and reducing wear [59, 60]. The introdoctof branched methyl esters after the
addition of TMP to modified WCO is the reason fatemded chain length [45-47].

Chemical wear induced by oxidation is the primargawthat happens when using
vegetable based-oils, where natural antioxidams tocopherol and sterols play a role
[61, 62]. The lower WSD of MWCO suggests its patdrds an eco-friendly base stock for
lubricant development. Further reduction in MWCQawean be achieved by incorporating
appropriate anti-wear additives into the lubriciammulation.

The cone penetration test results are tabulatédlite 9.

Table 9
Cone Penetration test results

Samples Unworked penetration [mm/10 s] Worked penedtion [mm/10 s]
Commercial grease 215 +3 184 +3
Bio grease 292 +2 226 +3
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The unworked penetration for commercial greaseBindyrease are 215 mm/10 s and
292 mm/10 s respectively. For NLGI grade 2 Workedndration Range:
220 to 250 mm/10 s. For NLGI grade 3 Worked PetietraRange: 185 to 215 mm/10 s.
The difference in NLGI grades carries implicatidos the performance and suitability of
the greases in various applications. Typically,ages with higher NLGI grades are
preferred for applications where a higher degreenethanical stability and resistance to
leakage or displacement is required. Conversebaggs with lower NLGI grades are often
more suitable for applications where ease of puifipaland flowability are important.
Considering that our bio grease has a lower NL@dgr2 compared to the NLGI grade
3 grease, it suggests that our grease possesséeracensistency and is potentially more
pumpable and flowable. This characteristic can Heaatageous for applications that
require easy dispensing or smooth flow of the gred@be cone penetration test values, our
grease can be classified under NLGI grade 2, wisisbft grease.

Conclusion

The investigations into the thermal, tribologicabxidative, rheological, and
physicochemical properties of WCO vyield severabbt# conclusions. Noteworthy thermal
characteristics of MWCO include a high flash pdit0 °C), high fire point (188 °C), and
low pour point (—8.34 °C). These attributes ensheesuitability of WCO for lubricant use
across a broad temperature range, establishing M\W&3@d grease as suitable for diverse
temperature conditions. MWCO demonstrates suparitirwear characteristics, evidenced
by the least WSD. Rheological studies indicate ghéi viscosity index for MWCO.
Despite a significant degree of unsaturation, MW&Qibits improved oxidative stability
attributed to the presence of natural antioxidamithough further development and
enhancement are required. MWCO showcases exctliemhal and tribological properties,
and also the MWCO-based grease has shown bettalogical characteristics. This
positions MWCO grease as a potential substitutecfimmercial grease based on the
investigated properties. However, ongoing effoxds fefinement and development are
essential to fully harness its potential as a sestde and effective lubricant.
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