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ABSTRACT
Protecting metal surfaces from wear damage is of great concern in internal combustion
engine systems. Using suitable additives in lubricant oil is one way of addressing this
problem. Molybdenum sulphide additives are widely known for their antiwear and
antifriction capabilities, and is fast becoming one of the main ingredients in lubricants.
The preparation steps were modified accordingly to obtain nanosized molybdenum
sulphide particles, which allows it to be directly blended into the lubricant to form
relatively stable particle dispersion. In order to achieve better dispersion and
tribological features, the surface of the inorganic material can be protected using
various capping agents. In this research, the surface-capped molybdenum sulphide
nanoparticles were synthesised, while various alkyl lengths of fatty acids were used as
a capping agent. Hexacarbonylmolybdenum was used as a precursor to synthesise
molybdenum (I1) acetate, which is an organometallic compound intermediate. This
compound was then modified with the capping agent to form capped-surface
molybdenum sulphide. The properties of surface-capped molybdenum sulphides were
determined using Fourier Transform Infrared Spectroscopy (FTIR), Raman
Spectroscopy, X-ray Diffractometry (XRD), Field Emission Scanning Electron
Microscopy (FESEM), Energy-dispersive X-ray spectroscopy (EDX), and Thermal
Gravimetric Analyser (TGA). It was then blended into a bio-base oil at concentrations
between 0.025-0.125 (w/w) %. The prepared bio-lubricants were then tested using the
four-ball tribometer setup, viscometer, and densitometer to determine the friction
coefficient (CoF), viscosity, and density, respectively. Scanning Electron Microscopy
(SEM) were used to image the wear scars. It is expected that the surface-capped
molybdenum sulphide will result in the better antiwear properties and enhanced

friction modifying capability.



ABSTRAK

Perlindungan permukaan logam daripada haus adalah amat penting di dalam sistem
enjin pembakaran dalaman. Bahan tambah seperti molibdenum sulfida telah digunakan
secara meluas dan turut dikenali sebagai bahan tambah antihaus dan antigeseran, serta
telah menjadi salah satu daripada bahan utama dalam penghasilan minyak pelincir.
Pelbagai langkah penyediaan dan pengubahsuaian telah dilakukan oleh para penyelidik
untuk mencapai zarah molibdenum sulfida bersaiz nano. la boleh dicampur terus ke dalam
minyak pelincir, dan membentuk zarah yang terserak secara stabil. Dalam usaha untuk
memiliki ciri-ciri tribologi dan serakan yang lebih baik, permukaan nanobahan takorganik
boleh dilindungi dengan pelbagai jenis ejen penukup. Dalam kajian ini, permukaan
bertukup nanozarah molibdenum sulfida (SCMS) telah berjaya dihasilkan dan asid lemak
daripada pelbagai panjang alkil telah digunakan sebagai ejen penukup.
Heksakarbonilmolibdenum telah digunakan sebagai bahan permulaan untuk mensintesis
sebatian perantaraan molibdenum (I1) asetat. Kemudian sebatian ini terus digunakan
bersama agen penukup untuk membentuk permukaan bertukup nanozarah molibdenum
sulfida. Sifat-sifat permukaan bertukup nanozarah molibdenum sulfida telah dianalisa
melalui kaedah spektroskopi Inframerah Transformasi Fourier (FTIR), Spektroskopi
Raman, Kristalografi Sinar-X (XRD), Bidang Pelepasan Mikroskop Elektron Pengimbas
(FESEM), Spektroskopi Tenaga-serakan Sinar-X (EDX) dan Analisis Gravimetrik Haba
(TGA). Kemudian, produk itu telah dicampur ke dalam minyak berasaskan bio pada
kepekatan 0.025-0.125 (w/w) %. Selepas itu, minyak bio-pelincir yang terhasil telah diuji
dengan pengukur tribometer empat-bola, meter kelikatan dan meter ketumpatan untuk
menentukan pekali geseran (CoF), kelikatan dan ketumpatan. Mikroskop Elektron
Pengimbas (SEM) telah dilakukan untuk menentukan sifat-sifat parut yang terbentuk.
Dijangkakan bahawa permukaan bertukup nanozarah molibdenum sulfida akan

memberikan ciri-ciri antihaus dan antigeseran yang diperbaik.
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CHAPTER 1: INTRODUCTION

1.1 Research background

The global population is currently expanding at a rate of 25 %, from 7.2 billion in
2014, to 9 billion in 2040, with India expected to have a population of 1.6 billion by 2040,
surpassing China as the most populous country in the world (Mobil, 2016). Currently, the
world household incomes are increasing and poverty is decreasing, which increases
demand for many manufactured finished daily products. Subsequently, industries need to
expand their production capacities to meet this demand. The manufacturers rely heavily
on machineries for this, which increases demand for lubricant oil and grease that would

help increase the efficiency of such equipment and prevent failure (Analysts, 2015).

Lubricant is essential to machines, and it has been pivotal since the invention of the
wheel (Panchal et al., 2017). There are many base oil available in the market,
encompassing petroleum oil, synthetic oil, refined oil, and vegetable oil (R. V. Sharma &
Dalai, 2013). Petroleum crude oil is a well-known major source of conventional lubricant
oil used worldwide. The total world lubricant oil demand is estimated to approach 42.1
million metric tons by 2017, at a growth rate of ~2 % p.a. (B. K. Sharma & Biresaw,
2016). The rate of utilisation of total lubricants remains moderate, with a 2.2 % growth
due to lubricant producers focussing mainly on formulating high quality lubricants and
using enhanced materials in machineries, which results in reduced need for lubricants in
the near future. On the contrary, Asia Pacific, Latin America, and Africa/Mideast regions
showed the opposite trend due to the fast paced industrialisation and growing car

ownership in those regions (Bart et al., 2012).



The automotive sector represents the largest product market, with engine oil making
up its main revenue. The increasing demand for light passenger and heavy-duty vehicles
and the improvement of the average lifespan of vehicles had further propped up the
lubricant oil market. Strict quality standards imposed by governments vis-a-vis exhaust
gas emissions from vehicles is also a factor. The lubricant oil industry, seeing these
needs, are constantly coming up with new products that increase fuel efficiency in
combustion engine via the reduction of friction between contacting surfaces (Markets,

2015).

Many lubricant companies have invested in research and development (R&D) for
formulating lubricant product that comply with consumer expectations and environmental
regulations. Additives in lubricant oil enhance its subsequent performance. Additives are
selected for its capability to achieve one or more specific functions alongside other
functional additives, such as wear and friction inhibitor, viscosity improver of base oil,
and antioxidant and corrosion inhibitor. They can also improve engine performance,

withstand extreme pressure, and extend drain interval period of lubricant oils.

Recent studies show that the international lubricant oil additives market size was
$14.35 billion in 2015. Dispersant and viscosity modifier additives are in high demand,
with both jointly accounting for over 40 % of the total market volume, as shown in Figure
1.1. The global need for lubricant oil additives is expected to expand at an average annual
rate of 1-2 % by 2020 (Markit, 2015). The demand for lubricants in the industrial and
automotive sectors fluctuates worldwide, where it depends on the automotive production
and possession required in each region, as shown in Figure 1.2. The main drivers for
lubricant oil additives consumption are the nations in the Asia Pacific region, especially
China, India, Malaysia, and other ASEAN countries. They are undergoing rapid

economic development and industrialisation, which results in increasing consumption of



lubricants for machinery and automobiles. However, in developed countries such as in
Central and Eastern Europe where the market is more mature, growth remains minimal
due to ever-changing technology in the end-use industries, focussing more on automotive

engine design and government regulations of lowering pollution emission and reducing

fuel consumption.
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Figure 1.1: Lubricant additives market volume by product, Year 2014-2024 (Kilo
Tonnes) (Research, 2016)
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Friction and wear modifier additives are chemical compounds that can alter the friction
coefficient of a lubricant. They are specially designed to reduce the amount of energy
required to encourage contacting surfaces to the other. Friction modifiers is heavily reliant
on its application. For example, in internal combustion engines, the intent is to reduce
friction, which is expected to increase fuel consumption efficiency. However, in industrial
applications, automatic transmission, and in clutches, additives are expected to minimise
slippage. The additives improves the oil transition process from dynamic to static,
especially during gear changes in transmission or the engagement of a clutch (Green,

2015).



The use of nanomaterials in lubricant oil formulation have been reported, and many
researches confirm that nanotechnology can certainly improve the lubrication properties
of oil and grease (Zhmud & Pasalskiy, 2013). These nanoadditives are far superior to
lubricant oil, as they are small enough to infiltrate contact asperities, are of high thermal
stability, diverse particle chemistry, and its reaction period with the surface lack induction
periods (Shahnazar et al., 2016). Moreover, the individual feature of nanoparticles such
as its shape, size, and physiochemistry help control systemic friction property and wear

reduction behaviour of the base oil.

Environmental concerns will continue to play a major role in the formulation of
lubricant oil, as a fraction of total lubricant used worldwide end up polluting the
environment via spillage, accident, or volatility (Schneider, 2006). Furthermore, the
widely used petroleum-based lubricant oil are unsustainable as they are heavily tied to
the availability of limited resources (i.e. Petroleum). Qil prices are also subjected to
constant fluctuations (Yang et al., 2002). Therefore, there is renewed interest in bio-based
lubricant oil. They exhibit positive significant environmental impact, are sustainable, and
reports acceptable performance in a wide array of applications (Nagendramma & Kaul,

2012; Ramezani & Schmid, 2015).

1.2 Problem statement

A typical internal combustion engine depletes around 15 % - 20 % of fuel due to
frictional force (Nakada, 1994). In order to improve fuel efficiency, a lubricant with
excellence friction and wear reducing behaviour is required. Molybdenum sulphide
nanoparticles are widely used as additives in the lubricant sector, providing oil with
excellent antiwear and antifriction capabilities. It reports low friction characteristics due
to its crystal structure, which allows for easy shearing of MoS; layers (Mutyala et al.,

2016; Parenago et al., 2002).



Recent advances in nanoprocessing resulted in many possible approaches for
synthesising molybdenum sulphide nanoparticles with varying shapes, sizes, and
physiochemistry. However, preventing nanoparticles from aggregating into bigger
clusters remains a problem due to its intrinsic properties. It is driven by high
particle-particle interaction and/or by the reduction of energy correlated to the high

surface-to-volume ratio of the nanoparticles.

To enhance the stability of nanoparticle dispersion in lubricant base oil, modifying and
capping the surface of the nanoparticles using modifiers (polymers, surfactant and small
organic molecules) results in the creation of an active repulsive force. The coating agent
that could afford sufficient repulsive interactions to counter agglomeration must be able
to balance the antifriction and antiwear properties and the van der Waals attractive forces
acting on the nanoparticles, contain non-harmful elements, and needs to be economically

affordable.

Previous studies showed that a huge amount of lubricants pollute the environment
either during or after its use by vehicles and machineries. Approximately 5-10 million
tonnes of petro-based oleochemicals waste are produced annually, with 40 % originating
from industrial and municipal waste, spills, refinery process, urban runoff, and
condensation from engine exhaust (Syahrullail et al., 2011). Bio-based oil from vegetable
oils are proposed as substitute to petroleum-based oil, as they are environmentally
compatible and demonstrate adequate tribological performance. Since the early 1980s,
bio-based lubricant oil had been developed, starting with neopentylpolyol ester, which
consist of branched-chain fatty acids as the base fluid, later expanding to neopentylglycol,
pentaerythritol, and trimethylolpropane (TMP) ester (Adhvaryu et al., 2002; Lugo et al.,

2007).



This research focuses on a potential modified and upgraded nanoparticle for use as
antifriction and antiwear additive to induce better dispersibility in bio-based oil with
enhanced tribological performance. The study undertakes the use of promising
biodegradable and sustainable substitute of petroleum-based oil for better eco-
friendliness and minimise reliance on mineral oil. Moreover, the study also involves the
tribological analyses of lubricant oil formulated using bio-based sources with the addition

of newly synthesised nanoparticles for antiwear and antifriction additives.

1.3 Objective of the research
The objectives of this study are:
1. To synthesise and characterise surface-capped molybdenum sulphide (SCMS)
nanoparticles using various types of fatty acid as capping agent.
2. To determine the suitable type of SCMS nanoparticles and optimum
concentration from tribological analyses.
3. To study the physiochemical properties of formulated bio-based lubricant oil
with the addition of SCMS nanoparticles based on optimised tribological

performances.

1.4 Scope of present work

To synthesise SCMS nanoparticles, its precursor, molybdenum acetate (MOAC), was
synthesised using hexacarbonylmolybdenum, acetic acid, and acetic anhydride. Then,
freshly prepared MOAC, together with thioacetamide, capping agent, and hexane were
used to prepare SCMS nanoparticles using the solvothermal method. Capping agents used
for this study were caproic (C6:0), lauric (C12:0), stearic (C18:0), and oleic (C18:1) acid.

MOAC was characterised using UV-Vis, Fourier Transform Infrared spectroscopy



(FTIR), and Raman spectroscopy, while SCMS nanoparticles were characterised using
FTIR, Raman spectroscopy, X-ray Diffraction (XRD), Field Emission Scanning Electron
Microscopy (FESEM), Energy Dispersive Spectrometer (EDX), and Thermal
Gravimetric Analyser (TGA). After confirming the properties of the SCMS nanoparticles,
each were blended into the PETC ester (bio-base oil) at various concentrations between
0.025 - 0.125 (w/w) %. Then, the formulated bio-based lubricant oils were tested on a
four-ball wear tester instrument to determine their tribological properties such as friction
improver, extreme pressure performance, and wear reduction behaviour. Among them,
the bio-based lubricant oil containing SCMS nanoparticles with the best tribological
performance was selected in order to further analyse physiochemical properties, such as
dispersibility, sedimentation, viscosity, and density, followed by comparison study of

SCMS nanoparticles with uncapped molybdenum sulphide (UCMS) nanoparticles.

1.5 Organisation of dissertation
This dissertation is divided into five sections, organised in the following order:

Chapter 1 - Overview of lubricant oil and antiwear additives issue dealt with in this
research, problem statement, the objectives of the study, and the scope of
the dissertation.

Chapter 2 - Literature review on the technology of synthesising molybdenum
sulphide nanoparticles, friction and wear reduction study, development
of bio-based lubricant oil, and physiochemical analyses of formulated
lubricant oil.

Chapter 3- Describe the research steps and methodologies, beginning from
synthesising SCMS nanoparticles, up till physiochemical study of

formulated bio-based lubricant oil blended with SCMS nanopatrticles



Chapter 4 -

Chapter 5 -

Present and discuss the experimental results obtained on the
characterisation of synthesised SCMS nanoparticles, tribological study
of formulated bio-based lubricant oil, as well as its physiochemical
characteristics.

Summarise the overall research study and provide recommendations for

future research development.



CHAPTER 2: LITERATURE REVIEW

2.1 Introduction

This chapter discusses reports and publications to provide an understanding of the
topic and issues pertaining to this study. This chapter also covers the basics on lubrication
and additives, feasibility of bio-based oil to be used as lubricant base oil, and recent
achievements of formulated lubricant oil on friction improver and wear reduction.
Finally, the performance of bio-based lubricant oil and the effect of the addition of

nanoparticles will also be reviewed.

2.2 Basic theory of lubricant oil

Studies on the chemical effects of lubrication started in the early 1900. At that time,
researches were unscientific, and the test results depends on the source of lubricant and
focussed on the metal in bearings and how the bearings were made (Dalmaz et al., 1995).
Lubricant, by definition, is a material introduced to a system to reduce friction between
surfaces in mutual contact in order to minimise heat formation when the surfaces move
and provide a protection medium to carry loads (pressure generated) between opposing
surface. Nowadays, lubricants are needed for every mechanical machine. The coarseness
and irregularities on the surface generate macroscopic ridges and valleys, which leads to

friction (Panchal et al., 2017).

The development of lubricants, especially additives, is done to improve properties and
performance. These additives are chemical compounds that are added to the oil in
guantities of few wt. % to improve the lubricating properties and durability of the oil.
Typically, lubricants contain around 90 % base oil and less than 10 % additives (Rudnick,

2009). Lubricants have been used in various industries, such as drilling, factories,
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automotive, aviation, and food processing sector. Emerging technology require intense
and varied requirements from the lubricant itself, as the suitable formulation of lubricant

oil for specific applications is complex.

2.2.1  Lubricant base oil

Base oil/base stock is the term used to describe plain oil being used as a major
component when formulating lubricant oil. The physical properties of lubricant oils
depend on its chemically inert stock. Lubricants are formulated from three different
source of base oil, namely mineral, synthetic, and bio-based, all of which exhibit
contradictory features and are suitable for diverse applications (Shahnazar et al., 2016).
Mineral oil is derived from petroleum-based fluid, and is widely utilised in engine,
turbine, bearings, and gears. Synthetic base oil is a fluid form of a chemical compound
that are artificially made or produced using chemically modified petroleum with
exceptional properties such as lubricating at low/high temperatures (Gwidon W.
Stachowiak & Batchelor, 2006). Bio-based oil is derived from natural sources such as
vegetables oils and animal fats. It is typically used in pharmaceutical and food processing,

where contamination risks are of serious concern.

The American Petroleum Institute (API) designates several types of lubricant base oil.
The first three groups are refined from the petroleum crude oil. Group IV base oils are
fully synthetic (polyalphaolefin) oils, while Group V is for all other base oils not included

in Groups | — 1V, as shown in Table 2.1 (Prince, 2010).
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Table 2.1: Base oil classifications

Group Base stock Properties
Saturates Sulphur Viscosity index
I <90 >0.03 % >80 and < 120
1 >90 <0.03% >80 and <120
i >90 <0.03% >120
v Includes polyalphaolefin (PAO)
\ All other base oil stock not constituted in Group I, Il, 11l or IV

(Prince, 2010)

2.2.2  Additives in lubricant oil

Advances in the technology of lubricant additives can result in further improvements.
The prevalence of environmental issues, cost, and energy efficiency problems require the
use of new additives. The absence of additives could result in lubricant oil easily broken

down and contaminating the system, or failing to protect the mechanical parts in a system.

Additives are required to enhance properties such as antifriction and antiwear,
anticorrosion, viscosity modifier, detergents and dispersant, antioxidant stability, and
pour-point depressant (Mortier et al., 2010). Certain additives enhance the performance
of lubricants under harsh conditions such as extreme pressures and temperatures and high
levels of contamination. Typical classification of additives and its corresponding

properties are summarised in Table 2.2.
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Table 2.2: Summary and development of lubricant oil additives

Additive Additives .
e Properties References
classification | used
Antifriction Polyvinyl- Decrease CoF and reduce wear scar | (M. Qu et
and wear pyrrolidone size. al., 2016)
improver protected Form tribological reaction film on
copper the worn surface.
microparticles
Extreme Fullerene (Ceo) | Improve lubrication performance on | (Ku et al.,
pressure nanoparticles | the friction surfaces by reducing 2010)
improver metal surface contacts at high load
and temperature.
Enhance load carrying capacity of
oil.
Anticorrosion | Imidazolium, Prevent undesirable chemical (Cai et al.,
lonic Liquids, | reactions on contacting surface by 2011)
Bearing, forming passive layer.
Benzotriazole | Give significant anticorrosion
Group. capacity due to the presence of
benzotriazole groups.
Viscosity Ethylene—vinyl | Upgrade viscosity index and (Quinchia
modifier acetate improve lubricant viscosity at high | etal.,
copolymer temperature. 2014)
(EVA), and Presence of hydroxyl functional
ethyl cellulose | group help in elevating viscosity
and oil polarity.
Detergents Poly- Contain base component (Beck et
and isobutylene neutralising acids that can attack al., 2014)
dispersant succinic metal surface.
anhydride Suspend polar oxygenated
derivatives component, insoluble particles and
contaminant in lubricant oil.
Antioxidant Zinc dialkyl- Retard the degradation process of (Barnes et
stability dithio- base oil by oxidation thus al., 2001)
phosphates preventing formation of corrosion
(ZDDP) product.
Protect the designated
functionalities of lubricant oil.
Pour point Isooctyl- Improve cold flow ability of (P. Ghosh
dispersant acrylate lubricant oil at low temperature. & Das,
polymers Modify the wax crystallisation 2014)
process and control their shape
during growth.
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2.3 Antifriction, antiwear and extreme pressure additives

There are four types of lubrication regimes: boundary lubrication, mixed lubrication,
elasto-hydrodynamic lubrication, and hydrodynamic lubrication. The lubrication regime
region, as well as viscosity optimisation, can best be described using a Stribeck curve
shown in Figure 2.1. This curve show the coefficient of friction as function of a lubricant
parameter, and a combination of boundary lubrication and a viscous friction curve (Kondo
et al., 2013). During boundary lubrication, lubricants are at low viscosities and speeds
and higher loads, where the hydrodynamic pressure is insufficient to completely separate
the surface and asperities on the opposing surfaces when it comes into contact, while at
higher viscosities and speeds or lower load, sufficient hydrodynamic pressure separate
two opposing surfaces completely by a thin film of lubricant. This phenomenon is known

as hydrodynamic lubrication (Dorinson & Ludema, 1985).
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Figure 2.1: Schematic diagram of Stribeck curve where 1 is the fluid viscosity, v is
relative speed of the surface and P is the load on the interface per unit bearing
width (Kondo et al., 2013)
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Friction and wear are commonly high at boundaries of mixed lubrications, which

results in increased friction, high surface wear, and surface damages. In this condition,

antifriction or friction modifier are mostly used to modify friction characteristics, increase

lubricity, and prevent seizure. Antifriction additives are able to corral CoF and is widely

used in gear and engine oil applications. It can be classified into two main type for liquid

lubricant, namely organomolybdenum compounds and organic friction modifiers, as

shown in Table 2.3 (Tang & Li, 2014).

Table 2.3: Designation of antifriction additives

Ant'.f letiol Group Additives Properties References
classification
Stearic acid Can be adsorbed (Choo et al.,
physically or 2007)
chemically on
Organic rubbing metal
friction surfaces to
modifiers form monolayers
preventing direct
metal-metal contact.
Sulphur- Molybdenum | Able to form (YYamamoto
and dialkyldithio- | molybdenum & Gondo,
phosphorus- | phosphates compounds in the 1989)
containing | (MoDTP) rubbing surfaces, but
compounds lesser than MoDTC.
Sulphur- Molybdenum | Reduces friction at (Grossiord
containing | dithio- contacting area etal., 1998)
and carbamates under boundary
phosphorus- | (MoDTC) lubrication.
Organo- free Demonstrate the
molybdenum | compounds mechanisms of
compounds friction-reduction by
attributing MoDTC
to the sliding effect
between single
layers of MoS;.
Sulphur- Molybdate Display good (Gorbatchev
and ester friction improver etal., 2016)
phosphorus- behaviour in
free comparison with tra-
compounds ditional MoDTC.

15



Antiwear additives deposit layers of surface film under normal operating conditions
that helps minimise continuous and moderate wears. The working mechanism of antiwear
additives can be divided into several methods. Some deposit sufficiently thick multilayer
films to enhance marginal hydrodynamic film and hinder asperity contact altogether,
while others create easily-restored monolayer film that can reduce the local shear stress
between contacting asperities. Other methods chemically bond layers with the metal
surface and slowly alter the surface asperity geometry via the controlled removal of the
surface material until the condition is favourable for the hydrodynamic film generation to
reappear (Farng, 2009). Zinc dialkyldithiophosphate (ZDDP) is the most typical antiwear
additive used in industry, which is a very effective wear protection coating that prevents

scuff damages (J. Qu et al., 2014).

Extreme pressure (EP) additives are designed to react rapidly with surfaces under
severe distress and prevent further disastrous failures such as seizure, scuffing, and
galling. They can also prevent welding or metal-metal adhesion when the surface active
species in lubricants are not strong enough to deposit a protective film, especially under
harsh conditions, such as high load, high speed, and high temperature operation. They
behave in a similar manner to antiwear additives, but the reaction rate of EP additives
with the metal surface is higher, the formation rate of the EP film is faster, and its
protective film is stronger (Y.-C. Lin et al., 2012). Nanomaterials such as copper oxide
(CuO) and titanium dioxide (TiO2) nanoparticles are widely accepted by industries for
use as EP additives, as they can improve load carrying capacity and the seizure load of

lubricant oil (Pefia-Paras et al., 2016).
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2.4 Nanoparticles as an additive in lubricant oil

Over the past few decades, nanoparticles are fast becoming more prominent as
lubricant additives due to their potential in reducing emission and enhancing fuel
efficiency. Extensive research has been carried out on both organic and inorganic
nanoparticles, especially to reduce friction, improve wear, and as EP additives. Preceding
studies demonstrated that nanoparticles possess exceptional tribological capabilities
compared to conventional solid lubricant additives (Hwang et al., 2011). Synthesising
inorganic nanoparticles and stabilising it in a liquid medium were reported in literature,
such as synthesising inorganic nanoparticles in reverse microemulsion environment
(L6pez-Quintela, 2003), vapour-phase method (Swihart, 2003), thermal decomposition
of organometallic precursor (Talapin et al., 2002), and preparation in polymeric system

(Schmidt & Malwitz, 2003).

The reduction of friction, improving wear, and EP behaviours in lubricants containing
nanoparticles largely rely on the characteristics of nanoparticles, such as shape, size, and
loading concentration. Typically, the size of nanoparticles are ~1 - 100 nm (S. K. Ghosh
et al., 2004). Under normal conditions, smaller nanoparticles are prone to forming a
surface protection film that permits easy entry into the contacting surface of friction pair
for load bearing, which helps improve antiwear properties (J. Zhou et al., 1999).
However, under the high frequency of surface-to-surface interaction, larger particles
perform better, while nanoparticles are applicable for greater load and lesser frequency

(N. Xu et al., 2013).

Shape and morphology can also influence friction, wear, and EP. The morphology of
the nanoparticles utilised in lubricants include spherical, tube, onion, sheet, and granular.
The statistical analyses on shape and morphology has been carried out and shown in

Figure 2.1 (Dai et al., 2016). Most of the nanoparticles” morphology used in lubrication
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are spherical, as they reported remarkable rolling, reduce affinity to metal surfaces,
possess higher elasticity, minimise contract temperature, and is more resistant to
chemicals (Rapoport et al., 1999). They also improve the tribological characteristics at
very low concentrations. Previous studies reported that nanoparticles loaded into
lubricant oil at concentrations as low as 0.05 (w/w) % results in the best antiwear and

antifriction properties (S. Chen et al., 1998).

= spherical
= granular
= sheet

= nanotube

® onion

Figure 2.2: Percentage of nanoparticles shape and morphology based on literature
(Dai et al., 2016)

Nanoparticles possess diverse chemical composition and physical and chemical
properties, which subsequently influence how they interact with surfaces. W. Dai (Dai et
al., 2016) posited that nanoparticles can be classified into seven classes based on their
respective chemical characteristics, which are metal oxide, metal, sulphides, rare earth
compound, nanocomposites, carbon, and its corresponding derivatives. As shown in
Figure 2.3, metal oxides, metals, and sulphur are the major types of nanoparticles used as
additives in lubrication. The metals and metal oxides are mostly from the transition metal
group. Some elements in the rare earth element group are suitable as additives in
lubricants, such as yttrium, lanthanum, and cerium. Nanocomposites, on the other hand,

are a combination of the aforementioned elements, such as copper/silicon dioxide
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(Cu/SiOy), serpentine/lanthanum hydroxide (serpentine/La(OH)2), and aluminium

oxide/titanium oxide (Al03/TiO).

E e ; ! Multi-walled carbon. nanotube (MWNT),
i Zeolite, zirconium phosphate (ZrP), | i
i : ! Graphene diamond, nanoparticles

i silicon dioxide (Si0O,) nanoparticles ! S i A e S i< S i

T e T Ca;bon andiits
\ Cu/SiO,, serpentine/La(OH), Others dcrl’\//;tlvcs _________________
| ' H i
... A0/ TiO; nanoparticles | 15% : J Gold (Au), |
- silver (Ag), !
Nanocomposites . Tin(Sn), |
Metals . tltamum.("ll"l)
239, 1 nanoparticles |
Rare earth compounds 2 N T
________ 7%
| Lanthanum floride (LaF )
i cerium oxide (CeO,), !
{ yttrium oxide (Y,05), ! Sulphides Metal oxide
... DOOCROGeY, | 16% 26%

Tungsten sulphidg (WS,), :;,’ ACopper0x1de(CuO)
Molybdenum sulphlde(Mosz), ! “  titaniumoxide (TiO,), !
Copper sulphl.dc (CuS), iron oxide (Fe;0,)
nanoparticles | nanoparticles

Figure 2.3: Type of nanoparticles used in lubricants and examples (Dai et al.,
2016)

24.1  Molybdenum sulphide nanoparticles

Studies on molybdenum disulphide, or MoS,, as additives in lubricants have been
carried out since the early 19" century (Lansdown, 1999). It is a hexagonal-structured
material made up of molybdenum atoms that are layer sandwiched between double layers

of sulphur atoms linked by Van der Waals forces (Panigrahi & Pathak, 2013).
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MoS: is able to provide lubrication at high contact stress and work by settling a solid
lubricant layer on the contacting surfaces (Mutyala et al., 2016). Molybdenum disulphide
is extracted from Molybdenite ore via the floatation process, which results in relatively
pure MoS», with carbon as its major contaminant (Wie & Fuerstenau, 1974). MoS; is also
a very stable compound, with a high melting point and a service temperature of 371 °C

(Rudnick, 2009). The properties of molybdenum disulphide is tabulated in Table 2.4.

Table 2.4: Physical properties of MoS2 (H. Wang et al., 2013)

Properties Value

Molecular weight (g.mol?) 160.08

Crystal type Hexagonal crystal system
Density (g.cm3) 4.5-4.8

Melting point (°C) 1185

Strong bonding force, cannot damage
the metal surface

Friction Coefficient 851

Heat conductivity (W.m*1.K1) | 0.13 (40 °C); 0.19 (430 °C)

Adhesivity

There are many synthetic approaches that are viable for synthesising MoS>
nanoparticles, such as hydrothermal reaction, precursor decomposition, solution reaction,
surfactant assisted reaction, and sulphide sulphidation. These approaches are summarised

in Table 2.5 (Afanasiev, 2008).
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Table 2.5: Different methods of synthesising molybdenum sulphide nanoparticles

Synthesis Expe_rl_mental Product Advantages References
method condition morphology
Direct solid- Elemental Mo&sS, Poorly Display (S. Wang &
state reaction reaction at crystalline hexagonal He, 2011)
700 °C under high MoS; structure
pressure (2.0-5.0 GPa) product
(2H-M082).
Hydrothermal | MoOs, NazS, MoS; Simple (Lietal.,
reaction 0.4 M HCI nanowires technique and | 2003)
convenient
chemicals,
Random &
loosely
stacked MoS;
layer.
Solvothermal (NH4)sM07024.4H,0, | Ball-like and Energy- (Peng et al.,
reaction elemental sulphur, tube-like favourable 2002)
LiOH.H20, N2H4-H20, | amorphous reaction for
pyridine solvent MoS: the single
layer of MoS;
synthesis.
Solution MoCl, dissolved in Single-layer Form fine size | (Wilcoxon &
reaction tenery- MoS:; discs control of Samara,
tridodecylmethyl- nanocluster MoS; 1995)
ammonium iodide nanocluster (Chikan &
hexanol & octane, (3.5-8 nm), Kelley,
H2S/ (NH.)2S capable 2002)
(agqueous) technique for
morphological
control.
Surfactant (NH4)sM0702:.4H,0, | Closely perfect | High specific | (Afanasiev et
assisted elemental S, MoS; surface area al., 1999)
reaction LiOH.H20, N2H4-H,0, | monolayer product,
cetyl-trimethyl- no mesophase
ammonium bromide product
(CTAB), thermal formed.
activation at 400 —
500 °C in H2S/H:
mixture
Precursor (NH1)2M02S12.2H0, Formation of Better textural | (Genuit et
decomposition | isothermal heating at Mo02S11 properties of al., 2005)
reaction 120 °C, intermediate, MoS; formed
further heating | (70-80 m?%(g,
lead to mesoporosity
stepwise ranging 2-8
decomposition | nm).

into crystalline
MoS;
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2.4.2  Disadvantages of unmodified nanoparticles

Despite the fact that MoS, nanoparticles can be synthesised via various methods,
unmodified MoS; nanoparticles tend to agglomerate. Inorganic nanoparticles are of high
activity, due to the large surface area of nanoparticles, poor compatibility with oil, and its
tendency to agglomerate (Zhang et al., 2014b). Although nanoparticles are relatively
stable as dispersion in oil, problems appear later due to the vigorous Brownian motion
(Hwang et al., 2008). These nanoparticles undergo intense collective bombardment,
which slowly lead to agglomeration (Keblinski et al., 2002). Agglomeration increase
particle size and reduce its surface area, which subsequently prompts it to undergo fast
settling from the effect of gravitational force (Choi & Jung, 2012). Reported studies
homogenously disperse nanoparticles in fluids using physical treatment techniques, such
as stirrers, ultrasonic baths, and high pressure homogeniser (Hwang et al., 2008). Besides
physical treatment techniques, the use of dispersing agent and surfactants has proven
effective in inducing repulsion between the nanoparticles and minimising agglomeration

(G. Zhou et al., 2013).

2.4.3  Surface capped nanoparticles

There are many alternatives to tribologically active nanoparticles as additives in
lubricants. One is to prepare what is called surface capped nanoparticles, where the
nanoparticles’ surface are encapsulated by compounds that strongly interact/react with
organic materials (Suslov et al., 2003). This organic surface capping agent possess long
hydrocarbon chains and functional groups that are able to interact with the molybdenum
sulphide nanoparticles, such as fatty acid, alkyl phosphate, and alkyl amine (Hu et al.,
2010). This modification improves the interfacial interaction between the inorganic

nanoparticles and the surrounding fluids.
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Previous studies show that several researches have been conducted on the synthesis of

surface capped nanoparticles, as tabulated in Table 2.6.

Table 2.6: Synthesised surface capped nanoparticles for various applications

Nanoparticles glgfzr;r;lng Properties Applications | References
Molybdenum | Zinc ZDDP capped MoSz | Oil based (Bakunin et
Trisulphide, dialkyldithio- | reduce wear and Lubricant al., 2006)
MoSs3 phosphates, friction even at low

(ZDDP) concentration.

Platinum, Pt | Poly-(vinyl- | Capped Catalysis (Park et al.,
pyrrolidone), | nanoparticles 2009)
(PVP). provide better

catalysis than
uncapped analogue
and do not prevent
nanoparticle
catalysis under
reaction condition.

Cadmium Oleic acid Strong Interaction Semi- (Jayesh D.

sulphide between the fatty conductor Patel et al.,

(CdS9), acid and metal 2012)

Zinc sulphide sulphide nanocrystal

(ZnSs), enhance stability and

Lead sulphide dispersion in non-

(PbS) polar solvent.

Copper, Cu Methoxyl- Capped Cu Water based | (Zhang et
polyethylene- | nanoparticles able to | Lubricant al., 2014b)
glycol form a boundary
xanthate lubricating film on

the rubbed steel
surface.
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2.5 Bio-based lubricant oil

The public need for a pollutant-free environment is increasing, leading to the demand
for environmentally-friendly lubricants (Zeng et al., 2007). The lubricant industry and
academic researchers have been trying to design better bio-based lubricant in terms of

renewability, biodegradability, and performance (Sevim Z Erhan & Asadauskas, 2000).

Bio-based oil can be defined as the main component used in the lubricant formulation
that generally comes from vegetable oil or other renewable sources. Usually, the major
compositions of bio-based oil are triesters (triacylglycerol ester), derived from plants and
animals, such as rich oleic canola oil, palm oil, rapeseed oil, and sunflower seed oil
(Campanella et al., 2010). Triacylglycerol esters contain fatty acid of almost similar alkyl
length (14 - 22 carbon numbers), with different levels of unsaturation (Fox & Stachowiak,
2007). For lubricant purpose, the bio-base oil used from vegetable-derived substance are

preferred, and this type of oil is classified as a Group V base oil.

Lubricant oil derived from bio-sources possess many desirable properties, such as high
viscosity indices due to the strong intermolecular interaction between the long polar fatty
acid, making them resilient to temperature changes and leading to a more stable viscosity
(Fox & Stachowiak, 2007). In terms of volatility, bio-based lubricant oil exhibit superior
quality compared to petroleum based lubricant oil due to the high molecular weight of
triacylglycerol molecules (Sevim Z. Erhan et al., 2008). Bio-based lubricant oil also
shows efficient boundary lubricants properties, and the entire base oil is of high polarity,
which permit strong interactions with lubricated surfaces. The ester linkages bear implicit

lubricity and help the oil adhere to the surface of the metal (Soni & Agarwal, 2014).

Numerous studies have shown that bio-based lubricant oil is suitable for use as
alternatives to petroleum-based oil. Table 2.7 summarises the sources, benefits, and

various applications of bio-based lubricant oil.
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Table 2.7: Summary on sources, advantages and applications of bio-based

lubricant oil
:?no-pased . Sources Advantages Applications | References
ubricant oil
Modified Crude Exhibits superior Metalworking | (Talib &
jatropha oils jatropha oil, performance in fluid (MWF) | Rahim,
jatropha wear and friction 2016)
methy! ester reduction, better
and cutting force with
trimethylol- outstanding cutting
propane temperature.
Esterified Palm oil Capable to endure a | Oven chain (Aziz et al.,
pentaerythritol | methyl ester high temperature lubricant for | 2014)
and surrounding with a | food industry
pentaerythritol | flash point of
302 °C and
viscosity of 12.7
cSt at 100 °C.
Esterified Epoxy Demonstrate Suitable as (R. V.
epoxy canola canola oil, excellent lubricity | replacement | Sharma &
oil acetic property. for synthetic | Dalali,
anhydride, lubricant 2013)
sulphated Ti-
SBA-15 (10)
catalyst
Refined Palm oil Able to lower the Cold work (Syahrullail
bleached and extrusion load forward plane | et al.,
deodorised compared to strain 2011)
palm stearin mineral oil without | extrusion
oil additive, can process

generate a surface

product with a low
value of

surface roughness.
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2.6 Physiochemical and tribological study of bio-based lubricant oil
The performance of bio-based lubricant oil with nanoparticles can be elucidated using
its physiochemical properties, such as viscosity, density, and the dispersibility of

nanoparticles in the lubricant oil medium.

2.6.1  Viscosity

Detailed knowledge of the viscometric properties of lubricant oil is required especially
in the context of its intended application(s). Viscosity can be defined as a measure of fluid
resistance to gradual deformation by shear or tensile stresses. It specifies the thickness of
the lubricant oil and is obtained by calculating the time needed for a given measure of oil
to pass through a specific orifice (Raj & Sahayaraj, 2010). This property is derived from

the collisions of nearby particles in a fluid moving at different velocities.

Viscosity encompasses dynamic viscosity, kinematic viscosity, and bulk viscosity, all
of which can be tested at multiple temperatures. Kinematic viscosity is widely used in
lubricants. Based on The International System of Units (SI) system, viscosity carry the
unit Stokes (St), or as m?/s, where 1 St is equivalence to 10 m?/s. As the Stoke unit is a
large unit, it is normally divided into much smaller scale unit called Centistokes (cSt)

(Dutt et al., 2007).

2.6.2 Density

Density, or specific gravity, can be defined as the ratio of the mass of the given volume
at temperature ‘t;’ to the mass of an equal volume of pristine water at temperature ‘t2’.
Normally, for petroleum products, the specific gravity is quoted using the same standard
temperature of 15.6 °C. In the petroleum industry, a typical mineral oil is ~850 kg/m?,
and since the density of water is ~1000 kg/m?, the specific gravity of mineral oil can be
expressed as 0.85 (G.W. Stachowiak & Batchelor, 1993). The density of a lubricant oil is

an important parameter when determining its performance, since the kinematic viscosity
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received in testing instrument (in cSt) must be multiplied by the density to obtain the
absolute viscosity for characterising lubricant film (Khonsari & Booser, 2001). The
density of the liquid lubricant changes with temperature and pressure, where it decreases
linearly with temperature. Moreover, it provides an indication of its chemical component
and nature, as the rate of change of density is affected. For instance, aromatic oil is more

dense compared to paraffinic oil at similar viscosities (Stepina & Vesely, 1992).

2.6.3  Nanoparticles characterisation of dispersions and sedimentations

The characterisation of the colloidal stability of nanoparticles in a liquid medium is
required when formulating lubricant oil. Colloidal stability is technically defined as the
ability of particle dispersion to resist aggregation for a specified time (Dobias, 1993). It
is an important parameter, as it ensures uniform dispersion without any agglomeration of
solid additives used in base oil. There are several methods that can be used to study the
dispersibility, as well as the agglomeration and sedimentation of nanoparticles. These
methods include the use of dynamic light scattering (DLS) technique, in situ optical

microscopy, UV-Vis, and laser light scattering (LLS).

DLS is an instrumental technique that are frequently used to determine the size and
distribution of particles with diameters ranging from several nanometres to microns. It
detects the scattered light intensity fluctuation generated by the Brownian motion of the
particles in a liquid (Barth, 1984). UV-Vis is also suitable for the evaluation of dispersion
stability. Based on the Beer-Lambert law, absorbance increase linearly with absorbance.
The concentration of nanoparticles in a supernatant fluid implies supernatant behaviour,
where higher concentration is correlated to better dispersion properties, thus the stability

of nanoparticles is determined by determining absorbance (J. Lin et al., 2011).
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In the in-situ optical microscopic technique, the size of the interconnected fractal
aggregates was estimated at a micrometer scale. A suspension containing a known mass
fraction of nanoparticles were taken and carefully dipped on a glass slide to settle so that
we can analyse its morphology under a microscope (Jiang et al., 2003). Another suitable
method for analysing dispersibility is the LLS technique. It is a competent instrument for
determining sizes and analysing cluster formation in solutions that relies on

measurements of autocorrection function of light scattered by translational and rotary

Brownian diffusion of the particles (Nepomnyashchaya et al., 2016). The overall

summary of the applications of these techniques in the latest research findings are

tabulated in Table 2.8.

Table 2.8: Techniques used to study dispersibility of nanoparticles

Method Nanoparticles Dispersing Advantages References
medium
Dynamic Gold Nanopure Efficiently track (Zheng et
light water aggregate growth al., 2016)
scattering from nanosized
(DLS) primary particles to
micrometer-sized
aggregates.
In-situ Surfactant- Ethanol, Capable in estimating | (Kamiya &
optical modified TiO2 | tetrahydro- the size of the TiO: lijima,
microscopy furan, aggregates formed. 2010)
methyl-
methacrylate
and toluene.
UV-vis Nanoscale Water Able to determine (Phenrat et
spectroscopy | zerovalent iron sedimentation rates al., 2007)
and colloidal
aggregation.
Laser Light | Graphene Pure water, Can assess the effects | (M. Wang
Scattering oxide (GO) electrolyte of salt on the etal.,
(LLS) aqueous dispersions stability | 2016)
solution of GO.
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2.6.4  Tribological study

The word ‘tribology’ is a combination of two Greek words: “tribos”, which means
rubbing, and “logos”, which means word. Tribology, in its technical definition, is the
scientific and technical studies of managing and controlling wear, friction, and lubrication
(Tzanakis et al., 2012). This is of immense practical concern due to many mechanical,
electromechanical, and biological system being reliant on suitable friction and wear

values (Menezes et al., 2013).

Various equipment had been designed to evaluate the tribological properties of
lubricating material, and the most prevalent wear tester used in the oil industry is the
four-ball wear tester. It has been extensively used to study the lubrication behaviour of
oils and chemical interactions at wear contacts (Hsu & Klaus, 1978). Besides generating
CoF from real-time recording the shaft torque, wear can be measured under a calibrated

microscope and reported as a wear scar diameter (WSD) (Zulkifli et al., 2014).

Another method for determining the lubricity of oil samples is the high-frequency
reciprocating rig (HFRR) tester. The testing plate is settled in an oil groove, while the
testing ball is controlled using an electromagnetic oscillator in the front/back direction at
a high frequency and short stroke under certain load. The value of CoF can be obtained
from the frictional force and normal load based on Column friction law, while the wear

scar can be calculated from the testing ball (Y. Xu et al., 2010).

Other than four-ball and HFRR, pin and ball on disc wear tester can be used to study
the tribological behaviour and lubricity on oil. Each instrumentation and methods used
for tribological testing and determination of CoF and wear scar are summarised in Table

2.9.

29



Table 2.9: Instrumentation used by previous research on tribological study for

lubricant oil.
Equipment Method Tribological Advantages References
Fourball ASTM D4172 | Able to establish the relative wear- | (Yadav et
Machine ASTM D2783 | preventing properties of | al., 2016)

lubricating fluids and greases in

sliding and rolling applications.
High- ISO-12156 Can characterise friction under | (Sulek et
Frequency ASTM D6079 | lubricated condition using a ball on | al., 2010)
Reciprocating disc configuration. (Y. Xu et
Rig (HFRR) al., 2010)
Tester Suited for wear testing relatively

poor lubricants such as diesel

fuels, wear.
Pin on Disc ASTM F732 Capable of analysing lubricant | (Watanabe
Sliding Wear under  multidirectional  wear | et al., 2016)
Tester condition.

can replicate multiple modes of

wear such as unidirectional,

bidirectional, omnidirectional, and

quasi-rotational.
Ball on Disc ASTM G133 | Able to determine the wear | (Singh,
Sliding Wear resistance and friction generated in | 2011)
Tester uniaxial sliding contacts between

lubricant films.

sliding contact is delivered by
pushing a ball specimen onto a
rotating disc specimen under a
consistent load.
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2.7 Research gaps and novelty of dissertation

Lubricant oil consists of mainly base oil and the mixture of various types of additives.
Among these additives, friction and wear improvement is some of the most prominent
properties needed in lubricant oil that enhances its lubricity and performance. An example
of an additive that does this is MoS,. Various synthesis methods were reported for
obtaining nano-sized compound with specific physiochemical properties based on the
required applications, and different characterisation approaches were selected by previous
researchers to determine the properties of nanoparticles, while the similarities and gaps

between current works and literature is summarised in Figure 2.4.

Generally, nanoparticles are used as additives in lubricant oil, but dispersion instability
in lubricant oil and its tendency to coagulate poses problems, as it minimises the quality
of the lubricant and creates sedimentation. Several suitable techniques and
instrumentation were used to help us understand the additives dispersion performance and
the tribology of the formulated lubricant oil. This could be resolved by modifying the
surface of the nanoparticles using a suitable capping agent, such as Zinc
dialkyldithiophosphates (ZDDP), fatty acid, and polymeric compound. Increased
environmental awareness resulted in higher demands for a bio-based lubricant oil derived

from vegetable oil.

Many research on the synthesis of nanoparticles for lubricant additives and the
production of bio-based lubricant oil from various sources were conducted, however, only
a few intended to understand the tribological effect of the addition of surface-modified
nanoparticles and its behaviour towards bio-based lubricant oil, as shown in Figure 2.5.
This research intends to elucidate suitable modifications of molybdenum sulphide
nanoparticles using various alkyl lengths of fatty acid as its capping agent and its effect

on the dispersibility and lubricity of bio-based lubricant oil.
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Characterisation

Methods
HRTEM (Wang ef al.,
(Hu et.al, (Ingole et.al., (Chen et al., 2006)
2009) 2013) 2005) (Park ef al.
FESEM ’
(Padgurskas et 2009)
al., 2013) (Peng et al.,
cbe 2010)
(Wang ef al.,
FTIR
(Chen et al., 2006) .
This research
R (Ingole et al., 2005)
aman 2013)
(Hu et al., (Wang ef al.,
XRD 2009) 20006)
TGA
(Hu et al., (Park et al.,
— 2009) 2009)
MoS, TiO, Fe, Cu & Co Si0, MWC-SA TiO,-DBS Pt-PVP SCMS
Nanoparticles Uncapped/undoped/unmodified nanoparticles Capped/doped/modified nanoparticles

Abbreviations: MWC-SA (multi-walled carbon nanotube-stearic acid), DBS (sodium dodecylbenzenesulfonate), PVP (poly(vinylpyrrolidone))

Figure 2.4: Research gaps between literature studies and current research based on type of nanoparticles and characterisation methods
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Modified molybdenum 2015) c
sulphide (Tannous, This research
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Modified | \jodified multi-walled | (Chen e ol 2009)
nanoparticles carbon nanotube (Ahmadi ez al,
2013)
Surface coated (Yu et al, 2010) (Zhang et al.,
Serpentine ” 2016)
Zinc dla]kyl— (Demydov et
dithionhosohat (Gorbatchev ef al., al., 2010)
1thiophosphate 2016) (Gorbatchev er
(ZDDP) al,, 2016)
MoS, | (Hueral, 2009) (Deing%’ et
al, 2010) @Lovell ez al,
. 2010)
Unmodified Boric Acid | (Canter N., 2010) (Canter et al,
nanoparticles 2009)
. (Ingole er al, (Zulkifli ez al,
Ti0, 2013) 2013)
Copper (Padguzrélfg; Tt (Queral, 2016)
(Shahbuddin, (Shahbuddin,
.o 2013) 2013) (Quinchia ez al., (Lovell ez al., (Zulkifli er al., .
No additive (Demydov, (Husnawan, 2014) 2010) 2013) Geed L
2010) 2007)
Additives Paraffin/ PAO/ PE:BOLG;?/ Sunflower oil Canola oil TMP Ester Pentaerythritol
mineral oil Synthetic oil mi)_iture derivatives derivatives ester
Base oil Petroleum-base oil Mixture Bio-base oil

Figure 2.5: Research gaps between literature studies and current research based on type of nanoparticles and base oil




CHAPTER 3: METHODOLOGY

3.1 Introduction

This chapter encompasses the main phases of work, from sample preparation to
physiochemical analysis. In the first phase (Phase 1A), molybdenum acetate (MOAC)
was synthesised using a hexacarbonylmolybdenum precursor. Then (Phase 1B), the
freshly prepared MOAC sample was used as a precursor to synthesise surface capped
molybdenum sulphide (SCMS) nanoparticles via the solvothermal method. Four different
samples of SCMS nanoparticles were prepared using different types of capping agent,
namely SCMS-CA, SCMS-LA, SCMS-SA, and SCMS-OA nanoparticles, while the
capping agents used were caproic (C6:0), lauric (C12:0), stearic (C18:0), and oleic
(C18:1) acid, respectively. In the consequence phase (Phase 2), the synthesised MOAC
was analysed using UV-Vis, FTIR, and Raman spectroscopy. Then, the SCMSs
nanoparticles were characterised using FTIR, Raman, XRD, FESEM, EDX, and TGA.
The next phase (Phase 3) blends the nanoparticles into the bio-base oil. For the
tribological study (Phase 4), the lubricity of the bio-based lubricant oil was investigated
via friction reduction, anti-wear characteristics, and extreme pressure condition using a
steel ball. The surface analysis of the wear was performed using SEM and a calibrated
optical microscope, and the best performing additive and suitable concentration were
determined. In (Phase 5), physiochemical analyses were performed on the formulated bio
based lubricant oil, which involves dispersibility analysis, viscosity, and density to further
confirm the quality of the formulated bio-based lubricant oil. Figure 3.1 shows the
flowchart of overall process in Phases 1 and 2, while Figure 3.2 shows the flowchart of

the overall process of Phases 3 -5.
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5 g hexacarbonyl molybdenum

Add 200 mL glacial acetic acid,100mL acetic anhydride, reflux at
temperature = 180 °C, time = 20 hours, N,atmosphere

sEEEEE

Pale yellow crystal formed?

Characterisation: UV-Vis, FTIR, Raman

}

MOAC compound
synthesised
\ Phase 1 : y
\d
r B
----------------------- »| Prepare 0.5 g MOAC each

Add0.2M
capping agents
Riiatiaiis, Attt \ 2R R 2 AREEIEIEIEIETEE ETEE -

Oleic acid

Caproic acid Stearic acid
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Add 0.5 g thioacetamide, 50 mL hexane (solvent) in autoclave vessel at

suEEEE,

temperature = 140 °C, time = 3 hours
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|
!

|
!
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Characterisation: FESEM, EDX, FTIR, Raman, XRD, TGA

!

SCMS-CA
nanoparticles

SCMS-LA
nanoparticles

SCMS-SA
nanaoparticles

SCMS-LA
nanoparticles

“ Phase 2

Figure 3.1: Flowchart of synthesising MOAC compound and SCMS nanoparticles
in Phase 1 and Phase 2 respectively
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r Phase 3
PETC ester (bio-base lubricant oil)
l Add
l v v v v
None SCMS-CA SCMS-LA SCMS-SA SCMS-LA
(No additive) nanoparticles nanoparticles nanoparticles nanoparticles
Nanoparticles concentration: 0.025, 0.05, 0.075, 0.1 and 0.125 (w/w)%
H Condition: mechanical stirring at 300 rpm, sonication frequency 40 kHz,
;' temperature 60 °C, time 1 hour
] l ! | |
0.025/0.05/ 0.025/0.05/ 0.025/0.05/ 0.025/0.05/
Bio-based 0.075/0.1/ 0.075/0.1/ 0.075/0.1/ 0.075/0.1/
L lubri i 0.125 (w/w) % 0.125 (w/w) % 0.125 (w/w) % 0.125 (w/w) %
] Y r_'“:"t = SCMS-CA SCMS-LA SCMS-SA SCMS-LA
r SR added bio- added bio- added bio- added bio-
additive based based based based
lubricant oil lubricant oil lubricant oil lubricant oil
Tribological analysis: CoF, EP performance and WSD analysis using Fourball instrument
One selected SCMS nanoparticles and optimum concentration obtained
Phase 4
\ 4
0.025/0.05/0.075/0.1/0.125 {w/w) % 0.025/0.05/0.075/0.1/0.125 (w/w) %
SCMS-XA added bio-based lubricant oil UCMS added bio-based lubricant oil
| e Physiochemical studies and comparisons:
sedimentation test, dispersibility, viscosity and density analysis
\ Phase 5 l’

Optimized

SCMS nanoparticles added bio-based lubricant oil

Figure 3.2: Flowchart of SCMS nanoparticles blending, tribological analysis and

physiochemical study in Phase 3 to Phase 5
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The SCMS nanoparticles were synthesised and blended into the bio-based lubricant oil

at the NANOCAT Research Laboratory. The characterisations of products, such as FTIR,

Raman, XRD, and TGA were carried out at NANOCAT Spectroscopic Hall, while

FESEM and EDX analyses were conducted at the Physics Department of UM. The

tribological and physiochemical analysis were carried out in the Tribological Laboratory

of the Department of Mechanical Engineering of UM.

3.2

Materials and chemicals

The list of chemicals, solvents, and materials used are tabulated in Table 3.1.

Table 3.1: List of chemicals and material used throughout research study

Phase

Material

Functions

Supplier

Other information

1A

Hexacarbonyl
molybdenum

Acetic acid
glacial

Acetic
anhydride

MOAC
precursor

Merck

Chemical formula: Mo(CO)s
Molar mass: 264 g/mol
Purity: >99.0 %
Appearance: White powder

Merck

Chemical formula: CHsCOOH
Molar mass: 60.05 g/mol
Purity: >99.0 %

Appearance: colourless liquid

Merck

Chemical formula:
(CH3CO)20

Molar mass: 102.08 g/mol
Purity: > 98.5 %

Appearance: colourless liquid

Ethanol
Absolute

Solvent

Merck

Chemical formula: C2HsOH
Molar mass: 46.07 g/mol
Purity: > 99.5 %

Appearance: colourless liquid

1B

n-Hexane

Solvent

Merck

Chemical formula:
CH3(CH;).CH;

Molar mass: 86.18 g/mol
Purity: >96.0 %

Appearance: colourless liquid

Table 3.1, continued
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Table 3.1, continued

Phase Material Functions | Supplier Other information
Chemical formula:
Caproic acid Sigma- CH3(CH2)4COOH
(Hexanoic Aldrich Molar mass: 116.16 g/mol
acid) Purity: > 99.0 %
Appearance: Oily liquid
Chemical formula:
Lauric acid Sioma- CH3(CH2)10COOH
(Dodecanoic Algc]irich Molar mass: 200.32 g/mol
acid) Purity: > 98.0 %
Capping Appeqrance: White powder
o agent Chemical formula:
Stearic acid Sigma- CH3(CH2)16COOH
(Octadecanoic Aldrich Molar mass: 284.48 g/mol
acid) Purity: > 98.5 %
Appearance: White solid
1B Chemical formula:
Oleic acid CH3(CH.)7CH=CH(CH2)7-
(cis-9- Sigma- | COOH
Octadecenoic Aldrich | Molar mass: 282.46 g/mol
acid) Purity: > 99.0 %
Appearance: viscous liquid
Freshly | Chemical formula:
prepared | CgH12M020g
MOAC in Phase | Molar mass: 428.10 g/mol
soms A o
nanoparticles CHsCSNH, '
precursor _
Thioacetamide Merck Mo!ar mass: 75.13 g/mol
Purity: >99.0 %
Appearance: Colourless
crystals
Brand: SKF
Steel ball for Surface Taar | Model: _RB'12'7/ G20
fourball test analysis Bestari V\/_mght. 0.0084 kg
Diameter: 12.7 mm
4 Material: Bearing steel
Chemical formula:
CH3COCHj5
Acetone Solvent Merck | Molar mass: 58.08 g/mol
Purity: >99.0 %
Appearance: colourless liquid
For Chemical formula: MoS;
5 nang[;?{[li?:les comparison prggelafr-e q Molar mass: 160.07 g/mol
study Appearance: black powder
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3.3 Phase 1: Nanoparticles synthesis
This section discusses the experimental methodology involving preparation of MOAC

and SCMS nanoparticles.

3.3.1 Phase 1A: Synthesis of MOAC compound

Analytically pure hexacarbonylmolybdenum, glacial acetic acid, and acetic anhydride
were used to synthesise the MOAC compound. 5.0 g of hexacarbonylmolybdenum was
placed in the three neck 500 mL round bottom flask containing 200 mL of glacial acetic
acid. 100 mL of acetic anhydride will be placed into a pressure equalising funnel, then
fitted at the side port of the round bottom flask. The flask was fitted with a nitrogen gas
inlet through one side port of the flask with a mineral oil bubbler to monitor the rate of
N> flow through the apparatus. When the reaction was setup in the manner shown in
Figure 3.3, it was purged with N2 to remove any excess atmospheric air. Then, while
stirring, acetic anhydride was slowly added drop-by-drop. After this addition, the pressure

equalising funnel was removed and replaced with thermometer.

The heater was turned on, and the solution refluxed at 180 °C for 20 hours. This
culminates in the appearance of a pale-yellow crystal of MOAC in the solution. The
mixture was then cooled to room temperature, then the N2 gas was turned off. The bright
yellow product was obtained using suction filtration and washed with ~10 mL of cold
ethanol. When the product was completely dried, it was stored in a sample bottle filled

with nitrogen gas. The chemical equation involved in this phase is shown in Equation 3.1

below.
o CH;
I s
c O x{ ]
2 om M‘ =0 +HAHOLCCH, + (CH,C0),0 M\;o 9\0 +12c0+2H, Equation3.]
e VO GA~ ; L MG
0=C ‘ Czq ACf‘fIC Acetic O\b\ /IVio
‘(ﬁ acid anhydride =9 O
I HsC
CHj

Molybdenum hexacarbonyl
Molybdenum (1) acetate
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Figure 3.3: Reaction set up

3.3.2 Phase 1B: Synthesis of SCMS nanoparticles

The following chemicals were used in this experimental work: freshly synthesised
MOAC, thioacetamide (CH3CSNH>), different types of alkyl substituent of fatty acid,
which were caproic (CeH1203), lauric (C12H2402), oleic (C1sH3402), stearic (C1sHz602)

acids, hexane (CsH14), and ethanol (C2HeO).

Mo-O complexes were prepared using the solvothermal reaction between MOAC and
fatty acid in a hexane medium. 0.5 g of freshly prepared MOAC, 0.2 M caproic acid, and
0.5 g thioacetamide were dissolved in 50 mL n-hexane under sonication, then transferred
into stainless steel autoclaves. The autoclave was closed and heated to 140 °C for 3 hours,
and when done, it was left to cool to room temperature. The precipitate was centrifuged
and washed several times with n-hexane, followed by ethanol. Finally, the fine dark
product was dried in an oven at 50 °C for 3 hours. The same procedure was repeated, but
the caproic acid was replaced with different fatty acids, such as lauric, stearic, and oleic
acid. The chemical equation involved in synthesising SCMS-OA nanoparticles is

described in Equation 3.2 below.

40



CHs j\/\/\/\/\/\/\/\/\
)\’K HO

D
| 070N s . . _
Mo :0 +3 + 2oleicacid -  2{CH;(CH,)7;CH = CH(CH,),C00}~MoS Equation 3.2
Oy)g“i HBCJHJH2 + 4 HO,CCH, +3NH; + H,S + H, g '
wed T . . CeHy solvent
CHy thioacetamide

3.4 Phase 2: Characterisations
The characterisation technique used in Phase 1A were UV-Vis, FTIR, and Raman
spectroscopy, while in Phase 1B, FESEM, EDX, Raman, FTIR, XRD, and TGA were

used to study the surface-capped molybdenum sulphide nanoparticles.

3.4.1 Ultraviolet-Visible Spectroscopy (UV-Vis)

UV-Vis spectroscopy was used to determine the absorption/reflectance spectroscopy
in the spectral region within the ultraviolet and visible light wavelengths. The working
principle is based on the capability of molecules to absorb light when passing through a
sample. In this study, UV-Vis spectra were obtained using UV/Vis Perkin EImer Lambda
35 instrument. 0.5 g of SCMS nanoparticles were placed onto the sample holder, and the

wavelength in which the spectrum was recorded was 350 - 700 nm.

3.4.2  Field Emission Scanning Electron Microscopy Analysis (FESEM)

FESEM is an analytical equipment that provide topological information at high
magnification. The FESEM generate images of samples by scanning it using a focused
electron beam. The electrons cooperate with atoms in the sample, generating discrete
signals that contain information about surface topography and elemental composition.
SCMS nanoparticles were scanned using JSSM-7500F Jeol Microscope and operated at 5
kV. The samples were sprayed with platinum (Pt) prior to being loaded into sample
holder. After that, Pt coated samples were anchored onto the sample holder using double-

sided pressure equalising funnel carbon adhesive tapes to prevent the accumulation of

41



surface charge on the specimens when exposed to the electron beam. Scanning was

performed under low vacuum and at a magnification range of 5,000 — 200,000 x.

3.4.3 Energy Dispersive X-Ray Spectroscopy (EDX)

A FESEM, equipped with an EDX can be used to determine elemental composition.
The accumulation of energy count in the form of intensity creates a spectrum, where each
peak represents each present element. The energy beam used for scanning is commonly
around 10 - 20 keV. A higher intensity peak indicates a higher concentration of elements
in the scanned area of the sample, which also allows us to obtain the weight and atomic

percentages of specific elements in the scanned region.

3.4.4  Fourier Transform Infrared Spectroscopy (FTIR)

FTIR spectroscopic analysis reports qualitative and quantitative values for organic and
inorganic samples. It is an effective tool for determining the functional group and
characterising covalent bonds. The FTIR instrument used in this research was the Perkin-
Elmer 100 spectrophotometer. The sample holder was cleaned using acetone. Around 0.5
mg of SCMS nanoparticles was mixed with 4 mg of potassium bromide (KBr) and
subsequently pressed to form a pellet. The pellet was placed on the FTIR sample holder
and bombarded with infrared (IR) radiation. The sample absorb some of the infrared
radiation, while others passed through, and are detected as transmittance. The resolution
of the FTIR was set to 4 cm™, with 15 scans in the wavelength of 400 cm™ - 4000 cm™.
The spectrum generated were obtained, and the peaks were assigned to distinct functional

groups.
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3.45 Raman Spectroscopy

Raman scattering is a spectroscopic method that complements infrared absorption
spectroscopy. It is used to study the vibrational, rotational, and other low frequency
transitions in the samples. The instrument used in this work was Renishaw in Via Reflux,
with a high performing CCD camera and LEICA microscope. Around 0.05 g of SCMS
nanoparticles sample was placed into the sample holder and the Raman spectroscope. The
5 % of 150 mW laser power at a 30 s exposure time was selected as the parameter to
analyse SCMS nanoparticles, as sample degradation might occur throughout this work.
Then, the argon gas laser was set at 785 nm due to its 1200 mm™* spectral resolution being
sufficient to plot excellent spectra. The laser beam was focussed via X100 objective lens,
which helped compile the scattered radiation. The laser spot on the sample was around

1.13 pum at 785 nm excitation.

3.46  X-ray Powder Diffraction Spectroscopy (XRD)

XRD technique is a rapid and non-destructive analysis mainly used for phase
identification of a crystalline or amorphous material. It can also provide information on
unit cell dimensions based on the diffraction patterns. The crystallinity of SCMS
nanoparticles were determined using Bruker AXS D8 Advance XRD Diffractometer,
equipped with Cu Ka (A = 1.5406 A) and radiation source at 40 kV and 40 mA. It is able
to provide information on the phase, structures, and preferred orientations, such as
average grain size and material crystallinity. Prior to being placed in a 1 g sample-to-
sample holder, the samples were finely grounded and closely packed in a sample holder.
The test parameters were set to 0.02°, at a 0.02%s scanning rate between 5° — 80°

diffraction angle (20).
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3.47 Thermal Gravimetric Analysis (TGA)

TGA is a thermal analysis technique that monitor changes in the mass of a sample,
either as a function of increasing temperature at constant rate, or isothermally as a
function of time in surrounding gases of nitrogen, helium, air, other gases, or vacuum. In
this research, the thermal stability of SCMS nanoparticles were examined through the
degradation temperature of the capping agent and molybdenum sulphide nanoparticles.
The samples were examined using TGA instrument (Mettler Toledo, TGA/SDTA-851)
by inserting it into 100 puL open alumina crucible. The test temperature was set to an
ambient temperature of ~900 °C and a heating rate of 10 °C min*! under a nitrogen gas
flow rate of ~50 mL mint. After the heating process is completed, it was then cooled to
room temperature. This technique helped identify the stability of SCMS nanoparticles at
various temperature range, which allows us to study the strength of the monolayer bounds

surrounding the SCMS nanoparticles.

35 Phase 3: Formulation and blending of bio-based lubricant oil with SCMS
nanoparticles
Formulated bio-based lubricant oil is made up of two components: the bio-base oil
purchased directly without any modification, and the antiwear additives, which was the
synthesised SCMS nanoparticles. The properties of the bio-base oil were determined, and

the nanoparticles were mixed with bio-base oil at specific conditions.

35.1 Bio-base oil material

Pentaerythrityl tetracaprylate/tetracaprate (PETC) ester was used as a bio-base oil in
this research, and its chemical structure is shown in Figure 3.4. It is a tetraester compound
that can be prepared from pentaerythritol and a blend of caprylic and capric acids via the

alcohol esterification method (Becker et al., 2015).
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Figure 3.5: PETC ester used as bio-base oil
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3.5.2

Preparation of bio-based lubricant oil with SCMS nanoparticles

The antiwear additives (SCMS nanoparticles) and bio-base oil were combined based

on weight percentage compositions, as shown in Table 3.2, and transferred into a blending

flask. The mixture flask was immersed in the Thermo-6D ultrasonic bath. An RwW20 IKA

mechanical stirrer was used with two blade propellers, and was inserted into the mixture.

The mixture was stirred at a rate of 300 rpm at 60 °C under 40 kHz ultrasonic frequency

for an hour to confirm the complete mixing and dispersion of both components. The

schematic diagram of the blending process is shown in Figure 3.6.

Table 3.2: Composition of bio-based lubricant in this research

Composition (w/w) %
. . .. | SCMS- | SCMS- | SCMS- | SCMS-

No | Lubricant sample | Bio-base oil CA LA SA OA
1 No Additive 100 - - - -

2 SCMS-CA 0.025 99.975 0.025 - - -

3 SCMS-CA 0.05 99.95 0.05 - - -

4 SCMS-CA 0.075 99.925 0.075 - - -

5 SCMS-CA 0.1 99.9 0.1 - - -

6 SCMS-CA 0.125 99.875 0.125 - - -

7 SCMS-LA 0.025 99.975 - 0.025 - -

8 SCMS-LA 0.05 99.95 - 0.05 - -

9 SCMS-LA 0.075 99.925 - 0.075 - -
10 | SCMS-LA 0.1 99.9 - 0.1 - -
11 | SCMS-LA 0.125 99.875 - 0.125 - -
12 | SCMS-SA 0.025 99.975 - - 0.025 -
13 | SCMS-SA 0.05 99.95 - - 0.05 -
14 | SCMS-SA 0.075 99.925 - - 0.075 -
15 | SCMS-SA 0.1 99.9 - - 0.1 -
16 | SCMS-SA 0.125 99.875 - - 0.125 -
17 | SCMS-OA 0.025 99.975 - - - 0.025
18 | SCMS-OA 0.05 99.95 - - - 0.05
19 | SCMS-OA 0.075 99.925 - - - 0.075
20 | SCMS-OA 0.1 99.9 - - - 0.1
21 | SCMS-0OA 0.125 99.875 - - - 0.125
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Figure 3.6: Additive and base oil blending process

3.6 Phase 4: Tribological Analysis

The four-ball tester were used to determine the tribological behaviour of the
formulated bio-based lubricant oil with the SCMS nanoparticles. The main measurement
of four-ball tester was to determine the wear preventive properties, extreme pressure
properties, and the friction behaviour of lubricant oil. The four-ball friction and wear
tester were made up of three stationary balls in a pot, with the fourth rotating ball sticking
to the spindle. The spinning ball was steadily pressed against three stationary balls held
together and drenched in lubricant oil, as shown in Figure 3.7. The schematics of the four-

ball test is shown in Figure 3.8.

Figure 3.7: Four-ball arrangement
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Figure 3.8: Four-ball schematic diagram (left) and point contact after test (right)
(Gupta & Harsha, 2016)

This experiment used the Ducom Four-ball Instrument, while the balls were AISI 52-
100 steel balls with a diameter of 12.7 mm and 64-66 Rc hardness. Test parameters such
as applied load, temperature, test duration, and rotating speed can be set in accordance to
the standard test method. The tribological study were divided into three sections, namely
friction reduction analysis at ambient load, extreme pressure properties analysis, and wear

reduction analysis.

3.6.1  Friction Reduction Analysis

The friction reduction analysis of the formulated bio-based lubricant oil was assessed
using CoF, where it is a dimensionless number that define the ratio between friction force
that is present between two contacting surface and the normal force simultaneously
squeezing them. CoF is vital in demonstrating the transmission efficiency in a lubricating
system, where higher efficiency is the results of lower friction and CoF. In the four-ball
instrument, the exerted frictional force was controlled and recorded in real-time by the
shaft torque. Using the 1P-239 standards, the CoF obtained in this experiment can be

calculated using Equation 3.3.
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= Equation 3.3
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where p is the CoF, T is the frictional torque (Nm), W is load (N), and r is the contact
surface distance from the centre on the bottom balls to the rotation axis, which was
determined to be 3.67 mm. This strategy was also used by other researchers (Husnawan

et al., 2007) and (Zulkifli et al., 2014).

Before starting the four-ball test, the balls were thoroughly cleaned with acetone.
Approximately 10 mL of formulated bio-based lubricant oil are required for each test.
The test condition used to obtain the tribological characteristics are tabulated in Table
3.3. The CoF values of the bio-based lubricant oil was calculated, and the type and
concentration of nanoparticles that resulted in the best friction improvement was further

tested for extreme pressure properties analysis.

Table 3.3: Friction test parameters at normal load

Parameter | Load, N Temperature Speed, rpm Test duration, s
Condition 400 Room Temperature 1200 3600

3.6.2 Extreme Pressure Analysis

Extreme Pressure Analysis was conducted to determine wear preventive
characteristics of the formulated bio-based lubricant at different loads. The standard used
for this test is the ASTM D2783 using the aforementioned four-ball instrument. In the
instrument, a vertical driving spindle rotates a chuck at a speed of 1,770 rpm and the load
is elevated 200 N every 10 s until the spinning ball was completely welded to all three
stationary balls. The complete test condition for extreme pressure test were shown in
Table 3.4. One specific formulated bio-based lubricant oil (the type and concentration of

nanoparticles) that exhibited the best friction improvement were used for this test.
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Table 3.4: Extreme Pressure test parameters at different load

Parameter | Test | Load, N | Temperature | Speed, rpm | Test duration, s
1 400
2 800
3 1000
Condition 4 1200 Room 1770 10
5
6
7

Temperature
1400

1600
1800

3.6.3 Wear Scar Analysis

Wear scar analysis was conducted to show the corresponding wear preventive
properties of the formulated bio-based lubricant oil in sliding contact under specific test
condition. This analysis is divided into two parts: 1) the average WSD formed on the
stationary steel balls in Section 3.6.1. under normal conditions, and 2) under EP
conditions in Section 3.6.2. At the end of four-ball friction test, the stationary ball
bearings were collected and washed with acetone, then dried in an oven for an hour at 70
°C. The wear scar on the three stationary ball bearings surface were analysed using SEM
spectroscopy (normal condition) and optical microscope (EP condition). The

metallograph were analysed and expressed as wear scar diameter (WSD).

SEM works in a manner similar to the FESEM, where it provides the topographical
and elemental information at various magnifications. Even though SEM produce lower
resolution compared to FESEM, it is much easier to operate, and is able to provide images
at magnifications of 10 — 100, 000 x to analyse the surface roughness of the wear scar.
The ball bearing samples are mounted onto a sample holder using a double sided
electrically conducting carbon adhesive tape to prevent the accumulation of surface

charge on the ball when exposed to the electron beam.
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3.7 Phase 5: Physiochemical measurement of optimized bio-based lubricant oil
with SCMS nanoparticles

The crucial properties of formulated bio-based lubricant oil with SCMS nanoparticles
were analysed using several analytical techniques, such as sedimentation test, optical
microscopic study, viscosity, and density analysis. In this phase, the optimised bio-based
lubricant oil with SCMS nanoparticles from the previous phase was subjected to
physiochemical measurement and compared to the UCMS nanoparticles. The UCMS
nanoparticles were previously prepared using similar methods for synthesising SCMS

nanoparticles, with the exception of the addition of a capping agent.

3.7.1  Sedimentation Test

Sedimentation test is a suitable testing method to evaluate the dispersion stability of
nanoparticles via observation. The sedimentation of SCMS nanoparticles were
determined alongside the best suppression of friction for concentrations ranging from
0.025 - 0.125 (w/w) %. Each bio-base lubricant oil was collected at the same volume and
transferred into a 25 mL sample vial at room temperature in the absence of any
distractions (Zahid, 2016). Each sample were constantly observed up till the point the
nanoparticles are sedimented at the bottom of the flask and from separate phase from the
oil. Sample of bio-based lubricant oil without additive, bio-based lubricant oil with SCMS
nanoparticles, and UCMS nanoparticles were also prepared so that they can all be

compared to one another.
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3.7.2  Optical Microscopic Study

The optical microscopy measurement was used to evaluate the rapid aggregation of
inorganic materials from single nanoparticles all the way to micrometer-sized aggregates
at different loadings percentages. The dispersion and aggregation of SCMS nanoparticles
were detected in situ using Nikon Eclipse TE300 instrument. A drop of each formulated
bio-based lubricant oil was dropped onto the glass slide and left at room temperature
overnight. Then, the glass slide was placed on a sample holder of a microscope, and
images of the SCMS and UCMS nanoparticles dispersion and agglomeration were

recorded at 10 x magnification.

3.7.3  Viscosity and Density Analysis

Viscosity and density are key parameters for determining the physical behaviour of
lubricant oils. The experiments were conducted on SVM 3000 Stabinger Anton Paar
Viscometer Instrument simultaneously. We determined the viscosity and density of fluid
according to the Standard Test Method for Dynamic Viscosity and Density of Liquids by
Stabinger Viscometer (ASTM D7042,2012). Using ASTM D2270, the viscosity index
(V1) was determined using the kinematic viscosities at 40 °C and 100 °C. Around 3 mL
of formulated bio-based lubricant oil sample were used for this test. The reproducibility

and repeatability for this instrument were 0.35 % and 0.1 %, respectively.
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CHAPTER 4: RESULTS AND DISCUSSION

4.1 Introduction

This chapter reports the experimental results obtained from the tests and analyses. It is
divided into four main sections. The first discuss the formation of MOAC and
characterisation analyses of the product. The second will illustrate the production and
characterisation of SCMS nanoparticles using the solvothermal method. The structure and
properties of SCMS nanoparticles will be discussed based on characterisation results. The
third will discuss the tribological performance of SCMS nanoparticles and pinpoint which
of them show the best wear reduction and reduction of friction. The influence of the load
applied on EP performance of selected SCMS nanoparticles will be illustrated as well.
The fourth will present the physiochemical study and colloidal stability of the formulated

bio-based lubricant oil loaded with the SCMS nanoparticles.

4.2 Study of molybdenum (11) acetate
Bright yellow solid MOAC was successfully formed at the end of Phase 1A. Some of
it includes very fine needle-like crystal. It was characterised using UV-Vis, FTIR, and

Raman analysis.

421 UV-Vis Spectroscopy

UV-Vis spectra in Figure 4.1 shows the comparison between the product and its
precursor, where (a) hexacarbonylmolybdenum, and (b) MOAC. A broad peak is
observed at wavelength 370 - 500 nm, with a maximum peak at 398 nm for
hexacarbonylmolybdenum (0) UV-Vis spectrum, which disappear in the product
spectrum, indicating an increase in the oxidation state of the metal centre from 2Mo° to

Mo'""Mo'" (Feinstein-Jaffe & Maisuls, 1987).
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Figure 4.1: UV-Vis Spectra of (a) hexacarbonylmolybdenum precursor and (b)
MOAC compound

422 FTIR Spectroscopy

Figure 4.2 shows the FTIR spectrum for a functional group of molybdenum (II)
acetate. It shows a broad band around 3448 cm™ at the high frequency area, which indicate
the stretching and bending vibration of the O-H group of water molecules adsorbed on
the compound. Large amounts of adsorbed water in MOAC takes place due to the high
surface energy of the particles (Stephenson et al., 1964). The characteristic stretching
vibration of C=0 in acetate can be found in the strong sharp band at 1640 cm™. The strong
band at the absorption frequency region of 1109 cm™ imply that there is stretching
vibration of C-O, whereas at 1437 cm, it can be assigned to C-H bending in acetate. The

chemical structure of MOAC are shown in Figure 4.3.

54



@ ™
4 ( |
\ 2y g
5 g\l |
. i
3 i \
[t &
@© L >
£ 3
£ \ b
[72]
C H
o 3
- \ ‘
E
) 1 $ I L) I N 1 Y I y ] L] 1
4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm™)

Figure 4.2: FTIR Spectrum of MOAC compound

Figure 4.3: Chemical structure of MOAC (Lawton & Mason, 1965)

4.2.3 Raman Spectroscopy

Based on the Raman spectrum shown in Figure 4.4, the strong Raman band focused at
404 cm™* can be unconditionally assigned to the stretching frequencies of the quadrupole
bond between the Mo atoms. The strong band at 1431 cm™ at 1347 cm™ indicate the CHs
asymmetric deformation located at the acetate ligand surrounding the Mo atom. The

highest sharp band centred at 691 cm™ can be said to be the angular deformation of
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O-C-0 bond. Furthermore, the band at 946 cm™ can proves the presence of a O-O bond
vibration. Medium bands at 298 cm™ at 321 cm™ exhibit C-C bond deformation. The
weak band at Raman shift 2941 cm™* can be assigned as the vibration mode of C-H bond
present in the compound. The Raman signature of this study and literature confirms the

formation of an MOAC compound (Bratton et al., 1971).
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Figure 4.4: Raman spectrum of MOAC

4.3 Study of surface capped molybdenum sulphide nanoparticles
The structural, morphological, chemical, and thermal properties of the SCMSs
nanoparticles were further analysed using several characterisation techniques, such as

FTIR, Raman, XRD, FESEM, EDX, and TGA analysis.
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43.1 FESEM Microscopy

The nanoparticles observed in the micrograph of Figure 4.5 are almost spherical and
well dispersed. Layers of capping agent encircling the nanoparticles are also present, and
the outline of the SCMS nanoparticles is fuzzy because the particles’ surfaces are coated
with a fatty acid modifier. A typical FESEM micrograph for pristine MoS; from literature
(Zhao et al., 2015) shows that the MoS, nanoparticles appear rose-like in shape and
congregate with many ultrathin sheets-like MoS> nanoparticles. Therefore, it is assumed
that the capping layers are effectively preventing agglomeration and growth of
molybdenum sulphide, leading to the formation of nanoparticles. The average particle
size proved that the SCMS-SA is the smallest, at 37 nm, while others are within 62 - 84

nm, as shown in Table 4.1.

Figure 4.5: FESEM images of (a) SCMS-CA, (b) SCMS-LA, (c) SCMS-SA and (d)
SCMS-OA nanoparticles
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Table 4.1: Average particles size of SCMS nanoparticles

Micrograph | Nanoparticles | Average size, nm | Standard deviation, nm
a SCMS-CA 84 17.19
b SCMS-LA 64 5.12
d SCMS-SA 37 2.60
e SCMS-0OA 62 2.5

432 EDX Spectroscopy

EDX spectroscopy is used to confirm the formation of SCMS nanoparticles. Each

relevant peak from EDX mapping indicates the elements present in the SCMS

nanoparticles, while the functionality of fatty acid on the surface of the SCMS

nanoparticles were confirmed by the strong peak at 0.3 keV and 0.5 keV, corresponding

to carbon (C) and oxygen (O), respectively, as shown in Figure 4.6. The detected elements

include molybdenum (Mo) and sulphur (S), which comes from molybdenum sulphide

core nanoparticles, while C and O originated from the capping agent. Quantitative EDX

analysis tabulated in Table 4.2 further confirms the formation of a fatty acid layer

surrounding molybdenum sulphide nanoparticles in terms of weight and atomic

percentages.

keV

Figure 4.6: EDX mapping of (a) SCMS-CA, (b) SCMS-LA, (c) SCMS-SA and (d)

SCMS-OA nanoparticles
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Table 4.2: Elemental composition of SCMS nanoparticles

Composition Sample Mo S C O Mo/S ratio
SCMS-CA 4.43 1.22 10.42 2.51 3.6
. SCMS-LA 11.48 3.02 34.00 14.68 3.8

0)

Welght % I —sevissa | 700 | 280 | 4024 | 753 25
SCMS-OA 8.67 3.78 38.48 7.15 2.3
SCMS-CA 4.16 3.42 78.26 14.16 1.2
Atomic % SCMS-LA 3.03 2.37 71.44 23.16 1.3
0 SCMS-SA 1.86 2.19 84.13 11.82 0.8
SCMS-0OA 2.34 3.06 83.02 11.58 0.8

The chemical formula and percentage composition of the capping agent in SCMS

nanoparticles are listed in Table 4.3. Chemical analysis shows that the sulphur content for

SCMS-CA, SCMS-SA, and SCMS-OA nanoparticles correspond to MoS», while only

SCMS-LA nanoparticles are correlated with MoSs.

Furthermore,

SCMS-LA

nanoparticles appear to have the highest atomic percentage of capping agent compared

with other SCMS nanoparticles, followed by SCMS-CA, SCMS-OA, and SCMS-SA

nanoparticles.

Table 4.3: Chemical composition and composition of capping agent present in
SCMS nanoparticles

Nanoparticles Composition, MoSyC; | Composition capping agent (%)
SCMS-CA Mo0S1.97Cs.46 78.41
SCMS-LA M0S3.02C19.60 84.80
SCMS-SA Mo0S2.09C2.52 47.19
SCMS-0OA Mo0S151C3.47 63.90
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433 FTIR Spectroscopy

In the current study, FTIR analysis was conducted to study the adsorption of the
capping agents on the surface of the SCMS nanoparticles. The resemblances between
FTIR spectra were shown in Figure 4.7, where (b) SCMS-LA nanoparticles were being
compared with (a) MoSz, which is the non-capped nanoparticles, and (c) lauric acid. The
lauric acid in spectrum (c) display two vibration bands, respectively, at 2918 cm™ and
2851 cm?, indicating asymmetric and symmetric stretching of CH.. Additionally,
identical bands at similar wavenumbers (2920 and 2853 cm!) are also present in SCMS-
LA nanoparticles in spectrum (b). Moreover, the band at ~680cm™ can be identified as
the rocking vibration of CH>, which usually appear in compounds with long alkyl chain
—(CHa)n- of n greater than three. This band also appear in spectrum (b) at 671 cm™,
confirming the presence of fatty acid in modified nanoparticles. The band at 1698 cm™ in
lauric acid spectrum indicates stretching of the C=0 bond, while the band at 1298 cm*
indicate C-O bond stretching. However, this band did not appear in spectrum (b),
suggesting that there are no free lauric acid present in the SCMS-LA nanoparticles. Bands
at 1427 cm™ and 940 cm™ were present due to the in-plane and out-plane bending of O-
H. Nonetheless, FTIR spectrum for SCMS-LA nanoparticles in (b) shows the presence of
two new bands at 1530 and 1404 cm™ as being assigned to the stretching of Vasymmetric
(COO") and vsymmetric (COQ") properties, respectively. Its appearance prove that the fatty
acid is chemisorbed in the form of carboxylate onto the surface of molybdenum sulphide

nanoparticles (Limaye et al., 2009) instead of physical adsorption (S. Chen & Liu, 2006).
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Figure 4.7: FTIR Spectra comparison of (a) MoS2 nanoparticles (b)SCMS-LA
nanoparticles, and (c) lauric acid

A similar interpretation approach was repeated for Figure 4.8, where the FTIR spectra
of surface modified molybdenum sulphide nanoparticles with various fatty acid were
compared, namely (a) SCMS-CA (b) SCMS-LA (c) SCMS-SA, and (d) SCMS-OA
nanoparticles. The assignment of these FTIR peaks can be summarised in the manner
shown in Table 4.4. We can assume that the molybdenum sulphide nanoparticles were
successfully capped using fatty acid based on the appearance of fatty acid bands in the
modified nanoparticles spectra. However, in Figure 4.8 (c) and (d), it can be seen that the
appearance of bands at around 2300 cm™ cam barely be seen compared to its (a-c)
counterpart. It is suggested that the thick layers of capping layer of stearic and oleic acid
cause hindrance to the vibration of the core nanoparticles as both have long 18-carbon

alkyl chain length.
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Table 4.4: FTIR band comparison between various types of SCMS nanoparticles

Spectrum | Nanoparticles Wavelength (cm™) Assignation
a SCMS-CA 2949.80, 2859.19
b SCMS-LA 2922.30, 2853.38 CH; asymmetric and
c SCMS-SA 2918.19, 2850.03 symmetric stretching
d SCMS-OA 2928.52
a SCMS-CA 1533.70, 1402.65 .
b SCMS-LA 1530.08, 1404.37 Vasymmeric (COO") and vsymmetic
b SCMS-SA 1503.30, 1412.45 | (COO) stretching of fatty acid
d SCMS-OA 1519.34, 1435.74 on MoS nanoparticles
a SCMS-CA 669.26
b SCMS-LA 671.62 rocking vibration of CHz in
c SCMS-SA 666.74 alkyl chain of fatty acid
d SCMS-OA 673.93
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Figure 4.8: FTIR Spectra of surface capped molybdenum sulphides nanoparticles
where (a) SCMS-CA, (b) SCMS-LA, (c) SCMS-SA and (d) SCMS-OA

nanoparticles
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4.3.4 Raman Spectroscopy

The presence of the carboxyl functional group of fatty acids at the surface of
molybdenum sulphide nanoparticles determined from Raman spectroscopy are in
excellent agreement with the results reported by the FTIR analysis. In this study, Raman
data were obtained from 100 - 1800 cm™. The main characteristics of Raman bands of
each nanoparticle are shown in Table 4.5. Each band were interpreted in accordance to
(Otero et al., 2014). The main focus of this analysis is that the Raman characteristic bands
between 900 - 1800 cm™, where the Raman shift between 948 - 993 cm™ are linked to the
C-C stretching vibrations between alkyl chain for fatty acid, as per Figure 4.9 (b-e).
Furthermore, the presence of the symmetric vibration of carboxylate salt (COO) is
evident in all SCMS nanoparticles at a Raman shift of ~1400 cm™. However, the different
carbon chain length in the SCMS nanoparticles around this region makes it almost
undetectable due to the weak intensity of this band. Contrarily, there is a lack of any
Raman band within this region in the MoS, nanoparticles, as shown in Figure 4.9 (a),
which proves that the region beyond 900 cm™ represents fatty acid. Raman data for any
motion in molybdenum sulphide were obtained from 100 - 9 cm™. Comparing the Raman
spectra of MoS, and SCMSs nanoparticles, it is possible to see multiple bands between
280 - 334 cm® and 337 - 407 cm™*, which may be assigned to the motion between Mo-S

atoms and S-S atoms, respectively (Zabinski & McDevitt, 1996).
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Table 4.5: Characteristics Raman bands assignation

Spectrum | Nanoparticles Raman Shift (cm™) Intensity Assignment
a MoS; N/A N/A
b SCMS-CA 1404 m
c SCMS-LA 1432 S l)symnk;etric (ICOO)I of
carboxylate salt
d SCMS-SA 1430 m
e SCMS-OA 1432 S
a MoS; N/A N/A
b SCMS-CA 993 S .
b SCMS-LA 948 s p(ﬁHZ) g f'ong a'kg'
chain of fatty aci
d SCMS-SA 949 m
e SCMS-OA 947 S
a MoS; 377 m
E ggmgfﬁz 2?; r: Motion of the Mo & S
d SCMS-SA 404 s jioms
e SCMS-OA 402 S
a MoS; 282,334 s, m
b SCMS-CA 280, 334, S, S
c SCMS-LA 292, 322 m, w S-S atoms interaction
d SCMS-SA 297 w
e SCMS-0OA 296, 319 m, W

s = strong, m = intermediate and w = weak, N/A = not applicable
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Figure 4.9: Raman Spectra of surface capped molybdenum sulphides
nanoparticles where (a) MoSz, (b)SCMS-CA, (c) SCMS-LA (d) SCMS-SA and (e)
SCMS-OA nanoparticles
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435 XRD Spectroscopy

The XRD spectra in Figure 4.10 exhibit one broad peak and a broad feature, proving
that long-range order crystalline is absent in all SCMS nanoparticles. XRD spectra is of
a typical amorphous product (Duphil et al., 2002). The broad peak located at 26 = 8.0°
correspond to the (002) plane Bragg reflection of the hexagonal 2H-MoS; structure
(Panigrahi & Pathak, 2013), then continues beyond 15°. Moreover, (002) diffractions at
20 = 14.4° as shown in literature (Liang et al., 1986), does not appear in the XRD plots,

which suggest that the stacking of single layer nanoparticles did not take place.
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Figure 4.10: XRD Spectra of surface capped molybdenum sulphides nanoparticles
where (a) SCMS-CA, (b) SCMS-LA (c) SCMS-SA and (d) SCMS-OA
nanoparticles
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43.6 TGA Analysis

In surface capped nanoparticles, the size and the type of cation on the surface are
greatly affected by the amount of coating materials (Jayesh D Patel et al., 2012). Thus,
we used TGA to analyse the amount of fatty acid of modified skin on the surface of
nanoparticles. Figure 4.11 shows the TGA plots of all SCMS nanoparticles, where the
heating temperature are between 30 - 950 °C. For SCMS-CA, SCMS-LA, and SCMS-
SA nanoparticles, loss of mass begins at ~200 °C, whereas for SCMS-OA, loss of mass
occurs at ~300 °C, due to the decomposition of the fatty acid layer surrounding the surface
of the nanoparticles (Kreivaitis et al., 2014). The entire elimination of fatty acid layer
falls within 250 - 450 °C. Then, the decomposition of core nanoparticles takes place at a
higher temperature, as early as 700 °C, and up to 800 °C. From this TGA plot, the
respective weight composition of caproic, lauric, stearic, and oleic acid in each SCMS
nanoparticles were 40.80 (w/w) %, 44.19 (w/w) %, 57.30 (w/w) %, and 53.01 (w/w) %.
Among these plots, SCMS-OA nanoparticles exhibit sharp decrease in the mass loss,
suggesting that oleic acid has the strongest monolayer bound surrounding SCMS

nanoparticles.
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Figure 4.11: TGA Analysis of SCMS nanoparticles
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4.4 Tribological Study

To understand the tribological behaviour of SCMS nanoparticles as an additive in
PETC ester, quantitative analyses were carried out for different capping agents,
concentrations, and load applied on each product. The results of the coefficient of friction,

extreme pressure behaviour and wear scar diameters were obtained from four-ball test.

4.4.1  Coefficient of Friction (CoF) Analysis

The CoF data were collected from the four-ball friction test. The variation of CoF as a
function of concentration of the additives in bio-based lubricant oil under 400 N load is
illustrated in Figure 4.12. From this figure, it can be seen that SCMS nanoparticles can
reduce CoF of steel-steel pair compared to those of the bio-based lubricant without the
addition of additive. Different SCMS nanoparticles show different friction reduction

ability, with each reporting a different concentration of optimum friction improvements.

Among the various types of SCMS nanoparticles, the highest friction reducing
properties were obtained when the SCMS-LA nanoparticles concentration is 0.075 (w/w)
%, at a percentage of 15.40 %. At this point, they can be embedded into the worn surfaces,
while the pan furrows on the metal surface were filled with additives. The boundary film
become thicker and smoother, which helps reduce friction between the contacting metal
surfaces. Moreover, the ball-like shape of SCMS nanoparticles leads to the rolling effect
mechanism between the friction surface, altering the pure sliding friction to mixed

sliding-rolling friction (Tang & Li, 2014).

At very low additive concentrations (below optimum concentration), SCMS
nanoparticles are highly dispersed in bio-based oil and are able to undergo the rolling
mechanism of the sphere-like shape of SCMS nanoparticles between two contacting
metal surfaces (Dai et al., 2016). However, the presence of SCMS nanoparticles in the

bio-based lubricant oil is limited, and it was unable to form adequate amount of deposited
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film to minimise the self-reducing effect of nanoparticles filling the dents of wear surface
(M. Qu et al., 2016). Thus, higher concentrations of loaded additives lead to more

nanoparticles filling the dents, and subsequently decreased the CoF.

As the concentration of additives increases beyond that of the optimum concentration,
friction will also increase. This takes place due to the SCMS nanoparticles filling up all
of the furrow and holes up to the point of saturation. At high concentrations of SCMS
nanoparticles, the unfilled nanoparticles tend to accumulate and form large
agglomerations. They become hard to disperse, making it difficult to penetrate the
interface of the bio-based lubricant oil to decrease the shear stress (llie & Covaliu, 2016).
Nevertheless, these large agglomerated nanoparticles in the bio-based lubricant oil act

similarly to debris particles, which lead to the presence of abrasive-like wear.
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Figure 4.12: Average Coefficient of friction (CoF) of bio-based lubricant oil
without additive and bio-based lubricant oil containing 0.025 to 0.125 (w/w) %
additive (maximum uncertainty: 8.335 x 10°)
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4.4.2  Extreme Pressure (EP) Analysis

The SCMS-LA nanoparticles at a concentration 0.075 (w/w) % demonstrated the best
ability to reduce friction. The sample was then further analysed using EP analysis by
varying the applied load from 400 N up to 1800 N for 10 s using the four-ball instrument.
Figure 4.13 show the variation of CoF with the load under the lubrication of bio-based
lubricant oil without additives and bio-based lubricant oil containing 0.075 (w/w) % of
SCMS-LA nanoparticles. It is seen that SCMS-LA nanoparticles can effectively reduce
friction. From the figure, we can detect the small differences of the CoF between two
samples under a lower test load (800 N). The difference in CoF of both samples gradually
increases up to 1,600 N, indicating that SCMS nanoparticles can effectively improve
load-carrying capacity of the bio-based lubricant oil over a wide range of the applied load.
Among the loads, SCMS nanoparticles shows high load carrying ability specifically at a
load of 1,600 N at a reducing factor of 174.77 %. This could be due to the stable dispersion
of SCMS nanoparticles in the bio-based lubricant oil that can be readily transferred onto
the contact zone of rubbing steel surfaces for deposition to form a protective surface and
lubricious layer, thus reducing friction (Zhang et al., 2014a). Moreover, smaller SCMS
nanoparticles are able to easily penetrate the interface of base oil to form a continuous oil

film in the concave of the rubbing surface, thus exhibiting a lower CoF (Shia et al., 2014).
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Figure 4.13: Average Coefficient of friction (CoF) of bio-based lubricant oil only
and bio-based lubricant oil containing 0.075 (w/w) % SCMS-LA nanoparticles at
different load (maximum uncertainty: 5.735 x 10°)

Figure 4.14 shows the correlation of CoF with different loads using bio-based lubricant
oil vs. time. For Figure 4.14 (a), at low loads (400 N), the CoF of bio-based lubricant oil
without additive is low. This could be due to the thin film being formed can be used to
withstand the load. As the load was increased to 600 N, the thin film starts to degenerate,
which increased the CoF. From the same figure, at 600 - 1400 N, the CoF showed a strong

increase at the beginning, followed by a sharp decrease.

The sudden fluctuation of CoF could be caused by the “running-in effect”, where the
thickness of the oil film is too thin, therefore, contact begins at the top of the asperities,
increasing CoF and WSD (Nogueira et al., 2002). This phenomenon is called boundary

lubrication, and a sudden increase in localised pressure causes sound turbulence, high
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wear rates, and severe damages (Lugt et al., 2001). Later, the contacting surface area
becomes smoother, and their wear rate is subsequently decreased and stabilises. At 1800
N, the CoF increases until it reaches maximum point, then rapidly decreases. This
situation occurs when surface is welded together as the lubricant evaporates due to the

high temperature and pressure.

Figure 4.14 (b) show the relationship between CoF and different loads using bio-based
lubricant oil with the presence of an additive. This graph shows an almost similar pattern
to the one lacking additive, however, it shows lower peak of asperity and CoF. At
maximum load (1800 N), bio-based lubricant oil with an additive is able to retain CoF for
a while, before it drops significantly compared to the lubricant without an additive. This

shows that the addition of SCMS nanoparticles result in EP properties.
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Figure 4.14, continued
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Figure 4.14, continued
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Figure 4.14: Variation of COF with load from 400 N to 1800 N in 10 seconds for
(a) bio based lubricant oil without additive and (b) bio-based lubricant oil with
addition 0.075 (w/w) % SCMS-LA nanoparticles

4.43  Wear Scar Study

In relation to the average CoF discussed in previous section, the use of SCMS
nanoparticles as additives in bio-based lubricant oil could also decrease WSD on ball
bearing collected from the four ball test. Based on Figure 4.15, bio-based lubricant oil
that were infused with additives reduced WSD compared to bio-base lubricant oil without
additives. From the graph, the average WSD of the bio-base lubricant oil without additive
is 702 um. The lowest average WSD achieved from this test is 597 um, where the addition
of 0.100 (w/w) % SCMS-OA additives can reduce the WSD by 14.96 %. Most formulated
bio-based lubricant oil with the addition of SCMS nanoparticles successfully reduced

WSD by 4.81 - 14.96 %.
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Figure 4.15: Average wear scar diameter (WSD) of bio-based lubricant oil only
and bio-based lubricant oil containing 0.025 to 0.125 (w/w) % additives

Impressively, the wear reduction rate of SCMS nanoparticles increased with increasing
alkyl chain length of the capping layer. The interpretations for this behaviour could be
that SCMS-OA has the best load carrying capacity of adsorbed layer and balance between
dispersibility to bio-base oil, as well as adsorption ability of the metal surface of
carboxylic acid (Kamimura et al., 2006). From literature, the friction coefficient is
directly proportional to unsaturation (Lundgren et al., 2008). We can see from the figure
that at a concentration of 0.050 (w/w) %, SCMS-OA display much higher WSD reduction
capability compared to SCMS-SA. Nevertheless, at concentration of 0.050 (w/w) %, of
additives, WSD exhibit slightly increase here and then decreases as concentration
increases. This is happened due to SCMS nanoparticles are at scarce and the primary wear

mechanism is abrasive wear. With the increase in additives concentration, protection film
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formed at the contact region which then prevent the asperities on the matting surface from

direct contact between each other (Zhang, 2016).

The difference in WSD between SCMS-SA and SCMS-OA can be related to the
structural properties of surface capping film and the rate of penetration of lubricant oil
(Doig et al., 2013). Increased wear size occurs when the rate of lubricant penetration
increase, which induces the additives into more intimate contact with metal surface.
Compared to stearic acid, oleic acid in SCMS-OA nanoparticles possess a cis-isomer
structure with a bended alkyl chain, thus lowering the monolayer’s thickness surrounding
the core nanoparticles and increasing the additives’ metal adsorption (Wood et al., 2016).
Furthermore, the presence of one double bond on the backbone of oleic acid provides an
implicit rigidity and reported lower lubricant penetration into the surfactant film. Thus,

SCMS-OA tend to adsorb more on the metal surface under similar tribological conditions.

Figures shown in Table 4.6 show the SEM metallographs at 250 x magnification to
accommodate the size of scar and measure the dimension. Scar using bio-based lubricant
oil only and bio-based lubricant oil with SCMS nanoparticles additives show distinctly
unique visible features. Bigger scar size of bio-based lubricant oil can be seen in the
presence of increased wear. The topography of smooth surface ball bearing getting
rougher due to the enhanced asperity-asperity contacts, followed by debris of wear
(Kumar Dubey et al., 2013). Moreover, the groove size appears to be larger, and the
distance between each groove is much wider. Scar size due to the bio-based lubricant oil
added with nanoparticles is much smaller in size. The presence of a dark third body
deposited between the groove indicate the presence of tribo-layer of nanoparticles
additives, which results in friction and wear reduction. This phenomenon can further
confirm the fact that SCMS nanoparticles is an excellent antiwear and friction improver

additives in a bio-based lubricant.
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Table 4.6: Wear scar images of bio-based lubricant oil without additive and bio-
based lubricant oil containing 0.025 to 0.125 (w/w) % additive

Additive
Loading
(wiw) %

Bio-based lubricant oil without additive

(1)

SCMS-CA
ngnopartviclewsy

SCMS-LA

SCMS-SA

0.025

0.050

0.075

0.100

0.125

nanoparticles

nanoparticles | nanoparticles

SCMS-OA
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Figure 4.16 shows the graph of the wear scar diameter vs. applied load for both the
bio-based lubricant oil without additive and bio-based lubricant oil with the addition of
0.075 (w/w) % SCMS-LA nanoparticles. From the trend of the plot, samples with
additives reported smaller WSD compared to the samples without additives at all load
parameters, and at 1600 N, samples with additives reported the largest WSD difference
with a 39.75 % size reduction. Small differences in WSD at low loads compared to higher
difference at high loads from the graph indicate that SCMS-LA nanoparticles as additives
improves the capacity of carrying load and increase the operation of lubricant oil at

extreme loads.

Furthermore, both samples showed that the starting point of the insipient seizure on
the contact surface occurred at 400 N, and point of last non-seizure ends at 800 N.
Incipient seizure reveals that the lubrication film is collapsing, leading to metal-metal
contact, and cause test ball scar diameter to no longer be on the compensation line. The
highest test load that yield largest WSD is 1600 N prior to both samples reaching the weld
point at 1800 N. The weld point is the load at which the lubricant thoroughly fails and
evaporates, leading to metal-metal fusion to take place due to the excessive heat and high
pressure being generated between two rubbing surfaces. Figure 4.17 display schematic

plot of WSD vs. applied load from (Totten et al., 2003).
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Figure 4.17: Schematic plot of WSD against applied load
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Images in Table 4.7 show the morphologies of the worn surface lubricated with bio-
based lubricant oil, with and without additives at different applied loads. It can be seen
that the WSD of the latter image is much smaller and its worn surface smoother. The
applied load and scar size is almost directly proportional. Fatty acid capping SCMS
nanoparticles in bio-based lubricant oil can be effective in reducing friction when it is
able to form metallic soap molecules to protect the surface of the metal. However, this
protective film will collapse if the load becomes too much from high temperature and
pressure between the contacting surface generated from a large amount of friction

(Gellman & Spencer, 2002).

At higher loads, starting from 1200 N, as shown in Table 4.7 (5-7a) along the edge of
the metal surface, the material transfer during adhesion can be ascertained, as per (5-7b).
Images in Table 4.7 (7a) shows the highest material transfer, severe wear, cross hatching
crack, and delamination compared to (7b). This anomaly occurs after the fracture of oil
film, resulting in metallic contact. This metal-to-metal contact induced the adhesion of
micro asperities and plastic deformation of the surface. Thus, it shows that the additive in
the lubricant (SCMS-LA nanoparticles) is able to actively protect the surface and reduce

material transfer from wear and friction.
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Table 4.7: Surface morphology of wear scar formed on the ball after EP test using
calibrated optical microscope

Applied
Load (N)

Bio-based lubricant oil only

Bio-based lubricant oil with

addition 0.075 (w/w) % SCMS-LA

400

600

800

1000

Table 4.7, continued
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Table 4.7, continued

Applied Bio-based lubricant oil onl Bio-based lubricant oil with
Load (N) Y| addition 0.075 (w/w) % SCMS-LA
1200
1400
Material Small material
transfer Delamination transfer
1600
Wear less
Severe pejamination severe
wear
(7a) (7b)
1800 Welded Welded
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4.5 Physiochemical study of formulated bio-based lubricant oil

Among various type of SCMS nanoparticles studied in this research, SCMS-LA
nanoparticles in bio-based lubricant oil shows the optimised and best antiwear and
antifriction behaviour. Thus, it was selected for further analyses of its physiochemical
properties, such as sedimentation, dispersion, viscosity, and density. The difference
between surface capped and uncapped molybdenum sulphide will be detailed and

discussed.

451 Sedimentation Study

Sedimentation test and dispersion analysis was conducted to determine the colloidal
stability of SCMS nanoparticles as an additive in bio-based lubricant oil. The
dispersibility of the additives will begin stabilising as soon as the agitation in blending
process stops and dispersion is more or less stable based on the ability of nanoadditives
to remain suspended (llie & Covaliu, 2016). If the additive loaded into bio-based lubricant

oil are well dispersed, the formation of sediments will be minimised.

Table 4.8 illustrate the stability of uncapped molybdenum sulphide (UCMS)
nanoparticles and molybdenum sulphide nanoparticles capped with lauric acid (SCMS-
LA) at different concentrations, ranging from 0.025 to 0.125 (w/w) % in PETC ester. The
dispersing stabilities of additives in bio-based lubricant oil can be analysed from the
aspect of light transmittance. Higher light transmittance can pass through bio-based
lubricant oil sample, proving that more nanoadditives settled due to gravitational effect.
Most common dispersed phase (additives) is denser than the continuous phase (bio-based
oil), thus the additives will sediment to the bottom of bio-base oil with the passage of
time. From the results, bio-based lubricant oil containing UCMS nanoparticles show
greater sedimentation based on the clarity of the continuous phase and higher sediment at

the bottom of the bottle, even at just 7 days compared to the SCMS-LA nanoparticles. It

81



is also confirmed that the dispersibility of capped molybdenum sulphide is far better than
its uncapped counterpart at all range of loading concentration. It was suggested that long-
aliphatic chain of fatty acid grafted on molybdenum sulphide nanoparticles on the surface
formed lipophilic groups, which helps disperse the adducts in the bio-based oil.

Table 4.8: Digital images of the dispersion and sedimentation behaviour of SCMS-

LA and UCMS nanoparticles after loading after 7 and 30 days for various additive
concertation

Additive SCMS-LA nanoparticles UCMS nanoparticles
Loading After After 7 After 30 After After 7 After 30
(w/w) % | Loading days days Loading days days
0 | | | | | |
0.025
0.025 0.025 0.025
0.050 |
0.050 0.050 0.050 0.050 0.050

Table 4.8, continued
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Table 4.8, continued

Additive SCMS-LA nanoparticles UCMS nanopatrticles
Loading After After 7 After 30 After After 7 After 30
(w/w) % | Loading days days Loading days days

0.075

0.075 0.075 0.075
0.100
0.125
0.125 0125 | 0.125

The model of fatty acid monolayer surrounding SCMS nanoparticles were established
and displayed in Figure 4.18 based on the results of the nanoparticles characterisation.
Since molybdenum sulphide nano-core was embedded in the monolayer of fatty acid, the
dispersion capability in organic solvent, especially in PETC ester, was improved
accordingly, as the alkyl chain in fatty acid exhibit polar behaviour. The schematic
diagram in Figure 4.19 represent the interaction between SCMS nanoparticles with

bio-based lubricant oil.
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Figure 4.18: Model of SCMS nanoparticles where R is long alkyl chain with
carbon number (n), n=4,10,16 (saturated) and 16 (unsaturated) for SCMS-CA,
SCMS-LA, SCMS-SA and SCMS-OA respectively

Figure 4.19: Schematic diagram of single layer of fatty acid capped molybdenum
sulphide nanoparticles in bio-based lubricant oil (PETC ester)
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45.2  Microscopic Dispersion Analysis

To further investigate the dispersion and agglomeration of SCMS nanoparticles in bio-
based lubricant oil, dispersion analysis was carried out using optical microscopy. Images
in Table 4.9 shows the dispersion and agglomeration of SCMS-LA and UCMS
nanoparticles. The concentration of the SCMS-LA and UCMS nanoparticles ranged from
0.025 - 0.125 (w/w) %. Many large UCMS nanoparticles aggregates were seen in the
images of UCMS nanoparticles suspension, even at all range of additive concentration
(as shown in Table 4.9 (1-5a)). However, at low concentrations of SCMS-LA
nanoparticles, the size of the aggregates decreased after the modification of molybdenum
sulphide surface with fatty acid. As the concentration of SCMS-LA increases, the
aggregates begin to appear (Table 4.9 (5b)), but at a much lesser rate compared to the

UCMS nanoparticles (Table 4.9 (5a)).

The immense aspect ratio and remarkably small diameter of the UCMS nanoparticles
resulted in very intense Van der Waals interactions between each particle (C. S. Chen et
al., 2005). Unmodified UCMS were coagulated and aggregated. Due to the presence of
the capping layer surrounding the SCMS-LA nanoparticles, the hydrophilic segment
(alkyl chain) of lauric acid were dispersed into the PETC ester, causing the appearance of
lauric hindrance force that separates them from one another. However, at high
concentrations, the aggregation of SCMS-LA nanoparticles could still occur due to

overcrowding, and the additives lack the space for efficient dispersion.
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Table 4.9: Metallographic micrographs of UCMS and SCMS-LA nanoparticles at
different loading percentage

Additive
Loading
(wiw) %

UCMS nanoparticles

SCMS-LA nanoparticles

0.025

0.050

0.075

(3b)

Table 4.9, continued
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Table 4.9, continued

Additive
Loading UCMS nanoparticles SCMS-LA nanoparticles
(w/w) %

0.100

0.125

45.3  Viscosity Analysis

Table 4.10 shows the kinematic viscosity at test temperatures of 40 and 100°C. The
viscosity index (V1) of formulated bio-based lubricant oil sample consist of additives
ranging from 0 - 0.125 (w/w) %. From the results, there is no significant difference in the
viscosity before and after the addition of additives at both temperatures. The viscosity of
all samples were between 29.7 - 30.0 cSt, and 5.9 - 6.0 ¢St for temperatures 40 and 100
°C, respectively. As the concentration of the additives increases, viscosity remains almost
similar, which suggests that additive loading does not affect viscosity at both test
temperatures. Moreover, there is no significant difference in viscosity between UCMS

and SCMS-LA nanoparticles added lubricants at both test temperatures, which proves
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that the modification of the surface of the nanoparticles with capping agent does not affect
the viscosity of bio-based lubricant oil.
Table 4.10: Kinematic viscosity at 40 and 100 °C and viscosity index of

formulated bio-based lubricant oil, loaded with SCM-LA and UCMS nanoparticles
at concentration up to 0.125 (w/w) %.

Additives UCMS nanoparticles SCMS-LA nanoparticles
Loading Viscosity (cSt) Viscosity Viscosity (cSt) Viscosity
(wiw) % o oc | Index, o o Index,

40 °C 100 °C V1) 40°C | 100°C V1)

0 29.8 5.9 147 29.8 5.9 147
0.025 30.0 5.9 147 29.7 5.9 148
0.050 30.0 5.9 148 29.8 5.9 150
0.075 30.0 5.9 148 30.0 6.0 151
0.100 30.0 6.0 149 29.8 6.0 151
0.125 30.0 6.0 149 29.7 6.0 154

However, there is significant difference in the VI between bio-based lubricant oil before
and after the addition of additives. Literature points out that if the VI increases, the rate
of viscosity will be lower with increasing temperature of the lubricant oil. (Zulkifli et al.,
2014). Therefore, additives that can improve the VI of lubricant oil is preferred, as the
performance of the lubrication is affected by temperature fluctuations. Figure 4.20 shows
that as the concentration of additive load increases, VI also increases. Between the UCMS
and SCMS-LA nanoparticles being added into the bio-based lubricant oil, the latter
exhibit higher increment, while the maximum VI for SCMS-LA and UCMS added
lubricant is recorded as high as 154 and 149, respectively. The VI results proves that the
SCMS-LA nanoparticles improve not only wear and friction, but enhance the VI of bio-
based lubricant oil. The enhancement of the VI is attributed to the presence of hydroxyl
functional group surrounding SCMS-LA nanoparticles, which can affect the lubricating

performance of bio-based lubricant oil (Quinchia et al., 2014).
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Figure 4.20: Relationship between additive concentration and viscosity index of
UCMS and SCMS-LA nanoparticles added bio-based lubricant oil

45.4  Density Analysis

Table 4.11 compare the density at 15 °C of the bio-based lubricant oil in pristine form
and bio-based lubricant oils infused with SCMS-LA and UCMS nanoparticles at
concentrations between 0.025 - 0.125 (w/w) %. The density of both bio-based lubricants
with and without additives are almost similar, within 0.958 - 0.960 g/cm? throughout the
different concentrations of additives. This shows that even at higher concentrations of
additives, the density of the lubricant remains almost similar. There is also no significant
difference between UCMS and SCMS-LA nanoparticles, which implies that the
modification of nanoparticles using capping agent does not affect the density of lubricant

oil.
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Table 4.11: Density at 15 °C of formulated bio-based lubricant oil, loaded with
SCM-LA and UCMS nanoparticles at concentration up to 0.125 (w/w) %.

Additives Loading

Density at 15 °C, (g/cm?®)

(W/w) % UCMS nanoparticles SCMS-LA nanoparticles
0 0.958 0.958

0.025 0.959 0.958

0.050 0.959 0.960

0.075 0.959 0.959

0.100 0.959 0.960

0.125 0.959 0.959
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CHAPTER 5: CONCLUSIONS AND RECOMMENDATIONS

51 Conclusion
The objectives of this work have been successfully accomplished. The following

conclusions can be drawn based on the results reported in the previous subsections.

i.  Synthesis of SCMS nanoparticles

SCMS nanoparticles were successfully synthesised via the solvothermal route
using a freshly prepared organometallic precursor and thioacetamide in a hexane
solvent. This reaction was conducted at a high temperature and pressure inside an

autoclave vessel, yielding favourable dark brown powder.

ii.  Characterisation of SCMS nanoparticles

It was found that all types of SCMS (SCMS-CA, SCMS-LA, SCMS-SA and
SCMS-OA nanoparticles) have average particles sizes between 62 - 84 nm. Moreover,
based on elemental study, it was confirmed that the presence of fatty acid layer
surrounding molybdenum sulphide nanoparticles and the composition by percentage
of capping agent are within 47.19 % (SCMS-SA nanoparticles) to 78.41 % (SCMS-
CA nanoparticles). It was proposed that this fatty acid compound was chemisorbed in
the form of carboxylate onto the surface of the core nanoparticles. Furthermore,
among various type of fatty acids, oleic acid was proven to possess the strongest

monolayer bound surrounding molybdenum sulphide nanoparticles.
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iv.

Study on the effect of capping agent and concentration on tribological

performance of formulated bio-based lubricant oil

The experimental results showed that bio-based lubricant oil containing SCMS-
LA nanoparticles at a concentration of 0.075 (w/w) % reduces the CoF by a factor of
15.40 % compared to the pure bio-based lubricant oil. The SCMS nanoparticles
functions as an antifriction additive by being embedded into the worn surfaces and
pan furrow on the metal surface. In terms of antiwear performance, the addition of 0.1
(w/w) % of SCMS-OA nanoparticles into bio-based lubricant oil resulted in the best
antiwear performance, at 14.96 % reduction, proving that SCMS-OA, at this
concentration has the best load carrying capacity of adsorbed layer and balance
between dispersibility to bio-base oil, as well as carboxylate adsorption ability on
metal surfaces. It is concluded that the wear reduction rate of SCMS nanoparticles

increased with increasing alkyl chain length of capping layer.

Study on the extreme pressure on tribological properties of formulated bio-based

lubricant oil

Formulated bio-based lubricant oil with the addition of 0.075 (w/w) % SCMS-LA
nanoparticles additive was used in this study based on its efficiency in reducing
friction. At lower loads, bio-based lubricant oil with additives reports small CoF
reduction, while at higher loads, the CoF reduction increases up to the welding point.
In terms of antiwear performance, bio-based lubricant oil with SCMS nanoparticles
as an additive shows less severe wear, lower material transfer, smaller cross hatching
crack, and delamination at extreme loads, suggesting that SCMS nanoparticles can
effectively improve load-carrying capacity of the bio-based lubricant oil over a wide

range of applied load.
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V.

Physiochemical and dispersibility study of formulated bio-based lubricant oil

SCMS-LA and UCMS nanoparticles at various concentration were added into the
bio-based lubricant oil used in this study. It was confirmed that SCMS-LA
nanoparticles showed slower aggregation and sedimentation, better dispersibility, and
longer dispersion stability at all concentration tested compared with UCMS
nanoparticles due to the presence of capping layer surrounding SCMS-LA
nanoparticles and hydrophilic segment (alkyl chain) of lauric acid. It was efficiently
dispersed in base oil, precipitating the presence of lauric hindrance force, forcing the

nanoparticles to separate from each other.

In terms of viscosity, increasing concentrations of nanoparticles loaded into bio-
based lubricant oil resulted in higher VI, while SCMS-LA nanoparticles showed
better VI compared to UCMS nanoparticles. This proves that the SCMS-LA can
highly improve VI of bio-based lubricant oil as high lubricant with high VI is
preferred. However, in the density study of formulated bio-based lubricant oil, it was
concluded that the addition of SCMS-LA and UCMS nanoparticles and increasing the

concentration of additives do not affect density.
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5.2

Recommendations for future work

In this work, four different types of SCMS nanoparticles were synthesised and blended

into one type of bio-based lubricant oil at various concentrations. The four ball wear tester

were used to study their tribological activities. Several suggestions and recommendations

noted for further development are proposed:

To investigate the influence of SCMS nanoparticles on the tribological
behaviour of different sources of bio-based oil. Different sources of oil have
different chemistry and compositions which can lead into different wear and
friction behaviours.

To examine the effect of different test temperature and speed on tribological
properties of SCMS nanoparticles added bio-based lubricant oil. Wear and
friction resistance are strongly affected by speed and temperatures thus this test
can increase understanding on additives behaviour in different test
environment.

To characterise the tribological characteristics using alternative friction and
wear tester, such as high frequency reciprocating rig (HFRR) tester and ball/pin
on disc wear tester. These instruments can characterise friction under different
lubrication situation such as under disc configuration and multidirectional wear

condition.
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