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IT.1. Introduction:

A lubricant's main component is lubricating oil, sometimes referred to as base oil or lube oil. They
are an intricate combination of aromatic, naphthenic, and paraffinic hydrocarbons with a broad
variety of molecular weights, viscosities, densities, and other properties. The primary purpose of
lubricating oils is to lessen the friction between metal surfaces when an engine is operating. Lube
oil has many different tasks to do in an engine in addition to reducing friction, such as reducing
temperature-related variations in viscosity of oil, facilitating the low-temperature circulation,
reducing the consumption of fuel, inhibiting corrosion, and so forth. Due to the extreme workload,
productivity suffered, necessitating regular oil changes. The need for technologically sophisticated
lubricant oil is growing due to advancements in technology and the variety of contemporary
engines available. This includes increased expectations for multimodal effectiveness, cost
effectiveness, and safeguarding the environment. Natural lubricants made of petroleum cannot
meet all of the demands of a contemporary engine. As a consequence, lubricating oil has a
significant amount of functional additives [1-6] to improve its already-existing qualities and
provide new functionality. Such substances are known as lubricating oil additives, and
commercialized lubricant refers to lubricant that has been loaded with additives. In base oil, the
additives are added as just one substance or in mixtures of two or more chemicals at varying
concentrations based on the requirements and field maintenance capability. In order to be
dissolved in base oil, the majority of additives are biologically composed of extended-chain
hydrocarbon units.

Generally, lubricating oil additives fall into three groups:

a) Surface — level additives: Such chemicals provide a barrier of protection on the metal
surfaces, preventing corrosion and wearing. Some examples of this type include excessive

pressure [1], friction modifiers, substances that inhibit corrosion [2], anti-wear (AW) [3], etc.
b) Additives for lubricant protection: The additives in lubricant oil are shielded by

lubricant protection additives from oxidation, elevated temperatures, fracture, etc. This class

includes antioxidants [4] and foam inhibitors [5].
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) Additive that improves performance: Such additives are incorporated to improve the
base oil's current qualities or add new ones. Viscosity modifiers (VM) [6], pour point depressants
(PPD) [7], detergents, dispersants, demulsifiers, and so forth are examples of frequently used

additives [8].

The current study involves synthesizing a few polymeric VM, PPD, and AW additives, then
characterizing and assessing their efficacy in base oils. The concise histories of these all three

categories of additives are shown here.

> Modifiers of viscosity: Materials that withstand viscosity alteration with temperature are
known as viscosity modifiers (VM) or viscosity index improvers (VII). They preserve a favorable
relationship within viscosity and temperature by increasing lubricating oil viscosity at higher
temperatures and reducing it at lower ones. A hypothetical metric used to indicate how viscosity
changes with temperature is the viscosity index (VI) [9]. The viscosity of the oil changes less with
temperature the higher the viscosity index, and the other way around. Figure IL.1. is representing
here, the general procedure of enhancement of volume of Viscosity Modifiers.

The viscosity fluctuates in lubricating oil as a function of temperature is represented by VI. The
soluble capacity of the additive in base oil, chemical behavior, molecular weight, and shear
stability all affect VM's efficacy. In base oil, the VM stays wrapped at low temperatures [10]. As
the temperature rises, the lubricating oil causes the spiral to swell and split up into a larger, chain-

like structure [11].

Figure I1.1. : Expansion of Viscosity Modifier with temperature

Base oil's viscosity increases as a result of the additives' increased volume, offsetting the natural
decrease in base oil viscosity with increasing temperature [12]. In addition to increasing efficient

volume in oil solution, VMs exhibiting greater molecular weights additionally display increased
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viscosity indices. When the viscosity of the base oil grows, an effective VM should become less
efficient at raising the viscosity of low viscosity oils.

An engine lubricant that meets both the low and elevated temperature requirements of the SAE
viscosity categorization system can be made with the right design. Figure IL.2. is representing the
structures of Polyisobutylene (PIB) [13], olefin copolymer (OCP), hydrogenated styrene isoprene
copolymer (SIP), polyacrylates, polybutadiene rubber (PBR), and other VMs are among the most
frequently documented VMs.

g el AN

\
Ethylene - propylene Polyisobytylene
Copolymer (OCP) (PI1B)

Hydrogenated styrene-isoprene
Copolymer (SIP)

Figure I1.2. : Structure of frequently utilized Viscosity Modifiers

> Pour point depressant:

There is usually a certain wax in organic base oils, which is a linear high molecular weight
hydrocarbon that starts to crystallize at a particular temperature known as the cloud point. The
crystals having a needle shape imprison the oil by forming a solid, grease-like matrix with
minimal wax. The procedure of crystal development intensifies as the temperature drops, and the
oil ultimately ceases streaming at that point.

Pour point is the smallest temperature at which oil is permitted to flow. Lube oil flow enhancers,
also known as pour point depressants (PPDs), are additives that lower the pour point of oil to
increase its low-temperature mobility. In colder locations, lubricants must function well, and this
requires a lower pour point. The majority of PPDs are polymethacrylates [15], polyacrylates [16],
vinyl acetate/fumerate copolymers [14] etc. have been represented in Figure I1.3.
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Figure I1.3. : Frequently utilized Pour Point Depressant
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The oil's wax crystal networks also contribute to a boost in viscosity. This impact is usually only
momentary since the shear force produced by a typical combustion engine is enough to cause the
wax to break. However, this may put the engine under additional strain and shorten its lifespan.
Chains of long hydrocarbons are present in polymeric substances that decrease the pour point.
Their morphological linearity hinders the formation of crystals and helps them coordinate with the

oil wax matrix.

> Anti wearing additives:

Anti-wear additives are lubricant additives that stop attachment between the metals amongst gear
component parts directly. Over time, wear on metal surfaces from consistent friction between
metal components reduces the efficiency of the engine. By creating a barrier, AW additives lessen
wear across the surfaces of metals. Powerful AW additives chemisorb or adsorb onto metal
surfaces. Occasionally electron transfer happens in between the absorbed molecule and the metal
surface in the event of chemisorptions [11]. This phenomenon has been depicted here in Figure

11.4.
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Figure I1.4. : Diagramatic representation of donor accepter bond between AW

additive and metal (Fe) surface
Organosulfur and organophosphorus materials, such as phosphates, dithiocarbamates, and organic
polysulfide, are commonly utilized additives for severe pressure [17] and AW applications. As an
antioxidant and corrosion inhibitory agents, zinc dialkyl dithio phosphate (ZDDP) is arguably the
most popular AW addition found in engine oil formulations [18]. Tricresyl phosphate (TCP) is

added to various crankcase oils, hydraulic fluids, and turbine engine lubricants for elevated
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temperatures usage as an AW and EP addition. Stearic acid works well as an AW addition in
colder temperatures (below 150 °C). The utilization of liquid crystals [3] and nanoparticles [19] as
AW additives has increased a little while back due to the harmful characteristics of the
aforementioned chemicals. Due to their favorable structures, they can both encapsulate surfaces of
metals through chemisorption or absorption. Structure of some AW components have been

represented in Figure IL.S.
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Figure IL.S. : Some Antiwear Additives

Extensive research has been conducted to elucidate the mechanism underlying anti-wear
chemicals. Additives for tremendous pressure interacts thermochemically with the metal surfaces
to generate robust, long-lasting protective coatings. This movie can tolerate harsh
safeguarding the metal surface from heat and mechanical pressure. There is a dearth of scientific
research on organisms with multifaceted qualities, despite the fact that several additions have been
examined and claimed to perform either solely as VM [20], PPD [21], or AW [22] additives or in
combination with one or more of these additives offering dual-functioning features as VM-PPD
[23] or VM-AW [24], among others. Contemporary engines and cutting-edge technology have
increased the requirement for affordable, environmentally friendly additives [25 - 27] with
versatile efficacy. In order to satisfy the aforementioned requirements, efforts were undertaken to
incorporate multidimensional capability into an individual additive device. Networks of liquid
crystallization merged polyacrylate were created and their multifaceted additive capabilities
assessed. To guarantee cost-effectiveness, a significantly smaller volume of liquid crystal was
used. The current study examines the idea of greener technologies by synthesizing and assessing
their efficacy of multimodal additives constructed from vegetable oil alongside additional green

monomers. Peanut oil, rice bran oil, and olive oil are examples of vegetable oils employed in the
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current research work. The experiment also utilized organically produced o and [ pinene as
ecological subunits. In addition to exhibit high biodegradability, the additive-doped lubricating
fluids demonstrated good multidimensional additive functionality. The study, in summary, covers
the preparation, characterization, and assessment of efficiency of several additives for lubricating
oils. FT-IR and NMR were used for spectroscopic characterization, and TGA (thermogravimetric
analysis) was used to determine thermal stability. The gel permeation chromatographic method
(GPC method) or viscometric measurement was used for determining the molecular weight of the
polymers. Ultimately, using conventional ASTM procedures on various base oils, the additives'
effectiveness in the form of viscosity modifiers (VM), pour point depressants (PPD), and anti-
wear agents (AW) were assessed. A few of the produced additives' oil hardening and degrading
stability (measured by means of shear stability) were also identified and documented. According
to ISO 846: 1997 guidelines, a biodegradability research was conducted utilizing the disc diffusion
method with a variety of fungal pathogens and a soil burial test. Some possible additives that can
be developed for usage in commerce have been identified by current research, and we will be
pursuing these in the not too distant future. Furthermore, the study has made a significant
contribution to the relatively unknown chemistry of lubricant additives and will undoubtedly

encourage new scientists to pursue lubrication technologies as a topic of study.

IT.2. References:

References are displayed in BIBLTOGRAPHY under General Introductory part of Chapter II,

that is, Wide-ranging analysis of polymeric exploration, synthesis and evaluation (pp. 216-
219).
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Background of the Present
Study



II.3. Background and Objectives:
Part - 1:

A material added to surfaces in touch with one another to lessen frictional force is called a
lubricant. Liquid or semi-liquid property can be situated in lubricants. Base oil and an additive
bundle are both present in the lubricant. Chemically speaking, base oils are the interconnected
blend of aromatic, paraffinic, and naphthenic hydrocarbons with a broad variety of molecular
weights. They exist within the environment in a variety of density levels, viscosities, and
distillation curves.

Base oils are anticipated to have a variety of additional functions, including temperature
resistance, low temperature flow ability, fuel economy, cost effectiveness, and engine lifetime
enhancement, along with to their fundamental role of smoothing the edges of metal to minimize
friction. But due to their limitations in terms of improving their qualities, traditional base oils
typically do not match modern technological standards. The needs of outstanding lubricants are
typically beyond the capabilities of base fluids mineral oil in devoid of the use of contemporary
additive expertise. Some additives are incorporated into basic oils with the goal of improving their
lubricating characteristics. Lube oil additives [1]are compounds that either give base oils
fresh capabilities or enhance their current qualities. Additives are selected based on the attribute
that has to be added to base oil. Compounds' physical and chemical characteristics are important
factors in how well they work together. Chemicals that fall under the category of additives include
plain organic molecules, polymers, inorganic compounds, etc. In base oil, they are utilized as a
single ingredient or as a combination of chemicals.

The sorts of additives can vary based on their effectiveness. Below is a list of some of the most
significant in this discipline. Multidirectional approach of Lube Oil Additives has been depicted
through Figure I1.6.
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Figure I1.6. : Various types of Lube Oil Additives

When added to basic lubricating the fluid such additives enhance its inherent qualities and
enhance field service longevity in current usage. The need for multifaceted additives is growing in
light of the high cost and potentially dangerous features of the chemicals employed in this
industry. In the modern engine oil industry, multimodal additives are crucial to technological
advancement. Global research efforts are progressively concentrating on creating additives with
several functions [2-6]. As per the prior research, a single system can exhibit several additive
capabilities in the context of multidimensional additive systems [7-10]. Thus, adding several
functionalities to a single platform has grown increasingly important in the modern world. In light
of this, the current study combines the three primary additive efficacies—VM, PPD, and AW—
into a single additive scheme. It will be extremely relevant to provide a quick discussion of the
VM, PPD, and AW lubricating oil additives in light of the current inquiry. The creation of
multifunctional polymeric additives with both PPD and VII capabilities is becoming more feasible
owing to a number of studies and the experience gained from using high molecular weight
molecules in the form of additives.

A viscosity modulator is explained by means of viscosity index (VI), an arbitrary value that
represents a lubricant's durability against viscosity variation with temperature, as stated in the

basic introductory part. Compounds known as viscosity moderators (VM) alter how quickly
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viscosity changes with temperature. The VI of base oil is raised in a specific temperature spectrum
by the incorporation of VM. Increased VI indicates a stronger durability to oil viscosity to
temperature changes. Once more, the kind and concentration of the additive affect a VM's
efficacy. When multiple grades motor oils are used, this property is the most noticeable.

VM [12] is often made up of long chain, large molecular weight polymer compounds. The the
ability to dissolve, molecular weight, and sensitivity to shear breakdown [13] of the polymer
compounds in the oil determine how well the VM performs. When the temperature rises, the
soluble capacity of polymers often rises because the molecules of the polymer shift from having
tight coils to an open configuration, which has a larger volume. The viscosity of the oil increases
as a result of this volume grows, offsetting the viscosity's natural decrease as temperature rises
[14, 15].

A larger molecular weight polymer has a greater viscosity index with respect to a smaller
molecular weight polymer of the identical category[17], because polymers with greater molecular
weights additionally improve the effective volume in an oil solution[16]. The minimum
temperature at which lubricating oil can circulate when chilled underneath particular
circumstances is known as the pour point[18]. For an engine to operate in a cold area, base oil
must have a low pour point. Most mineral oils typically comprise slightly dispersed wax, which
starts to break out as crystals when the oil cools down. These crystals create a stiff architecture
that locks the oil in tiny enclaves[19]. The oil lacked all capacity for circulation during testing
circumstances when the wax's crystal framework became sufficiently powerful. Eliminating all
wax components from the oil throughout refinement is one way to get minimal pour points.
However, the procedure leads to an upsurge in carbon deposition accumulation and a reduction in
base oil's stability during oxidation. Preventing the production of a wax crystal framework in the
oil at reduced temperatures is a different approach for achieving a lesser pour point. The polymer
components in the base oils can help accomplish this. These polymers, also referred to as pour
point depressants or flow improvers, stop wax from crystallizing and enhance flow characteristics.
Pour point depressants' alkyl chain length, structural characteristics, and composition of chemicals
all affect how effective they are. PPD's mode of functioning is a topic of great curiosity. PPD
chemicals were thought to wrap the wax crystal and stop them from growing any more. After that,
further acknowledged pathway engages polymer’s co operative crystallization of the polymer with

wax materials. Such process prevents the manufacture of three dynamical frameworks and

123



conserves wax materials in the form of an extensive little entity inside the oil and secures their
circulations [20-22].

The elimination of even a little bit of wax from oils is a challenging, pricey, and time-
taking technique. Pour point depressants convey an affordable way to easily facilitate the right
amount circulation of oil in an engine at lower temperatures. Light microscopy demonstrates that
wax crystals resemble thin sheets. The PPDs constitute the crystals of wax larger as well as
branching by co operative crystallization and more robust crystals can establish an advantageous
framework solely at a reduced temperature, which results minimal pour point.

The subsequent sentences provide a specific presentation of the findings made by earlier studies
relating VM and PPD. The manufacture and assessment of acrylate copolymers as a PPD in
lubricant oil formulations were covered by U.S. Patent No. 5834408. According to U.S. Patent
No. 4867894, petroleum oil's pour point characteristics were demonstrated by copolymers of
methyl methacrylate with an average molecular weight between 50,000 and 500,000.

The usage of polymethacrylate polymers alongside an average alkyl group chain length that varies
in between 12.6 to 13.8 is described in U.S. Patent No. 4956111. These polymers can lower the
pour point to 35 °C and in accordance with detergents and other additives, such as VII.

The olefin copolymer of conjugated carboxylic acid ester as PPD for lubricating oil is disclosed in
U.S. Patent No. 4906702.

A lubricating oil formulation with seven amounts of a polymer layout, soluble in oil, including a
particular quantity of ethylene a-olefin copolymer, exhibiting multiple-purpose qualities such as
PPD and VII characteristics, is disclosed in U.S. Patent No. 4088589.

The production of a dispersing agent VII and a pour point depressant of a terpolymer of maleic
anhydride, lauryl methacrylate, and stearyl methacrylate can be obtained in U.S. Patent No.
4668412. The manich base of amino ethyl pyparazine, paraformaldehyde, and 2, 6-ditertiarybutyl
phenol have been combined with dimethyl amino propyl amine and can formulate the above
agents.

A lubricating component with hydrogen containing butadiene-isoprene copolymers and PPD, VII
characteristics is also disclosed in U.S. Patent No. 4032459.

Acrylate and methacrylate oriented copolymers alongwith unsaturated dienes show good shear

resistance and could be especially helpful as a VII, according to U.S. Patent No. 4073738.
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A methacrylate co operative polymer with outstanding low temperature capabilities in lubricating
oils is disclosed in U.S. Patent No. 5955405. It consists of 5 to 15 weight percent butyl
methacrylate, 70-90 weight percent C-10 to C-15 alkyl methacrylate, and 5-10 weight percent C16
—C30 alkyl methacrylate.

A terpolymer consisting of an alkyl ester of a conjugated monocarboxylic acid, an unsaturated
olefin containing homo and heterocyclic nitrogen compound, and either an allyl acrylate or
methacrylate or a perflouro alkyl ethyl acrylate or methacrylate is added to an oil formulation that
includes mineral oils and exhibits enhanced PPD and VII features (U.S. Patent No. 4886520).
The polymerization of a mixed methacrylate consisting of alcohols with carbon atoms comprising
C16—C24 is disclosed in U.S. Patent No. 6458749. This type of methacrylate is exceptionally
efficient when it comes to meeting various low temperature fluidity qualities for a wide variety of
base oils.

A polymeric additive based upon an octadecene-methacrylate copolymer was published by Azim
et al. in 2005 as a multipurpose additive (VM, PPD, Dispersancy - detergent) [23].

It has been determined that the manufactured substances' effectiveness as VM grows with
rising alkyl chain size and additive dosage, but their efficacy as PPD improves with minimizing
manufactured polymer content. Another copolymer framework constructed around styrene-methyl
methacrylate in the form of a multipurpose functioning (VM, PPD, and detergent-dispersant)
additive for lubricant oil was discovered by Azim et al. in 2009 [24].

Another comparable paper detailed a procedure for making a number of alkyl acrylate and maleic
anhydride copolymer and terpolymer derivatives. They looked into how PPD attributes were
affected by the copolymer and terpolymer structures [25].

The majority of PPD and VM additives are acrylate-oriented. The effectiveness of poly alkyl
acrylate and poly alkyl methacrylate as VM and PPD has been the subject of numerous
publications [26 -28].

In the 1930s, pour point depressants were officially documented for the first time [29].

Ruehrwein described the effect of n-alkyl poly methacrylate as PPD in the sequence dodecyl,
tetradecyl, hexadecyl, and octadecyl over 20 years afterwards [30].

According to an article, briefer alkyl polymers worked well on low-temperature pour oils, whereas

longer polymers were successful at lowering the pour point of elevated temperature pour oils. The
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creation and characterization of a viscosity index enhancer for naphthenic and paraffinic base oils
were examined by Bataille et al. in 1994 [28].

Though tribological functionality in this kind of an assembly is relatively unusual, the literature
accessible through VM and PPD indicated wide utilization of poly acrylate and poly methacrylate
as homo or copolymer [31].

The continuous rubbing created when two sliding metallic elements coming into proximity causes
scarring on the metal exteriors, which impairs the performance of components in engines. Several
additives that can promote lubricity and resist rusting are included in lubricating oil to reduce
the friction between them. A substance's lubricity cannot be evaluated precisely because it is not a
physical attribute. Assessments are conducted to measure a lubricant's effectiveness in a particular
platter. This is frequently accomplished through calculating the quantity of wear that a specific
wear-inducing component causes onto a surface over a specified period of time. There are other
specifications for other variables including surface area, temperature, and pressure. When two
liquids have the identical viscosity, the fluid exhibiting less wear damage is said to be more
lubricating. Because of this, lubricity is also known as a materials' antiwear characteristic. Via
creating a layer of protection, anti-wear additives are utilized to stop straight metal-to-metal
interaction amongst gear component portions.

Every single anti-wear additives work fundamentally by forming a barrier of protection at the
bearing surface, mostly during commencement and in borderline and elastohydrodynamic
lubrication regimes. The primary source of wear in such areas is asperity communication [32].

The framework of lubricants determines their tribological characteristics. Solid lubricants, such as
graphite, tungsten disulfide (WS), or titanium disulfide (TiS2), are typically employed as
multilayered compositions. The crystal lattice's assembled atom structure allows an opening field
of protective functionality to emerge. It has been widely recognized that wear behavior is
determined by the chemistry of the surface, but that the existence of an adhered closely packed
molecule single layer may prevent immediate interaction across the two surfaces and result in an
enormous decrease in friction. The identical task can be performed by liquid crystalline materials,
which are distinguished by both a certain kind of spatial hierarchy and a sequential orientation of

components.
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Since mesogenic chemicals contain polar counterparts, which improve adhesion on the steel
exterior, they may be much more beneficial. Such impact makes it significantly simpler for a
slipping layer to develop in fact, such a plane could potentially function as a barrier [33].

Various research have documented the usage of Schiff bases, azoxys, cyanoaryls, and esters in the
form of'the source of lyotropic and thermotropic liquid crystals with nematic, smectic, and
cholesteric mesophases to be lubricant additives. MLCs were employed like lubricant additives,
mixes, and pure forms [34 — 38].

In a shear stream across parallel plates, Nakano[39] investigated the cellular alignment of the
nematic liquid crystal 4-pentyl-4' cyanobiphenyl (5CB). The combination of the sheet's width and
the sliding speed determined the molecular orientations. Since cholesteric MLCs are found in
naturally occurring bio lubricants, they have also drawn a lot of interest. Atomic force microscopy
(AFM) revealed that the liquid crystal formed barrier layers on the counterpace exteriors, high-
nitrogen stainless-steel femoral heads, and Ultra - High Molecular Weight Polyethylene
(UHMWPE). Waters et al.[40] discovered that cholesterol palmitate liquid crystal lubricant
drastically lowered wearing. It was determined that adding liquid crystal lubricant to hip
replacement pieces could significantly reduce wear.

The findings of studies on the lubrication property of liquid crystals and their corresponding
solutions in petroleum and artificially produced oils as an indicator of MLC intensity were
reported by Kupchinov et al. [41]. The wear and friction index are reduced by the MLCs in the
lubricant. A number of research [42—46] have been conducted to determine the connection
in among the molecular structure and tribological properties of MLCs in order to justify the
construction of novel MLC lubricants. Because of their accessibility and electro optical uses,
cyanophenyls and cyanobiphenyls are two of the most researched MLC lubricants. Using a two-
roller friction testing tool, Mori and Iwata [47] investigated the tribological behavior of nematic
and smectic fluid crystals, specifically alkyl cyanobiphenyl (CB), alkoxycyanobiphenyl (ECB),
and alkylcyanophenyl cyclohexane (CPC).

As commercialized oil additives, a number of thermo tropic MLC genera have been investigated
[48].

The research investigation found that temperature and the bulk viscosity fluctuations had no

appreciable impact on frictional levels. For every liquid crystal examined, the coefficient of
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friction of steel is reduced when one weight percent of the liquid crystals is added to each of the
two base oils.

Liquid crystals with different morphologies and structures have good tribological qualities, but
they are ineffective for any other type of additive execution, according to a review of the literature
on anti-wear additives. From this, we developed the concept of combining fluid crystals with
polyacrylate to produce multimodal (VM, PPD, and AW) capabilities. In order to maintain the
lowest possible manufacturing expenses, the author's mixture of innovation contains a very little
proportion of crystal into the liquid.

Once more, the functionality of the specimens was examined after various crystals of fluid were
combined in the similar polyacrylate to associate architecture with efficacy. This section uses
homo polydecyl acrylate and homo polydodecyl acrylate as homo polymers. In similar fashion, a
mixture of acrylate combined with liquid crystals was examined in greater depth. Taking into
account the current requirements and the attention provided by OEMs, it was decided to carry out
the current study in an effort to create an effective multifaceted additive with VM, PPD, and AW

qualities for lubricating oils.

II.3. Background and Objectives:
Part - 2:

With the introduction of new technology and constantly evolving concepts, the automotive sector
is thriving daily. The primary areas of research in this sector have continued to be the use of
polymeric additives, their modification to achieve maximum efficacy with lowest dosage, or the
introduction of new prospective lubricating additives.

However, in the last ten years, environmental issues have taken center stage, forcing these sectors
to confront the difficult task of implementing somewhat greener ideas. Therefore, there has been a
significant increase over the years in the substitution or reduction of traditional chemicals or
additives with biodegradable ones. Non-traditional forms of energy are receiving a lot of concern
for maintaining the natural world; as a result, using bio-lubricant to decrease the usage of fossil
fuels and boost their sustainability is highly appealing. There is a significant amount of research
being conducted on animal and plant-based oils[1]. For industrial purposes, vegetable oils and

their modified counterparts have replaced petroleum-based products with sustainable options
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because of their easy availability, low toxicity, lack of wvolatile organic compounds,
biodegradability, and affordability[2].

95-97% of Triglycerides as well as mono and diacylglycerides make up vegetable oils. Tri-esters
are formed with glycerol in varied ratios by saturated fatty acids such as stearic acid (18:0),
palmitic acid (16:0) and tetradecanoic acid (14:0) and unsaturated fatty acids (MUFA or PUFA)
such as oleic acid & ricinoleic acid in 18:1 ratios, linoleic acid in 18:2 ratios and linoleic acid
in 18:3 ratios.

A wide range of industrial products, including printing inks [7], water-thinnable primers [6],
electrodeposition paints [5], paints [4] and wall finishes [3] have been made using vegetable oils.
When contrasted with mineral oil, the viscosity index of the majority of vegetable oils is often
higher. The elevated flash point of vegetable oils is additional significant characteristic. Above all,
vegetable oils are more environmentally friendly since they are less harmful, reusable, and
biodegradable. They can also help lessen reliance on foreign petroleum oils in the future.
However, the large amount of unsaturation in the structural framework of natural vegetable oils
makes them less stable against oxidation, meaning that if left untreated, the oil will rapidly
oxidize, thicken, and polymerize into a consistency similar to plastic[8].

However, various adjustments such selective hydrogenation, epoxidation, transesterification, and
radical polymerization can get around this[9-10].

There are two types of plant oil: non-edible and edible. The main producers of vegetable oils
include some perennial plants like corn, palm, olive and coconut, as well as annual species like
peanuts, cottonseed, linseed, corn and soybean[11].

Soybean oil has emerged as a leading contender due to its composition and accessibility for the
manufacturing of biodegradable lubricant additives. Now, soybean oil and linseed oil have
comparable triglyceride contents, while linolenic acid content is significantly higher in linseed oil,
which is a colorless to yellowish oil derived via the dried, ripened seeds of the flax plant (Linum
usitatissimum) (18:2). As a result, compared to soybean oil, the degree of unsaturation for the
triglyceride in linseed oil is slightly higher[12].

From an economic perspective, India produces adequate linseed oil seeds to be considered worthy
of consideration. The main benefit of using linseed oil is that it may be utilized as an impregnator

in its natural state or combined with other oils, resins, or solvents to create a blend. It may also be
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employed as a plasticizer and the hardener in putty, as well as a pigment binder in oil paints, wood

finishing, and linoleum manufacturing[ 13].

Below is a summary of some previous research on the alteration of vegetable oil as a possible

lubricant additive.

1.

Linseed oil and its peroxidation in air or oxygen flowing at room temperature were studied
by B. Cakmakli in 2004. It was researched how these polymeric peroxides might be used
in tissue engineering and swell management[1].

Reduced erucic rapeseed oil's antioxidant effectiveness as an oxidation inhibitor was
examined by Becker, R., and Knorr, A. in 1996(8].

Epoxy vegetable oil was studied by Ashraf, M., S., and Ahmed (2007) for mixing with
PMAA polymers to enhance mechanical and physical qualities. In this instance,
dehydrated epoxy castor oil was utilized[13].

Using BZP and performance analysis, Ghosh, P., and Karmakar, G. (2014) studied
biodegradable multifunctional lubricant additive based on sunflower oil in a solvent-free
polymer synthesis process employing thermal or MW irradiation[14].

In 2020, Ghosh, P., and Talukdar, S., studied the multifunctional additive properties of rice
bran oil co and its homo polymer with dodecyl acrylate and styrene[15].

Using AIBN as a radical initiator, Ghosh, P., and Saha, D. (2018) synthesized a castor oil
homo and copolymer with alpha-pinene and examined the additive efficacy[16].

Vegetable oil has so many useful applications, and its advantageous qualities—Ilike its high
degree of unsaturation, ready to polymerize propensity, accessibility, and other qualities—
have encouraged us to investigate its potential for creating environmentally benign
polymeric additives. Using acrylate and alpha-pinene as potential lube oil additives, we
prepared castor oil and acrylate-based copolymers, rapeseed oil styrene-based homo and
copolymers, and rice bran oil based homo and copolymers. Their effectiveness in terms of
VII, PPD, TGA, biodegradability, and antiwear property were tracked during the
characterization process using FT-IR, NMR, and GPC.
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II.3. Background and Objectives:
Part - 3:

It is commonly known that while crude oil reserves are depleting, there is a growing possibility of
both oil price increases and the eventual depletion of current reserves[1]. Because traditional
mineral lubricants are hazardous and have a moderate biodegradable properties they are typically
not appropriate for surroundings[2, 3]. These oils have a significant negative impact on
both human life and plant by contaminating the air, soil, and drinking water. Consequently, in
some particular places, stringent requirements are needed regarding a variety of ecological
challenges, including toxicity, biodegradability, safety, health and emissions[4]. Therefore, as
public worries about pollution-free environments grow, so does the need for ecologically sound
lubricants[2, 3]. The lubricant industry has been working to create recyclable lubricants that are of
higher quality compared to those comprised of petroleum oil due to growing environmental
concerns[5].

Sustainable development[6], which is commonly understood as "functioning" reasonably to satisfy
the requirements of the present while safeguarding the potential of future generations to fulfill
their own demands, can be greatly aided by the utilization of raw materials that are recyclable[7].
It is clear that using regenerative raw materials wherever and whenever feasible is a crucial step
regarding sustainable growth in a span of diminishing fossil oil sources and rising greenhouse gas
emissions. Specifically, by reducing CO» emissions, this can prevent additional contributions to
greenhouse effects and continuously supply a raw material basis for everyday products.
Additionally, using recyclable raw materials and harnessing nature's synthetic aptitude can (in
certain situations) satisfy additional green chemistry criteria, such an inherent degradation design
or anticipated reduced toxicity of the final products[6].

The chemical industry uses wood, sugars, plant oils, polysaccharides (mostly cellulose and
starch) and different regenerative raw materials extensively to acquire non-fuel operations.
Packaging materials, coatings, pharmaceuticals and specialty chemicals are just a few of the
numerous items made from these naturally occurring substances. Plant oils are currently the
chemical industry's most significant sustainable raw material. They are widely utilized as raw

materials for surfactants, cosmetics and lubricants[8].
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Vegetable oils are a possible source of environmentally favorable (ecologically sound) lubricants
because of their exceptional lubricating efficiency, biological degradation, and ecological
sustainability[9-14]. Monoesters and Triesters are the two primary chemical groupings that make
up almost every kind of vegetable oils. Triesters (triglycerides), which are glycerol molecules with
three long- chains of fatty acids joined at the hydroxy groups by esters, make up the majority of
vegetable oils. Monoesters of long-chain fatty acids and fatty alcohols with distinct chemistry
make up a tiny portion of vegetable oils[13, 14]. All of the fatty acids in vegetable oil triglycerides
have carbons between 14 to 22 numbers, and their degrees of unsaturation vary[13, 15, 16]. The
majority of vegetable oils have distinct polar and non-polar group areas within one single
molecule. Vegetable oil is specifically amphiphilic due to the existence of polar groups, which
enables it to be utilized to be a hydrodynamic and boundary lubricant[11, 17].

The elevated molecular weight triglyceride molecule in vegetable oils reduces volatility, the polar
ester group and high viscosity index provide good boundary lubrication properties, the vegetable
oils have a high solubilizing power for polar contaminants and additive molecules, and they are
less expensive than synthetic oils[4, 10, 12, 18-24].

The triglycerides (tri-esters of glycerol along with extended chain fatty acids, Figure. IL.7.),
containing changeable composition of fatty acids based on the crop, the plant, the season, and the
growing circumstances[25].

Triglycerides that are liquid at room temperature are referred to as "oil" in this context. The
stereochemistry of the fatty acid chains' double bonds, the extent of unsaturation, and the span of
the fatty acids' carbon chain are the most significant factors influencing the physical and chemical

characteristics of these oils.

Figure I1.7. : Common structure of triglyceride ester situated in vegetable oil

The intrinsic limitations of vegetable oils as lubricants are also caused by their triglyceride
frameworks. Unsaturated double bonds in fatty acids serve as active sites for a variety of

processes. Vegetable oils have two main issues because functional fluids have limited low-
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temperature characteristics [28,29,33,35-38] along with poor durability against thermal oxidative
stability [12,26-34], which causes quick decline, clogging, and deposition growth when used. The
skeletal "double bond" components in the "-CH group" of the alcoholic components and the fatty
acid are what cause the oxidative and thermal instability of plant-oriented oils [10, 38]. Swift
reactions at the double-bond functional groups are the source of a vegetable oil's inadequate
oxidative stability[39]. Numerous vegetable oils are prone to oxidation and contain significant
levels of unsaturated fatty acids. The oil is more vulnerable to oxidation the higher the
unsaturation grade[23, 24]. The raised viscosity caused by oxidative deterioration shortens the
usable life of fluids made from vegetable o0il[30]. Following extended exposure to low
temperatures (—10 to 0°C), vegetable oil exhibits solidification and cloudiness [40, 41].
Additionally, vegetable oils don't do well in preventing corrosion[42]. These oils are vulnerable to
hydrolytic disintegration because of the ester functionality included in the triacylglycerol
molecule[43].

Consequently, it is necessary for preventing water from being contaminated in the form of
emulsions at all stages. Yet, their capability to serve as industrial lubricants is limited by their low
oxidation and thermal stability as well as their inadequate low-temperature characteristics[44].
Because the entire base oil is highly polar, it can interact strongly with the lubricated surfaces,
making vegetable oils very good boundary lubricants. Both the lubricant molecules' affinity to the
surface and any potential reactions related to it have an impact on boundary lubrication
functionality.

Vegetable oil's oxidative stability can be increased by converting its alkene groups into other
stable functional groups, while its thermal efficiency can be enhanced by decreasing the oil's
structural homogeneity by adding alkyl side chains[45]. The problems surrounding the use of plant
oils in lubricants have been resolved by the adoption of a number of contemporary technologies.
Chemical alteration, additive therapy, and genetic modification are a few examples[19].

When utilized as lubricant base oils at temperatures of about 120 °C, Joseph and Sharma's [46]
combination of aminic and phenolic antioxidants may be used to increase the thermo-oxidative
stability of vegetable oils. A thermo-oxidatively stable base lubricant oriented on methyl-12-
hydroxystearate, a castor oil derivative featuring 70% recoverable carbon, has been recommended

by Vinci et al. [47].
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Mendoza et al. [48] created a sunflower base oil to use in hydraulic agricultural tractor
mechanisms that has an 89% biological degradation rate, an enhanced pour point of -27 °C (the
base oil's pour point is -3 °C), and enhanced oxidation stability (its oxidation induction time is 71
minutes as opposed to 8 minutes to feed the base oil). The oil's formulation satisfies the
specifications of the benchmark mineral oil for excessive pressure tribological testing and prevents
the production of microwelds. The ability to compress and viscosities of vegetable oils have been
investigated by Regueira et al. [49] in order to use them as lubricants and hydrolytic fluids. It is
clear from the aforementioned literature that chemically altered vegetable oils have a wide range
of applications to be base fluids.

Using green sources as lube oil performance additives rather than just like base oils or base fluids
is an additional consideration. Research in this area is creating fresh opportunities as the lubricant
industry has been working to develop sustainable lubricants with superior technological properties
than traditional lubrication oil additives. The application of polymeric additives and sunflower oil
bio fuels, such as styrene butadiene and ethylene vinyl acetate copolymer, in lubricant
manufacturing has been documented by Franco et al.[50] Triglycerides are anticipated to be
crucial in the 21st century for the synthesis of polymers from resources that are renewable,
according to a new evaluation of their use in polymer research that focused onto cross-linked
frameworks for wrapping and resin usage.[51] Additionally, plant oils may supply linear polymer
chains in addition to those cross-linked frameworks.

The manufacture and testing of a lubricating additive composed of vegetable oil that may be
employed to increase thermal endurance and viscosity is disclosed in US Patent No. 5229023.

The manufacture and application of an additive based on jojoba oil have been described in US
Patent No. 48730008. Classes of vegetable oil equivalents that have been sulfurized and have
improved lubricating qualities are detailed in US Patent No. 4970010. Once more, the tribological
and anti-wear attributes of certain vegetable wax ester are described in US Patent No. 4152278.
The chemical structure of recyclable vegetable oil for lubricants was covered in US Patent No.
6534454 B1. The use of meadow foam oil and its derivatives as lubricant additives was asserted in
US Patent No. 4925581.

Using several types of soybean and sunflower oils, Erhan et al. [12] have found outstanding
oxidation and low temperature stability of vegetable oil-oriented lubricants. Certain triglyceride

vegetable oils' friction qualities have been characterized by Biresaw et al. [11]. Boshui et al. [52]
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investigated the effects of two fatty acidic diethanolamide borate additions onto the lubricity and
ability of biological degradation of indigestible mineral lubricating oil, demonstrating tribological

performance.

IT.3. Background and Objectives:
Part - 4:

Vegetable oils are typically added to enhance base oils' tribological effectiveness and thermal
stability. However, it is not particularly common to utilize those products like pour point
depressants and viscosity modifiers. As previously mentioned, the additive capabilities of
vegetable oils alone are not particularly promising. Therefore, the author polymerized several
vegetable oils with alkyl polyacrylate to employ them as LOA. This resulted in a system that
combined the high viscometric capacity of vegetable oil together with the outstanding lower-
temperature flow capability of poly alkyl acrylate, as well as significant biodegradable properties
With rising oil prices, global warming, and other environmental issues (including waste),
switching from fossil fuels to energy from renewable sources may significantly promote future
environmentally friendly development. There has previously been significant commercial
application for the production of polymers and monomers from oils and plant fats and fresh
advancements in such fields present encouraging prospects.

A popular technique for heating and drying materials in both commercial and residential settings,
exposure to microwaves is also used in many environmentally friendly procedures. When
juxtaposed with traditional heating, microwave irradiation significantly accelerates both inorganic
and organic processes. The quick and immediate heating of the reacting substances themselves has
also been shown to result in notable increases in selectivity and yield.

Moreover, closed-vessel operations can readily employ high-pressure manufacturing, which opens
the door to ecologically friendly conditions for reaction by enabling the utilization of low-boiling
solvents. In light of this perspective, the author used microwave conditions to synthesize the
current vegetable oil-based lubricating oil additive.

A steady supply of oil sources is necessary for the ever-expanding lubricant industry, but
regrettably, petroleum crude is the most common source of base stock or base lubricant, and its
sources are finite and steadily declining. Regardless of this, lube has certain significant drawbacks,

such as,
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e They emit harmful compounds into our surroundings through residue and have inadequate
biodegradable properties.

e Their rheological and tribological qualities are subpar.
e There are few and non-renewable sources [5].

Although synthetic lube base stock is thought to be a substitute, there are some significant
problems with it, including as,
e When contrasting them with mineral lube, they are more costly [4].
e They are linked to more dangerous environmental conditions.
e Biodegradability doesn't look good.
e They cannot cooperate since they are less dispersed with mineral lube.
Petroleum-based additives, including zinc-diethyl dithiophosphate (ZDDP) as a tribo improver and
polyacrylate to be a rheo improver, pose major environmental risks due to their sulfur and heavy
metal content [1-2]. Heavy metals and sulfur compounds are released by friction modifiers,
molybdenum dithiocarbamate complexes employed as solid lubricants, and their action diminishes
with fluid age [3]. As a result, bio-oriented lubricant additives are gaining more attention in
research. Because of their low aquatic toxicity, high biocompatibility, superior friction qualities,
high viscosity index and high flash point, lubricants made from vegetable oils are a promising
substitute for mineral and synthetic oil-oriented lubricants, despite being more expensive
compared to the latter [5-7]. Vegetable oils have an oleophobic and oleophilic portion in their
composition due to their long fatty acid chain and polar end groups. As a result, they can be
utilized as the both hydrodynamic and boundary lubricants and as a base stock for mixing various
ecologically sound additives [3]. As we saw in our earlier chapters, additives made from castor oil,
rapeseed oil, and rice bran oil had outstanding tribological and rheological qualities on this front.
Additionally, research was conducted on the preparation of alternative lubricant additives and base
stock.
1. The application of poly (hydroxy thioether) vegetable oil derivatives to be antiwear
additives for eco-friendly industrial oils in automotive applications received a patent by
Erhan et al. (2008-2014). Erhan et al. have previously described various techniques for
converting unsaturated fatty acids into fatty acid ester derivatives by forming their

epoxides [9—-11].
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2. A new method of creating chemically amended triglycerides has been granted patents by
Doll et al. (2014). It involves reacting phosphorus-oriented acid hydroxide or esters
along with epoxidized triglyceride oils or alkyl esters. The phosphorus-containing
triglyceride derivatives that are so generated are useful as antiwear and anti-friction
additives on behalf of industrial and automotive oils [12].

3. Biswas et al. (2014) copyrighted a process that involves interacting amines of cyclic or
aromatic hydrocarbons alongside epoxidized fatty acids, their esters, or triglyceride oils to
produce nitrogen-containing fatty acid derivatives. These fatty acid derivatives are utilized
in automotive and industrial oils as antiwear or anti-friction additives [13].

4. The antiwear additive functionality of vegetable oil incorporating boron was produced and
examined by Heise, G.L.; Sharma, B.K.; and Erhan, S.Z. (2015) in accordance with U.S.
Patent 9156859 B2[14].

5. Multipurpose additives composed of polymers from castor oil, sunflower oil, and soybean
oil were studied by Ghosh, P., and Karmakar, G. (2013-2015)[17-19].

6. In 2007, Fox, N.J. and Stachowiak, G.W. conducted an evaluation of lubricants based on
vegetable oil [24].

The poor thermal oxidative stability, low volatility, and high viscosity of vegetable oils make them
unsuitable for direct use as lubricants in comparison to mineral lubricants. There are two methods
for doing this: either reactions at the olefinic functionalities of the fatty acid chain or reactions at
the carboxyl groups of fatty acids, esters, or triglycerides of vegetable oils (transesterification).
The next section discusses many research initiatives in certain fields.

e TRANSESTERIFICATION:

1. Sukjit et al. revealed that adding 5% rapeseed oil methyl esters to diesel fuel significantly
reduced the wear scar diameter [25]. Blending palm oil methyl esters with diesel base oils was
found to enhance their lubricating capabilities [26, 27].

2. When palm oil methyl ester was added to the base oil lubricant, Masjuki and Maleque
(1997) reported a low wear rate of steel ball bearings [28].

3. By transesterifying castor oil along with different alcohols while trimethylchlorosilane
(TMSCI) acts in the role of acidic mediator, Malavolti et al. have produced biodiesels [29].

4. Madankar et al. [30] described the possible application of castor oil methyl esters to be

lubricants due to their good lubricity, low pour point and high viscosity.
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5. The resulting glycerol has various uses in the diverse chemical industry, such as a water-

oriented lubricant [31].

e REACTION WITH THE VEGETABLE OIL'S OLEFINIC PART:

Fatty acid or ester epoxidation and its use as a biolubricant: The epoxidation of vegetable oils'
olefinic properties is an essential phase in creating an organic lubricant (the base stock and/or
additive). Peracid can be used to make vegetable oil epoxide [32—34]. Due to their increased
reactivity, various reagents, including amines, thiols, alcohols and acids can readily un obstruct the
oxirane rings of epoxides to produce a variety of value-added compounds, including bio-
plasticizers, lubricants (base stocks/additives), and other chemicals with industrial applications.
Epoxidized vegetable oils and fatty esters are used to make lubricant additives that reduce wear
and friction due to the fact that they dissolve better in vegetable oils.
1. The creation of corrosion-protective additives using an epoxidized methyl ester of an
unsaturated fatty acid and a sulfuric acid was reported by Schafer et al. [35].
2. To lessen lead corrosion in fuels and lubricants, Rowland et al. revealed various
antifriction additives made from an epoxidized fatty acid [36].
3. As environmentally friendly antiwear and anti-friction additives for lubricants, hydroxy
thioether derivatives of vegetable oils made by breaking apart the epoxy rings of
epoxidized soybean oil with common organic thiols are utilized [37-38].
Sulfur added to the triglyceride framework gives the molecule polar functions that increase the
derivatives' ability to adsorb on the metal surface, lowering the coefficient of friction and wear.
Better cloud point and pour point readings were demonstrated through ester hydroxy derivatives of
methyl oleate, which were produced via unlocking the epoxy rings of epoxidized methyl oleate
using different organic acids (propionic, octanoic, hexanoic, or 2-ethyl hexanoic acid) [28]. As
lubricant additives, they also demonstrated enhanced tribological, lubricating, and thermo-
oxidation stability.

Given that linseed oil has numerous uses in both the petroleum and polymer industries,
some studies based on it was quite intriguing in this respect. In one work, polymethyl
methacrylate was mixed with linseed oil polyesteramide and dehydrated castor oil to create a

bioartificial polymer with enhanced physical and mechanical characteristics [40—41]. In a different
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study, polyvinyl chloride (PVC) and triethylene glycol ester of gum resin were combined with
epoxidized linseed oil to create an organic viscosity-enhancing substance [42].

Epoxidized linseed oil is frequently utilized to serve as a supplementary stabilization device for
polymers containing halogens as well as a plasticizer or lubricant [43]. Linseed oil biodiesel was
created through the method of transesterification and its impact on engine operation and exhaust
emissions was examined in a study. The results indicated that while linseed biodiesel and fuel
blends behaved fairly similarly to regular diesel fuel, the former's exhaust emissions were
generally better [44]. In their study, V A Markov et al. found that a mixture of 90% diesel fuel and
10% linseed oil has chemical and physical characteristics that are fairly comparable to those of
petroleum diesel fuels. They also found that using such a mixture as motor fuel reduced the
emissions of exhaust harmful substances like unburned hydrocarbons, nitric oxides and carbon
monoxide [45]. A combination of linseed oil, P. P. Chahande has effectively created a novel
polymeric surfactant that is both bios recyclable and environmentally benign [46]. Because of
their cell adhesion and growth, Birten Cakmakli et al. have created a number of naturally
decomposing synthetic branching graft copolymers of linseed oil with methyl methacrylate and
described their possible use in tissue engineering [47]. Polyvinyl alcohol and epoxidized linseed
oil have been combined by S. M. Ashraf et al. to create a plasticizer and anti-corrosive covering

layer with low water absorption, flexibility and high endurance [40—41].

II.3. Background and Objectives:
Part - 5:

Copolymers comprising ethylene, propylene, and occasionally a diene make up olefin copolymers
(OCP). In oil, smaller polymeric side chains have fewer impacts on viscosity modification [12,
13]. On the other hand, polymers having lengthy ethylene sequences have a more crystalline
framework. Because crystalline polymers are less soluble in oil compared to amorphous ones,
OCP polymers may separate from the oil and clog engine filters, reducing their ability to modify
viscosity. Once more, the crystalline form of OCP increases the likelihood that the polymer is
going to interact with oil waxes at reduced temperatures, leading to a substantial rise in lower-
temperature oil viscosity and in the worst situations, lubricant oil gelling. In lower temperature

engine conditions of operation, this is absolutely unacceptable.
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Star polymers are known to offer better shear stability than OCPs because of their molecular
structure [14, 15]. These types of viscosity modifiers, which are produced by hydrogenating
isoprene that has been anionically polymerized, are sold commercially. A comparatively low
molecular weight distribution (Mw/Mn) is the outcome of anionic polymerization. Because star-
shaped polymers have smaller hydrodynamic and gyrational radii than their linear counterparts,
they typically have lesser internal viscosities. This renders them ideal for application in lubricating
lubricants on automobile engines and other fluids that need to have minimal viscosity. They have
high shear stability and a superior thickening impact.

The chemical makeup of lubricating oil and techniques for running internal combustion engines to
increase engine performance were covered in U.S. Patent No. 8415284 B2. The majority of the
lubricating composition was made up of lubricating viscosity oil, with a small amount of at least
one olefin copolymer with an average molecular weight ranging from more than 10,000 to
300,000. A vinyl-substituted aromatic substance (A) and an element chosen from the category
comprising a C5—C30 olefin, a polyalkylene compound, and their combinations (B) are grafted
onto the olefin copolymer. The reaction mixture's mole ratio of A/B varied roughly from 0.25:1
to 5:1. A small quantity of at least one non-grafted olefin copolymer, styrene isoprene copolymer,
methacrylate copolymer, or styrene butadiene copolymer with an average molecular weight
ranging from more than 50,000 to 300,000 was selectively added to the lubricating mixture.

The manufacture of olefinic polymer combinations and their use as a viscosity index enhancer
with improved lower-temperature properties were claimed in U.S. Patent No. 6753381. The
performance of two polymer samples—a polymer blending which includes an ethylene-propylene
copolymer with an elevated ethylene load and one with minimal ethylene content—was compared
in the patent. For various compositions, the polymer combinations' molecular weights ranged from
20,000 to 3,00,000.

The viscosity index enhancer and dispersion qualities for certain ethylene copolymers were
detailed in U.S. Patent No. 4517104. Polyamines alongside two or more primary amine groups
and a carboxylic acid component, preferably alkylene polyamine and alkenyl succinic anhydride,
including polyisobutenyl succinic anhydride, combined with ethylene copolymers, like as
copolymers of ethylene and propylene, ethylene, propylene, and diolefin, etc., were fused together

or reacted with ethylenically unsaturated carboxylic acid associations. By preventing cross-
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linking, these processes added varnish inhibition and dispersancy to the ethylene copolymer,
which led to a raise in viscosity, haze, or gelling.

Certain stabilized imide grafts of ethylene copolymeric lubricant additives were created by U.S.
Patent No. 4137185. The oil-soluble, derivatized ethylene copolymers were made from roughly 2
to 98 weight percent ethylene and one or more C3 to C28 alpha-olefins, such as propylene, which
were transplanted with an ethylenically-unsaturated dicarboxylic acid substance and ideally
solution-grafted at elevated temperatures and in the presence of a high-temperature decomposable
free-radical initiator. The polyamine then reacted with an alkylene polyamine, such as diethylene
triamine, to produce carboxyl-grafted polymeric imide, typically maleimide.

An oil-soluble stable amide of the polyamine was then produced via treating the derivatives with
an anhydride of a C1-C30 hydrocarbyl substituted acid, preferably acetic anhydride. Oil solutions
of the amide derivative showed little variation in viscosity throughout an extended duration of
time. The most effective polymers as multifunctional viscosity index enhancers were those with
molecular weights between 10,000 and 500,000.

Some oleaginous formulations with a unique ethylene alpha-olefin polymer as a viscosity index
improver addition were detailed in U.S. Patent No. 5151204. The ethylene alpha-olefin polymers
are made up of monomer units made from ethylene and at least one alpha-olefin, which can be
expressed by the formula H;C=CHR!. The polymer's average molecular weight ranges from above
20,000 to roughly 500,000, and at least 30% of its chains typically contain terminal ethylidene
unsaturation. R! is an alkyl group with 1-18 carbon atoms.

There are styreneisoprene (SIP) polymers and styrene-butadiene (SBC) depending on the kind of
diene employed. When utilized in engine oils, their optimal molecular weight prevents shear
strains [10]. Copolymers of isoprene and styrene exhibit favorable high and low temperature
characteristics. Styrene-isoprene polymers have molecular weights ranging from 50,000 to
100,000 g/mol [10, 16]. Engine oils are the most common application for them. They can also be
utilized in different sectors where shear stability demands are stricter, including as oils for aviation
piston engines and tractor propagation fluids.

Isoprene and styrene block copolymers are also used commercially as lubricant additives. There
have been reports of both diblock (A-B) and triblock (A-B-A) polymers, where A stands for
polyisoprene and B for polystyrene. For optimal thickening effectiveness, an increased isoprene

production is preferred. These block polymers behave as associative thickeners since the
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polystyrene regimes are oil insoluble during the majority of the temperature region that matters for
engine oils. Therefore, the molecular weight of the individual molecules is generally modest, with
the isoprene blocks having a molecular weight of 50,000 to 1,000,000 and the styrene block
having a molecular weight of 30,000 to 50,000.

It has been further claimed that SIP polymer kinds perform better in star polymer structures. Star
polymers made of triblock copolymer arms of hydrogenated
polyisoprene/polybutadiene/polyisoprene are proposed in U.S. Patent No. 5460739. The
thickening efficiency is enhanced by the higher ethylene proportion provided by the hydrogenated
polybutadiene unit. According to the patent, the negative impact on low temperature qualities
could be reduced by positioning the hydrogenated polybutadiene block closer to the nucleus.
Comparing these polymers to the tapered arm polymers of U.S. Patent No. 4,116,917, it was
discovered that they offered better low temperature qualities. In contrast to pure polyisoprene
polymers, a debit in low temperature performance persisted when such polymers were given a
hydrogenated polybutadiene block large enough to offer a credit in thickening functionality.
Several star polymers made of hydrogenated poly (styrene/isoprene) are described as efficient
viscosity index improvers in U.S. Patent No. 4116917. According to the inventors, the polymers
have very good low temperature viscosity characteristics in addition to great thickening
performance at elevated temperatures. Once more, such polymers had much better "temporary
shear loss" in addition to having far better oxidative and persistent shear stability. Temporal shear
loss is the term used to describe the transient decrease of viscosity under excessive shear
circumstances brought on by the polymeric VI improvers' non-Newtonian nature.

The application of three-block copolymers as a viscosity index enhancer is described in U.S.
Patent No. 3668125. Certain polymers contain a hydrogenated styrene-isoprene-styrene unit in
their structure. The degree of active unsaturation for both the isoprene and styrene monomer
fragments was decreased to 50% or higher. The terpolymers exhibited reduced shear stability at
high temperatures but appropriate low temperature viscosity properties. Once more, they
demonstrated thickening power at 210° F in spite of their modest molecular weights.

In a lubricant base stock with a viscosity index of at least 85, U.S. Patent No. 3772196 examined
an assembly of two-block copolymers consisting of a first polymer block of an alkenyl arene, such

as styrene, and a second nearly fully hydrogenated polymer block of isoprene and specific pour
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point depressants. The formulations could be made to meet several ASTM and SAE engine oil
productivity and engine service classes and had good shear stability.

A solid, cyclone-finishable polymer with surprising viscosity balance that improved qualities for
oil compositions and did not display cold flow was claimed by U.S. Patent No. 5278252. A
copolymer made up of a homopolymer block of isoprene joined to a copolymer block of isoprene
and a monoalkenyl aromatic hydrocarbon was hydrogenated to create the polymer.

Star polymers with tetra block copolymer arms of hydrogenated polyisoprene-polybutadiene-
polyisoprene along with polystyrene are revealed in U.S. Patent No. 6034042. These polymers
were said to have better thickening and viscosity-modifying qualities. The viscosity improver
performance of hydrogenated styrene butadiene star copolymer was detailed in a relatively recent
U.S. Patent 20120101017 A1l. According to the study, between 3 and 25% of the star copolymer
and between 97 and 75% butadiene could be present. In comparison to base oil, the star copolymer
may also be added to lubricants in a lubricant additive in a quantity of roughly 12 weight percent.
The three primary types of viscosity modifiers—poly methacrylate (PMA), olefin copolymer
(OCP), and hydrogenated styrene isoprene copolymer (SIP)—are also utilized as thickeners and
are recognized for their exceptional shear stability, according to the literature review. Their
viscometric characteristics have been the primary subject of research. However, little research has
been done on their tribological characteristics. They may nevertheless have some anti-wear
benefits because of various structural features, even though they lack the particular qualities
needed to be a good anti-wear addition. In light of this expectation, the author chose to look at the

anti-wear qualities of a few well-known viscosity modifiers.

IT.4. References:

References are displayed in BIBLIOGRAPHY under Background of the Present Study,

oriented five parts of Chapter II, that is, Wide-ranging analysis of polymeric exploration,

synthesis and evaluation (pp. 219-235).
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Section - A

Synthesis and
Performance Evaluation
of Castor oil - Styrene

Co-polymer: an

Outstanding
Multipurpose Directional
Lubricant Additive



IT.A.1. Introduction:

There are many different base fluids and chemical additives used in the formulation of
sophisticated lubricants. The moving surfaces are kept separated from one another by the basal
liquid, which creates a fluid zone between them to reduce friction. It reduces the amount of heat
generated during operating condition and gets rid of the wear particles. Without sophisticated
lubrication, additive chemistry and lubricant conceptualization, it would have been difficult to
develop advanced engine and gearbox technologies. Contemporary engine oils are made up of a
variety of additives that are combined with base oils to create a comprehensive product that can
meet even the most rigorous performance standards.The compounds, known as additives, satisfy
the desired properties of lubricating and repelling the same. In most cases, they are chemical
compounds with a non-polar hydrocarbon chain and a polar head group. Numerous lubricating oil
additives are employed, including detergent-dispersants, corrosion inhibitors and substances for
usage under extremely high pressures, viscosity index improvers (VIls), antioxidants (AOs), and
pour point depressants (PPDs).

The least temperature at which lubricating oil flows without interruption when refrigerated within
defined parameters is known as the pour point. Paraffinic wax, a component of petroleum oils,
crystallizes into stiff lattice-like frameworks at lower temperatures, obstructing flow. Hindering
the production of wax crystal formations that would block passage of oil at low temperatures is
how some high molecular weight polymers work. These chemical additives are also known as
pour point depressants, flow improvers, paraffin antagonists, or wax moderators. Pour point
depressants have no impact on the temperature or quantity of crystals that developed. The
adsorption, co-crystallization, aggregation, and enhanced wax dissolution rate of these compounds
are among their most generally acknowledged modes of action. Pour point depressants allow
flowing at temperatures underneath the pour point of unaltered lubricant, because they co-
crystallize along with paraffinic wax; alter the development of the lattice-like organization.
Chlorinated polymers, wax alkylated phenol polymers, wax alkylated naphthalene polymers and
polymethacrylates are examples of popular pour point depressants.

Another crucial lubricant property, viscosity is assessed using the arbitrary Viscosity Index (VI),
which is derived through the measured viscosities within two different temperatures. This change
in viscosity with temperature must be kept to a minimum for a lubricant to be effective. Thus, the

performance of the lubricant is improved by a greater VI. Viscosity Index Improvers (VIIs)
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additives were incorporated into lubricating oils to regulate the rate at which viscosity changes in
response to temperature fluctuations. The behavior of the polymer molecules in the oil affects how
well VIIs work. The most crucial characteristics of these VIIs are their molecular weight,
durability to strain breakdown and polymer solubility. The lubricant causes the polymer molecule
in solution, which is a randomized coil, to enlarge. As the polymer molecules shift from a tightly
wound shape to an exposed framework, which has a larger volume, polymer solubility often rises
with rising temperature. This addition of volume makes the oil more viscous, counteracting the
natural decline in viscosity with rising temperature. The polymer capacity in an oil solution rises
along with the polymer molecular weight. As a result, a polymer with a greater molecular weight
will have a greater viscosity index than one with reduced molecular weight of similar kind.
Acrylate - based polymers have been proved to be very good VlIs.

Some additives are antioxidants in nature. They can enhance the life span of a lubricant through
the raising of oxidative constrains of base oils. This is known as anti — wear (AW) property of
lubricant, with which they can lower the extent of friction in between the movable portions of
those oils, by absorbing shock, reducing noise and minimization of the corrosion towards the
portions. With decreasing the friction, decreases the extent of heat generation and thus reduction
of most of the wear and tear portions occurs.Such additives are known as the anti — wear additives.
They are known as extensive pressure additive and able to make a film or barrier or a protective
layer on the wear surfaces.

Castor oil 1s one of the most popular vegetable oils, obtained from the seeds of the castor bean. It
has a wide range of industrial prospects and can be used medicinally as a purgative and an
adhesive. Because of their low virulence, bio-absorbability, and outstanding wrangling qualities,
such as excellent lubricity, minimal effervescence, great viscosity index [1] and cost effectiveness,
this is one of the most commonly used recycled assets for the manufacturing of chemicals and
polymers. Automotive technology [2, 3], medicine, the coatings industry [4], cosmetics, surface-
active agents, nutrition, the food and beverage industry, inks [5], pesticides, and plasticizers
[6] are just a few industries that use bio-dependent compositions extensively. This oil is
basically made up of triglycerides entity of fatty acids with long chain. These fatty acids consist of
various triglyceride kinds, most of which are unsaturated. The fatty acid (FA) chain of this oil has
a significant extent of unsaturation (-C=C-), which results in low thermal and oxidative stability

and restricts such significance like lubricants into a moderate temperature [7]. To enhance the
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convenient rigidness and technical features, the synthetic modification of triglyceride entity is
necessary before its application to the field. For this accomplishment, polymerization of the oil is
mandatory to enhance its molecular weight and extent of cross linking. Once more,
copolymerization of this substance with the proper monomers can provide further benefits, such
as ecological phenomenon of the currently prepared copolymer.
Polyacrylates and methacrylates are popular effective execution additives for lube oil.
Methacrylates are frequently used as pour point depressant (PPD) and viscosity modifier (VM) of
lube oil [8, 9]. However, in modern trend, the use of greener lubricants has brought some
limitations to their vast application in automobile industries. In last few decades, to maintain the
environmental sustainability and greener approach, the researchers are very much focused to
initiate production of environmentally benign lubricants or greener additives for inventing better
fuel wealth, multi utilitarian skill development and remove chemical threats [10, 11]. Castor oil
was taken as a prospective element of copolymerization as it is promotionally accessible for
trading, cost effective and contains satisfactory unsaturation. The current research performs an
intense scanning onto the additive efficiency of produced polymericones with styrene and castor
oil. Four varieties of copolymers of castor oil - styrene were constructed by different styrene
concentrations in the mass (8%, 6%, 4% and 2%). The paper performs synthesis of the polymers
followed by their characterization, performance evaluation and ecological explanation of all
polymers.
With this framework, present study is governed to the production of copolymer of castor oil —
styrene succeed by characterization of them (by thermogravimetric analysis to measure thermal
stability of polymers, gel permeation chromatographic analysis [GPC] to determine their
molecular weight and spectroscopic analysis [IR, NMR] for structural analysis) and estimation of
their additive performance (as PPDs, AW and VMs) in lubricating oil. Moreover, the extent of
biodegradability was also determined by GPC [12].

The outcomes of biodegradability experiment for polymers that was conducted are quite

promising. Their performance comparisons have also been assessed and reported. The castor oil
and styrene copolymer (Figure II.A.1.) demonstrated biodegradability in combination to the

effectiveness of multipurpose additives (PPD and VM), and as a result, is thought to be more
beneficial in field activities than the current additives. This study represents a challenging

approach for constructing a novel lubricant composition with enhanced flexible additive
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properties. By increasing the polymer composition in the lubricating oil, the overall volume of
polymer micelles is increased, leading to improved viscosity index (VI) properties and reduced

wear scar diameter (WSD).
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Figure II.A.1.: Structure of Castor oil — Styrene co — polymer

II.A.2. Experimental section:

I1.A.2.1. Materials:

Sigma-Aldrich, an Indian company, supplied the hydroquinone (> 99%) whereas, Conc. H>SO4
(98%) and Toluene (GC 99.5%) was supplied by Merck Specialties Pvt. Ltd. The Castor oil (CO)
(see Table II.A.1. for its fatty acid composition) was obtained from local suppliers, whereas,
Styrene (GC 99.8%)) and Methanol (GC 99.8%) was received from Thomas Baker Chemicals
Pvt., Ltd., India. Azobisisobutyronitrile (AIBN, GC 98%,) was obtained from Spectrochem Pvt.
Ltd. in Mumbai, India, and was recrystallized from CHCl3-MeOH. All other chemicals were
utilized in its original form as received from the supplier without any additional purification. The
fungal samples were cultured and obtained from the Microbiology Department of the affiliated
organization and the Mineral base oils (BO1 and BO2) (see Table I1.A.2 for properties) used in the
present study was provided by Indian Oil Corporation Ltd. (IOCL), India.
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I1.A.2.2. Preparation of Castor Oil homo polymer:
Following the same process outlined in the literature [13], homopolymer of castor oil was created

at 90 °C by polymerization reaction in a three necked circularbase flask (Figure I1.A.2.) for 6 h.

Figure I1.A.2. : Three necked round bottomed flask for polymerization

11.A.2.3. Preparation of copolymers:

The castor oil — styrene copolymer was constructed by utilizing various concentrations of styrene
with castor oil. Four varieties of copolymers of castor oil — styrene were constructed with different
castor oil concentrations in the mass (8%, 6%, 4% and 2%). The radical polymerization was

performed using the technique that has been previously reported [14].
IT.A.3. Measurements, Result and discussion:

11.A.3.1. Spectroscopic measurements:

FT - IR and NMR techniques were used to characterize the polymers' and composites' spectrum
properties. IR spectra in the 400 — 4000 cm™ wave number region were captured using 0.1 mm
KBr cells at room temperature on a Shimadzu FT-IR 8300 spectrometer. Using a 5 mm BBO
probe and CDCl3 solvent, NMR spectra were captured utilizing a Bruker Advance NEO 400 MHz
FT-NMR spectrometer. TMS was employed as a source of standard information.

11.A.3.1.1. Analysis of the Spectroscopic Data:

The analysis of spectroscopic data for the prepared polymers confirmed the predicted structure of
the additives. For copolymers, the presence of the ester carbonyl group of castor oil was verified
by the characteristic IR absorption peak at 1743 cm-!. Additionally, peaks in the range of 2857-
2931 cm-! indicated the presence of other components. The peaks at 695 cm-!,724 cm-!, 756 cm-!,

and 810 cm-'were indicative of the aromatic part of styrene (Figure I1.A.3.).
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Figure I1.A.3. : FT-IR spectroscopic image for the copolymer of Styrene-Castor

oil

The '"H NMR spectra analysis revealed specific chemical shift ranges corresponding to different
proton groups in the polymers. Protons in the methyl group were observed between 0.88 - 0.90
ppm. Protons in the methylene group were assigned peaks ranging from 1.28 - 1.63 ppm. The
methine protons were observed within 2.04 - 2.30 ppm. The proton associated with -OCH> group
appeared at 4.08 ppm. Protons from the -COOCH; group of castor oil peaks are represented by the
peaks in the range of 4.10 - 4.15 ppm. The aromatic ring protons of styrene exhibited a broad peak
spanning from 6.80 - 7.64 ppm (Figure I1.A.4.).

150



Figure I1.A.4. : 'TH NMR spectroscopic image for the copolymer of Styrene -

Castor oil

In the 3C NMR spectra, different carbon groups in the copolymer exhibited specific chemical
shift ranges, allowing for their identification. Carbon atoms in the CH3; and CH> groups appeared
within the range of 14.1 - 41.0 ppm. Peaks at 58.1 ppm testify the existence of methine carbons in
the -CH- of the -COCH group. Peaks ranging from 60.0 to 62.1 ppm and 64.6 - 68.9 ppm
represents carbon atoms in the -OCH; groups and -CH» carbons in the -OCOCH;- group
respectively. The peaks in the range of 127.9 - 130.8 ppm and 165.6 - 173.0 ppm represent the

aromatic carbons and ester carbonyl carbon (Figure IL.A.5.).
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Figure II.A.5. : *C NMR spectroscopic image for the copolymer of Styrene -

Castor oil

The homopolymer of castor oil, showed IR absorption band at 1741 cm™! (Figure I1.A.6.).
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Figure I1.A.6. : FT-IR spectroscopic image of the homopolymer of Castor oil

The "H NMR spectra of castor oil is presented in Figure II.A.7.. The peaks observed within 4.1 -
4.3 ppm, 0.8 - 0.9 ppm, 1.2 - 1.6 ppm and 2.2 - 2.3 ppm. Figure II.A.8. indicated the presence of
protons from the -COOCH:> group in castor oil, methyl protons, the methylene protons and

methine protons specific to the alkyl chains.
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Figure I1.A.7. : "TH NMR spectroscopic image of homo polymer of Castor oil
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Figure I1.A.8. : 13C spectroscopic image of homo polymer of Castor oil

The Figure I1.A.8. represents the '*C NMR spectra for the homopolymer of castor oil, where peak
at 173.9 ppm represents ester carbonyl group and the peaks in the range 62.1 - 68.9 ppm represent
the carbons of —-OOCH: group. Figure II.A.9. is representing the FT-IR spectroscopic image of
the copolymer post biodegradability study.
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Figure I1.A.9. : FT-IR spectroscopic image of the copolymer post

biodegradability study
11.A.3.2. Thermo gravimetric analysis (TGA):
Alumina crucible in air was used to measure the thermal stabilities of the synthesized co-polymer
and homo polymer using a thermo gravimetric evaluator (Shimadzu TGA-50). A 10 °C/min
heating rate was used to operate the system. Calculations were made to determine the samples'
percentage weight loss (PWL) as the temperature rose.

Table I1.A.1. : Fatty acid components present in castor oil

Fatty acid Percent composition in castor oil
Castor Oil
Palmitic(16:0) 3
Stearic(18:0) 3
Oleic acid(18:1) 9
Ricinoleic acid(18:1) 75
Linoleic acid(18:2) 10
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Table I1.A.2. : Physical properties of base oils

Properties Method BO1 BO2
Viscosity at 40 °C in
ASTM D445 7.229 23.472
cSt
Viscosity at 100 °C
ASTM D445 1.874 3.938
in ¢St
Viscosity Index ASTM D2270 81 86
Pour Point, °C ASTM D97 -3 -6
Density (g.cm™) at
40 °C ASTM D4052 0.83689 0.85514

*BO collected from IOCL, Dhakuria, West Bengal

Thermo gravimetric analysis (TGA) study:

The TGA (Thermo gravimetric Analysis) values of the five polymers have been presented in
Table II.A.3. and Figure II.A.10. is representing the Plausible Schematic diagram of Thermo
Gravimetric Analysis (TGA) with a number of TGA values. Based on the information provided,
several conclusions can be drawn. Polymer P-1 exhibits higher thermal degradation compared to
the other polymers, indicating that it is less thermally stable. It begins significant decomposition at
180°C, resulting in approximately 28% weight loss.

For Polymer P-2, major decomposition starting at around 220°C, leading to approximately 25%
weight loss. On the other hand, the thermal decomposition of polymers P-5, P-4, and P-3 is nearly
similar, with major decomposition initiating at approximately 255°C. Therefore, it can be
concluded that the copolymerization process has enhanced the thermal stability of the castor oil-

based polymers.
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Table I1.A.3. Percentage composition and TGA values of the prepared

polymers
% Composition of
Polymer code monomer (w/w) in the feed TGA values
Castor oil Styrene Decom. Temp PWL
P1 100 0 180/350 28/85
P2 98 2 220/360 25/90
P3 96 4 245/385 20/82
P4 94 6 260/396 17/79
P5 92 8 270/402 16/75

Decom. Temp.= Decomposition temperature, PWL=Percentage Weight Loss

100

o]
o

[=2]
o

Y
o

N
o

Residual Weight(%)

o

50 250 450
Temparature (°C)

Figure I1.A.10. : Plausible Schematic diagram of Thermo Gravimetric Analysis

(TGA) values

11.A.3.3. Determination of average molecular weights of the copolymer:

The number average molecular weight (Mn) and weight average molecular weight (Mw) of the
polymers were determined using the Gel Permeation Chromatography (GPC) method. The GPC
system used was Water 2414, and polystyrene calibration was employed. The measurements were
conducted in HPLC grade THF (Tetrahydrofuran) at room temperature, with a flow rate of 1

mL/min.
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The experimental data in Table II.A.4. presents the weight average molecular weights (Mw) and
number average molecular weights (Mn) of the prepared polymers (P-1 to P-5). Among all the
polymers, P-5 exhibits the highest molecular weight, indicating a larger average molecular size.
Enhancing styrene percentage of the castor oil skeleton, correlates with an increase in molecular
weight. This suggests that the proportion of styrene significantly influences the polymerization
process. The observed trend highlights the significance of the styrene percentage in determining
the resulting molecular weight of the polymers. Therefore, it can be concluded that, the presence
and proportion of styrene in the polymer backbone has a crucial impact on the molecular weight

characteristics of prepared polymers.

Table I1.A.4. Molecular weight of the prepared polymers

Average Molecular weight Average Molecular weight (after
Polymer code (before biodegradation) biodegradation)

Ma Mw PDI Ma Mw PDI

P1 7911 10663 1.21 4561 5023 1.11

P2 16723 24792 1.11 13221 21325 1.63

P3 18563 30768 1.26 15342 26756 1.77

P4 20279 34908 1.35 16765 30289 1.79

PS 27068 40346 1.41 22390 33435 1.51

11.A.3.4. Determination of viscosity index:

To assess the effectiveness of the manufactured polymeric additives as viscosity modifiers, the
viscosity index (VI) of the additives in paraffinic base oil (VM) was determined. The VI
calculations were performed using the formulae provided by Tanveer and Prasad, following the
ASTM D2270 method. VI values were calculated for various concentrations of additives in the
base oil, ranging from 1% to 5% (w/w). The experimental VI values are presented in Table
I1.A.5.VI values enhance as the concentration of polymers in the base oil increases. This suggests
that higher polymer concentrations have a positive impact on viscosity index. The viscosity of
lubricating oil typically represents an inversely proportional relationship with temperature.
However, with increasing temperature, polymer molecules expand, resulting in the enlargement of
micelles. The increased micelle size hinders the viscosity reduction of the lubricant. When the

concentration of polymer in lubricating oil is increased, it results in an augmentation of the
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volume of polymer micelles. Consequently, this enhances the viscosity index (VI) property of the
lubricating oil. Incorporating styrene in the skeleton of the homopolymer of castor oil leads to an
increase in VI values which results in higher crosslink density of the copolymers. Among the
copolymers, P-5 demonstrates the maximum impact on VI enhancement, followed by P-4, P-3, P-
2, and P-1. Grater VI values observed in P-5 can be attributed to its larger solvated additive
molecule (micelle) volume. This characteristic can be linked with greater average molecular

weight and lower PDI (Polydispersity Index) value.

Table I1.A.S. Viscosity index (VI) values of polymer blended base oil

Polymer VI of polymer blended base oil at different concentrations(w/w)
code 0% 1% 2% 3% 4% 5%
P1 85/-6 92/-9 99/-12 108/-18 116/-24 125/-23
P2 85/-6 95/-12 105/-15 115/-15 121/-24 131/-22
P3 85/-6 102/-12 112/-15 122/-18 128/-25 138/-25
P4 85/-6 115/-15 122/-22 131/-25 135/-28 146/-28
PS 85/-6 118/-15 127/-18 139/-27 146/-30 147/-29

11.A.3.5. Determination of pour point:

The pour points of the lubricants used in the present study was determined (in accordance with
ASTM D97 standard) using a Cloud and Pour Point Tester model WIL-471 (India). The
instrument can also be used for the measurement of pour point depressant characteristic of base
oils with polymeric additives. Additionally, five distinct additive concentrations were applied for
every sample in this instance.

Table I1.A.6. displays the pour point values of the lubricants obtained by blending the polymers at
different concentration levels ranging from 1% to 5% (w/w). All the polymers exhibit
effectiveness as pour point depressants (PPD). This means that they are capable of reducing the
pour point temperature of the lubricants. The efficiency of the polymers as pour point depressants
increases with an increase in the concentration of polymers, up to limit 4% concentration. Beyond
this concentration, further increases do not significantly enhance the pour point performance. The
effective interaction between the polymer and the paraffinic wax present in the base oil is believed

to be responsible for the improved pour point performance. At the optimal concentration (4%), the
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polymer effectively interacts with the paraffinic wax, leading to a reduction in the crystal size of
the wax [17]. P-4 demonstrates the best efficiency as a pour point depressant. It exhibits superior
efficiency in lowering the pour point temperature compared to the other polymers. In summary,
the experimental data suggests that all the polymers can be utilized as pour point depressants, till a
certain threshold level. Additionally, among the prepared polymers, P-4 stands out as the most

effective pour point depressant.

Table I1.A.6. Pour point (PPt) values of polymer blended base oil

Polymer PPt of polymer blended base oil at different concentrations(w/w)
code 0% 1% 2% 3% 4% 5%
P1 85/-6 92/-9 99/-12 108/-18 116/-24 125/-23
P2 85/-6 95/-12 105/-15 115/-15 121/-24 131/-22
P3 85/-6 102/-12 112/-15 122/-18 128/-25 138/-25
P4 85/-6 115/-15 122/-22 131/-25 135/-28 146/-28
PS 85/-6 118/-15 127/-18 139/-27 146/-30 147/-29

11.A.3.6. Analysis of Anti Wear Properties:

Table I1.A.7. presents the values of wear scar diameter (WSD) obtained through the FBWT (Four
Ball Wear Test) apparatus, using a 392 N load, for the lubricant compositions. Blending the
polymers with the lubricant leads to a significant improvement in the antiwear performance, as
represented by the lower WSD values of the lubricant compositions. This indicates that the
addition of polymers enhances the ability of the lubricant to reduce wear between moving metal
surfaces.The copolymers exhibit better antiwear performance compared to the homopolymer. This
suggests that the presence of multiple monomers in the copolymers contributes to their improved
tribological properties. Among the polymers, P-5 at a concentration of 5% demonstrates the
highest reduction in WSD values. The lubricant composition with P-5 forms a strong film amid
the two moving metal surfaces; effectively reducing wear.The observed improvement in antiwear
performance is due to several factors. Firstly, the higher molecular weight of the polymers,
especially in the case of P-5, contributes to a greater number of polar side chains from ester
carbonyl groups and hydroxyl groups present in rapeseed oil. These polar groups enhance the

lubricant's film-forming properties. Additionally, the higher percentage of styrene in the polymer
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feed, with its aromatic ring structure, likely plays a substantialpart in enhancing the tribological

properties of the lubricant composition.

Table 11.A.7. Anti-wear property in terms of wear scar diameter (WSD in mm)

values of different lubricant composition

Polymer Anti-wear property in terms of wear scar diameter (WSD in mm) of
code polymer blended base oil at different concentrations (w/w)
0% 1% 2% 3% 4% 5%
P1 1.107 1.045 1.025 1.016 1.009 1.001
P2 1.107 1.039 1.017 1.008 1.005 0.995
P3 1.107 1.034 1.011 1.002 0.994 0.983
P4 1.107 1.028 1.004 0.995 0.988 0.978
P5 1.107 1.022 0.998 0.986 0.981 0.969

11.A.3.7. Photo micrograph and wax modification:

To investigate the impact of an additive on wax crystallization, the wax modification of the base
fluid was examined using a Banbros polarizing microscope (BPL-400B, India) equipped with a
cooling thermostat. The microscope provided a magnification of 200X, enabling detailed
observation of the base fluid. The temperature was controlled at 0°C during the study to ensure
consistent conditions for the examination of wax crystallization. By capturing photo micrographic
images of the base fluid under these controlled settings, the effectiveness of the additive in

controlling wax crystallization could be evaluated.
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Figure I1.A.11. : Photomicrograph of: (a) pure base fluid (b) base fluid +
additive P-1 (4%, w/w) (c) base fluid + additive P-3 (4%, w/w) (d) base fluid +
additive P-4 (4%, w/w) (e) base fluid + additive P-5 (4%, w/w)

11.A.3.7.1. Analysis of the photo micrographic image:

The photomicrographs of the pure base fluid and the pure base fluid with added additives are
presented in Figure II.A.11. The photo micrograph (Figure I1.A.11.a) of the original base fluid
(pour point = —6°C, Fig. 8a) reveals the presence of large rod-shaped wax crystals. These crystals
contribute to the high pour point of the base fluid. Upon adding additive P-2 (pour point = —24°C,
Figure 11.A.11.b) (Figure I1.A.11.b) and additive P-3 (pour point = —25°C, Figure I1.A.11.c)
(Figure II.A.11.c¢) to the base fluid at a concentration of 4% (w/w), a significant decrease in the
volume and shape of the wax crystals is observed. The obtained crystals appear to be more
dispersed compared to the original base fluid. Similarly, additive P-4 (Figure I1.A.11.d) (pour
point = —28°C, (Figure II.A.11.d)) and additive P-5 (pour point = — 30°C, Figure I1.A.11.e)
(Figure I1.A.11.e) also result in a substantiallessening in the size of the wax crystals. The crystals

appear highly dispersed in the base fluid.
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11.A.3.8. Biodegradability analysis:

The extent of biodegradability was assessed using the ISO 846:1997 method for soil burial testing
and the disc diffusion method against fungi. After the experiments, weight loss in the polymer
samples was evaluated, and IR spectra were collected to look for any noticeable shifts in IR
frequencies [18, 19]. With the recovered polymers, further GPC examination was underwent in

expectation of changes in Mn and Mw following biodegradation [12].

11.A.3.8.1. Disc diffusion method:

In Petri dishes, culture media for fungi strains were made using the necessary quantity of agar,
dextrose and potato extract mixture. Before usage, all the glass equipments underwent
autoclaving. The test involved the use of five different fungal pathogens: Curvulariaeragrostidis
(CE), Colletotrichum gloeosporioides (CG), Alternaria alternata (AA), Fusarium equiseti (FE) and
Colletotrichumcamelliaec (CC). The culture media's transformation from yellow to black
confirmed the growth of the fungus. One gram of specific polymer samples was placed to Petri
dishes, where they were then cultured at 310 K for 30 days. After 30 days, rescued polymer
samples were purified, chloroformed - cleaned, and dried in an open tank [18]. Dry sample masses

were determined, and then FT-IR and GPC analyses were performed.

11.A.3.8.2. Soil burial degradation test:

The ISO 846:1997 method was used to conduct the soil burial test. We buried polymer films in
soil that was dug up from the university campus. In a humidity chamber, a thermostat was used to
maintain a temperature of 303 K while adjusting the soil's humidity to between 50% and 60%
prior to usage. After 60 days, the films that had been buried were found. Polymer samples were
purified, dried, and chloroform washed [20]. After the dried samples were examined, FT-IR and

GPC analyses were performed.

11.A.3.8.3. Analysis of Biodegradability Test:

The results of the biodegradability tests, as presented in Table II.A.8, indicate significant
biodegradability for both the homopolymer (P-1) and copolymers (P-2 to P-5) when exposed to
fungal pathogens, specifically Calletotricheme camellia and Alternaria alternata. As expected, the

homopolymer of castor oil (P-1) exhibited better biodegradability compared to the copolymers.
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Detailed analysis of the experimental data revealed noticeable biodegradation for all the
samples.The results obtained from the Sequential Biodegradation (SBD) study indicates a
progressively increasing trend for the for the degradation of the polymeric additives with test
duration. Moreover, both the homopolymer and copolymers exhibited substantial weight losses
when exposed to the fungal pathogens, particularly Alternaria alternata, in the Direct Degradation
(DD) test.

As anticipated, the homopolymer (P-1) with zero styrene content and the presence of natural
monomer units displayed the highest level of biodegradability among all the additives, as observed
in both tests. In the Fourier Transform Infrared (FT-IR) analysis, the peaks corresponding to the
polymer P-1 exhibited shifts in their positions and a significant reduction in the height of peak and
its intensity after DD test. This confirms biodegradable nature of prepared polymers, as indicated
by the changes in the IR peak positions, peak intensities, and the Polymer Weight Loss (PWL)

values before and after the biodegradation tests.

Table I1.A.8. Result of biodegradability test by the disc diffusion method and

soil burial degradation

Weight loss in soil
Weight loss in disc diffusion method in gm
burial
Sample
degradation
Pathogens used .
method in gm
[CC] [FE] [AA] [CG] [CE]
P-1 0.56 0 0.59 0 0 0.55
P-2 0.44 0 0.51 0 0 0.48
P-3 0.35 0 0.46 0 0 0.39
P-4 0.31 0 0.34 0 0 0.33
P-5 0.27 0 0.26 0 0 0.28

CC=Calletotricheme camellia, FE= Fussariumequisitae, AA=Alterneria alternate

CG=Colletrichumgleosproides, CE=Curvulariaeragrostidies
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IT.A.4. Conclusions:

i. Copolymers of castor oil and styrene have higher thermal stability than castor oil alone.
Again, when styrene concentration in the copolymers rises, so does thermal stability. However, the
shear stability of castor oil homopolymer is higher than that of their styrene copolymers, and shear
stability declines as styrene concentrations in the copolymers rises.

ii. The castor oil — styrene copolymer functions as a much better PPD and viscosity modifier
than the castor oil homopolymer, according to performance assessment of the additives.

iii. Additionally, research shows that while castor oil homopolymer is significantly
biodegradable, but very poor solubility in lube oil and showed low thermal stability and middling
performances as a PPD and VM. Contrarily, the castor oil and styrene copolymer demonstrated
biodegradability in combination to the effectiveness of multipurpose additives (PPD and VM), and
as a result, is thought to be more beneficial in field activities than the current additives.

Indeed, the study mentioned above presents a promising approach for formulating a novel
lubricant composition with enhanced flexible additive properties. By increasing the polymer
composition in the lubricating oil, the overall volume of polymer micelles is increased, leading to
improved viscosity index (VI) properties and reduced wear scar diameter (WSD). This approach
can contribute to the development of environmentally friendly lubricants that offer enhanced

performance and functional capabilities, making them an attractive option for various applications.

IT.A.5. References:

References are displayed in BIBLIOGRAPHY under Chapter II, Section A, that is, “Synthesis

and Performance Evaluation of Castor oil — Styrene Co - polymer: an Outstanding

Multipurpose Directional Lubricant Additive” (pp. 235-237).
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Section - B

Evaluation and Synthesis
of Environmentally
Benign multifunctional
additives for lube oil



IT.B.1. Introduction:

Lubricants consist of a combination of a base fluid and additives designed to enhance
performance. The additive content typically ranges from 1% to 30% or even higher. While mineral
oils of petroleum origin are commonly used as base fluids, vegetable and synthetic oils also find
application. Polymeric additives are introduced to the base fluid to improve the operational
efficiency of engine oil and extend the engine's lifespan.

Additives typically serve various functions, such as ameliorating the pour point (PP) [1] of base
oils through the dissolution of wax crystal deposits [2] at lower temperatures, boosting the
viscosity index (VI) [3] to maintain viscosity stability amidst temperature fluctuations, minimizing
wear, and effectively transporting contaminants away. These components are commonly labeled
as viscosity index improvers (VII) [5], pour point depressants (PPD) [4], detergent-dispersants [7]
and antiwear agents [6].

Commercially available synthetic acrylate-based additives, although effective, are non-
biodegradable, prompting environmental concerns. The increasing desire for environmentally
friendly technology has spurred researchers to create lubricant additives that are ecologically
benign.Vegetable oils [8-11], recognized for their natural occurrence, biodegradability, non-
toxicity, and high viscosity index, present a promising alternative [12]. They exhibit excellent
tribological properties, acting as antiwear and friction modifiers in lubricant formulations [13, 14].
Modified vegetable oils have been utilized as additives in lubricating oils in numerous cases, with
patents describing their application as extreme pressure additives, friction modifiers, and viscosity
index improvers [15-17]. In line with these considerations and as part of our ongoing efforts to
develop chemical additives for lubricating oil, our present investigation focuses on synthesizing
copolymers of acrylate ester based citral through copolymerization. The aim is achieving an
optimal balance between performance and environmentally friendly chemistry. The study
encompasses the synthesis and characterization of behenyl acrylate (BA) homopolymer and BA
copolymer with citral, followed by biodegradability testing and evaluation of their effectiveness as

pour point depressants, viscosity modifiers, and antiwear additives.
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IT.B.2. Material and methods:

1. Materials:

Hydroquinone, sulfuric acid and Toluene, were sourced from Merck Specialities Pvt. Ltd. Acrylic
Acid (stabilized with 0.02% Hydroquinone monomethylether), Behenyl alcohol and n-Hexane
were procured from SRL Pvt. Ltd. Methanol and Benzoyl Peroxide (BZP) were obtained from
Thomas Baker (Chemicals) Pvt. Ltd. and LOBA chemicals respectively. They underwent
recrystallization using a CHCI3-MeOH mixture before application. Citral was sourced from a
nearby grocery store, and the base oils were acquired from IOCL (Indian Oil Corporation Ltd.),
Kolkata, India. Remaining substances were utilized in their pristine condition without extra
purification. All specimens were subjected to testing before reaching their designated expiration

dates.
2. Methods:

The thermal radical polymerization of behenyl acrylate and its subsequent copolymerization with
citral at varying concentrations (5%, 10%, and 15% w/w) were carried out employing benzoyl
peroxide (BZP) as the initiator. The resulting additives were subjected to thorough
characterization using spectral analysis techniques, including Fourier-transform infrared (FT-IR)
and nuclear magnetic resonance (NMR). The determination of the average molecular weight of the
polymeric additives, both number average (Mn) and weight average (Mw), was accomplished
using gel permeation chromatography (GPC). Tetrahydrofuran (THF) of high-performance liquid
chromatography (HPLC) grade served as the mobile phase in the water GPC system, calibrated
with polystyrene, and the analysis was conducted at 40°C.

The thermal stability of the additives was evaluated using the Mettler TA-3000 system, employing
a heating rate of 10 K min"'. The multifunctional performance of the base oil treated with
additives, encompassing improvements in viscosity index, pour point depression, and antiwear
properties, was assessed in accordance with ASTM methods. The antiwear (AW) characteristics
were determined utilizing a Four-ball wear test apparatus, following the ASTM D 4172-94 method
[18], with a weld load of 392 N at 75°C for 30 minutes and a rotational speed of 1200 rpm.

The biodegradability of the polymeric additives underwent testing through the disc diffusion

method [19], evaluating their effectiveness against fungal pathogens, and the soil burial test as per
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ISO 846:1997 [20, 21]. Microbial degradation was confirmed by measuring the shift in the
infrared (IR) frequency of the ester carbonyl after the biodegradability test.

IT.B.3. Results and discussion:

1. Spectroscopic description:

In FT-IR spectrum, homopolymer of behenyl acrylate (P-1) (Figure II.B.1.) demonstrated an
absorption peak at 1732 cm’!, corresponding to ester carbonyl, attached with distinctive peaks at
1467, 1271, 1190, and 1060 cm'. The 'H NMR spectra of homopolymer of behenyl acrylate
(Figure II.B.2.), revealed a broad singlet centered at 4.02 ppm, associated with the —OCH>
protons. Methyl protons from the behenyl chain were evident between 0.81 ppm and 0.86 ppm,
and the lack of a singlet in the 5-6 ppm range indicated the absence of vinylic protons in the
polymer. The '*C NMR spectrum of P-1 (Figure IL.B.3.), disclosed the carbonyl carbon at 174.4
ppm, along with other SP? carbons ranging from 65.03 to 10.66 ppm.

In FT-IR spectrum of the copolymers (Figure 1.B.4.), the ester carbonyl peak appeared at 1731
cm’!, containing a peak at 1738 cm™! corresponding to the citral’s aldehydic group. The 'H NMR
of copolymers (Figure 1.B.5.) exhibited a multiplet in the span of 4.119-4.402 ppm, indicating —
OCH, protons. SP? protons were observed within 1.259-1.989 ppm, while peaks at 5.343 ppm and
5.360 ppm were attributed to ethylenic unsaturation from citral portion of copolymer. One peak
around 10 ppm indicated presence of the aldehydic hydrogen of citral in that copolymer. In *C
NMR of the copolymer (Figure 1.B.6.), peaks within 167.70 - 173.36 ppm indicated the ester
carbonyl carbon. Peaks at 190.81 ppm were due to the aldehydic carbonyl group of citral. The —
OCH, carbon peak appeared at 68.93 ppm. Peaks within 14.09-34.05 ppm represented all SP?

carbons of the copolymer.
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Figure I1.B.1. : FT-IR spectra of homo poly Behenyl Acrylate
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Figure IL.B.2. : '"H NMR spectra of homo poly Behenyl Acrylate
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Figure IL.B.3. : 3C NMR spectra of homo poly Behenyl Acrylate
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Figure I1.B.4. : FT-IR spectra of copolymer of Behenyl Acrylate with citral
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Figure I1.B.5. : '"H NMR spectra of copolymer of Behenyl Acrylate with citral
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Figure IL.B.6. : *C NMR spectra of copolymer of Behenyl Acrylate with citral

II.B.4. Performance of the prepared additives in the form of pour

point depressant:

The results of samples’ pour point depressants (PPDs), covering a range of additive concentrations
within 1 wt% to 5 wt%, are outlined in Table II.B.1. The data vividly demonstrates the efficacy of
the prepared additives as pour point depressants, showcasing a consistent reduction in pour point
with increasing additive concentration. Notably, the pour point magnitudes of copolymers (P-2, P-
3, and P-4) exhibit a remarkable similarity and consistently register lower values compared to the
homopolymer (P-1). Consequently, all copolymers demonstrate exceptional pour point depressant

properties.
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Table I1.B.1: Pour Point of all the additive doped base oils (BOland BO2) at a

different additive concentration

PPD in BO1 PPD in BO2
Concentration of additives, % in w/w Concentration of additives, % in w/w
Sampl

. 0 1 2 3 4 5 0 1 2 3 4 5
P-1 -3 -12) -15 | -15 | -15 | -13 -6 -12 -15 -16 -16 | -14
P-2 -3 -12 ) -18 | -21 | -24 | -28 -6 -15 -17 -25 -28 | -28
P-3 -3 -12) -17 | 24 | 27 | -30 -6 -18 21 -27 -30 | -32
P-4 -3 11 -15 | -22 | -26 | -28 -6 -16 21 -27 -29 | -30

Concentration of additives, % in w/w
0 1 2 3 4 5

0 L L L L L 0 1 L L L L
- -5 ~ S
S -10 - S -10
E .15 Ne—o—o—"* £ 15 -
E 20 —®P1 E =20
P-2 —o—P-1
25 3 225 P-2
-30 . -30 P-3
35 - 35 P-4

Concentration of additives, % in w/w
0 1 2 3 4 5

Figure I1.B.7. : Pour Point of all the additive doped base oils (BOland BO2) at

a different additive concentration

The efficacy of the polymers as potent pour point depressants was evaluated through

photomicrographic experimentation. The wax crystal size exhibited a notable reduction,

transitioning from a large crystal structure in the base oil to very small dots dispersed in the oil

phase of the lubricating oil [22]. Figure II.B.7. is representing diagrammatically, the Pour Point

of all the additive doped base oils (BOland BO2) at a different additive concentration.

Figure I1.B.8. represents Photomicrographic images of more crystallized base oil at the left side

and multifunctinal additive (P-1, P-2, P-3 and P-4) Doped base oil at the right side.
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Figure I1.B.8. : Photomicrographic images of base oil (left side) and additive (P-
1, P-2, P-3 and P-4) Doped base oil (right side)

II.B.5. Performance of the prepared additives as viscosity index

improver (VII):
Table I1.B.2. presents the viscosity indexes for base oils treated with additives derived from
polymers (P-1, P-2, P-3, and P-4). The data reveals a steady increase in VI magnitudes as the
polymer concentration rises in both base oil types (BO1 and BO2), reaching a peak at 4%. The
elevated polymer concentration corresponds to an increased volume of polymer micelles within
the oil solutions. Consequently, a higher concentration of the polymer contributes to a higher VI,
in contrast to a lower concentration of the same polymer. The Vs corresponding to additive-doped

base oils are summarized in Table I1.B.2. and diagrammatically represented in Figure I11.B.9.

Table I1.B.2. VIs corresponding to additive-doped base oils

VIin BO1 VI in BO2 Concentration of
Concentration of additives, % in w/w additives, % in w/w
Sample 0 1 2 3 4 5 0 1 2 3 4 5
P-1 80 110 112 114 118 121 89 109 112 119 121 122
P-2 80 113 116 119 119 127 89 114 118 121 122 122
P-3 80 121 126 131 135 141 89 115 126 129 133 137
P-4 80 119 121 123 127 134 89 116 122 122 124 128
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Figure I1.B.9. : The VIs corresponding to additive-doped base oils

II.B.6. Performance of the prepared additives as antiwear additive:

A reduction in wear scar diameter (WSD in mm) was observed with increasing additive
concentration in the case of studied base stocks with varying load conditions. The most distinct
drop was observed at 20 kg load condition, as illustrated in Figures II.B.10. This suggests that the
additives exhibited comparatively lesser effectiveness at higher load conditions. However, there
was no noteworthy enhancement in the performance beyond a 5% additive concentration.

It was observed that the studied copolymers exhibited superior antiwear properties compared to
the homopolymer (P-1). The presence of aldehydic functionality and ester functionality can be
attributed to such observation [23, 24]. As a result, copolymer (P-4), with larger fraction of citral

units, demonstrated enhanced antiwear performance (Table I1.B.3.).

Table I1.B.3. : Antiwear values in terms of WSD in mm, of polymers P-1, P-2,
P-3 and P-4 in the base oils (BO1 and BO2) at 40 kg load

WSD in mm in BO1 WSD in mm in BO2
Concentration of the additives, % in w/w Concentration of the additives, % in w/w
Sample 0 1 2 3 4 5 0 1 2 3 4 5

P-1 1.067 0.991 0.887 0.718 0.713 0.665 1.110 0.984 0.907 0.865 0.844 0.823
P-2 1.067 0.954 0.861 0.711 0.688 0.645 1.110 0.971 0.891 0.843 0.821 0.812
P-3 1.067 0.901 0.813 0.703 0.641 0.633 1.110 0.898 0.822 0.804 0.791 0.776
P-4 1.067 0.903 0.811 0.710 0.632 0.635 1.110 0.846 0.798 0.806 0.793 0.781
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Figure I1.B.10. : Antiwear values of polymers P-1, P-2, P-3 and P-4 in the base
oils (BO1 and BO2) at 20 to 40 kg load

II.B.7. Analysis of biodegradability test result:

The biodegradability test results obtained from disc diffusion method and soil burial test (Table
I1.B.4) indicates notable biodegradability for fungal pathogen Alternaria alternata, compared to
the homopolymers. This observation was substantiated by the shift in the IR frequency of the ester
carbonyl. As anticipated, the copolymer exhibited superior biodegradability in comparison to the
homopolymer. (Figure I1.B.11.).

Table I1.B.4 Results of biodegradability test by disc diffusion method and soil

burial test for polymeric additives:

Disc diffusion method Soil burial test
Alternaria alternata Microorganism
Polymers
Wt. loss(%) Wt. loss(%)
P-1 00 00
P-2 31.60 16.30
P-3 37.70 23.20
P-4 40.30 25.70
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Figure I1.B.11. : Biodegradability test by disc diffusion method and soil burial

test for polymeric additives

II.B.8. Determination of Molecular weight of the polymers:

Table I1.B.5. represents the number average and weight average molecular weight values along
with their poly dispersity index (PDI) values. Figure II.B.12. depicts the diagrammatic
representation of overall PDI values.

Table I1.B.5: Molecular weight characteristics of the polymers

Polymer sample Mw Mn PDI
P-1 33789 38412 1.14
P-2 31854 37407 1.17
P-3 25118 30574 1.22
P-4 24272 29872 1.23
50000 1.24
F1.22
40000 -
F 1.2
- 1.18

30000 -

PDI

20000 -

10000

Molecular weight characteristics

- 1.16

- 1.14

- 1.12

- 1.1

- 1.08
P-3 P-4

P-1 P-2
Polymer sample

Figure I1.B.12. : Molecular weight characteristics of the polymers

181



II.B.9.TGA data of all the polymer samples:

Table I1.B.6. displays the Thermogravimetric Analysis (TGA) data for both the homopolymer and
copolymer of dodecyl acrylate. The data reveals that the copolymers (P-2, P-3, and P-4) exhibit
greater thermal stability compared to the homopolymer (P-1). Furthermore, there is a discernible
trend indicating that as the concentration of citral in the feed increases, the thermal stability of the
copolymers also increases. Figure I1.B.13. represents the diagrammatic representation of TGA

data.

Table 11.B.6: TGA data for homo and copolymer of behenylacrylate

Polymer Samples Decomposition Temperature (K)  Residual Weight (%)

513 84
541 77
P-1 562 16
589 4
523 86
551 80
P-2 577 21
611 5
561 85
584 79
P-3 605 23
627 8
566 85
589 80
P-4
617 7
640 5
__100
S 8o -
=
20 60
D
E 40 A
[
S 20 -
é 0 T T
500 550 600 650

Decomposition Temperature (K)

Figure I1.B.13. : TGA data for homo and copolymer of behenylacrylate
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II.B.10.Physical properties of Base oils:

The physical properties of two base oils were determined first before the progression of whole

procedure. This Table I1.B.7. consists of all the values related to it.
Table I1.B.7. Physical Properties of Base Oils

Properties BO1 BO2
Density(kg.m™) at 313K 839.98 918.68
Viscosity at 313K 5.97x10°¢ 20.31x10°¢
Viscosity at 373K 1.48x10° 3.25%x10°
Viscosity index 80.05 89.02
Cloud point (°C) -10 -8
Pour point (°C) -3 -6

IT.B.11 .Conclusions:

All the copolymers (P-2, P-3, and P-4) along with the homopolymer (P-1) demonstrated
exceptional pour point depressant (PPD) and antiwear (AW) properties. Additionally, the
copolymer exhibited outstanding biodegradability. Therefore, the copolymer, derived from castor
oil and behenyl acrylate, holds promise as a potential environmentally friendly multifunctional

additive for lubricating oil.

IT.B.12.References:

References are displayed in BIBLTIOGRAPHY under Chapter II, Section B, that is, “Evaluation

and Synthesis of Environmentally Benign multifunctional additives for lube oil” (pp. 237-

239).

183



Section - C

Synthesis of octadecyl
acrylate and citral
based polymers: A

comparative study on
their performances as
biodegradable
multifunctional lube oil
additives



IT.C.1. Introduction:

Modern lubricants consist of the base oil as a major constituent along with some additives required
for providing some specific characteristics or sometimes enhancing the existing properties [1].
Antioxidants, detergents, dispersants, corrosion inhibitors, viscosity index improvers (VIIs), pour
point depressants (PPDs), antiwear and antifriction additives are some of the important types of
these additives. Out of these, VIIs and PPDs are added in the large quantities because the viscosity
and fluidity variation with temperature determines the applicability of a lubricant formulation in
low and high temperature operational conditions with effective and efficient performance [2].
Utilization of polymeric additives as chemical treatment is considered as the most valuable and
economic method to inhibit the wax precipitation at low temperature. Usually polymeric additives
contain non polar long hydrocarbon chain of 14 to 25 carbon atoms along with a polar segment
typically acrylates or acetatesn [3,4]. It is the polar head group which is responsible for the
modification of wax crystals morphology whereas the non—polar long hydrocarbon chain is
responsible for the interaction between the additives and paraffin.

Several polymeric additives have been created and utilized as PPDs, especially linear polymers of
alkyl acrylate or methacrylate having a pendent alkyl side chain of specific length has been
extensively used as flow improvers (FIs) or pour point depressants (PPDs) [5-11]. The function of
PPDs has already been discussed in our previous works where it is clearly mentioned that PPDs
co—crystallize along with the wax species present in the oil at lower temperature and modify the
growing pattern of wax crystal structures [3]. Recently a considerable number of studies have been
reported on the structure-reactivity relationship for the polymers of higher alkyl acrylates and
methacrylates [12, 13]. These studies invoked the research towards modified processes for the
polymerization of n—alkyl acrylates with narrow molecular weight distribution (MWD) [14].
Various polymeric additives are available commercially such as poly (ethylene—co—vinyl acetate)
(EVA) [15], poly(ethylene-butene) (PEB) [16], polymethacrylates [17] and modified maleic
anhydride copolymers [4]. Number of studies have been reported on versatile application of these
additives including polyacrylate polymers with polar building blocks as wax modifier [18], linear
polymer or copolymer having pendant hydrocarbon chains as flow improvers [19] and again some
studies also investigated the effect of molecular weight (MW) and molecular weight distribution

(MWD) on the performance of these additives [20].
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Homopolymers of alkyl acrylates and methacrylates and their copolymers with ethylene, vinyl
acetate, etc. are used extensively as pour point depressants and flow improvers in high waxy crude
oils, lubricating oils and fuel oils. The alkyl chain length in these polymers is usually more than 14
carbons. Octadecyl acrylate (OA) consists of a mixture of Cx, Cz and Cis acrylates and is used
extensively in the preparation of these additives [13]. Recently development of the novel additives
based on copolymers containing n—alkyl acrylates has gained huge attention due to their
multifunctional nature and the fact that the comb shaped polymeric additives can be more
effective as PPD in lube oil by providing different nucleation sites for the precipitation of wax
[21]. Dao in 2017 has reported that copolymers formed by stearyl methacrylate and behenyl
acrylate with vinyl acetate using AIBN as initiator give high efficiency to reduce pour point
temperature [22]. R. K. Singh et al. have reported the successful synthesis, characterization, and
performance evaluation of two homopolymers of Cig alkyl acrylate and N,N—dimethyl acryl amide
and their three copolymers as synthesized by using 1:1, 1:2, and 2:1 monomer ratios as VII and
PPDs in polyol base oil taking the homopolymers as reference [2]. B. Subrahmanyam et al. had
presented a thorough study on the effect of initiator concentration and monomer concentration on
the molecular weight and molecular weight distribution in octadecyl acrylate polymerization.
They found that at higher concentration of initiator and monomer, the branching reactions led to
gel formation in octadecyl acrylate polymerization. They reported that viscosity of the
polymerizing medium also influenced the high conversion polymerization in alkyl acrylate
polymerization [13].

Thus growing demand for requirement of high performance characteristics and increasing
environment related concerns have forced the researchers to develop new multifunctional
polymeric additives so that maximum activity can be achieved with minimum dosage. Citral (3,7-
dimethyl-2,6-octadienal) is basically a monoterpenoid. It is a yellow coloured flavonoid found in
lemongrass oil having characteristic lemon like odor. It has been explored for plenty of biological
activities especially as antifungal agent [23]. It contains huge percentage of active unsaturation
with polar functional groups and thus is very much prone towards effective polymerization and
also efficient for enhancement of lubricant performances (pour point, antiwear). Hence we have
these for our present context. Here we have prepared homopolymers of octadecyl acrylate and
further its copolymers with Citral at variable percentages. All the prepared polymers have been

characterized by FT-IR and NMR spectroscopy. Their thermal stability and molecular weight
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were determined and then they were evaluated as VII and PPD in lube oil. Further their Thermo

gravimetric analysis and biodegradability test were also performed.

IT.C.2. Materials and Methods:

1. Materials:

Octadecyl alcohol (Merck Specialties Pvt. Ltd.), acrylic acid (Merck Specialties Pvt. Ltd.) was
used without purification. Toluene (99.5%, Merck Specialties Pvt. Ltd.), Hexane (99.5%, S. d Fine
Cheme Ltd.) and Methanol (98%, Thomas Baker Pvt. Ltd.) were used after distillation.
Hydroquinone (99%, Merck Specialties Pvt. Ltd.) and Benzoyl peroxide (BZP, 98% Thomas
Baker Pvt. Ltd.) were purified by recrystallization before use. Conc. H2SOs (98%, Merck
Specialties Pvt. Ltd.) was used as received. The properties of the used base oils are tabulated in

Table I1.C.1.Citral (95% pure) was bought from SRL Pvt. Ltd.

Table II.C.1. : Base Oil (BO) Properties

Physical Property BO1 BO2
Density (gem™ at 40 °C) 0.837 0.868
Viscosity at 40 °C in ¢St 7.136 23.392
Viscosity at 100 °C in cSt 1.856 3915

Pour Point (PP in °C) -3 —6
Cloud Point (°C) -10 -8

BO1, BO2 collected from IOCL, Dhakuria, West Bengal

2. Preparation of esters:

The ester (Octadecyl acrylate, OA) was prepared by reacting 1.1 mol of acrylic acid with 1 mol of
Octadecyl alcohol. The reactants were mixed with toluene along with few drops of concentrated
sulphuric acid as a catalyst, 0.25 % hydroquinone with respect to the total reactants as
polymerization inhibitor in a resin kettle and heated gradually from room temperature to 403K

using a well—controlled thermostat under a slow stream of deoxygenated nitrogen. The whole
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process was carried out in reflux condition. The extent of esterification was monitored by the

amount of liberated water.
3. Purification of prepared esters:

The prepared ester was refluxed for 3 hours with suitable amount of charcoal and then filtered off.
The filtrate was washed with 0.5 N sodium hydroxide in a separatory funnel several times to
ensure complete removal of untreated acid. The ester was then washed repeatedly with distilled
water to remove any traces of sodium hydroxide. The purified ester was then left overnight on
calcium chloride. It was then removed by distillation under reduced pressure. Then the ester was

ready to be used in the polymerization process.

4. Preparation and purification of the polymers:

The polymers (homo and copolymers) were prepared by free radical polymerization at different
percentage composition of monomers (Table I1.C.2) in presence of BZP as initiator (0.5% w/w,
with respect to the total monomer). The polymerization process was were carried out in a four-
necked round bottom flask fitted with a magnetic stirrer, condenser, thermometer and an inlet for
the introduction of deoxygenated nitrogen at 90°C for 6 h. At the end of the reaction time, the
reaction mixture was poured into methanol to terminate the polymerization process and precipitate
the polymer. The polymers were further purified by repeated precipitation of their hexane solution

by methanol followed by drying under vacuum at 40°C.
II.C.3. Measurements:

11.C.3.1. Molecular weight determination:

With the help of Gel Permeation Chromatography (GPC, Water 2414, polystyrene calibration), the
number average molecular weight (Ms) and weight average molecular weight (Mw) of the
prepared polymers were measured in HPLC grade THF (0.4%, w/v) at 308 K temperature at a
flow rate of ImL/min. The values are given in Table II.C.2.

11.C.3.2. Spectroscopic Measurements:

IR spectra were recorded on a Shimadzu FT-IR 8300 spectrometer using 0.1 mm KBr cells at
room temperature within the wave number range (400 to 4000 cm™). NMR spectra were recorded
in Bruker Avance 300 MHz FT-NMR spectrometer using a 5 mm BBO probe. CDCI; was used as

solvent and tetramethylsilane (TMS) as reference material.
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II.C.4. Performance evaluation as pour point depressants in

base oil:

The effect of additive concentration on pour point of two base oils (BO1 and BO2) was tested by
using different doping concentrations ranging from 1% to 6% (% w/w) for each of the prepared
polymers. According to the ASTM D 97-09 method the pour points of the prepared solutions were
measured using cloud and pour point tester model WIL-471 (India) given in Table II.C.3. &
I1.C 4.

IT.C.5. Performance evaluation as viscosity index improver

(VII):

Viscometric parameters were determined according to ASTM D 2270-10. The kinematic viscosity
of the base oils containing the polymers determined at 313 and 373 K. Different concentrations of
the polymers in the base oil (% w/w) from 1% to 6% were used to study the effect of
concentration on VI of the additive—doped lube oil. All of the experimental data given in Table
II.C.5 & II.C.6. were noted by taking an average of three experimental results under identical

conditions in each case.

II.C.6. Determination of thermo gravimetric analysis (TGA)

data:

TGA data (Table II.C.7.) was measured on Mettler TA-3000 system, at a heating rate of 10K
min’!. The variation of temperature within the range was +10K during the experiment. The

uncertainty in determining percent weight loss (PWL) within the range was £1.5%.

II.C.7. Biodegradability test:

To evaluate biodegradability of the prepared polymers, Soil Burial Test (SBT) method was
utilized as per ISO 846:1997 standard [24] using the soil sample collected from North Bengal
University campus with pH 7.2and 25% moisture. Percentage weight loss (PWL) of the polymer

samples after a definite interval of times was calculated to determine the extent of degradation.
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The results were verified by IR spectroscopy and molecular weight determination by GPC
method. For Soil Burial Test (SBT), separate films containing about 2.0 g of different samples
were buried in the soil which were then incubated in a Bacteriological Incubator apparatus (Sigma
Scientific Instruments Pvt. Ltd., Chennai, India) at 30° C with relative humidity of 60% for 3
months and thus subjected to the action of microorganisms present in the soil. After each regular
interval of 15 days, the soil sample is taken out and the polymer sample was recovered from it by
dissolving in chloroform, filtered, dried and percentage of decomposition was measured. The

detailed experimental procedure followed is mentioned in our previous work [25].

IT.C.8. Results and discussion:

II.C.8.1. Molecular Weight Analysis:

The experimental values of number average molecular weights (My), weight average molecular
weights (My) and polydispersity index data (PDI) of the prepared polymers are given in Table
II.C.2. Analysing the experimental data, it was found that the homopolymer of octadecyl acrylate
(P1) had higher number average and weight average molecular weight than the others. Since it is a
homopoymer of Czs monomer, it is obvious that its molecular weight is higher compared to the
copolymers where Citral was incorporated. Again in terms of polydispersity index (PDI) P4
polymer is least poly-dispersed which indicates better uniformity. With increasing concentration
of Citral, the polymers (P2, P3; & P4) exhibited higher molecular weight and lesser polydispersity

index.

Table I1.C.2.: Weight percentage (%) composition, Mn, Mw and PDI values of polymers

(P1 to Ps)
Polymer % of OA % of Citral Mn Mw PDI
P1 100 - 38563 53217 1.38
P2 98 2 28832 38347 1.33
P3 96 4 28510 35067 1.23
P4 94 6 29567 33115 1.12

OA = Octadecyl acrylate, Mn = Number average molecular weight, Mw = Weight average
molecular weight, PDI = Polydispersity index
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II.C.8.2. Spectroscopic analysis:

In FT-IR spectroscopy almost all the polymers being acrylate produced similar spectra. Peaks
around 1732-1735 cm™! clearly indicated the presence of ester carbonyl group in each case. Strong
peak at around 1695 cm! corresponding to conjugated aldehydic C=0O group accounted for
successful incorporation of citral while copolymerization. In general any alkenyl C—H stretching
produces IR peak at about 3100 cm™', but here in the homopolymerno corresponding peak has
been obtained. This observation supported complete and successful homopolymerisation. But in
case of the copolymers medium peak around 1610 cm ™! accounted for the conjugated C=C group.

In 'H NMR spectra peaks appeared in the range of 3.94-4.12 ppm clearly indicated the presence of
—OCH:>- protons. The absence of peaks around 6 ppm indicated absence of C=C unsaturation and
hence supported total polymerisation in case of the homopolymer. Again peaks around 9.68 ppm
indicated presence of aldehydic C—H group in the copolymers which further accounted for
successful incorporation of citral while copolymerization. In 3C NMR spectra, peaks at 176178
ppm indicated the presence of ester carbonyl carbon. The peaks at 64.67-66.06 ppm corresponded
to the -OCH,— carbons, peaks ranging from 13.09-44.66 ppm for all other sp* carbons. Again no
peak in the range of 120-150 ppm indicated the absence of sp?> carbons and confirmed the
polymerization in the homopolymer. In the copolymers peaks around 190 ppm accounted for the

aldehyde group of citral.

II.C.9. Performance evaluation as pour point depressant:

The pour point data given in Table II.C.3. & II.C.4. clearly prove that the prepared polymers are
good pour point depressants for both the base oils. In case of the homopolymer (P1), with
increasing concentration its effectiveness as PPD decreases. Very high molecular weight of this
polymer might be the reason for its low solubility at higher concentration in both the base oils. But
the copolymers have been proved to be better PPDs in both the base oils. Comparing all the pour
point data, it can be said that the copolymer of 94% Octadecyl acrylate and 6% citral (P4) gave the
best result. Almost in all the cases the pour point depression curves get flattened above 4%
concentration since at higher concentration the polymers suffer lower solubility and hence their

effectiveness as PPD also diminishes.
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Table I1.C.3.: Pour point (°C) data with respect to the different concentrations of the

additives in BO1
Additive 1% 2% 3% 4% 5% 6%
P1 —-13.3 —-13.6 -12.9 —12.7 -12.3 -11.8
P -16.0 —-16.5 -17.2 -17.8 —-18.1 —-18.0
P3 —-18.1 —-18.6 -19.2 -19.4 -19.4 —-19.1
P4 -20.9 -21.2 -21.6 -22.1 -22.0 -22.0

Conc" represents concentration in % w/w

Table I1.C.4.: Pour point (°C) data with respect to the different concentrations of the

additives in BO2
Additive 1% 2% 3% 4% 5% 6%
P1 -20.4 -20.3 —-19.4 —-18.8 —-18.1 -17.6
P -25.5 -25.8 -26.1 -26.4 —26.2 -26.2
Ps3 -26.4 -26.9 -27.2 -27.6 -27.6 -27.3
P4 —-28.6 -29.1 -29.4 -29.8 -30.2 -30.2

Conc" represents concentration in % w/w

II.C.10. Performance evaluation as viscosity index improver:

Solubility of the polymer, its molecular weight and composition play important role on its
performance as viscosity index improver [26]. It is said that polymers exist as random coils in base
oil solutions. As the temperature increases solubility of the polymer increases and it unfolds itself
to an open configuration of higher volume and hence overall higher viscosity is exhibited at higher
temperature by polymer—doped base oil. This activity offsets the normal trend of decrease in
viscosity with increase in temperature [27].

It is seen from the Table II.C.5. & II.C.6. that all the prepared polymers are effective viscosity
index improvers for both the base oils. Here again due to very high molecular weight and hence

lower solubility, the homopolymer of octadecyl acrylate (P1) is least effective as VII among all.
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On the other hand, the copolymer of octadecyl acrylate and 6% citral (P4) has been proved to be
the best viscosity index improver in both the base oils. The rests are almost comparable VIIs. With
increasing concentration of the polymer in the base oil, total volume of the polymer micelle

increases and hence the viscosity index data also increases [28].

Table II.C.5.:Viscosity Index (VI) data with respect to the different concentrations of

the additives in BO1
Additive 0% 1% 2% 3% 4% 5% 6%
P 85 97 98 100 101 103 102
P2 85 98 99 101 104 114 118
P3 85 100 102 103 106 117 120
P4 85 110 112 113 115 120 122

Conc" represents concentration in % w/w

Table I1.C.6.:Viscosity Index (VI) data with respect to the different concentrations of

the additives in BO2
Additive 0% 1% 2% 3% 4% 5% 6%
P1 80 102 104 107 109 115 119
P2 80 104 105 106 109 116 119
P3 80 105 106 108 110 118 120
P4 80 120 121 123 125 130 132

Conc" represents concentration in % w/w

II.C.11. Analysis of TGA data:

The thermal studies confirmed that all the prepared polymers are thermally stable (Table I1.C.7).
Lower the percent weight loss (PWL) higher will be the thermal stability. Therefore, among the
prepared polymers, the copolymer of octadecyl acrylate and 2% citral (P2) is thermally most stable
while the homopolymer of octadecyl acrylate (Pi) is thermally least stable. Higher thermal

stability of the additives indicated their suitability as lubricant additives.
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Table II.C.7: TGA data of the polymers

Polymer Decomposition temperature Percent weight loss (PWL)
P: 250/340 23/86
P 250/360 12/82
P3 260/380 14/85
P4 250/380 13/80

II.C.12. Analysis of biodegradability test results:

From the results obtained from biodegradable test (Table I1.C.8) it was found that the degradation
of the recovered samples taken every 15 days interval increases with increasing time. The
copolymer of octadecyl acrylate and 6% citral (P4) showed highest degradation and after 90 days’
span the recovered sample showed over 40% weight loss followed by P3 (over 37% weight loss)
and P>. Among the four polymers, the homopolymer P showed least biodegradation and after 90
days’ span the recovered sample showed no weight loss at all. Therefore, the lube oil additives

prepared from citral exhibited significant biodegradation.

Table I1.C.8.: Results of biodegradability test by soil burial test for polymeric additives

Soil burial test

Polymers Microorganism Wt. loss (%)
P-1 00
P-2 31.60
P-3 37.70
P-4 40.30

IT.C.13. Conclusions:

The above study may be summarized as follows. All the prepared polymers have been evaluated
as effective multifunctional and thermally stable additives for lube oil. In terms of molecular
weight the homopolymer of octadecyl acrylate exhibited highest number average and weight
average molecular weight. Again the PDI value accounts for better uniformity in the copolymers.
But the homopolymer is very much less effective as PPD as well as VII which may be attributed

to its solubility problem. All the other polymers have been proved to be good flow improvers in
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both the base oils. Especially the copolymer of octadecyl acrylate and 6% citral resulted highest
depression in pour point in both cases. This polymer was also proved to be the best VII among all
the prepared ones. All the prepared polymers were thermally stable as well. Furthermore the citral
based polymers were proved to be biodegradable also which accounted for their eco—friendly

nature.
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